metals m\py

Article

Effects of Sn and Sb on the Hot Ductility of Nb+Ti
Microalloyed Steels

Chunyu He, Jianguang Wang *'*, Yulai Chen, Wei Yu © and Di Tang

National Engineering Research Center for Advanced Rolling Technology, University of Science and
Technology Beijing, Beijing 100083, China; chunyuhe@163.com (C.H.); yulaic@ustb.edu.cn (Y.C.);
yuwei@nercar.ustb.edu.cn (W.Y.); tangdi@nercar.ustb.edu.cn (D.T.)

* Correspondence: g20189146@xs.ustb.edu.cn; Tel.: +86-185-1859-2018

Received: 20 November 2020; Accepted: 14 December 2020; Published: 16 December 2020 ﬁ:e(f;(tz)g

Abstract: Referencing the composition of a typical Nb+Ti microalloyed steel (Q345B), two kinds
of steels, one microalloyed with Sn and Sb, and the other one only microalloyed with Sb were
designed to study the effects of Sn and Sb on the hot ductility of Nb+Ti microalloyed steels.
The Gleeble-3500 tester was adopted to determine the high-temperature mechanical properties of the
two test steels. Fracture morphologies, microstructures and interior precipitation status were analyzed
by SEM, CLSM (Confocal laser scanning microscope) and EDS, respectively. Results revealed that
within the range of 950-650 °C, there existed the ductility trough for the two steels, which were
mainly attributed to the precipitation of TiN and Nb (C, N). Additionally, precipitation of Sn and
Sb were not observed in this research and the hot ductility was not affected by the addition of Sn
and Sb, as compared with the Nb+Ti microalloyed steel. Therefore, addition of a small amount of
Sn and Sb (<0.05 wt.%) to the Nb+Ti microalloyed steel is favorable due to the improvement on
corrosion resistance.
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1. Introduction

Hot ductility metal materials can have a great impact on continuous casting, rolling, and other
processes. It is directly related to alloy composition, heating and cooling conditions, sampling direction
of the tensile plate, strain rate, and inclusion [1-6]. Researchers have done extensive research on the
continuous casting of steel. However, some industrial problems still exist, such as surface defects
prone to lateral and angular cracks [5-7]. Additionally, the addition of microalloys Nb, Ti, V, and other
elements is regarded as the main reason leading to these problems [8-10].

According to extensive previous reports, hot ductility curves of microalloyed steels obtained
by the high-temperature tensile tests have obvious ductility troughs, and brittle regions occur at
about 700-1000 °C [8,11,12]. For steels containing Ti and Nb, Xie, You et al. [13] believed that fine Ti,
Nb (C, N) particles can be precipitated near the austenite grain boundary at temperatures above 1000 °C,
and the precipitates may always exist stably. These fine precipitates pinned the grain boundaries
and prevented the occurrence of dynamic recrystallization [9,14,15], which reduced the ductility of
the steels ultimately. On the other hand, the addition of Sn and Sb can significantly improve the
corrosion resistance of microalloyed steels [16-18]. Ahn, SooHoon, et al. [19] found that SnO, and
SbyOs, the protective corrosion products produced by microalloyed steels containing Sn and Sb in acid
chloride corrosion media, can act as inhibitors of anode reaction. Moreover, the Sn and Sb elements
can also work synergistically with Cu to form a continuous and dense Sn-Sb-Cu oxide layer to protect
the substrate [16,18,20]. However, it was reported that the additional content of Sn and Sb should
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be strictly controlled, or else it may be converted into the unfavorable elements for the toughness of
high-strength steel [21].

This paper aims to study the effect of Sn and Sb on the hot ductility of a typical Nb+Ti microalloyed
steel (Q345B). Results fully revealed the high-temperature mechanical properties of the designed steels,
and related discussion on the fracture morphology and the precipitation status can provide important
guidance for the improvement of the actual production process.

2. Experimental

2.1. Experimental Materials

The samples taken in this research are ingots smelted in a laboratory hollow induction furnace.
The chemical composition of the experimental steel (Sb+5n steel and Sb steel) and Q345B steel [22]
are as shown in Table 1. After forging, specimens (®4 mm X 10 mm) were manufactured to conduct
the thermal expansion test in the dilatometer-DIL 805 (BAHR THERMOANALYSE GMBH, Hiillhorst,
Germany), and specimens ®10 mm X 120 mm in size were manufactured for the high-temperature
tensile test. The processing scheme is presented in Figure 1.

Table 1. Chemical composition of two experimental steels and Q345B (wt.%).

Steel C Si Mn S P Cu+Cr+Ni  Sn Sb Al Nb Ti N
Sb+5n steel 0.062 0.25 0.89  0.003 0.003 1.5-1.9 0.043  0.050 0.039 0.026 0.004
Sb steel 0.083  0.26 0.91 0.006  0.003 1.5-1.9 0.050 0.044 0.025 0.004
Q345B 017 0193 1438 0.015 0.018 0.028 0.025 0.012 0.004

1.6
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_|_._ _________________________________ _ __,
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Figure 1. Shape of specimens for hot tensile tests.

The schematic diagram of the specimens after the tensile test is shown in Figure 2a. The cylindrical
samples were cut transversely to obtain samples with a length of 10 mm, as shown in Figure 2b, and then
cut transversely at a distance of 3 mm from the fracture, as shown in Figure 2c. Finally, the specimens
were mechanically polished and etched using 4% nitric acid ethanol solution to observe microstructures.

10mm
10mm
10mm Zmm
4 NS Jam N
(a) (b) (c)

Figure 2. Schematic diagrams of specimen processing showing (a) The specimen after fracture; (b) the
specimen near the fracture surface; (c) the final specimen used for microstructure observation.
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2.2. Experimental Methods

2.2.1. Thermal Expansion Test

The critical phase transition point of the experimental steels was measured and evaluated by
a dilatometer-DIL 805. Specimens were firstly heated to 500 °C at a rate of 10 °C/min and then to
1000 °C at a rate of 3 °C/min, followed by an isothermal process of 3 min, and finally cooled to room
temperature at a rate of 3 °C/s. The thermal schedule was depicted in Figure 3a.

@ A ()

A
Temp. Holdi_ng. Temp. Holdin
8 min Heating. 3 ming'
Heating. o .
3°C /m?n 1000°C 0° vl o C?’olmg.
1150°C 1250°C 3°C/s Straining by 0.001/s
Holding.
500°C Cooling. 1min
3°C/s
Heating.
Heating. 1000 /gs Fast
10°C / min cooling
Time i Time -

Figure 3. Thermal schedule used to study the critical phase transition and hot ductility. (a) Thermal
schedule of the dilatometer test; (b) thermal schedule of the high-temperature tensile test.

2.2.2. High-Temperature Tensile Test

The hot ductility of the experimental steels was measured and evaluated by a high-temperature
tensile test, and the experimental equipment was Gleeble-3500 (Dynamic Systems Inc., San Francisco,
CA, USA). The sample was firstly heated to 1150 °C at a rate of 10 °C/s, and then the temperature
was increased to 1250 °C at a rate of 1 °C/s. Specimens were held at 1250 °C for 3 min to keep the
uniformity of the temperature and compositions and also promote the dissolution of precipitates.
The specimens were cooled to the testing temperature at a cooling rate of 3 °C/s, and then the heat
was held for 1 min before stretching at the strain rate of 1073/s. The testing temperature range was
650-1250 °C, and the step length was 50 °C. After tension, the specimens were quickly cooled to room
temperature to maintain the fracture morphology and microstructures at the testing temperature.
The corresponding thermal schedule is shown in Figure 3b.

3. Results

3.1. Critical Transformation Point of Experimental Steels

According to the results of the dilatometer test, we obtained the critical phase transition temperature
(Acl, Ac3, Arl, Ar3) [23] of Sb steel Acl =762 °C, Ac3 =865 °C, Arl =709 °C, Ar3 =764 °C; and of
Sb+Sn steel Acl =741 °C, Ac3 =868 °C, Arl =705 °C, Ar3 =759 °C.

3.2. Hot Ductility and Strength

Previous research shows that the continuous casting slab does not crack when the percentage
reduction of the area measured by the high-temperature tensile test is above 60% (Z > 60%), and when
Z < 60%, on the contrary, the crack sensitivity of the casting slab increases [24,25]. Thus, the 60%
percent reduction of the area can be used as a threshold value to divide the high plastic and low plastic
zones of steels in this research.

In order to explain the hot ductility characteristics of the two experimental steels more precisely,
we compared the hot ductility data of Sb or Sb+5n modified Nb+Ti microalloyed steels with original
steels (Q345B) [22]. Figure 4 shows the relationship between the percentage reduction of area and the
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testing temperature of two experimental steels, and Q345B, Arl, Acl, Ar3, and Ac3 are the critical
transformation points of Sb+5n steel. It indicates that Q345B has two low plasticity zones (1300-1350 °C
and 650-900 °C) in the range of 650 °C to 1350 °C, and a high plasticity zone (900-1300 °C). Obviously,
Sb steel and Sb+Sn steel exhibited outstanding plasticity at 1000-1250 °C. In addition, the plasticity of
Sb steel and Sb+5n steel showed a tendency of decreasing first and then increasing at the range from
650 °C to 950 °C, and the lowest valley of the percentage reduction of the area appeared at 750 °C.
In general, the hot ductility of the two test steels is similar to that of Q345B.
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Figure 4. Hot ductility curves.

There are three high-temperature ductility troughs as the temperature rises from 600 °C to the
melting points of steel [6,24,26]. The first ductility trough is attributed to S, P, and O elements enriched
at the grain boundaries above 1300 °C, and the ductility is reduced due to the inclusion of (Fe, Mn,
Si)(S, O) in the dendritic intergranular region. The second ductility trough (which appears at high
temperature (800-1300 °C) when the strain rate (higher than 1072/s) is higher) is related to the strain
rate, which usually appears at higher strain rates [27]. The experimental steels did not show the first
and second ductility trough in the experimental conditions and temperature range. However, the third
ductility trough that generally exists in the range of 700-1000 °C [8,28,29] appeared in the temperature
range from 650-950 °C, which can be induced by numerous reasons. It is also strengthened in this
research and discussed in detail in the following sections.

Figure 5 shows the relationship between tensile strength and the tensile temperature of three
steels. When the maximum stress of the specimens against plastic deformation exceeds the tensile
strength, there will be microcracks that affect the quality of the specimens [26]. It can be seen that the
tensile strength of Q345B is much lower than that of the two experimental steels below 900 °C, and the
performance of steels tends to coincidence when the temperature above 900 °C. Moreover, both of the
modified steels present an increase of strength around 1000 °C as compared with Q345B.
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Figure 5. Thermal strength curve.
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4. Discussion

4.1. Stress—Strain Behavior

Dynamic recovery and dynamic recrystallization are the two main mechanisms that lead to
material softening during high-temperature deformation, and the latter can bring about a more
significant softening effect, generally showing obvious stress fluctuations on the high-temperature
tensile curve [30,31]. In the process of high-temperature and low-strain-rate deformation, there is also
work hardening, and dynamic precipitation strengthening processes, and the softening caused by
dynamic recrystallization alternate as the main deformation mechanism will show multipeak stress on
the tensile curve status [32].

Ryan [33] observed that the presence of a stress peak in a constant strain rate flow curve leads to
an inflection in the stress dependence of the strain hardening rate, 8 = (do/d¢),. Later, on the basis of
considerations of irreversible thermodynamics, the inflections in 6—¢ plots in austenitic stainless steels
were shown to be due to the initiation of dynamic recrystallization [34,35]. This was subsequently
confirmed by the observations in other materials [36]. We find the inflection point from 0-¢ plods in the
upper right corner of Figure 6a,b, and designate it as the occurrence point of dynamic recrystallization.

60 60
(a) 900°C o i = (b) i = e
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Figure 6. True stress-true strain curve. (a) Sb steel; (b) Sb+5n steel.

It can be seen from Figure 6 that, as the deformation temperature increases, the strain required for
recrystallization softening to occur becomes smaller. The 900 °C tensile curve shows a unimodal shape,
indicating that work hardening always occupies the main deformation mechanism at this temperature.
The percentage reduction of the area of Sb steel and Sb+5n steel is higher than 60% in the lower-higher
temperature of 950-1250 °C, which is caused by the occurrence of dynamic recrystallization process.

4.2. Influence of Precipitation on Hot Ductility

Matveev et al. [37] believed that the precipitates, inclusions, interstitial impurities, and other
factors on the initial grain boundaries were the reasons for the ductility decrease. As shown in Figure 7,
the Thermo-Calc (TCFE7 database) software (Stockholm, Sweden) was used to calculate constituents
of precipitates and related precipitation order in Sb+5n steel. The main precipitation elements of the
experimental steel were Ti and Nb. Precipitation of Ti appears between 1050 and 1487 °C, and the main
precipitates are in the form of TiN. While the precipitation temperature range of Nb is 800-1120 °C,
the main precipitates are in the form of Nb (C, N). Therefore, the Nb (C, N) in the experimental steel can
be completely dissolved while the original TiN cannot, due to the influence of the experimental heating
temperature. When the testing temperature decreases from 950 to 850 °C, the increased content of
precipitates (TiN, Nb (C, N)) resulted in increasingly severe grain boundary pinning, which inhibited
boundary migration and hindered the occurrence of dynamic recrystallization.
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Figure 7. Thermo-Calc software calculates the precipitation order and amount of Sb+5n steel.

In order to analyze the cause of the worst hot ductility at 750 °C, an energy spectrum analysis
is performed on the fracture morphology of Sb+Sn steel. As shown in Figure 8a, there is an empty
hole on the fracture surface and a precipitate inside, and the precipitate is determined to be a Ti+Nb
carbide, as shown in Figure 8b. However, the diffraction peaks of Sb and Sn are not detected, so the Sn
and Sb elements do not produce precipitates, and the phenomenon of pinning grain boundaries is not
aggravated. Studies have shown that when the content of Sb and Sn elements is high, they tend to
aggregate at the grain boundaries [21]. Figure 9a is an SEM photograph of Sb+5n steel with obvious
grain boundaries. EDS microarea surface scan results show that Sb and Sn elements are evenly
distributed in the solid solution in Figure 9b,c.

5.13K (b) Fe

4.56K;
3.99K
342K
2.85K;
2.28K
171K
114K

0.57K| >,

0.00K
00 13 26 39 5.2 6.5

Lsec: 17.9 0 Cnts 0.000 keV Det: Octane Plus Det

Figure 8. Fracture energy spectrum of Sb+5n steel at 750 °C. (a) Scanning area; (b) energy spectrum.

/N

Figure 9. SEM photograph and energy spectrum. (a) Scanning area; (b) Sb energy spectrum; (c) Sn
energy spectrum.

However, as can be seen from Figure 4, the percentage reduction of area of the experimental steel
is generally lower than that of Q345B especially in the low plastic zone, which is mainly attributed
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to the precipitate content. The contents of Ti and Nb in Q345B are 0.012 (wt.%) and 0.025 (wt.%),
respectively, and the contents of Ti and Nb in experimental steel are 0.025 (wt.%) and 0.04 (wt.%),
respectively. The content of Ti and Nb precipitates in the experimental steel is higher, this weakens
the ductility of the steel. It can be seen from Figure 5 that the strength of the experimental steels is
significantly higher than Q345B at 1000 °C, which may be due to the precipitation strengthening of
Ti+Nb. Based on the above analysis, we believe that adding an appropriate amount of Sb and Sn
elements to the experimental steel does not affect the hot ductility.

4.3. Fracture Morphology Analysis and Microstructure

The fracture morphologies of Sb steel and Sb+5n steel at different tensile temperatures are shown
in Figure 10. At a test temperature of 1100 °C, there are a large number of dimples that existed
on the fracture surface, as can be seen in Figure 10a,e. Under high-temperature strain, dynamic
recrystallization allows the grain boundary to obtain sufficient driving force to migrate. At this
time, the migration speed of the grain boundary is higher than the slip speed of the grain boundary,
which wraps the already formed grain boundary crack into the grain and reduces the cracking speed
at grain boundaries. Interconnection of the cracks in the grain requires a greater external force to cut
the whole grain and eventually rupture. Therefore, the occurrence of dynamic recrystallization is
conducive to the improvement of hot ductility. As the experimental temperature decreased to 850 °C,
the fracture morphology showed obvious cleavage fracture characteristics, as shown in Figure 10b,f.
The loss of ductility from 1100 °C to 850 °C can be explained by the precipitates, which provide
a pinning effect on the austenite grain boundaries and prevent the recrystallization phenomenon
of steel. As shown in Figure 10c,g, the fracture morphology under 750 °C shows a typical brittle
fractured smooth block structure. At this temperature, the fine grains at the austenite boundary provide
nucleation points, and the ferrite film grows the grain boundary to the intragranular region. As the
temperature decreases to 650 °C, the fracture morphology can be seen in Figure 10d,h, and the dimples
increase significantly.

Figure 10. Fracture morphology of Sb steel and Sb+Sn steel at different temperatures. (a) Sb steel-1100 °C;
(b) Sb steel-850 °C; (c) Sb steel-750 °C; (d) Sb steel-650 °C; (e) Sb+5Sn steel-1100 °C; (f) Sb+Sn steel-850 °C;
(g) Sb+5n steel-750 °C; (h) Sb+Sn steel-650 °C.

Microstructures of the specimens of Sb+5n steel at different temperatures (1100 °C, 850 °C, 750 °C,
and 650 °C) are displayed in Figure 11. The microstructures under 1100 °C and 850 °C are acicular
bainite and granular bainite, respectively. At 750 °C, ferrite is formed at the austenite boundary,
and the remaining austenite is transformed into bainite. As the temperature decreases to 650 °C,
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the hot ductility increases slightly, which is related to the ferrite and pearlite that have undergone
phase transformation.

Figure 11. Microstructures of the specimens of Sb+5n steel at different temperatures. (a) 1100 °C;
(b) 850 °C; (c) 750 °C; (d) 650 °C.

4.4. Fracture Mechanism of the Lowest Brittle Valley

A fracture mechanism at 750 °C is involved to further illustrate the fracture mechanism.
Primary ferrite has already existed at 750 °C and it is distributed along the austenite grain boundaries.
Although both austenite and ferrite have good ductility, when the two phases are present together,
ferrite can be considerably softer than austenite, so that most of the strain, therefore, concentrates in
these bands, giving low ductility [26]. Then, the mixture of precipitates in the ferrite becomes the core
of empty holes formation, and the empty holes grow and accumulate to form microcracks with the
increase of strain. Finally, the completely cracked microcracks are the tiny dimples observed on the
fracture morphology. Taking the cross-section in the direction of parallel tensile force, the mechanism
of microcrack formation is shown in Figure 12.

Force €—— —> Force

Austenite T Austenite

Microcrack

B

Precipitates
& Inclusions

Empty
hole

S
s

Grain boundaries

Figure 12. Schematic diagram of the microcrack formation mechanism.

In short, the experimental steel has a ductility trough in the temperature range of 650-950 °C,
and the reasons can be concluded as follows: one is the fine precipitates of Ti and Nb pinned to the
grain boundary; the other is an austenite-ferrite phase transition. However, the addition of a small
number of Sb and Sn microalloying elements does not affect the hot ductility.

5. Conclusions

(1) Sb steel and Sb+5n steel did not show the first and second ductility trough in the experimental
conditions and temperature range, and the third ductility trough is about 650-950 °C.

(2) Inthe high-plasticity zone with the percentage reduction of area of Z > 60%, high temperature
and deformation promote the occurrence of dynamic recrystallization, which is beneficial to the
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®)

improvement of hot ductility. The third ductility trough, the pinning of the grain boundaries by
fine precipitates and the precipitation of primary ferrite along the grain boundaries are responsible
for the decrease in hot ductility.

The v —« phase transition temperatures of Sb steel and Sb+Sn steel are 759 °C and 764 °C,
respectively. The precipitates of the experimental steel are mainly TiN, Nb (C, N) not Sn and Sb.
Adding a small amount of microalloying elements Sb and Sn does not affect the hot plasticity.
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