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Abstract

Thermomechanical processing is a metallurgical operation to produce high-
strength steel bars (rebars), through combining plastic deformation with
thermal processes like heat treatment, water quenching, heating, and cooling
at various rates into a single process. Ribbed reinforcing steel bars (rebars) are
used for the reinforcement of concrete structures. Tempcore is a unique
process to produce high-yield-strength rebars from mild steel without addi-
tion of a high weight percentage of costly alloying elements. The strength of
rebar originates from the formation of a surface layer consisting of quenched
and tempered martensite that surrounds a core composed of ferrite and pear-
lite. The economic advantages of this process are significant in comparison to
those processes requiring alloying elements or further metal working to im-
prove the mechanical properties. However, when there is a limitation in the
water-cooling capacity, the required volume fraction of the martensite layer
can’t be accomplished particularly when rolling bigger diameters of 32 mm -
40 mm at a higher rolling speed to maintain high productivity. Accordingly, a
small addition of microalloying elements vanadium or niobium could be used
in combination with Tempcore process to obtain high-strength steel rebars.
In this contribution, 0.06 weight percentage of vanadium is added to the
Tempcore treated rebars to satisfy ASTM A 706 Standard of Rebar Grade 80
PSI [550 MPa]. In order to decrease the trials in the steel plant floor, thermo-
dynamics equilibrium calculations are predicted by Thermo-Calc, CCT, TTT
diagrams are calculated by JMat Pro and the kinetics evolution of the vana-
dium carbonitrides precipitates are predicted by the computational database
Mat Calc. High yield strength and tensile strength are obtained due to the ef-
fect of fine dispersions of nanometer-scale vanadium carbonitrides precipi-
tates inspected by transmission electron microscope.
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1. Introduction

Reinforcing rebars are cylindrical steel bars used for the reinforcement of con-

crete structures with typical diameters varying from 6 to 40 mm [1]. While con-

crete has excellent properties with regard to loading under compression, steel is

a suitable material to bear high tensile loads. The advantage of the composite

structure is the ability to absorb both high compressive and high tensile loads.

Rebars are made from medium-carbon steels with a carbon content of approx

0.3 wt% [2] [3]. Actual methods for the production of high-strength concrete

reinforcing steels may be classified into three distinct categories:

* The first one consists of steel bars slowly cooled in the air after hot rolling
(hot-rolled steels). For these steels, modifying their chemical composition
can increase the yield strength, however, for sake of weldability, the carbon
and manganese levels should be kept low and this necessarily results in low
strength.

* Secondly, small additions of strong carbide formers, such as Nb or V, may
enhance the yield strength without affecting weldability. But it is rather ex-
pensive.

* The third category consists of bars submitted to specific thermomechanical

strengthening processes, bearing trade-name Tempcore [1] [2] [3] [4].

1.1. Principle of the Tempcore Process

Tempcore is one of the thermomechanical processes developed by CRM. A typ-
ical manufacturing route is the so-called Tempcore process. The Tempcore in-
stallation is in-line connected to the hot rolling mill, directly after the finishing
stand and consists of three stages as follows [1] [2]:

* The rebar leaving the last stand of the hot rolling mill passes through a spe-
cial water-cooling section. The cooling efficiency of this installation is such
that a surface layer of the bar is quenched into martensite, the core remaining
austenite. The quenching treatment is stopped when a determined thickness
of martensite has been formed under the skin (outer part of the bar section
dropping below the martensite transformation starting temperature (Ms).

*  When the rebar leaves the intense cooling section, the temperature gradient
established in its cross section causes heat to release from the center to the
surface. This increase in the surface layer temperature results in the
self-tempering of the martensite. The name TEMPCORE has been chosen to
illustrate the fact that the martensitic layer is tempered by the heat left in the
CORE at the end of the quenching stage.

DOI: 10.4236/msa.2022.135019

343 Materials Sciences and Applications


https://doi.org/10.4236/msa.2022.135019

H. Khalifa, A. El-Kady

* Finally, during the slow cooling of the rebar on the cooling bed, the austenitic
core transforms into ferrite and perlite or into bainite.

The three stages of the Tempcore process clearly appear:

1) Quenching of the surface layer;

2) Self-tempering of the martensite;

3) Transformation of the core.

The tempcore process has become a very popular solution for producing
high-strength and weldable reinforcing concrete bars (rebars) from low C/Mn
steel without requiring the costly addition of V or Nb for most of the grades to
produce. However, the water quenching and self-tempering treatment should be
applied without any reduction of rolling speed or loss of productivity. Producing
big sizes and high-strength steel grades could be confronted with the mill layout
and mill constraints, leading to rolling speed reduction [5] [6] [7].

By a sensible combination of Tempcore treatment and microalloying chemi-
stry (Precipitation hardening,) higher grades can be realized, especially for large

diameters of 32 - 40 mm.

1.2. Principle of Precipitation Hardening

Precipitation hardening represents one of the most efficient ways to improve the
mechanical properties of metallic alloys and thus receives continuous close at-
tention in metallurgy and kinetics of the formation of the carob-nitrides preci-
pitates. Nanometer-scale precipitates account for the strength of ferrite/pearlite
steel without impeding ductility and formability [8]-[14]. The nucleation and
growth of such nanometer-scale precipitates are enabled by microalloying ele-
ments such as Ti, Nb and V during steelmaking. The abundance of carbon and
nitrogen in ferrite results in the formation of carbonitrides, such as titanium
carbonitrides (TiCN), niobium carbonitrides (NbCN) and vanadium carboni-
trides (VCN) [15] [16] [17] [18] [19]. The strength of microalloyed steel relies
on small particle size (nanometer-scale) and a high number density of precipi-
tates [20] [21] [22] [23]. Therefore, adjusting and maintaining the fine precipi-
tate size during steel processing and elevated temperature service is crucial to
achieve and keep strength in the final component [20] [21] [22] [23] [24].

In this context, the current work aims to develop steel alloys with tailored
chemical composition and thermomechanical controlled processing TMCR
schedule to produce high-strength reinforcing bars ASTM A706 grade 80 (55).
[17].

2. Methodology Thermodynamic Calculations and
Experimental Work

The alloy is first melted and the chemical composition is adjusted in the electric-
al arc furnace EAF and ladle furnace LF. The melted steel is cast in the form of
billets. These billets are further thermomechanical processed in the rolling mill
plant equipped with a reheating furnace, mill train, quenching box and cooling
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bed. In the current work, thermodynamic and kinetics calculations were per-
formed prior to the production process. Therefore, tailored alloy and thermo-
mechanical schedule adequate to the lay-out arrangement and capacity con-
straints of the industrial plant are developed. A number of calculations of phase
equilibrium diagrams with numerous alternative compositions considering
maximum carbon weight percentage of 0.3%, different silicon Si, Mn and V
weight percentage were plotted by Thermo-Calc software. For each proposed
composition the corresponding continuous cooling transformation CCT dia-
gram and precipitation volume fraction diagrams were predicted by the kinetics
computational programs JMat pro and MatClac. From these calculations the
composition of the alloy in the current study is selected. Table 1 presented the
designed alloy along with the requirements defined in ASTM A 706 [17] with the
exception of Vanadium because it is an important addition for the purpose of
getting precipitation hardening.

To verify that the selected alloys enables sufficient vanadium, nitrogen and
carbon enrichment for precipitates formation during the cooling route, TECF 10
data base was used for thermodynamic calculations to predict the amount of
phases, the Equilibrium amount of FCC_A1#2 V(C, N), enrichment of V(C, N)
with alloying elements vanadium, carbon and nitrogen while the temperature is
decreasing.

The most important parameter in controlling the mechanical properties of
microalloyed steel is the reheating temperature, which affects the solid solute V
content and austenite grain size. Therefore, thermodynamic calculations are also
used to determine the reheating temperature of the billets. In this content, re-
heating temperature of micro alloyed steel should be sufficiently high to confirm
the dissolution of vanadium carbide and nitride precipitates.

Kinetics of precipitations is also predicted to ensure enough kinetics for the
formation of vanadium precipitation during cooling schedule.

CCT and TTT diagrams are plotted by JMat Pro software to define the formed

phases during the entire thermomechanical treatment cycle.

2.1. Thermomechanical Controlled Rolling TMCR

The tested alloy was subjected to the thermomechanical schedule designated in
Figure 1. In this schedule, billets were austenitizing at reheating furnace. Ac-
cording to the thermodynamic calculations, billet reheating values of 1050°C is
selected to dissolve the V(C, N). To achieve improved combination of strength
and ductility a significant amount of deformation occurs in the lower austenite
region. The austenite is deformed in a temperature of 1050°C - 1000°C in order

to refine the austenite grain size.

Table 1. ASTM A706 [17] and the considered alloy.

Element C, Wt% Si, Wt% Mn, Wt% V, Wt% P, Wt% S, Wt% N, PPM
ASTM 706 (Max.) 0.3 0.5 1.5 N/A 0.035 0.045 N/A
The tested Alloy 0.26 0.3 1.5 0.06 0.025 0.03 110
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Figure 1. Thermomechanical schedule.

Time, s

An intense water cooling is applied to the whole surface of the rebar for 1.5 to
2 seconds directly after the last rolling pass. Cooling is interrupted before the
core is affected by quenching and the outer layers are tempered by the flow of
heat from the core to the surface. At the exit of the finishing stand directly tem-
peratures are typically at 980°C. After cooling over the whole surface of the sec-
tion a self-tempering temperature if 580°C - 620°C. Figure 2 shows the thermal
gradient of the Tempcore treated bar starting from the entry of quenching box
till equalizing between core and surface takes place at cooling bed (developed in
other work by H. Khalifa et al) [25].

Reheating, rolling and tempering temperatures were measured by in-line py-
rometers. The pyrometers are the heart of the control of the process. The loca-
tion of the tempering pyrometer is of prime importance to get measurements as
close as possible to the maximum recovery temperature (maximum reached by
the surface). The pyrometer located at the entry of the Tempcore box is also
important to measure the variation of finishing temperature along the billet or
between successive billets. The location of the reheating furnace pyrometer is
very important to confirm that the undesired vanadium carbonitrides inside the
billets are completely dissolved.

The cooling length and quenching time are linked by the rolling speed at the
finishing stand. This speed is maintained constant along the billet during its
crossing of the quenching equipment, and more particularly when the tail of the
billet is leaving the finishing stand. This is controlled by the pinch-roll located
between the exit of the Tempcore box and the dividing shear. Without using this
pinch-roll, when the tail leaves the finishing stand, small rebar diameters are

braked by the water while the largest diameters are accelerated.

2.2. Microscopy

2.2.1. Light and Scanning Electron Microscopies
Light optical microscopy (LOM) and scanning electron microscopy (SEM) of the
samples after applying various processing conditions were performed on
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Figure 2. Thermal history of the cross section of the bar during water quenching and air cooling at cooling.

sections cut at the cross section of the entire diameter of the specimens. The spe-
cimens were mounted and subsequently prepared by standard mechanical
grinding and polishing methods. The investigated samples were ground gradu-
ally using wet silicon carbide papers preliminary with 180-grit, followed by 240-,
400-, 500-, 600-, 800-, 1000- and 1200-grit papers consequently. Final polishing
was done using 1.0 um and 0.05 pm alumina, respectively. The microstructure of
the specimens was revealed by 0.5% nital etchant alcohol. The ferrite grain size
was measured by applying the mean linear intercept method according to ASTM
E112-13 [26].

2.2.2. Scanning Transmission Electron Microscopy (STEM) Examinations
Scanning transmission electron microscopy (STEM) is used for studying vana-
dium precipitates morphology and size distribution since it is the most widely
used technique to test phases over the length scale range 1 - 100 nm. A high
energy electron beam (typically 200 kV) is focused on the thin foil sample paral-
lel to the optic axis of the microscope with a beam diameter of 1 - 25 mm. The
transmitted beam undergoes coherent elastic (‘Bragg’) diffraction. Carbon repli-
cas of the sample were made for further investigation of the precipitates by
means of scanning transmission electron microscopy (STEM). Energy Disper-
sive X-Ray Spectroscopy (EDX) in a carbon replica of the sample is investigated
to recognize the type of the precipitates.

2.3. Tensile Test

Yield strength, ultimate tensile strength, and elongation of the investigated bars
were estimated at room temperature by universal tensile testing machine with a
cross-head speed of 0.1 mm/s according to the (ASTM E8/E8M-16ael) [27].
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2.4. Hardness Test

Microhardness tester was used to measure the Vickers hardness of the samples.
The sample surfaces were ground using a similar method described in the mi-
crograph preparation up to the 1200 grit sandpaper. Measurements were taken
using a load of 2.9 N applied for 10 seconds. The micrometers (both X and Y
axis) attached to the sample table of the tester were used to determine the center
of the samples and to increment the sample between readings. In this way mea-
surements were taken at equal increments along the radius of the sample. In ad-
dition, as illustrated in Figure 3, measurements along two radii 90 degrees apart

were taken and then averaged.

3. Results and Discussion

3.1. Thermodynamic Calculations

The equilibrium development of phases and precipitates were examined using
TCFE10 database of Thermo-Calc software. The relationship between the
amounts of phases corresponding to the temperature ranging from 500°C to
1000°C is plotted as presented in Figure 4(a) the graphs prove that vanadium
carbonitrides has high solubility level in austenite, this allows using lower re-
heating and soaking temperature as 1000°C. Observably, the tested alloy shows
the formation of V(C, N) phase below 1000°C stating that the start of the forma-
tion of the precipitation of V(C, N) particles starts at the austenite grain boun-
daries and extends into ferrite phase. Therefore, reheating of the billet at 1050°C
achieves full dissolution of vanadium carbonitrides to be available for later pre-
cipitation during the consequent rolling and cooling process. The formation of
ferrite start temperature of 800°C, while the cementite formations starts at the
temperature below 700°C, where the austenite phase is no longer exists and
completely decomposes. To further clarify the amount of free nitrogen, vana-
dium and carbon which is ready for the formation of vanadium carbonitrides,
the values of %V, %C and %N in solution in austenite is plotted as illustrated in
Figure 4(b). The equilibrium carbonitrides composition and its volume fraction
were also calculated as presented in Figure 4(c), the figures clearly show that,
the precipitate has a significant amount of nitrogen. This can be seen not only in

Figure 4(b) but also in Figure 4(c).

Center Pos.1 Pos.2 Pos.3
al+ b1 a2 + b2 a3 + b3
¢ 2 2 2

Figure 3. Micro-hardness measurement arrangement.
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Figure 4. (a)-(c): (a) Formation of phases in the investigated steel, (b) The Equilibrium amount of FCC_A1#2 (V(C, N), amount
of nitrogen and carbon in austenite, (c) enrichment of V(C, N) with alloying elements vanadium, carbon and nitrogen while the
temperature is decreasing.

3.2. CCT and TTT Diagrams

Continuous cooling transformations (CCT) diagram and time temperature
transformation (TTT) diagram of the investigated steel were predicted by JMat-
Pro, Sente software as shown in Figure 5. TTT and the CCT curves indicate that

the ferrite transformation start temperature is 780°C and the incubation time
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Figure 5. (a) CCT diagram, (b) TTT diagram.

required for the onset of ferrite transformation is 100 S at high temperature
transformation of 780°C, while the incubation time required for the onset of fer-
rite transformation decreased to 5 - 10 s in the lower ferrite transformation
temperature range from 600°C to 700°C due to the increase in the driving force
of transformation. This relatively high incubation time is a clear indication that
the addition of 0.06 Wt% vanadium increases the hardenability of the tested
steel. It is evident from CCT curve that water cooling rate more than 100°C/S is
high enough to avoid the formation of ferrite, pearlite and bainite, therefore
hard martensite phase is formed in the surface layer of the bar. As the cooling
rate in the core decreases, therefore martensite will not be formed and fer-

rite-pearlite microstructure is formed with chances of bainite intermediate zone.

3.3. Kinetics of V(C, N) Precipitates

The nature, size and distribution of V-containing carbide, nitride or car-
bo-nitride precipitates depend not only on the V content but also on the ther-
momechanical cycle. Therefore, the kinetics of V(C, N) of the cooling schedule
is simulated based on the thermal profiles calculated by the model developed by
Khalifa et al [25] depicted in Figure 2. Thermal profiles for the outer surface as
well as for the core of the tested diameter (32 mm) is set as the heat-treatment
cycles for precipitations kinetics simulations. The relation between the resulting
phases fractions of precipitates versus time in seconds are predicted as presented
in Figure 6.

The kinetics simulation indicates a variation in precipitation potential de-
pending on the layers of the cross section. Obviously, the core evident a greater
potential to form higher volume fractions of V(C, N) precipitates compared with
the outer surface.

The fractions of V(C, N) precipitates reach approximately 0.0006 for outer
surface and 0.0014 for the core. The lower fractions of V(C, N) precipitates in
the surface could be attributed to the fact that the precipitation kinetics generally
shows a sluggish behavior as the temperature dropped rapidly. Contradictory,
the higher volume fractions of V(C, N) precipitates in the core could be
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Figure 6. Phase fraction of vanadium precipitates corresponding to the core and the outer surface.

attributed to the larger time-window available for precipitation kinetics as the
cooling rate is very slow and the temperature is high (tempering temperature is
580°C - 620°C).

3.4. Microstructure Characteristics

3.4.1. Light Optical Microscope

Microstructure was examined under an optical microscope. Micrographs were
captured with a digital camera connected to the microscope. The macro struc-
ture is presented in Figure 7(a), whereas the microstructure in the cross-section
is presented in Figure 7(b), Figure 7(c) and Figure 7(d), it consists of three
main zones: a fine ferrite-pearlite core (Figure 7(b)), an intermediate hardened
layer with a mixture of bainite and ferrite (Figure 7(c)) and a tempered marten-
site-hardened layer on the surface (Figure 7(d)). Relatively larger amounts of
pearlite are observed due to the effect of the Tempcore process. The volume
percentages of martensite, bainite and pearlite phases were obtained from etched
specimens as 25%, 5% and 70% respectively. The addition of V doesn’t signifi-
cantly affect the ferrite grain size, since it reduces ferrite grain size from 6 to

Sum.

3.4.2. Scanning Electron Microscope SEM

The microstructures of the specimen tested by Scanning electron microscope
SEM is presented in Figure 8(a) and Figure 8(b). The outer rim zone for the
Tempcore treated alloy Figure 8(a) shows tempered martensite with lath like

morphology consisting of differently oriented martensite packets containing
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Figure 7. (a) Microstructural variation in a cross-section of a Tempcore reinforcing steel
bar, (b) ferrite-pearlite core, (c) mixture of bainite and ferrite and (d) tempered marten-
site hardened-layer.

Figure 8. SEM micrographs of the tested alloys. (a) Tempered martensite in the surface,
(b) ferrite-pearlite microstructures in the core.

various blocks of martensite lathes indicate the possible carbonitrides precipi-
tates during the Tempcore process. The microstructures of the core zone of
Tempcore treated bar Figure 8(b) consists of ferrite-pearlite structure with typ-

ical lamella structure of pearlite.

3.4.3. Transmission Electron Microscope TEM

TEM micrograph presented in Figure 9(a) shows a fine precipitation of V(C, N)
within the ferrite grains and on the grain boundaries. The precipitates are dis-
tributed in the grain boundaries and often occur in straight lines, indicating
nucleation on a moving austenite/ferrite boundary. The precipitation of V(C, N)
within the ferrite grains are found to be distributed in a random fashion.

TEM micrographs are explained by thermodynamics and kinetics calcula-
tions, since the fine V(C, N) precipitates primarily form during and after the
austenite to ferrite transformation. Since the core is cooled down at a slow-rate
until the equalizing temperature ranging from 580°C to 620°C. In the quenched
rim on the surface it is expected that lower volume fraction of V(C, N) due to
the less time-window available for the kinetics of formation. Figure 9(b) shows

fine particles revealed by means of Energy Dispersive X-Ray Spectroscopy
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Figure 9. (a): the precipitates investigated by means of STEM of its carbon replica, (b):
EDX analysis at point 1 which marked with circle.

(EDX) in a carbon replica of the sample with the microstructure shown in Fig-
ure 9(a): The EDX analysis gives a hint that the precipitates either VN or V(C,
N) or either mixture. As the sample is carbon replica, it cannot be clearly identi-

fied in which form they are.

3.5. Hardness Vickers Profile

Figure 10 shows typical microhardness curves measured for the tested bar. It is
observed that the hardness variation is continuous from the surface to the cen-
ter. The surface hardness decreases as a result of an increase in tempering tem-
perature of martensite and the core hardness decreases as a result of an increase
in transformation temperature. Hardness profile exhibits a slight decrease near
the surface of the bar; this is attributed to surface decarburization of the surface

of the billets in the reheating furnace.

3.6. Tensile Properties

Stress - strain curves of the TMCP steel bars are presented in Figure 11. The
stress—strain curves shows enhanced tensile properties as expected from the fine
and homogenous distribution of vanadium precipitates as appeared in the mi-
crostructure characterization of the tested steel. A pronounced effect of the
proper alloy design and thermomechanical processing on mechanical properties
is obvious. The effect of vanadium precipitates is contributing in the highest lev-
el of ultimate tensile (U.T.S) and yield strength (Y.S) with a good values of total
elongation (TEl), with U.T.S = 785 MPa, Y.S = 580 MPa and TEl = 18%.

The increase in strength is also achieved due to the contribution of nitrogen
since higher nitrogen contents decreases the inter-particle spacing. The greatest
strengthening effect from vanadium precipitation occurs when inter-particle
spacing is minimized, resulting in more instances of the Orowan bowing
strengthening mechanism. Higher nitrogen contents decrease inter-particle
spacing by increasing the driving force for VN nucleation, resulting in increased
precipitation strengthening at higher nitrogen contents [28].

Carbon content also has a significant effect on vanadium precipitation and
precipitation strengthening. The mechanism by which carbon aids in precipita-

tion strengthening is different from nitrogen. The high solubility of VC and
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Figure 11. Stress-strain curves for the base alloy and three TMCR samples.

lower driving force for nucleation However, carbon helps to stabilize austenite to
a lower y/a transformation temperature. Stabilizing austenite to lower tempera-
tures delays the vanadium solubility drop that occurs during the y/a transforma-

tion, resulting in finer VN and V(C, N) precipitation [29].

4. Conclusions

1) In this study, tailored composition with microalloying element V along
with a thermomechanical schedule is applied to produce rebars with a diameter
of 32 mm satisfying the requirements of ASTM A706.

2) The steel reported in the current work exhibits yield strength as high as 580
MPa and tensile strength as high as 750 MPa. An increase in the strength is the
result of the facilitated precipitation in the ferrite and at the prior austenite grain
boundaries. The precipitates form a sufficient hard phase to enhancethe
strength.

3) The precipitates formed in the ferrite due to the slow cooling rates in the
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core of the Tempcore treated bars. Since, lower cooling rates at the core of the
rebar permit the kinetics of the formation of V(C, N) with high precipitation
volume fraction.

4) It appears that vanadium has no effect on grain size and that the increase in

strength is due primarily to the precipitation of vanadium carbides and nitrides.
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