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Abstract

This study presents a striking advance in investigating the influence of heat treatment on the
microstructure and properties of high strength low-alloyed steels obtained using various
technologies. In contrast to the normalization treatment, the application of the thermo-mechanical
control process (TMCP) offers higher strength characteristics but less stable properties during
consequent high-temperature heat treatment. It has been established that the mechanical properties
of both the steels are stable up to 650 °C. With an increase in the treatment temperature, the
mechanical properties of the TMCP steel (grade S460M) are strongly degraded, while the normalized
steel (grade S355J2) remains stable up to 950 °C. This is attributed to intensive grain growth at a
temperature higher than Ac; for TMCP steel and to the microstructural stability of the normalized
steel. It is shown that the structural stability during high-temperature heat treatment is controlled by
a number of factors such as heating temperature and holding time, grain growth, accumulated strain,
the presence of deformation texture, steel deoxidation, and dissolution/uncontrolled growth of

precipitations.

Keywords: high-strength low-alloyed steels, heat treatment, mechanical properties, intensive grain

growth, microstructure, electron backscatter diffraction, thermo-mechanical control process



Abbreviations
ARPGE - software for parent austenite grains determination
CE — carbon equivalent
CCT - continuous cooling transformation phase diagram
EBSD - electron backscatter diffraction
EDS - energy dispersive spectroscopy
GND — geometrically necessary dislocations
HAZ — heat affected zone
HSLA - high-strength low alloyed
HV — Vickers hardness
LAM — local average misorientation
SEM - scanning electron microscopy
TMCP - thermo-mechanical control process
UTS — Ultimate tensile stress
YS - Yield stress



1. Introduction

High-strength low alloyed (HSLA) steels are actively used in bridge construction, oil
and gas offshore platforms, the supports of wind generators, ships, high-pressure vessels,
as well as in the manufacture of railway transport [1-3]. The important task of reducing metal
consumption can be solved by increasing the strength of rolled steel. There are several ways
to increase the strength of low carbon steels. The first is an increase in carbon concentration,
which has limitations associated with decreased ductility and deterioration in weldability. The
second way is additional doping with elements that offer solid solution hardening (e.g., Mn
and Si). This enables an increase in the strength of metallic materials. However, to ensure
ductility, the use of normalizing heat treatment is additionally required. An increase in the
concentrations of Mn and Si, as in the first case, also leads to a deterioration in weldability
[4]. Microalloying with carbide and nitride-forming elements (Nb, V, Ti) [5—7] is limited by the
increased cost of rolled steels. The third strengthening method is to apply heat treatment
after rolling (e.g., quenching in oil, high-temperature tempering, or normalization). This,
though, significantly increases the cost of manufacturing rolled steel [2]. The fourth is by
obtaining a fine-grained structure of rolled steels using the method of the thermo-mechanical
control process (TMCP) [3].

The most widespread technology used in manufacturing steel construction is welding
[8-11]. To create reasonable welded structures operating under dynamic and variable
loading conditions, more than the chemical composition and structural state had to be
considered. The behavior of the various steels under thermal treatment should be taken into
account also. Namely, the thermal cycle of the welding makes the most vulnerable effect on
the welded metal in the zone next to the fusion line. This area is called the heat-affected
zone (HAZ) and is characterized by the quenching structure. On the other hand, in the
process of manufacturing welded metal structures, heating can be used to temperatures in
the range from 580 to 950 °C. High-temperature tempering (T = 580-620 °C) is used to
relieve welding stresses. Heating to temperatures of 680-750 °C is carried out for thermal
straightening of the weldments. In some cases, for example, during hot stamping, the
welded plates are heated to a temperature in the range of 900-950 °C.

The mechanical properties can be lost due to the above-mentioned heat treatment of
the steel (e.g., the welding thermal cycle or heat treatment associated with relatively slow
heating/cooling rates). The literature states that the steel obtained using TMCP cannot be
heated above 600 °C because the microstructure formed during the TMCP process after
such heating cannot be restored [9,12,13]. However, it was not possible to uncover a
detailed justification with physical reasons for this. Gorka [14,15] considered the thermal
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stability of high-strength steel (700 MPa) obtained using TMCP up to temperatures of 1300
°C. He proved that within a certain temperature range, there is a significant change in the
structure and the hardening phase of the investigated steel. The question of the physical
cause of these changes, however, remains unsolved.

The purpose of the present work is to study the effect of high-temperature heating on
both the mechanical properties and microstructure of HSLA rolled sheet steels obtained

using normalization and TMCP.

2. Experimental

2.1 Materials and preparation methods

The HSLA steels of grades S355J2 and S460M with similar chemical compositions
for the main alloying elements, such as C, Mn, Si, P, and S, were chosen. It was
manufactured according to the standard routine at the metallurgical plant: S355J2 is
received in normalized condition and S460M after TMCP. The requirements for the chemical
composition of these steels are given in Table 1. As noted earlier, the maximum value of
alloying elements is specified in EN10025-4, and the minimum value is not regulated. This
causes a significant difference in the chemical compositions of the same steel grades. In
this regard, the actual chemical compositions of the investigated steels measured using an
optical emission spectrometer are given in Table 1.

Table 1. The chemical compositions (in wt%) and CE of the investigated HSLA steels.

Grade C Si | Mn P S Nb V Ti Cr Ni Mo | Cu Al N | CE***
S460M* (0.16(0.60| 1.7 | 0.03 |0.025| 0.05 |0.12| 0.05 |0.30| 0.80 [0.20|0.55| 0.02 |0.025| 0.65

S460M **10.15|0.23|1.30|{0.017|0.013]|0.050|0.01 |0.012|0.09|0.019| - - 10.025]0.005| 0.38
S§355J2* |0.16|0.55| 1.7 |0.035| 0.03 | 0.06 |0.12| 0.06 |0.35| 0.55 |0.13]0.60|0.015|0.025| 0.64
S355J2**0.16|0.24 |1.36 | 0.016 | 0.007|0.031 | 0.06 | 0.016 |0.04 |0.030| - 0.040/0.007| 0.4

* - EN10025-4, ** - measured, *** carbon equivalent (CE)= %C+%Mn/6+(%Cr+%Mo+%V)/5+(%Cu+%N|)/15

For the tensile test of the steel, the cylindrical samples (three samples for each
measurement) with a 6 mm diameter for their working parts were mechanically
manufactured (type Il following 1SO 6892:1998). The tests were carried out at an ambient
temperature. For the impact strength determination, the Charpy impact tests were carried
out at +20 and -40 °C (according to the ASTM A370). The mechanical properties, namely
the yield strength (YS), ultimate tensile strength (UTS), plasticity (8, elongation for failure),
and the impact strength (KCV) at —40 °C for the investigated steels in the initial state, are

given in Table 2.



Table 2. The mechanical properties of the investigated HSLA steels.

Steel/ supply YS, MPa | UTS, MPa | §, % | KCV*%J/cm?
conditions
S355J2/normalization* 370 530 32 200
S460M/TMCP* 480 600 27 90
* according to the certificate of quality for the steel

Here, normalization is a condition when the steel plates are heated to 50 °C above
their upper critical point (Acs) and are kept at it for a short time before being cooled in air.
TMCP is a condition caused when steel plates are manufactured with deformation in the
intercritical temperature zone (Aci-Acs) followed by accelerated cooling. Such technologies
as the rolling of steel sheets provide an opportunity to reach a higher level of strength with
a conserved CE value (Table.1). This is a critical factor because CE is strongly connected
with the formation of the cold cracks during welding (i.e., with growing CE, there is an
increasing probability of cold cracks). Thus, in addition to the chemical composition, it is also
essential to indicate supply conditions. Depending on the method of producing the steel, the

weldability and behavior during the subsequent heat treatment will differ [16].

2.2 Heat treatment

As a result of the thermal cycle of welding the microstructure and properties of the
initial metal are degraded. The most vulnerable point is the area of the coarse grain HAZ,
whose size does not exceed 1.5-2 mm. Therefore, studies have been carried out on bulk
samples to simulate the microstructure of this zone. For this purpose, a particular installation
was used [17]. The samples were heated and cooled according to the thermal cycle of the
welding, i.e., with the heating rate of 150 °C/s up to 1200 °C, and cooling in the temperature
range of lower austenite stability (600-500 °C) at a rate of 25 °C/s.

For the thermal stability investigation of the selected HSLA steels, heat treatment was
applied. The samples (initial state) were heated for 1-hour in a muffle furnace to 630, 750,
and 950 °C before cooling in air. The simulated HAZ metal samples were heated to 950 °C,

kept, and cooled in the same way as previous ones.

2.3 Structure characterization

The preparation of the metallographic specimens for microstructural studies was
carried out according to standard methods using grinding papers of different roughness

(P240, P400, P600, P1200, P2000). Final polishing was carried out on a diamond
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suspension with a polishing particle size of 1 ym. To reveal and identify the morphology of
the microstructure of the specimen, etching with a 4% solution of HNO3 in alcohol was
conducted. The exposure time of these specimens was 4 s, followed by washing and drying.
The average grain size was evaluated by applying the linear intercept method. The chemical
composition of the structural components was measured using EDS (Oxford Instruments).

The crystallographic orientation of the crystallites was determined using the EBSD
technique [18,19]. For the formation of high-quality diffraction patterns, the surface relief
should be minimal. Thus, the specimens for EBSD were prepared using standard
procedures for metallographic investigation, except for the finishing stage. A silica-colloidal
solution of 0.04 um was applied for polishing. MD-Nap cloth was used, the rotation frequency
was 200 rpm, the pressing force of thin sections was 27N, and the polishing time was 3-5
minutes. An electron-scanning microscope Tescan Mira 3 LMU equipped with a Nordlys
detector and HKL Channel 5 software was used for EBSD analysis of microstructural
changes. At least 1500 grains of the specimen were analyzed to obtain a representative
sample. The procedure was to apply a magnification of (x600—700) over a scanning area of
150x100 um? at a scanning step of 0.5 um (at least five measuring points per grain), binning
4x4. The degree of indication was at least 80%.

The geometrically necessary dislocation (GND) density was estimated using the
EBSD data. Since GNDs distort the crystal lattice, low angular misorientation changes can
be measured and quantified with the help of the EBSD. For this purpose, local average
misorientation (LAM) maps were constructed. These maps represent local orientation
gradients. Thus, low LAM values indicate grains with relatively low GND density (depicted
by blue) and high LAM values - increased GND density (represented by green and red) [20—
22]. In the samples processed by a thermal cycle of welding, the parent austenite grains
were identified using the ARPGE program [23]. Based on orientational relations (Kurdjumov-
Sachs relationship), this program allowed restoring the parent austenite from the bainite

structure.

3. Results

3.1 Effect of heat treatment on the mechanical properties

The experimental results have shown that the strength and plastic characteristics
(Figures 1 and 2) of the investigated steel samples remained almost unchanged after
heating up to 650 °C.
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Fig. 1. Influence of heating on the mechanical properties of the as-rolled steel grade
S460M: Yield stress, Ultimate tensile stress, Plasticity — a; Impact strength — b.

Noticeable changes in the mechanical properties and impact strength of the S460M
steel are observed only when heated to 750 °C. A yield strength decrease of 10% is
observed, and the plasticity remains almost unchanged, while the impact strength rises
somewhat. An increase in the heating to 950 °C leads to a more substantial reduction in the
yield strength of the S460M steel, by almost 25%. Its impact strength, at the same time,
decreases by 30% at the samples tested at 20 °C, and by 4-6 times at -40 °C (Figure 1).

Unlike the steel grade S460M, the steel grade S355J2 is more thermally stable.
Regardless of the heating temperature, it keeps the values of the mechanical properties
(YS, UTS, d) within the limits of 6% error, compared with the initial state (Figure 2). The
impact strength, as in the case of the S460M steel sample, after heating to 750 °C,
regardless of the test temperature, the impact strength slightly increased. With a further
increase in heating temperature (up to 950°C), the impact strength values practically return
to the initial state for the S355J2 steel.
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Fig. 2. Influence of the heating on the mechanical properties of the as-rolled steel grade
S355J2: Yield stress, Ultimate tensile stress, Plasticity — a; Impact strength — b.



The mechanical properties of the simulated HAZ metal (rapid heating/cooling regime)
are presented in Figure 3. It is clearly seen that such heat treatments lead to significant
increase of the YS and UTS while impact strength drops drastically. Such behavior of the
mechanical characteristics is widespread for the quenching processes.

Due to the fact that the most remarkable changes in the mechanical properties of
S460M steel occurred after it was heated to 950 °C, this heat treatment temperature was
used in further studies, which were carried out for the HAZ. It has been established that the
strength characteristics of the HAZ metal drop after heating to 950 °C for both of the
investigated steels, and that the plasticity increases significantly (Figure 3). The ultimate
tensile strength of the HAZ metal of the S355J2 steel after exposure of the samples for 1
hour at 950 °C (Figure 3f) remains higher than in the initial state. It is important to note that
the strength and plasticity characteristics of the HAZ metal for both of the investigated steels
after exposure to 950 °C are similar. High-temperature heating (950 °C) of the HAZ metal
leads to an increase in the impact strength of the S355J2 steel, and a slight decrease in
S460M steel (Figure 3d,h).
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Fig. 3. The mechanical properties of the investigated steels after thermal treatment. Yield

2004

200+

100

0
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stress — a,e; Ultimate tensile stress — b,f; Plasticity — c,g; Impact strength — d,f. Steel grade
S460M — a,b,c,d. Steel grade S355J2 — e,f,g,h. As-rolled (initial state) -1; HAZ — 2; HAZ
with heating to 950 °C - 3.

3.2 Effect of heat treatment on the structure

The microstructure of the considered steels in the initial state is ferritic-pearlitic with
average grain sizes of ~20 um for S355J2 steel and 10 um for S460M steel (see Figure 4).
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In the case of steel production through the normalization procedure (S355J2 steel), the
microstructure is characterized by a chaotic distribution of orientations. The steel produced
through TMCP (S460M steel) has a significantly pronounced texture with a predominance
of directions <101> (// normal direction to the rolling plane) as indicated by the EBSD
orientation distribution maps and poles figures (Figure 5). For BCC lattice metals {101}
crystallographic planes are most favorable for the dislocation slip. The pole figures (Figure
5 c,d) for this structure confirm the presence of {110}<111> texture for steel grade S460M,
and separate pole peaks for steel grade S355J2. The difference in grain size is also
observed in S460M steel, whereas for S355J2 steel, the grain size distribution is more

uniform.

c) o)
Fig. 4. The SEM microstructures of the investigated steels in as-rolled condition (initial
state). a,c — steel grade S460M; b,d — steel grade S355J2. The rolling direction is
horizontal.

The studied steels in the initial state heated to 950 °C exhibit completely different

behavior. In S355J2 steel, there is a moderate grain growth from the initial state of 20 um to



25-30 um (1.5 times growth) and the dispersed distribution of pearlite. In comparison,
S460M steel is characterized by significant grain growth (Figures 6a and 7a ) from 10 um in
the initial state to up to 35 um after the heating up to 950 °C (i.e., 3.5 times) and a smaller
fraction of pearlite component. Thus, during heating up to 950°C the transformation of the
ferritic pearlitic into austenitic structure occurs with the following growth of the austenite
grains size. As a sequence of further cooling, the austenitic structure is transformed back to
the ferritic pearlitic and the size of last is determined by the grain boundaries of the previous

austenite grains. The reasons for such grains growth evolution are considered below.

Half width:10°
Cluster size:5°

Half width: 10°
Cluster size:5°

Denstties (mud):
Min=0.17, Max= 3.00

Densities (rud):
Min=0.17, Max=3.00

c)
Fig. 5. The EBSD orientation maps (a, b) and pole figures (c,d) of the investigated steels in
as-rolled condition (initial state). a,c — steel grade S460M; b,d — steel grade S355J2; IPF,

crystallographic direction // ND (Normal direction)

Microstructural analysis data has shown that the HAZ of the investigated steels has
similar morphology and consists of a mixture of bainite and ferrite (Figure 6 c and d, Figure
7 c and d). The hardness values for such microstructures are 280+14 HV and 260+13 HV
for S460M and S355J2 steels, respectively.
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Fig. 6. The SEM microstructure of the as-rolled steels after high-temperature heating to
950 °C (a,b), HAZ metal (c,d), HAZ metal after high-temperature heating to 950 °C (e,f);
(a,c,e) - steel grade S460M, (b,d,f) - steel grade S355J2
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Fig. 7. The EBSD orientation maps of the as-rolled steels after high-temperature heating
to 950 °C (a,b), HAZ metal (c,d), HAZ metal after high-temperature heating to 950 °C
(e,f); (a,c,e) - steel grade S460M, (b,d,f) - steel grade S355J2

The grain orientation analysis (Figure 7 ¢ and d) shows no pronounced deformation texture
for S460M steel. Under the heat treatment (950 °C), the simulated HAZ metal structure
approaches a more equilibrium ferritic-pearlitic form. The average grain size for the

investigated steel, in this case, is very close and equal to 25-30 um (Figures 6 e,f and 7 e,f).
4. Discussion

The obtained results indicate that for the investigated steels in the initial state, the
maximum changes in the mechanical properties and microstructure take place during high-
temperature heating to 950 °C. In contrast, the HAZ metal is less susceptible to such

influence.
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To explain this effect, the factors affecting the mechanical properties of the steel were
analyzed. One of the main mechanical properties is Yield strength (sy), which can be

represented by a sum of terms [24-26]:

Oy = 00 tOp+t0sstoppttOgs, Q)
where op is the friction stress of the crystal lattice, o, is the hardening stress due to
dislocation interactions, oss is the solid solution hardening stress, oppt IS the stress due to
hardening by the precipitating particles, and ogs is the stress due to hardening by grains
refinement, which increases the volume fraction of the grain boundaries. The Hall-Petch

equation (2) is

ky
~T 2

Ogs
where ky is the strengthening coefficient = 0.74 for low-carbon ferritic steel [27] and d is the
average grain size. These components describe the relationship between the yield strength
and grain size, indicating that a significant contribution of the ogs term to the overall
strengthening in low-carbon low-alloyed steels can reach 40%. The contributions of each of
the (co=2-G-107* < 5-10%, cp =a-m-G-b-p*/? < 3-5%, oss =Y, K;C; < 25%)
components to the total strengthening of the low-carbon low-alloyed steel do not exceed the
value of ogs[27].

In the production of steel by applying the normalizing heat treatment, an important
strengthening mechanism (further to a solid solution (oss)) is the presence of dispersed
particles, such as carbides, nitrides, and intermetallic compounds (oppt). The steel is
conditioned such that during the normalizing heat treatment, only slight grain growth occurs
and strain-hardening is annihilated. Meanwhile, in the steels obtained by the TMCP method,
strengthening due to the formation of a finely dispersed structure (ogs) and strain-hardening
plays a key role.

With high-temperature heating, grain growth occurs that entails changes in the
mechanical properties. The intensity of the grain growth process is determined by several

factors, such as:

- heating temperature and holding time [28];

- accumulated strain [29];

- the presence of deformation texture (rolling) [30];

- steel deoxidation [30];

- carbonitrides [30];

- dissolution/uncontrolled growth of precipitations (Zener pinning effect) [31].
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Thus, in further consideration, the primary attention is paid to the grain growth

phenomenon during heating up to temperatures above Acs.

4.1 Heating temperature and holding time

According to the phase diagram Fe-C, steels are characterized by the critical points
Aci and Acs. The transformation kinetics for any particular steels depends on the selected
heating temperature and the range where this temperature will be chosen. The austenite
grain growth is controlled by diffusion at the heat treatment temperature. The Aciand Acs
points are considered, to show the kinetic of the heat treatment process. For high
temperature 950°C heat treatment, when the temperature gets Ac: the transition from
ferritic-pearlitic into austenitic phase is started, and when the temperature gets Acs fully
austenitic structure is formed and only then austenitic grain start growing. But all is
determined by the time of being above critical points Aci1 and Acs. For the investigated steels,
the critical points have the following different values (Figure 8): Ac1 = 714°C, Acz = 883°C for
S460M; Aci = 750°C and Acz = 930°C for S355J2 (data obtained using Gleeble 3800
dilatometric unit [32]).

cooling rate =125.5; 60; 35; 30; 10; 5, OCfs. 900 cooling rate =113; 55; 40; 25; 16; 10; 5,5; 3; 1,5 °Cls.
i N R e A R e e e e S U S R L e B S i e e 3 S U
A= 885°C 5 - T
800 3 800 3 A_=750C
T SR, W R ———— 72004\ NN\ NN\ N\ AN

700 § F
* 6003 © 6003
5 ] B B
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E g 2
2 E £ =
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Fig.8 CCT diagrams for investigated steels. a — TMCP steel grade S460M, b —
Normalized steel grade S355J2.
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Calculations of critical points (Eq. 3) using the Park equations [33,34] have close
(within a 3% error) values: Ac1 = 716°C, Acz = 878°C for S460M; Ac1 = 732°C, Acz = 911°C
for S355J2.

Ac1(°C) = 739-22.8C-6.8Mn+18.2Si+11.7Cr-15Ni-6.4Mo-5V-28Cu
Ac3(°C) = 955-350C-25Mn+51Si+106Nb+100Ti+68AIl-11Cr-33Ni-16Cu+67Mo  (3)

An analysis of the equations shows that the differences in the critical points of these
steels are due to differences in the micro-alloying elements. They differ in the content of
such elements as V, S, Ti, and Nb. Unlike in S460M steel, the vanadium content is six times
higher, while the sulfur is halved in S355J2 steel. Considering the heating temperatures
used in post-weld treatments, it is possible to estimate the amount of overheating for the
investigated steels (Figure 9). Thus, for S460M steel ATac1 = 36°C and ATacz = 67°C,
whereas for S355J2 steel ATaci = 0°C and ATacz = 20°C. This suggests that the
transformation of austenite in S460M steel will proceed more intensively. The transition from
a-Fe to y-Fe (austenite) begins when the critical point Aci is reached and completely ends
at Acs. The completion of the phase transformation process is characterized by the formation
of austenite and the disappearance of pearlite. This newly formed austenite, however, will
be heterogeneous even in the volume of the selected grain. To obtain homogeneous
austenite during heating, it is necessary not only to cross the Acs point but to overheat the
steel above this point, or dwell at whatever the current temperature is. Such steps allow
completing the diffusion processes inside the austenite grain. The rate of transformation
largely depends on the initial structure of the steel, the dispersity of cementite, and its shape.
The smaller the cementite particles and the larger their total surface, the faster this
transformation occurs. Consequently, the selected treatment temperatures for S460M steel
will have a destructive effect on the structure and, therefore, on the mechanical properties.
Due to the slight overheating of S355J2 steel, this factor does not significantly affect
strength. At these conditions, the grain size is increased, as shown above in 1.5 times for
S355J2 steel (overheating is equal to 20 °C at Acs point), while for S460M steel (overheating
is equal to 67 °C at Acs point) in 3.5 times. According to the Hall-Petch relation Eq. (2) the
strength for the S460M steel is decreased by ~ 125 MPa, which is in good agreement with

the observed experimental data (Fig. 1a).
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Fig. 9. Infographic of high-temperature heating of the investigated steels.

4.2 Accumulated strain

In addition to the heating temperature for treatment and the exposure time, the final
grain size also depends on the initial metal structure after plastic deformation. After the
various types of metal processing by plastic deformation (e.g., rolling, forging, and drawing
[35,36]) in steel, the stability of austenite above the critical temperature changes. The
dynamics of relaxation and recrystallization processes also varied. The metals subjected to
plastic deformation are less thermally stable [37] because they contain more defects in their
crystal structure, and hence lower temperatures are necessary to activate their movement.
An increase in the accumulated strain leads to an increase in the dislocation density, mainly
in the zones adjacent to the grain boundaries. In other words, the energy stored in grain
boundaries, becomes the additional driving force for grain growth, i.e. the smaller grains the
higher the driving force. At a critical accumulated strain, the grain grows very quickly due to
the mechanism of grain growth. The dislocation structure of the grain boundaries, in this
case, is such that, upon heating, several grains merge into one large grain. Dislocations of
a different sign annihilate, and the boundary between the individual grains is cleared and
gradually disappears. When the strain exceeds the critical level, the active grain growth
mechanism is replaced by a primary recrystallization mechanism (occurrence of the new

grains nuclei and their growth). Figure 10 presents the LAM maps for the investigated steels.

16



b)
Fig. 10. The LAM maps for the as-rolled steels (initial state), constructed according to
the EBSD data. a — steel grade S460M (TMCP); b — steel grade S355J2 (normalized);

From the above results, it is clearly seen that the areas with high dislocation density
in S460M steel are noticeably larger than that in S355J2 steel. As above noted, this is one
of the factors influencing the intensive grain growth in S460M steel during further high-

temperature (950 °C) heating.

4.3 Steel deoxidizing

There are two types of steel microstructure: hereditarily fine-grained and coarse-
grained. The first is characterized by a low tendency for grain growth, while the second has
increased growth. The bigger grain of austenite, the bigger the ferrite grain after austenite
decomposition [27]. Austenitic grains grow only when heated; hence, the maximum heating
temperature of the steel and its hereditary origin determines the final grain size. More
notably, even different melts of the same steel grade may have a different ability for grain
growth. The steel deoxidation method matters here. Steel deoxidized only with
ferromanganese or ferrosilicon is hereditarily coarse-grained, and steel additionally
deoxidized with aluminum is fine-grained [27,30]. The aluminum introduced into the liquid
steel before crystallization forms the nitride compound AIN with the nitrogen dissolved in the
liquid steel. This compound is dissolved in the liquid steel, and after its crystallization and
subsequent cooling, itis released in the form of submicrocrystalline particles (so-called "non-
metallic dust"), which are located along the grain boundaries, preventing them from growing.

As shown in Figure 7, the average grain size of the HAZ metal of both steels after
high-temperature heating is close enough, which is explained by the peculiarities of the
microstructure of the HAZ metal before heating. First of all, the metal in the HAZ has no
strain hardening as well as the texture of rolling. The HAZ of both steels has a mixture of
bainite/ferrite structure, so to restore the grain size of the parent austenite, a reconstruction
(a first approximation) was carried out using the ARPGE software (Figure 11).
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Fig. 11. Parent austenite grains of the investigated steels HAZ metal, obtained by means
of ARPGE software (The grains are described by different colors). a — steel grade
S460M; b — steel grade S355J2

This reconstructed microstructure represents an estimation of parent austenite grains
for the HAZ metal. The reconstructed grains of parent austenite are numbered and
presented in different colors; black dots in the bulk of the grains and white regions
correspond to unsolved points. It can be seen that parent austenitic grains for both the
investigated steels have a close size distribution due to the influence of the welding thermal
cycle (rapid heating, short exposure time, and rapid cooling). In this case, the exposure time
of the metal above the phase recrystallization temperature (Acs) is hot enough for complete
diffusion processes. Differences in the microstructure are significantly noticeable though
when heating the steel in its initial state at high temperature. (Figure 6). Abnormal grain
growth of 3.5 times compared with the initial state for S460M steel may indicate its hereditary
coarse grain. It is also important to note that the aluminum content in it is almost half that of
S355J2 steel.

4.4 Carbonitrides

The carbide-forming elements have a significant effect on the microstructure and
mechanical characteristics of the steel, which is caused by the slowing down of diffusion
processes. The mechanism of carbide action for 1l- group (interstitial phase, MeC) is that
they are hardly soluble in austenite even at high temperatures, while carbides of the | -group
(MesC, Me23Cs, FesC, Cr23Cs) dissolve easily [27,38]. The order of carbide dissolution is
determined by their stability and the degree of transition into the solution, i.e., the carbide
amounts. Non-carbide-forming elements (Si, Ni, Co) prevent the dissolution of carbides in
austenite. Mn and Cr (the carbides of which dissolve in austenite at lower temperatures),
when dissolved in austenite, will increase the solubility of the VC [27]. Titanium will not have

such an effect since its carbide (in low-carbon steel C < 0.1 wt%) will transfer to austenite
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at a higher temperature. In the case of a treatment temperature of 950 °C, ~0.1% V, ~0.01%
Nb, ~0.008% Ti dissolve in austenite [27] and the excessive content of these elements will
form a hardening carbide phase which has a barrier effect on the migrating grain boundary.
The dissolution or coagulation of dispersed phases in austenite eliminates the barrier effect
of the particles (Zener pinning effect). The maximum grain size of austenite d depends on

the size of the particles and their quantity (Eq. Zener) [39]:
4 r

d=§';, (4)

where r is the radius of the particles, and f is their volumetric fraction. Assuming that the
volume fraction of the hardening particles is 1%, then in the case of their size of 100 nm, d
=7 um; and with an increase to 500 nm, d = 35 ym. Consequently, the larger the volume
fraction of undissolved particles retained in the steel upon heating and the smaller their size,

the more fine-grained austenite is obtained.

Full Scale 665 cts Cursor: 0.000 ke
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Fig. 12. The SEM microstructure (a and d) and selected areas EDS Spectra (b, c, e,
and f) of the as-rolled steels after high-temperature heating to 950 °C. a, b, and c — steel
grade S460M; d, e, and f — steel grade S355J2. EDS spectra numbers correspond to
numbers on the SEM micrographs.

The microstructures in Figure 12 illustrate the morphology of hardening particle
distribution (marked with numbers 1-4) for the investigated steels after heating to 950 °C. It
can be seen after heating to this temperature that S355J2 steel has more dispersed
inclusions with a size of ~100 nm, while their number in S460M steel is less and can be
found rather large. The results of the EDS analysis carried out at the marked points (Figure
12, Table 3) confirm that the selected particles in S355J2 steel are carbonitrides of Ti and
Nb.

Table 3. Chemical composition of the selected points for the investigated steels

Spectrum N Al [si |s |Ti [V |[Mn |[Fe [Nb |Total
TMCP S460M stee
Spectrum 1 10.84 | 013 | 0.26 | 1.36 | 3009 | - | 2.40 | 44.29 | 10.63 | 100.00
Spectrum 2 - 000 | 043 | - - - | 189 | 97568 - 100.00
Spectrum 3 - 000 | 034 | - - - | 260 | 97.06 - 100.00
Spectrum 4 - 000 | 042 | - 222 | 107 | - | 9142 | 4386 | 100.00
Normalized S355J2 steel
Spectrum 1 167 | 049 | 031 | - 0.46 - [ 129 [ 92.16 | 3.62 | 100.00
Spectrum 2 272 | 214 | 030 | - 0.52 - | 172 [ 9221 | 0.39 | 100.00
Spectrum 3 0.89 0.42 | 0.29 - 0.37 - 1.24 | 96.40 0.38 100.00
Spectrum 4 - 0.00 | 033 | - - - | 2.08 | 9759 - 100.00
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In addition, the presence of AIN particles was also detected. This indicates that the high-
strength state of S355J2 steel is achieved due to the formation of a hardening carbide phase,
which inhibits grain growth at high heat treatment temperatures (T > Acs).

For the S460M steel, it was revealed that one inclusion is niobium and titanium
carbonitride, while its dimensions (~500 nm) are significantly larger than those observed in
the S355J2 steel. Considering that the volume fraction of hardening particles is small, it can
be concluded that when heated above Acs, they could go into solid solution, followed by
segregation in the form of large carbides. This is an additional factor that induces intense
grain growth in the TMCP (S460M) steel during heating. In such particular conditions, the
pinning effect is suppressed that causes increasing the grain size of S460M steel up to 3.5
times (from 10 to 35 um). Also, as the dimensions of the hardening precipitations increase,
the coherence of the interfaces with the matrix is lost, leading to a drop in the mechanical

characteristics [40].

5. Conclusions

The effect of the high-temperature heat treatment on the mechanical properties and
microstructure of the HSLA steels processed by various technologies have been
investigated. It has been shown that at a temperature T < 650 °C, associated with the
treatment of relieving welding stresses, the mechanical properties of the investigated steels
are stable within the error limits. At a temperature T < 750° C (for example, enough for
thermal shaping) in the steel, obtained by TMCP, the yield strength decreases from 15% to
more than 25% at T < 950 °C (for example, hot stamping). The mechanical properties of the
normalized steel are stable at all studied temperatures. It has been established that the
decrease in the mechanical properties of the TMCP steel is due to intensive grains growth
at T > Acs conditioned by several factors, e.g., high dislocation density, rolling texture,
dissolution, and uncontrolled growth of the hardening precipitation (carbonitrides). The
stability of the properties for normalized steel at T > Ac3 is caused by the high stability of
austenite due to the effect of preventing the intensive growth of the grains (Zener pinning).

The regularities of the changes in the mechanical properties of the HAZ metal (rapid
heating/cooling) in both steels under heating to 950 °C are similar. It results from the similar
sizes of the parent austenite grains in the HAZ metal. Such particular effects for the TMCP
steel HAZ metal are due to the absence of factors such as deformation hardening and rolling

texture. They are eliminated by heating by the thermal cycle of welding.
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Thus, the factors associated with mechanical treatment procedure (deformation
hardening, rolling texture) as well as microalloying (precipitation hardening) play key roles
in structure stability under the following high-temperature heat treatment.

From the practical point of view, the HSLA steel obtained by TMCP can be used in
the manufacturing of welded steel structures that do not require hot straightening and
stamping operations. Heating is allowed not higher than Ac1 (714 °C) for welding stress
relieving. The HSLA steel, obtained through normalizing, may be used in the manufacture

of welded steel structures involving consequent treatment at temperatures of up to 950 °C.

Novelty:

e The decrease in the mechanical properties of TMCP steel at T > Acs is due to
intensive grain growth

e The high dislocation density, texture, dissolution of precipitates induces intensive
grain growth under following high-temperature heating

e The stability of the properties of normalized steel at T > Acs provided by high stability
of the austenite

e Zener pinning effect plays a key role in preventing the intensive growth of the grains
atT > Acs
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