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In this study, we investigated the recrystallisation kinetics of Ti-stabilised interstitial-free (IF) steel manufactured by the
Mexican steel industry through the route of electric arc furnace with vacuum degassing, secondary refining, and subsequent
continuous casting. The IF steel was hot-rolled at 950°C and then cold-rolled until deformation of 94% was attained, followed
by recrystallisation at different times at a constant temperature of 780°C. In addition, the mechanical properties of the IF steel
were assessed as a function of recrystallisation time. The results obtained from the mechanical property tests were presented in
the form of plots of microhardness, yield strength, ultimate tensile stress, and deformation percent as functions of the
recrystallised fraction with an indirect dependence on recrystallisation time. A graphical model of the recrystallisation be-
haviour showed the evolution of the microstructure, including phase transformations, hardness, and the mechanical properties
determined from the tensile tests. In view of subsequent recovery and recrystallisation, stored energy analysis derived from the
strain induced by deformation was presented. Furthermore, we determined the precipitates formed in the different processing

stages of IF steel.

1. Introduction

The Mexican steel industry is presently introducing new
products or improving existing ones, to reduce C content to
less than 0.02%, to ensure compliance with global standards
for the manufacture of automotive sheet and its stampability
(1, 2].

The utilisation of special steels suited for applications in
the automotive industry has grown drastically over the last
few decades. Their applications can be classified into two
major categories: body panels and body-in-white parts. In
the case of outer body panels, the main driving force has
been the continuous research into fuel economy and, hence,
weight reduction. This implies the use of more formable
steels for the manufacture of intricate design parts as well as

part consolidation. Additionally, the diminution of the gauges
for weight conservation has led to the utilisation of high-
strength interstitial-free (IF) and bake-hardened IF steel [3].
Typically, IF mild steel has an ultralow level of C concen-
tration (commonly less than 50 parts per million (ppm)). Its
entire C and N contents exist in combination with elements
such as Ti and Nb that form nitrides and carbides. Steels with
these microstructural features thus have low yield strengths
and high elongations, n-values, and r-values. Based on this
premise, IF steel has been employed in mild steel parts that
require enhanced formability [4].

Several types of research have been conducted on the
recovery and recrystallisation behaviour of IF steel. Some of
these investigations have focused on the effects of recrys-
tallisation time and temperature of previously deformed
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specimens on their microstructures and mechanical be-
haviours. The study of recovery and recrystallisation behaviour
has been conducted via electromagnetic characterisation,
electron backscatter diffraction (EBSD), hardness tests, and
adaptive criteria. To investigate the influence of processing
methods on subsequent recrystallisation behaviour, several
studies have focused on manufacturing IF steel through
various processes such as severe deformation, differential
speed rolling (DSR), and equal channel angular extrusion
(ECAE) among others.

Qiu et al. studied the microstructure and mechanical
properties of hot-rolled IF steel annealed at four different
temperatures (730°C, 760°C, 790°C, and 820°C) [5]. The
authors determined that when the annealing temperature
was increased from 730°C to 820°C, the yield strength and
ultimate tensile strength declined while elongation simul-
taneously increased from 44% to 49.6%.

Sekban et al. studied the microstructure, mechanical
properties, and stretch formability of fine-grain IF steel
formed by friction stir processing (FSP) [6]. The authors
reported that one-pass FSP induced a drastic refinement of
the microstructure by the mechanism of dynamic recrys-
tallisation. The authors established that coarse-grain (CG)
specimens exhibited high formability and deformed uni-
formly under biaxial strain loading conditions. Grain re-
finement induced by FSP had no significant effect on stretch
formability and deformation behaviour under biaxial ten-
sion loading conditions.

Saray et al. studied the impact toughness of ultrafine-
grain (UFG) IF steel fabricated by ECAE/pressing (ECAE/P)
at room temperature [7]. The authors stated that UFG IF
steel displayed an improved combination of strength and
impact toughness when compared with its CG counterpart.
Grain refinement by multipass ECAE enhanced toughness
by increasing the upper-shelf energy and lower-shelf energy
and decreasing the ductile-brittle transition temperature.

Roy et al. assessed the recovery and recrystallisation
behaviour of cold-rolled IF steel through nondestructive
electromagnetic characterisation and hardness tests [8]. The
authors reported that nucleation of new, recrystallised grains
was observed in the specimen annealed at 600°C/15 min,
while completion of recrystallisation was achieved in the
specimen annealed at 700°C/15 min. Moreover, the decrease
in dislocation density during the initial stage of annealing
(T'<550°C) induced a lowering of coercivity and an in-
crement in the number of low-amplitude magnetic Bar-
khausen emission pulses. The results derived from the
research of Roy et al. suggest that it is more effective to
employ the technique of electromagnetic characterisation to
measure the progress of recovery [8].

Dziaszyk et al. studied the recrystallised fraction of Ti-
stabilised IF steel by optical metallography, EBSD, and
hardness-based techniques [9]. The results of the research
indicate that misorientation-based techniques, when me-
ticulously implemented, may be utilised to adequately de-
termine the recrystallisation fraction. Moreover, the
nanohardness results illustrate the variations in mechanical
properties that are developed among individual grains with
recrystallisation. The recrystallisation kinetics determined by

Advances in Materials Science and Engineering

different techniques may vary based on the EBSD analysis
methodology utilised.

Suharto et al. studied the annealing behaviour of severely
deformed IF steel processed by DSR, and the total reduction
in sample thickness was 75% [10]. The severely deformed
specimens were subjected to heat treatments at various
temperatures in the range 400-650°C at intervals of 50
degrees (Celsius) for 1 h each. The authors reported that the
specimen obtained via four-pass DSR displayed the highest
microhardness value, and this was attributable to UFGs and
high dislocation density. At temperatures under 550°C, the
microhardness values of the annealed samples decreased due
to the rearrangement and annihilation of dislocations, and
this interval of temperature was dominated by static re-
covery. Recrystallisation was clearly observed after annealing
at 550°C, while grain growth appeared after annealing at
temperatures above 600°C [11, 12].

Song et al. performed annealing treatments at 810°C on
cold-rolled (75% reduction ratio) Ti-IF steel, and evaluated
the influence of the annealing parameters on the micro-
structure, mechanical properties, and phosphorus segrega-
tion at grain boundaries [13]. The research results revealed
that recrystallisation concluded after annealing at 810°C for
180s. The tensile strength and yield strength decreased as
annealing time increased.

Kim et al. proposed a method to characterise the mi-
crostructure evolution during annealing of IF steel, cold-
rolled to strain levels of 0.7 and 1.6 [14]. The recrystallisation
kinetics determined by EBSD using an adaptive criterion was
found to be consistent with those obtained from the stan-
dard method of Vickers microhardness test. The specimen
previously deformed at room temperature was isothermally
annealed at various temperatures in the range 500-800°C for
1 h. The authors determined that microhardness diminished
with increase in recrystallisation temperature.

Saray et al. performed annealing treatments on UFG IF
steel processed by ECAE. The authors reported that
annealing increased the ductility and formability of UFG
steel [15]. In addition, the annealing temperature within the
recovery regime promoted a limited enhancement of the
formability of UFG steel due to the release of internal energy.
The yield strength and ultimate tensile strength exhibited by
UEFG IF steel were considerably higher than those of CG IF
steel; however, the ductility of CG IF steel was lower than
that of UFG IF steel.

Saray et al. studied the stretch formability of UFG IF steel
processed by ECAE/P [16]. A CG specimen revealed high
formability with an Erichsen Index of 4.5 mm. The micro-
structure refinement induced by ECAE/P reduced the
formability but increased the required punch load
depending on the applied strain paths. The authors reported
significant increases in the yield strength and ultimate tensile
strength of the UFG IF steel following ECAE/P. This be-
haviour can be attributed to the significant grain refinement
(Hall-Petch effect) and stored dislocations (dislocation
hardening) formed [17, 18].

There is evidently a lack of research focused on the
development of a model to describe the evolution of mi-
crostructure,  mechanical  properties,  precipitation
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behaviour, and variation in the stored energy derived from
the transformation from deformed state to subsequent re-
covery and recrystallisation of microstructures in IF steel
subjected to isothermal annealing.

In this work, the evolution of microstructure, me-
chanical properties, precipitation behaviour, and analysis of
stored energy are presented by adopting a synthesized model
that facilitates the determination of relationships between
the isothermal annealing time and the recrystallised fraction,
dislocation density, and energy stored and its influence on
the mechanical behaviour and microstructural properties of
IF steel.

2. Materials and Methods

2.1. Processing of IF Steel. Continuously cast steel ingots
were cut into small pieces of the following dimensions:
thickness of 3 cm, width of 8 cm, and length of 21 cm. The
chemical compositions of these samples were determined
by optical emission spectroscopy, and the results are
presented in Table 1. The samples were rolled at 950°C
(above Ar;) and at a speed of 3.3 rpm with a reduction in
thickness of 0.8 mm at each stage until a final deformation
of 66% was attained. Following hot-rolling, the samples
were cold-rolled at the same speed, and a deformation
percent of 94% was attained. The specimens were then
annealed at 780°C for the following durations: 0, 60, 120,
180, 240, 300, 360, and 420 s. The resultant samples were
cold-rolled to a thickness of 0.5mm. They were sub-
sequently annealed at 780°C for different durations: 0, 60,
120, 180, 240, 300, 360, and 420s.

2.2. Metallographic Preparation of Samples. The steel sam-
ples of 1.0 x 1.0 cm® were mounted on polyester resin. The
surfaces on which microstructural characterisation was to be
performed were prepared by sequential grinding with SiC
paper up to #2000 finishing. The samples were then
mechanically polished using 1ym alumina slurry. In the
final stage of sample preparation, the specimens were etched
with Nital 2% to reveal the microstructure.

2.3. Microstructural Characterisation of Samples. The mi-
crostructural characteristics of some specimens were
studied using scanning electron microscopy (SEM, JEOL
JSM-5900 LV). In addition, transmission electron mi-
croscopy (TEM) was employed to characterise and de-
termine the morphology and types of precipitates of a few
specific samples. For these analyses, a transmission
electron microscope (JEOL model T120) operating at
120 kV was utilised. The specimens, 3 mm in diameter and
50pum in thickness, were perforated using a Struers
electrolytic thinning equipment. An electrolytic solution
comprising 5mL of HCIO, in 95 mL of CH;CH,OH was
utilised to perforate the samples at a temperature of -10°C
and a voltage of 25 V. The recrystallised grain sizes of the
processed specimens were determined in accordance with
the methods described in ASTM E112 [19].

2.4. Characterisation of Mechanical Properties. The tension
specimens were machined according to the method described
in ASTM E8 for flat specimens, and the tension tests were
performed on a 20t MTS machine with a displacement
speed of 1 mm/min [20].

The Vickers microhardness values were determined
using a Shimadzu microhardness tester with an applied load
of HV 0.2 (1,961 N) and indentation time of 10 s. The mean
hardness value was determined from 10 measurements.

3. Results and Discussion

3.1. Microstructural Evolution during Isothermal
Annealing of IF Steel

3.1.1. Characterisation of Microstructural Evolution by SEM.
The initial grain size of IF steel, hot-rolled at 950°C, was
28 ym. It is noteworthy that the grain size decreased sig-
nificantly following recrystallisation, which led to the for-
mation of new grains with sizes in the range 14-16 ym (see
Figure 1).

Figure 1 exhibits the microstructural evolution of hot-
rolled IF steel as a function of the duration of recrystalli-
sation performed at 780°C. It can be seen from this set of
micrographs that the onset of recrystallisation took place at
180 s with the smaller new grains appearing on the deformed
microstructure during the first 60-120s of the thermal
treatment, and a typical deformed grain morphology can be
observed. Thus, the recovery of the deformed state took place
during the first 60-120s. In this case, the recovery mode is
static; this is because the IF steel was cold-rolled at room
temperature since dynamic recovery generally proceeds
when steel is deformed at high temperatures. Additionally,
Figures 1(d) and 1(e) exhibit that during these periods of the
thermal treatment, “nucleation” or initiation of recrystalli-
sation had taken place along with growth of the newly
“nucleated” grains. In addition, from 300 to 420s, the
recrystallised fraction of the material advanced until the
process concluded.

The mean grain size was determined for the samples
subjected to recrystallisation for 240-420s. Figure 1(a)
shows that a highly deformed grain microstructure was
obtained after cold deformation. Under this processing
condition, the stored energy of the deformed grains, which
constitutes the driving force of recrystallisation, is higher. It
is noteworthy that during the first 180s of thermal treat-
ment, the microstructure consisted predominantly of greatly
deformed grains.

Table 2 displays the variation in grain size as a function of
recrystallisation time. The grain size increased from 2.56 ym at
60 to 17.1 ym at 400 s of the thermal treatment. According to
Figure 2, the process of recovery was predominant in the first
180s of annealing; the recrystallised grains began to nucleate
during the first 60-180s of treatment, and the grains un-
derwent continuous growth from 2.56 ym to 8.0 ym in this
time interval. However, after 180 s, the microhardness curve
as a function of annealing time exhibited an increment in
slope, which prevailed from 180s to about 360 s. This be-
haviour is associated with the prevalence of recrystallisation,
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TaBLE 1: Chemical composition of IF steel.

Fe C Mn Si P S Al Ti Cu Cr Mo Ni N Co
wt.% Bal 0.003 0.145 0.030 0.017 0.015 0.016 0.100 0.044 0.013 0.070 0.013 0.005 0.002

20 pm
ETH=20.04 kV

20 um Detector = SE1
EHT =20.00kV ——

FIGURE 1: Scanning electron micrographs (SEM images) showing the effect of recrystallisation treatment at 780°C on the microstructural
evolution of cold-rolled IF steel at different times. (a) 0s, (b) 605, (c) 1205, (d) 180s, (e) 2405, (f) 300s, (g) 360s, and (h) 420s.

and the grain size rose from 8um to 15.2um during this  size. Saha performed a systematic study on the evolution
interval of time. of microstructure of an industrially elaborated IF steel

It is noteworthy that the deformation percent before  following severe deformation of 90% and 98% by cold
annealing considerably influences the recrystallised grain ~ rolling with subsequent recrystallisation annealing [21].
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TaBLE 2: Mechanical properties of IF steel as a function of recrystallisation time.
Recrystallisation treatment Young’s modulus, E  Yield strength, Y.  Ultimate tensile strength, Deformation Grain size
time (s) (GPa) (MPa) UTS (MPa) percent, e (%) (pm)
0 58.7+2 426+3 613+3 3+0.1 —
60 559+2 364+3 527+3 53+0.1 2.5+0.1
120 742 342+3 4255+3 13.9+0.1 49+0.1
180 111+2 147.4+3 327.3+3 32.8+0.1 8.0+0.1
240 132+2 157+3 341+3 37.4+0.1 10.8+0.1
300 28.6+2 130+3 316+3 45.6+0.1 11.9+0.1
360 47.6+2 120+3 310+ 3 48.2+0.1 15.2+0.1
420 63.5+2 108.4+3 294+3 52+0.1 17.1+£0.1
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FIGURE 2: Relationship of microhardness with recrystallised fraction, dislocation density, and stored energy of IF steel.

The authors determined that grain sizes were in the
range 1-2ym in the samples with 90% deformation that
were annealed for 30 min as well as in the specimens with
98% deformation that were annealed for 45 min at 650°C.

3.1.2. Precipitation Behaviour on IF Steel. The content of C
in typical IF steels is of an ultralow level (less than 50 ppm).
In this case, N and C are combined with elements that form
carbides and nitrides such as Ti and Nb [22]. The TEM
image presented in Figure 3(a) shows the precipitates AIN/
TiN and TiN. The presence of these precipitates corre-
sponds to hot-rolled IF steel. It is noteworthy that the TiN
precipitates are the biggest found in these steels regardless
of their composition. The preferential sites for TiN pre-
cipitation are found to be mostly inside the grains. These
precipitates were identified via energy dispersive X-ray
(EDX) microanalysis performed on the surface of IF steels
in this stage of processing (Figures 3(b) and 3(c)). It is
noteworthy that precipitates smaller than 2um corre-
sponded to TiN nitride, and those larger than 2 ym were
identified as AIN/TiN.

The possible mechanisms of TiN precipitation are as
follows:

(1) Direct combination of Ti and N atoms with sub-
sequent growth

(2) Initial nucleation of Ti in AIN with subsequent growth

It is noteworthy that the characterisation performed by
chemical mapping on TiN precipitates reveals the presence
of TiN nucleates on the AIN particles previously formed.
This behaviour can be represented by the chemical reactions
presented in equations (1)-(3):

Al+N — AIN (steel deoxidation) (1)
N + Ti — TiN (steel stabilisation) (2)
AIN + (TiN)Fe — AIN/TiN (nucleation) (3)

It is well known that the process of precipitation in IF
steel is a complex phenomenon. It has been reported that
there are four main kinds of precipitates, i.e., TiN, TiS,
Ti,C,S,, and TiC, and the order of precipitation is
TiN — TiS — Ti,C,S, — TiC [23].

A previous study related to the thermodynamics of
precipitation reveals that the formation of TiN precipitates is
favoured at temperatures above 900°C, while at temperatures
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FIGURE 3: (a) Transmission electron micrographs (TEMs) showing precipitates with rhombohedral morphology (TiN), (b, ¢) EDX spectra of
precipitates displayed, (d) SEM of TiS precipitates, () EDX spectra of TiS precipitates, (f) SEM of Ti,C,S, precipitates, and (g) EDX spectra

corresponding to Ti,C,S, precipitates.

below 900°C, TiC precipitates gradually form and the
content of these carbides increases with decrease in tem-
perature [24]. Thus, the presence of TiN precipitates agrees
with the temperature of formation of these nitrides, since IF
steel was rolled at 950°C in the present work.

Also, Figure 3(d) exhibits round precipitates corre-
sponding to TiS. This kind of precipitate has been observed
in experimental steels. The morphology of these precipitates
can change depending on the composition and processing
techniques of steel, and these precipitates are often seen in
the form of patches. These precipitates lie in the size range
200-500 nm [24]. The results derived from the chemical
analyses are represented by the EDX spectra of TiS pre-
cipitates and are displayed in Figure 3(e).

Figure 3(f) also displays the presence of Ti,C,S,, which
possesses a rhombohedral form in hot-rolled IF steel. The
chemical analysis based on the EDX technique denotes the
presence of Ti, C, and S, which are associated with the
formation of the Ti,C,S, precipitate (see Figure 3(g)).
Thermodynamic computations firmly suggest the forma-
tion of these types of sulphides, and they have been
considered as the main agents for C removal from solid
solution [25]. The formation mechanism of this type of
precipitate has been studied in previous investigations,
and the authors of these works have stated that TiS
transforms into Ti,C,S, by the mechanism of C diffusion
[26, 27]. A schematic plot of the stability of different Ti
compounds in IF steel as a function of precipitation
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temperature was reported by Hua et al., and it was revealed
that after the formation of TiN precipitates, TiS sulphides
are likely to form as temperature decreases [28]. However,
the stability of TiS is very low, and hence this sulphide
decomposes during hot-rolling at 900-1200°C.

3.2. Recrystallisation Kinetics of Deformed IF Steel. The
progress of recrystallisation as a function of thermal treat-
ment time during isothermal annealing of IF steel at 780°C is
displayed in Figure 4(a). This plot displays a typical sig-
moidal morphology. It also exhibits an apparent incubation
time from the beginning of thermal treatment up to around
60s, an increment in recrystallisation rate at 180, a linear
region from 180s to 300s, a decrease in the rate of
recrystallisation from around 300 s to 4005, and conclusion
of recrystallisation at almost 400 s of heat treatment.

Humphreys et al. studied the primary recrystallisation
of 70%, 80%, and 90% cold-rolled IF steel at temperatures
in the range 590-675°C [29]. It is noteworthy that the
recrystallisation kinetics plot determined by the authors at
630°C displays a considerably lower recrystallisation rate
than that obtained in the present work for IF steel
recrystallised at 780°C. This is because the annealing
temperature has a profound effect on recrystallisation ki-
netics [30]. Besides, this statement agrees with equation (4)
that expresses recrystallisation rate as a function of
temperature.

Rate = 1 =C=x exp(—%), (4)

tO.S

where C and k are material constants, Q is the activation
energy, T'is the temperature, and t; 5 is the required time for
50% of recrystallisation to take place.

Pereloma et al. studied the recrystallisation behaviour of
IF steel during annealing [31]. Prior to recrystallisation, the
steel was hot-rolled at 640°C and subsequently annealed at
700°C for durations in the range 10-2000s. It is noteworthy
that 50% of the recrystallised fraction was attained at about
600 s and complete recrystallisation at nearly 1000s. These
recrystallisation times are higher than those determined in
the present work in which 50 % recrystallisation was
achieved at about 260s and complete recrystallisation at
450s. This is because the relationship between recrystalli-
sation rate and temperature is described or predicted by the
Arrhenius equation.

The Johnson-Mehl-Avrami-Kolmogorov (JMAK) model,
represented by equation (5), has been broadly utilised to de-
scribe the process of recrystallisation. Experimental recrystal-
lisation kinetics data are typically compared with the JMAK
model by plotting In (-In(1 - X)) as a function of In(¢). In
accordance with equation (5), this should result in a straight
line with a slope equal to the exponent :

X, =1-exp(-kt"). (5)

The JMAK graph presents a curve with sigmoidal
morphology (see Figure 4(a)), which is commonly seen in
many transformation reactions and can be described phe-
nomenologically in terms of the constituent nucleation and

growth processes. Figure 4(b) depicts an approximately
linear morphology [32-34].

3.3. Characterisation of the Evolution of Mechanical Properties

3.3.1. Variations in Hardness from Deformed to Recrystallised
States. Microstructural variations that develop during re-
covery influence the mechanical behaviour of materials.
Hence, recovery is generally measured in terms of the
changes in the yield stress or hardness of the material al-
though these changes are frequently small. Figure 2 shows
the microhardness values as a function of time of recrys-
tallisation performed at 780°C. In this graph, microhardness
exhibits a diminishing trend from about 1800 MPa to
850 MPa with increase in recrystallisation time. Addition-
ally, this plot reveals that microhardness diminished while
the recrystallised fraction had progressed alongside a re-
duction in dislocation density (as determined from equation
(6)), which is associated with the release of stored energy, as
can be observed from Figure 2. Thus, static recovery
induces a decrease in the internal stored energy by means
of the rearrangement, reconfiguration, and removal of
dislocations.

Besides, this plot exhibits a slope change in the curve of
the variation in microhardness; the slope of the curve from
0s to 180s of annealing is lower than that from 180s to
300s. The small and continuous changes in hardness ob-
served at the beginning of annealing are a characteristic of
static recovery and are essentially due to the gradual de-
crease in the elastic distortion of the material, which is
attributed to the decrease in the dislocation density,
condensation, and annihilation owing to the formation of
low-energy dislocation cell structures and the growth of
these subgrains [29].

The higher slope observed in the time interval of 180-
300s is attributed to the development of the process of
recrystallisation during this period. Under this regimen, the
hardness decreases significantly and often at much higher
rates than during recovery [35].

During recrystallisation, the original ductility possessed
by the IF steel prior to cold deformation is restored, as can be
seen from the enhancement of ductility as annealing
progresses (see Figure 5) [36].

However, from 300s to 420s of heat treatment, the
microhardness decreased slightly. This scarce softening of
specimens is because recovery and recrystallisation were
nearing completion. It is clear that from 0s to 240s of
thermal treatment, hardness decreased at a higher rate than
that in the final periods of recrystallisation. This behaviour is
because the process of recovery was predominant in the first
240s of the treatment (see Figures 1(a)-1(c)).

Urabe et al. performed cold-rolling reductions of 0.080/
0Ti-0.01%Nb IF steel until reductions of 70% and 85% were
achieved, following which the deformed samples were
annealed at 720°C for various durations [37]. The authors
reported a trend similar to that observed in the present work,
i.e., the hardness diminished as recrystallisation progressed;
despite this, the deformation percent was higher in the
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present work. Additionally, the authors established that
recrystallisation began after 10s and 30s of thermal treat-
ment of the IF steel samples with 85% and 70% reduction,
respectively.

Okuda et al. carried out hot-rolling in the ferrite region
at various rolling temperatures and to achieve different
rolling reductions [38]. This process was applied to IF steel

with a composition of 0.016% Nb and 0.023% Ti. The hardness
value changed from about 70 to 80 HV after heat treatment at
800°C and 850°C to about 118 HV after the specimens were
hot-rolled at the same temperatures up to a reduction of 75%.
In the present work, the values of hardness measured at Os,
60s, and 120s of annealing were superior, in the range
152-186 HV. This behaviour is certainly because the present
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work entailed static recovery, whereas the cited work entailed a
process of dynamic recovery; the former proceeds at a lower
rate than the latter [38].

Kim et al. measured the variations in Vickers Hardness
as a function of time of recrystallisation performed at 650°C
of cold-rolled IF steel sheet [39]. The authors also reported
a softening of the IF steel as the thermal treatment ad-
vanced. Additionally, the process of recrystallisation was
accelerated after 5min of annealing and concluded after
30 min of annealing.

Gazder et al. investigated the evolution of microhardness
during recrystallisation treatment of an UFG IF steel pro-
cessed by equal channel angular pressing followed by cold
rolling to achieve a 95% reduction in thickness [40]. The
authors revealed that microhardness decreased as recrystal-
lisation progressed, and this trend is similar to that observed
in the present work, since the values of deformation percent in
both the cases were almost of the same order of magnitude.

Suharto et al. reported that the highest value of micro-
hardness was achieved in an IF steel specimen subjected to
severe deformation by means of DSR [10]; in this process, they
obtained grain refinement from 35ym to 0.7ym and a
microhardness value of 2300 MPa, which is higher than that
achieved in the present work. This is due to the UFG size and
the high dislocation density generated during the process of
DSR. Additionally, the authors observed a decrease in hardness
when the steel was annealed at temperatures lower than 500°C.
The softening observed is similar to that seen in the present
work and originated from the arrangement, reconfiguration,
and removal of dislocations [11, 12]; this is in agreement with
the tendency displayed by dislocation density (see Figure 2) [11].

The dislocation density of severely deformed IF steel was
determined using equation (6) and based on the micro-
hardness data associated with the internal stored energy after
recrystallisation [41]:

2
po b (M) , (6)
13.5\M o< Gb
where H, is the microhardness of CG IF steel prior to cold
deformation (~960 MPa), « is the geometric constant
(~0.22), M is the Taylor factor of body-centred cubic metals
(~3.08), G is the shear modulus of IF steel at room tem-
perature (~64,000 MPa), and b is the Burgers vector

(2.48x107'%m) [42, 43].

Figure 2 shows the decreasing trend of dislocation density.
Based on the results of annealing reported in a previous re-
search, a diminution of the residual stress associated with the
removal and rearrangement of dislocations was responsible for
a decrease in the mechanical properties of the deformed mild
steel, which is consistent with the present results [44].

A stored energy analysis was derived from the dislo-
cation generated during strain derived from plastic de-
formation, and the subsequent release of stored energy
because of removal or reconfiguration of dislocations was
developed. The driving force of recrystallisation emerges
from the removal of the dislocations introduced during cold
deformation. The stored energy due to the dislocation
density p is presented as

£ = 0.5pGb?, (7)

where & is the stored energy (MPa), p is the dislocation
density (m™2), Gis the shear modulus (MPa), and b () is the
Burgers vector of dislocation. Figure 2 shows a plot of stored
energy alongside dislocation removal or reconfiguration as a
function of recrystallisation time. The plot displays that the
stored energy is diminished as dislocation removal proceeds
while the recrystallised fraction increases.

3.3.2. Characterisation of Tensile Mechanical Properties.
Figures 6(a) and 6(b) show the stress deformation curves of
IF steel subjected to recrystallisation for different durations.
These plots clearly show that ductility increased as recrys-
tallisation progressed. On the other hand, yield strength
diminished as recrystallisation advanced. It is noteworthy
that these trends are related to the competing processes of
recovery and recrystallisation.

The deformation mode during mechanical tests does not
induce any changes in the trends of variations in strength
during recrystallisation. For example, in a previous research,
the authors demonstrated that shear stress decreased as
annealing at 525°C, 710°C, and 600°C progressed [28].
Furthermore, ductility decreased as recrystallisation
advanced.

Table 2 shows the mechanical properties of IF steel as a
function of recrystallisation time. Additionally, Figure 5(d)
shows that ductility and recrystallised fraction increased
alongside reductions in the dislocation density and stored
energy associated with the presence of dislocations. This
trend is associated with the process of recovery, which
develops together with the annihilation and reconfiguration
of dislocations into a lower-energy arrangement and nu-
cleation and growth of new grains to produce polycrystalline
steel.

Table 2 shows that the yield strength exhibited a de-
clining trend but remained above 300 MPa during the first
120s of thermal treatment. This decreasing tendency is
clearly associated with the onset of recrystallisation, which
is linked to a softening induced by the process of recovery
during this interval. Moreover, the decrease in yield
strength after this duration was more significant than that
during the first 120 s of heat treatment. The yield strength
also displays a predominant tendency to diminish during
180-400s of recrystallisation. Besides, Figure 5(b) shows
that the vyield strength decreased while recrystallised
fraction advanced progressively and that dislocation
density diminished and is associated with release of stored
energy. This phenomenon is explained in terms of the
energy release promoted by the removal or reconfiguration
of crystal defects such as vacancies and dislocations. In a
previous research, IF steel sheets were processed by ECASE
with subsequent annealing [45]. The processed sheets fi-
nally attained yield strength values of 463 MPa and
459 MPa. These values are higher than those obtained in the
present work. This behaviour can be attributed to the
deformation microstructure including refined subgrains
with a high density of dislocations.
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FIGURE 6: Stress-strain curves obtained for IF steel as a function of different recrystallisation times in the ranges (a) 0-180 s and (b) 240-420 s

at a temperature of 780°C.

The ductility of IF steel, expressed in terms of deformation
percent, exhibited a clear tendency to increase with recrys-
tallisation. Figure 5(d) show that ductility enhanced pro-
gressively while recrystallised fraction also augmented. This
trend is associated with the process of recovery, annihilation,
and reconfiguration of dislocations, and nucleation and
growth of new grains, which produce polycrystalline steel.

Other factors that could have contributed to the en-
hancement of ductility are grain refinement and production of
arandom crystallographic orientation of grains, which, in turn,
favoured dislocation motion along the more randomly oriented
slip crystal systems. It is noteworthy that ductility decreased
alongside microhardness (see Figure 2). This behaviour is
reasonable since ductility usually increases with progress in the
softening of the material. Similarly, yield strength and
microhardness diminished simultaneously. This behaviour is
also associated with the softening induced by the processes of
recovery and recrystallisation that occur during thermal
treatment.

Saray et al. annealed UFG IF steel [45]. The processing
technique of 8E ECAE induced a significant refinement of
microstructure and transformed the CG microstructure
(30 um) into an UFG one (0.9 ym) with improved strength;
the yield strength of CG steel was 106 MPa and that of UFG
steel was 636 MPa, but ductility, expressed in terms of total
elongation, decreased from 53% in CG IF steel to 16.4% in
UFG steel. The higher value of yield strength obtained in the
case of UFG steel when compared with those obtained in the
present work (108-426 MPa) is due to the grain boundary
strengthening in accordance with the Hall-Petch relation.
Also, the ductility values of the UFG IF steel in the study
cited are lower than the deformation percent obtained in
present work (3-52%), and this is mainly due to the high
dislocation density and elevated grain boundary surface
produced by ECAE, which, in turn, induces a pinning effect
in dislocation motion.

Furthermore, Figure 5(d) shows that the value of ultimate
tensile strength tends to decrease as recrystallisation fraction
increases and also highlights the removal and reconfiguration
of these linear crystalline defects into a lower-energy config-
uration that is deduced by the diminution of stored energy (see
Figure 2).

Table 2 shows that grain size exhibits a trend of con-
tinuous growth from the beginning to the end of annealing.
It is noteworthy that these are recrystallised grains that had
begun to grow from the deformed lamellar bands, which
could belong to both y and « fibres [46]. For example, Tong
et al. studied the nucleation of cold-rolled IF steel in the early
stages of recrystallisation [47]. The authors studied the
deformed microstructure at 80% reduction. After de-
formation, two types of microstructures were identified:
deformed bands bearing no crushed grains and deformed
bands containing several crushed grains. The authors stated
that the areas in which no grain or subgrain boundaries are
visible belong to the « fibre orientation.

The reductions in yield strength and ultimate tensile
strength as functions of recrystallisation time have also been
reported previously. Song et al. performed annealing treat-
ments at 810°C for different durations on a cold-rolled (75%
reduction ratio) Ti-IF steel [13]. The authors also reported that
both yield strength and ultimate tensile strength decreased
during 180-600 s of annealing. In both cases, the behaviour is
because the vacancies and dislocations annihilate and move
towards the grain boundaries when the steel is subjected to
recrystallisation annealing.

Purcek et al. severely deformed IF steel by ECAE/P and
subsequently performed annealing at 600°C on the severely
deformed sheets [48]. The authors investigated the effect of
annealing time on the mechanical properties and reported
that, in general, strength decreased while ductility increased
progressively as annealing advanced. The behaviours ob-
served in the present work and in the research cited stem
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from the rapid microstructure recovery and the start of
recrystallisation in some regions with high internal stresses.
It has been well documented that severely deformed steels
have the ability of fast recovery because the nonequilibrium
subgrain boundaries contain high internal stresses [49].
Rapid recovery induces the annihilation and rearrangement
of dislocations and polygonisation, with subsequent sub-
grain coalescence.

The observed variations in mechanical properties are
principally a result of the change in the development of the
recrystallised fraction of the microstructure as treatment
progresses (see Figure 4). A few previous investigations have
focused on the repercussion volume fraction of the
recrystallised grains in terms of strength and ductility
[50, 51]. These works have stated that yield strength di-
minishes whereas uniform elongation rises with increase in
the volume fraction of recrystallised grains. Furthermore,
both properties have an almost linear dependence on the
volume fraction of recrystallised grains, suggesting that the
rule of mixtures can be applied. It has been previously re-
ported that the ultimate tensile strength and uniform
elongation can be determined by applying the rule of
mixtures [52].

4. Conclusions

In accordance with the model of recrystallisation developed
in the present work to explain the evolution of the micro-
structure, involving phase transformations, hardness, and
the mechanical properties, the main conclusions drawn are
as follows.

Microhardness diminished with increase in annealing
time and recrystallised fraction. Hardness decreased si-
multaneously, while the removal of dislocations proceeded
together with their reconfiguration that occurred during
static recovery and recrystallisation, and the development of
these transformations, i.e., from the deformed state to the
achievement of near-complete recrystallisation, was corre-
lated to the release of stored energy.

Furthermore, ductility increased as annealing time ad-
vanced alongside a continuous increment in the recrystal-
lised fraction. Despite the grain size decreasing during the
first 360 s of annealing, the deformation percent diminished.
This behaviour is mainly attributed to the removal and
reconfiguration of dislocations, which are correlated with a
diminution of the stored energy developed during static
recovery and recrystallisation, and grain growth during
360-420 s of annealing.

When the IF steel was completely recrystallised, its
ductility increased to that at about 50% deformation, which
under these circumstances, renders the steel suitable for use
in high-deformation process such rolling, forging, extrusion,
and drawing.

During the microstructural characterisation of Ti-
stabilised IF Steel, TiN, AIN/TiN, TiS, and Ti,C,S, pre-
cipitates were identified. The mechanisms proposed for TiN
precipitation are direct combination of Ti and N atoms with
subsequent growth or initial nucleation of Ti in AIN with
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subsequent growth. Additionally, it is proposed that TiS
transforms into TisC,S, by the mechanism of C diffusion. In
this work, TiS compound was precipitated during hot-
rolling. However, the precipitate was formed within the
temperature range 950-1100°C.

Additionally, the yield strength and ultimate tensile
strength diminished simultaneously as annealing pro-
gressed, with growth in the recrystallised fraction following a
similar trend. The diminution of strength and hardness with
the continuous increase in ductility constitutes a typical
behaviour of deformed materials during isothermal
annealing and recrystallisation.
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