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Effects of micro-alloying elements and production process on microstructure, mechanical properties
and precipitates of 600 MPa grade rebars were studied by using pilot test, metallographic observa-
tion, tensile test, thermodynamic calculation and transmission electron microscopy. The results show
that the tested steels are composed of ferrite and pearlite, in which the content range of pearlite is
33% —45%. For vanadium micro-alloyed steel, interphase precipitation strengthening effect of V can
be promoted and the yield strength of tested steels can be increased with increasing V content and de-
creasing finishing rolling temperature. The temperature of terminated cooling should be more than
700 °C when the water cooling is used. When niobium is added to the steel, more coarse (Nb,V)C,N

precipitates are generated at high temperature, so that the solid solubility of precipitated phases of
vanadium is reduced and the precipitation strengthening effect of vanadium is weakened.

1. Introduction

In recent years, the production and consumption
of hot-rolled steel rebar in China have been greatly
increased with the rapid development of urbaniza-
tion and construction industry. In accordance with
the research data of Chinese industrial information,
the total steel rebar production in 2013 has reached
about 2.06 X 10° t'"1, Although the production of
steel rebar in China has achieved rapid growth, their
structures and varieties are in a relatively low level,
wherein the amount of 400 MPa grade (grade III)
steel rebars accounts for about 90% and the amount
of above 500 MPa grade (grade IV) steel rebars ac-
counts for less than 5%. On the contrary, 500 MPa
grade steel rebars are widely used in developed
countries, and the amount of 500 —600 MPa grade
steel rebars accounts for more than 95%. The Unit-
ed States, Britain, Germany, Australia, France and
other major industrialized countries have developed
600 MPa grade high strength steel rebars and 700 MPa
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grade steel rebars are under active development. The ul-
tra-high strength steel rebars whose yield strength
is between 685 and 1275 MPa have been developed
in Japan, to improve the seismic resistance of build-
ings and have already been applied in high-rise
buildings'?> . Russia added 600 MPa grade steel re-
bars into steel product standard in 1993 and South
Korea added 600 —700 MPa high strength steel re-
bars into steel product standard in 2007-*'. However,
for the construction of engineering projects with a
huge building size, complex function and large in-
frastructure, such as high-rise and super high-rise
buildings, long-span bridges, and undersea tunnel con-
struction, the normal strength steel rebars used as the
main materials of building structure are unable to
meet the demand of weight-reduction and durability
of the building, so that better performance and
higher strength rebars are in urgent need. The use
of high strength steel rebars can not only solve the
problem of fat beams and columns of building struc-
ture, but also increase the usable construction area
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and make the structure design more flexible. Besides,
compared with the mainly used 400 and 500 MPa
grade steel rebars, 600 MPa grade high strength
steel rebars can save steel consumption of 33.3% and
19.2% respectively, and have a practical signifi-
cance for energy saving and emission reduction®’.
At present, the main production processes of high
strength steel rebars are Tempcore treatment
(TMT process) and micro-alloying. The TMT
process has been commonly used to improve the
strength of steel rebars in Europe, Russia, Austral-
ia and South Korea since the majority of them use
steel binding rebars to connect'?*, India has also
carried out a lot of researches and applications in
TMT process %!,
welding and sleeve connection in China, the main
production process is micro-alloying with addition of
Nb or V which can refine the grain and control the
precipitation process to improve the strength and
performance of steel rebars. In this study, trial test

Because of the common use of

and transmission electron microscopy (TEM) were
conducted to analyze the effect of micro-alloying and
production process on the precipitation behaviors
and mechanical properties of 600 MPa grade high
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strength rebars, which can provide theoretical sup-
port for the optimal design of the composition,
process and industrial stable production.

2. Experimental Materials and Procedures

Three kinds of steels with different chemical com-
positions were designed to study the effects of Nb,
V, and N contents on the strength and precipitation
behaviors, and were then smelted by a 150 kg medi-
um frequency induction melting furnace. The chemi-
cal compositions are listed in Table 1. The casting
ingots were heated to 1200 °C and then forged into
180 mm X200 mm X 80 mm (length X width X height)
slab. Different finishing rolling temperatures and
cooling modes were used, and the ingots were final-
ly rolled to the target thickness of 10 mm (reduction
ratio is 8) by a pilot two-high hot rolling mill and
the specific process scheme was as follows: the in-
gots were heated to 1230 °C, rolled with finishing
rolling temperatures of 900 and 1000 °C, and then
cooled by air and water. Air cooling was carried out
again after the ingot was cooled to the target tem-
perature for simulating cooling bed. Actual process-
ing parameters of tested steels are shown in Table 2.

Table 1
Chemical composition of tested steels {wt. %)
Steel grade C Si Mn P S Al N Vv Nb Fe
1 0. 254 0.71 1.53 0.021 0.017 0.028 0.014 0.14 - Balance
2 0.263 0.59 1. 49 0.024 0.014 0. 046 0.018 0.17 - Balance
3 0.230 0.58 1. 44 0.022 0.013 0.027 0.014 0.14 0.043 Balance
Table 2 sile testing machine at room temperature according

Actual processing parameters of tested steels

Finishing Water cooling

Number rolling Cooling terminal
temperature/°C mode temperature/°C

1-1 960—980 Air cooling
1-2 930—950 Water cooling 690—760
1-3 900 Water cooling 680—740
2-1 980—1020 Air cooling
2-2 1000 Water cooling 690—780
2-3 900 Water cooling 620—670
3-1 976 Air cooling
3-2 960—980 Air cooling
3-3 900 Air cooling

Metallographic specimens were cut and embedded,
then mechanically ground and polished. The micro-
structure was observed by using an OLYMPUS-
BX51 optical microscope after etched with 4 vol. %
nital. The ferrite grain size and pearlite content were
quantitatively analyzed by Image-pro plus software
while Ag, non scale standard tensile specimens were
cut from the rolled samples along the rolling direc-
tion and were performed in a Zwick/Roell Z020 ten-

to Chinese standard GB/T 228. 1-2010. The TEM ob-
servation samples were cut by wire-electrode, then
mechanically ground to thin films of about 50 pm in
thickness, and finally punched to prepare round
disks of 3 mm in diameter. The disks were electro-
polished in a solution of 95 vol. % ethanol and 5 vol. %
perchloric acid at —30 °C by using a twin-jet polisher
with the operating voltage of 50 V. The precipitates
were observed by a Philips TECNAI F30 field emis-
sion transmission electron microscope with an accel-
erating voltage of 300 kV.

The phase transition temperatures based on ther-
mal expansion principle were measured with Gleeble
3500 thermal-mechanical simulation testing machine.
The samples were cylinders with diameter of 6 mm
and length of 90 mm, and were heated to 1000 C at
a heating rate of 0.1 C/s.

3. Results and Discussion

3. 1. Mechanical properties

Mechanical properties of tested steels are shown in
Table 3, where the values are the average results of
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Table 3
Mechanical properties of tested steels
Number Ro/MPa R./MPa Ag/% As/%
1-1 604. 3 791.5 10. 97 24.52
1-2 629.5 804.9 10. 75 18. 56
1-3 677.8 858. 3 8. 57 15.94
2-1 643. 4 833.4 10. 14 22.91
2-2 652.9 838.7 9.97 18. 39
2-3 559.6 733.7 9.46 15. 31
3-1 588.5 785.7 11. 14 22. 88
3-2 582.7 765.9 11.91 21.94
3-3 580. 4 757. 4 11. 90 21.59
GBL499. 22013 =600 =730 =7.50 =>14.00

standard requirements
Note: R —Yield strength; R,,—Tensile strength;
A g-—Uniform elongation; Agy—Percentage elongation.

two tensile samples tested under the same condition.
It can be seen that under the experimental conditions,
the tensile strength, uniform elongation and percentage
elongation all meet the standard of GB1499.2-2013
while the yield strength does not meet it in the sam-

(a) 1-15
Fig. 1.

(b) 1-2;
Microstructure of tested steel No. 1 under different processes.

ple Nos. 2— 3 of vanadium micro-alloyed steels and
all samples of Nb-V micro-alloyed steels. Besides,
the high uniform elongation and percentage elonga-
tion also meet the requirements of the HRB60OE seismic
reinforcement.

3. 2. Microstructure

In order to investigate the influence of water cool-
ing on the microstructure of tested steels, the micro-
structures of surface with and without water cooling
were analyzed. Figs. 1—3 show the microstructures
of tested steels under diverse process conditions. It
can be seen that the microstructure is composed of
ferrite and pearlite, and there is no bainite and mar-
tensite under all conditions. In accordance with the
pearlite content in Fig. 4 and mechanical properties
in Table 3, it can be found that the mechanical prop-
erties are incompletely corresponding to the pearlite
content even if they have the same composition.
Combined the ferrite grain size in Fig.5 with me-
chanical properties in Table 3, it can be found that the

(c) 1-3.

(a) 2-1;
Fig. 2.

()

(b) 2-2;
Microstructure of tested steel No. 2 under different processes.

(c) 2-3.

(c)

e

(a) 3-1;
Fig. 3.

(b) 3-2;
Microstructure of tested steel No. 3 under different processes,

(c) 3-3.
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grain size and yield strength of tested steels do not
strictly conform to the Hall-Petch relationship.
Based on the above conclusions, the strengthening
ways of tested steels which play a decisive role in de-
termining the strength are neither solid solution
strengthening, phase transformation hardening, nor
grain refinement strengthening, but others.

3. 3. Precipitate particles morphology

The precipitates morphology and distribution in
the ferrite matrix and in the interior of pearlite of the
specimen No. 1-1 are shown in Figs. 6(a) and 6(b), re-
spectively. It can be seen that in Fig. 6(b), the pre-
cipitates basically appear as a whole in the morphol-
ogy of small and sparse particles except partially
coarsening precipitates in the ferrite matrix. Fig. 6
(c) presents the interphase precipitation morphol-
ogy of specimen No. 1-3, which indicates that the
precipitates are distributed uniformly and densely
in the ferrite matrix, while Fig. 6 (d) presents the
dislocation morphology of specimen No. 1-3 and
shows that fine precipitates appear near the dislo-
cation.

Fig. 7 (a) presents the precipitates morphology
distribution of V(C,N) and diffraction pattern of the
matrix in the specimen No. 2-1. It can be seen that
the precipitates in parallel exhibit the typical inter-
phase precipitation mechanism, in which some fine
precipitates in short rod-like shape are connected with

N

(c),(d) 1-3.

Precipitates distribution and dislocation morphology of tested steel No. 1 under different processes.

(a) 2-14
Precipitates distribution of tested steel No. 2 under different processes.

Fig. 7.

(b) 2-2;

(c) 2-3.
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each other. Fig. 7(b) presents the precipitates distri-
bution of V(C, N) in the specimen No. 2-2, from
which it can be seen that the dispersive and fine pre-
cipitates in parallel with smaller space between two
parallel precipitates are distributed in the ferrite ma-
trix densely. Likewise, Fig. 7 (c) presents the pre-
cipitates distribution of V (C, N) in the specimen
No. 2-3, indicating that the dispersive and fine pre-
cipitates are relatively sparse and distributed ran-
domly in the ferrite matrix.

The precipitates of the specimen No. 3-2 are com-
posed of short rod-like, round-like, square-like and
fine dispersively distributed dot-like particles as il-
lustrated in Fig. 8(a). The energy spectrum analysis
results demonstrate that the length of about 200 nm
short rod-like and about 25 nm small square-like
precipitates (as indicated by A in Fig.8 (a)) are
(Nb,V) complex precipitates. Fig. 8 (d) shows the

H. B. Pan et al. [Journal of Iron and Steel Research , International 24 (2017) 536 — 543

energy dispersive spectrometry (EDS) analysis re-
sult. Similarly, the diameter of about 100 nm circu-
lar precipitates (as indicated by B in Fig.8(a)) is
(Nb, V, Ti) compound precipitates and its EDS
spectrum is shown in Fig. 8 (e). Besides, titanium
element may be brought from smelting scrap materi-
als. The dispersive and fine particles (as indicated by
C in Fig. 8(a)) are V(C,N) precipitates whose EDS
spectrum is shown in Fig. 8(f). Fig. 8(b,c) presents
the precipitates distribution of the specimen No. 3-3,
and it can be seen that the precipitates are composed
of round-like and small particles. Fig. 8(g) presents
the compound precipitation of Nb, V and Ti which
appeared as circular precipitates of 100 nm in diame-
ter (as indicated by D in Fig. 8(c)) and then titani-
um element may be brought from smelting scrap.
Precipitates of V(C, N) distribute sparsely in the
ferrite matrix (as shown in Fig. 8(b)), and some of

800 | 800 -
600 600 |
400 400
200 Fl'e Mnl[ pe 200 1 T 0 | Fe N
ol np  V Nb cl N Tiy VMB b
0 _'JL_A 1V| U)\\ A Nb.. 0 | W ILL..N L N N.b
B 1 L L 1 1 1 L L
g 0 5 10 15 20 0 5 10 15 20
5]
S Mn 1000 F Mn
i _(0 Fe (2 Fe
800
|
19007 ‘ 600
L ' Nb
1000 ‘ 400 1 Nb
C
500 Fi Fi T'l{}i
= e | | Fe i
C n ‘ Fe 200 | h v Fe |
0l v l Uf'l i Hb
U IPUW\I____‘_I—M—Y_MP e 0'll L~.«"“‘-".-‘J“rl & 1 1 L"JL
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Energy/keV
(a) 3-2; (b),(c) 3-3; (d)—(g) EDS of particles A, B, C and D respectively.

Fig. 8.

Precipitates distribution and EDS analysis of tested steel No. 3 under different processes.
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them are coarsened (as indicated by C in Fig. 8(b)).
3. 4. Analysis and discussion

Precipitation hardening of micro-alloying elements
is the primary strengthening mode in high-strength
steel rebars. Micro-alloying elements Nb and V exist
in the form of solid solution and precipitates to re-
fine the microstructure and improve the strength by
hindering the recrystallization and austenite grain
growth. Moreover, their carbide and nitride precipi-
tates (or carbonitrides) play an important role in
improving the mechanical properties of the steel’-.
Table 4 presents the solid solubility formulae of the
precipitated phases in the austenite.

Table 4
Solid solubility equation of different precipitated phases

Precipitated . . .
recipitate Solid solubility equation

phase
NbN lgwiny win) = 2. 80—8500/ T8
NbC lgw[Nb:w[C:ZS. 4277900/TW:
Nb(C,N) lgw iz (wic) +12/14w(n)) =2.26—6 770/ T101
VN lgwywn =3. 46—8330/T 1L
vC lgwyiwic]=6.72—9500/T 1
1400 (@) [_INbN E NbC [ Nb(C,N)
el EZAvVN [ESvc M
S 1200 a
E" 1000 v
o 800k
2 600}
/]
S aof
2 a00f
CEEY 7 I
1 2 3
(a) Precipitation starting temperature;
Fig. 9.
Table 5

Quasi-equilibrium phase transition temperatures of
tested steels

Steel grade Aa/C As/C
1 722.3 794.5
2 716. 6 791. 4
3 723. 4 797.0

Note: A and A are pearlite to austenite and ferrite
to austenite quasi-equilibrium phase transition
temperatures, respectively.

the phase boundary during the austenite to ferrite
transformation as well as in the ferrite after phase
Nevertheless, the
effect mainly comes from the particles which partial-
ly keep coherent with the matrix and are precipitated

transformation. strengthening

There are three precipitation ways to over-saturat-
ed Nb and V in the process of rolling and cooling:
(1) precipitated from austenite during the hot roll-
ing in the form of carbides, nitrides or carbonitrides,
(2) precipitated from the phase boundary (inter-
phase precipitation) during the cooling transforma-
tion, and (3) precipitated from the over-saturated
12181 According to the thermodynamics, nio-
bium has lower solid solubility and higher precipita-
tion temperature than vanadium in accordance with
the solid solubility equations given in Table 4. The
range of precipitation temperature is shown in Fig. 9, in
which precipitation starting temperature is defined
as a temperature with 5% precipitation while precip-
itation finishing temperature is defined as a tempera-
ture with 95% precipitation. The phase transition tem-
peratures measured at the heating rate of 0.1 C/s
are used as a quasi-equilibrium phase transition tem-
peratures. The quasi-equilibrium phase transition
temperatures of tested steels from thermal expan-
sion are shown in Table 5. It can be seen from Fig. 9
and Table 5 that the carbides and nitrides (or carbo-
nitrides) of niobium are mainly precipitated in the
austenite while those of vanadium are precipitated in

ferrite!

1000
) I
- od ()) Ky
E i
2 8ol -
£
g' L]
g 600k
o
2 400 F
=
E 200
£
= Vi 7
[«B) 0 %7 %) |

Steel grade

(b) Precipitation finishing temperature.

Precipitation temperatures of different precipitation phases of tested steels.

in the ferrite during or after the austenite to ferrite
transformation. The carbides and nitrides (or carbo-
nitrides) precipitated from the austenite can play a
certain role in grain refinement, whereas they may
reduce the solid solubility of the micro-alloying ele-
ments and precipitates in the ferrite and the phase
boundary, and then decrease the yield strength. Be-
sides, it can be seen from the comparison between
the mechanical properties given in Table 3 and pre-
cipitates shown in Fig. 8 that relatively coarse Nb(C,N)
precipitates are formed at higher temperature be-
cause of the addition of niobium, which results in
the reduction of the nitrogen content combined with
the vanadium content and strengthening effect of va-
nadium precipitation. This is the reason for the yield
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strength decrease of tested steel No. 3.

It can be seen from Fig. 9 that the precipitation tem-
perature range of VN is larger than that of VC, that is
to say, it has a greater chemical driving force in the
formation of VN considering from the thermody-
namics. Each addition of 0. 001 %4 nitrogen in vanadi-
um micro-alloyed steel can result in a strength incre-
ment of about 6 MPa. The addition of nitrogen can
not only accelerate the precipitation of V(C,N), but
also reduce the average diameter of V(C,N) parti-
cles and increase the volume fraction of fine particles
significantly'***' . At the same time, the addition of
micro-alloying elements also increases the whole sol-
id solution temperature, enlarges the high precipita-
tion temperature region and significantly increases
the amount of precipitates in the process of tempera-
ture drop-*. The combination of chemical composi-
tion given in Table 1, mechanical properties shown in
Table 3 and precipitates shown in Fig. 7(a,b) illustrate
that the addition of vanadium and nitrogen increases
the precipitations of fine VN, VC and V(C,N), im-
proves the precipitation strengthening effect and
consequently results in relatively higher yield strength.
The carbides (or nitrides) of vanadium precipitated
from the interphase and the over-saturated ferrite in
TMCP ( thermo-mechanical control process) have
striking precipitation strengthening effect. It has
been studied that precipitation of vanadium precipi-
tates is not only related to the alloying elements
content, but also has a great relationship with the
cooling process'"-.
from the thermodynamic calculation results given in
Fig. 9 that V(C,N) precipitates of tested steel No. 2
begin to precipitate when the temperature reaches
between 1000—1100 °C and the nose temperature of
the shortest precipitation time is about 820 °C'* . In
conclusion, because of the higher cooling intensity
or faster cooling rate (specimen No. 2-3 shown in
Table 2) during the cooling process, the residence
time of the steel at high temperature was too short
to fully precipitate carbonitrides of vanadium that
mostly exist in the steel in the form of solid solution
(as shown in Fig. 7(c¢)), which results in the weake-
ning of the strengthening effect of vanadium precipi-
tation and the reduction of the yield strength of
specimen No. 2-3.

According to the study proposed by Bepari''® , in-
terphase precipitation and dispersed precipitation ex-

Moreover, it can also be seen

ist at the same time in the continuous cooling
process of the steel containing 0. 2% vanadium, and
interphase precipitation corresponds to the slower
cooling rate; however, dispersed precipitation corre-
sponds to the lower vanadium content (less than
0.1%)" . It can be seen from the combination of
the chemical composition given in Table 1 and pre-
cipitates shown in Fig. 6(a) that dispersed precipita-

tion is the main precipitation way in the tested steel
of the specimen No. 1-1 rather than interphase pre-
cipitation, so that the vanadium precipitation is not
sufficient to improve the yield strength as shown in
Table 3. Nevertheless, the low temperature deform-
ation of the steel can increase the dislocation intensi-
ty and vacancies, and then increase the nucleation
position and diffusion coefficient of precipitation
forming elements, which result in the acceleration of
the precipitation process?. Furthermore, it can be
seen from the process parameters given in Table 2
that the tested steel of the specimen No. 1-3 has rel-
atively lower deformation temperature and an appro-
priate cooling rate, which promote the formation of
precipitates and refinement as shown in Fig. 6 (c);
on the other hand, some precipitates are precipitated
near the dislocations and pin dislocations as shown
in Fig. 6 (d). These two aspects make the yield
strength to be improved greatly.

4. Conclusions

(1) The microstructure of three kinds of HRB600 is
composed of ferrite and pearlite, in which the pearli-
te content is 33% —45%. For V-bearing high strength
steel rebars, the yield strength of steel rebars satis-
fies the requirement of Chinese standard GB1499. 2
when the cooling finishing temperature is controlled
above 700 °C under water cooling condition. The
yield strength of (Nb,V) micro-alloyed high strength
steel rebars does not satisfy that standard under air
cooling condition.

(2) For a V-bearing high strength steel rebar,
the yield strength increases with decreasing finishing
rolling temperature and increasing cooling rate. Too
much cooling intensity is detrimental to the com-
plete precipitation of vanadium and makes precipi-
tates become sparse and fine. Different precipitation
ways correspond to different conditions. When the
vanadium content is less than 0.15%, dispersion
precipitation corresponds to the condition with high-
er finishing rolling temperature and lower cooling
rate, while interphase precipitation corresponds to
the condition that the finishing rolling temperature
is as low as 900 °C with the slow cooling near the
ferrite transformation temperature. When the vana-
dium content is more than 0.15%, dispersion pre-
cipitation corresponds to the condition with lower
finishing rolling temperature and faster cooling rate
while interphase precipitation corresponds to the
condition with the slow cooling near the ferrite
transformation temperature.

(3) In the (Nb, V) composite micro-alloyed high
strength steel rebar, precipitates are mainly com-
posed of coarse carbonitride compounds in the size of
100 — 200 nm and in the form of short rod-like,
round-like and square-like shapes. The precipitation
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temperature of niobium is above 900 °C, so that the
steel rebars are rolled in a finishing rolling tempera-
ture between 900 — 1000 °C, and then is cooled in
air. Herein, this production process has little influ-
ence on the mechanical properties of tested steel.
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