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Abstract: Self-designed (NbTi)C nanoparticles were obtained by mechanical alloying, predispersed
in Fe powder, and then added to 1045 steel to obtain modified cast steels. The microstructure of cast
steels was investigated by an optical microscope, scanning electron microscope, X-ray diffraction,
and a transmission electron microscope. The results showed that (NbTi)C particles can be added
to steels and occur in the following forms: original ellipsoidal morphology nanoparticles with
uniform dispersion in the matrix, cuboidal nanoparticles in the grain, and microparticles in the grain
boundary. Calculations by Thermo-Calc software and solubility formula show that cuboidal (NbTi)C
nanoparticles were precipitated in the grain, while the (NbTi)C microparticles were formed by
eutectic transformation. The results of the tensile strength of steels show that the strength of modified
steels increased and then declined with the increase in the addition amount. When the addition
amount was 0.16 wt.%, the modified steel obtained the maximum tensile strength of 759.0 MPa, which
is an increase of 52% compared with to that with no addition. The hardness of the modified steel
increased with the addition of (NbTi)C nanoparticles. The performance increase was mainly related
to grain refinement and the particle strengthening of (NbTi)C nanoparticles, and the performance
degradation was related to the increase in eutectic (NbTi)C.

Keywords: (NbTi)C nanoparticles; microstructure; hardness; strength

1. Introduction

There are several ways of preventing failure and prolonging the life of cast steels.
Among them, improving the mechanical properties of the material, especially the strength
and toughness, is crucial from the perspective of metallurgy [1,2]. One of the effective
means to achieve this point is to add fine and well-dispersed ceramic particles to the cast
steel to refine the microstructure [3,4]. In addition, the dispersed particles themselves can
be used as strengthening particles to further affect the mechanical properties of the cast
steels [5,6]. Therefore, the particles used as modifiers generally have a high thermal stability,
high melting point, high elastic modulus, and are nano-sized. For this reason, TiC, NbC,
TiCN, and other nanoparticles are often used as agents to be added to carbon steels [7-10].
The results of related research show that nanoparticles can become effective nucleation
cores, resulting in significant grain refinement and crystal morphology alteration, thereby
obtaining modified steel with excellent mechanical properties [10].

Studies have confirmed that the refinement mechanism of the added particles in
cast steels occurs when the steel is melted, and the particles are quickly dispersed in the
melt [10]. Because of the low concentration of elements such as Nb or Ti in the molten
metal, the surface of the particles dissolves, which leads to an increase in the concentration
of these elements in the local chemical composition of the molten metal, and concentration
fluctuations are formed in the close vicinity of the particles during the cooling process [11].
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As a result, the concentration overcooling in the adsorption layer is formed. Only those
active particles with a density close to the melt and stable enough during the crystallization
process can become nucleation cores [12].

NbC and TiC are undoubtedly good choices as refiners, and much research has been
carried out in this field. Qin et al. reported that NbC can be uniformly distributed in
1020 steel, and the modified steel has improved mechanical properties [11,13]. Lazarova
et al. reported enhanced mechanical properties of P265GH steel through the dispersion
of TiCN particles, and a strengthened aluminum alloy material was also obtained by this
method [12,14]. Park et al. conducted a series of studies on SA-106B carbon steel reinforced
with TiC nanoparticles [15-19]. The results showed that TiC can be evenly dispersed in steel
and can obtain improved steel including an increase in the cavitation erosion resistance.
In addition, the introduced TiC nanoparticles were dissolved during hot rolling and re-
precipitated vigorously during the normalizing treatment. On the basis of these successful
experiences, it is more constructive to use (NbTi)C particles with a density close to that of
molten steel as a refiner, using the fact that that NbC and TiC are both face-centered cubic
structures and can be doped with each other.

Most previous studies, however, focused simply on the final microstructure and
mechanical properties of the steels added with nanoparticles. Although their performances
have been improved, there has been relatively little research conducted on the detailed
microstructural evolution during the fabrication schedule [20,21]. Therefore, on the basis of
previous investigations [22,23], a study on 1045 steel combined with (NbTi)C nanoparticles
was carried out which aimed at exploring the dissolution and precipitation behaviors of
(NbTi)C nanoparticles in steel and analyzing the microstructure and mechanical properties
of the modified steel.

2. Materials and Methods
2.1. (NUTi)C Particles Preparations and Smelting Test

(NbTi)C nanoparticles were synthesized by Nb powder, Ti powder, and graphite pow-
der using a planetary high-energy ball milling machine (BXQM-4L, Telunxin Instrument
Co., Ltd, Nanjing, China) and a vacuum annealing process. The raw morphology of the
powder, the preparation method, including the technology and process, were elaborated
in a previous article [22]. The preparation process is molar ratio Nb:Ti = 8:2-mixed ball
milling for 2 h, graphite with (Nb + Ti):C = 1:1-mixed ball milling for 6 h, then the mixed
powder is put into a vacuum tube furnace and annealed at 750 °C for 30 min to obtain
(NbTi)C nanoparticles. Thereafter, the process involves Fe powder with Fe:(Nb + Ti + C) =
1:1-mixed ball milling for 3 h to obtain predispersion particles. The 1045 steels modified
with (NbTi)C nanoparticles were prepared in a vacuum inducting melting and casting
furnace and melted in a MgO crucible with a vacuum of 1.0 x 1073 Pa. The melt was then
smelted and mechanically agitated at 1580-1620 °C for 2 min. After smelting, the cast
ingots of @ 50 mm x 40 mm were obtained by pouring molten steel into alumina mold and
air cooling to room temperature under the same cooling conditions. Four cast 1045-steel
ingots with 0 wt.%, 0.13 wt.%, 0.16 wt.%, and 0.66 wt.% (NbTi)C nanoparticles were named
steel A, B, C and D, respectively. The size of each test steel specimen was 10 x 10 x 10 mm,
and the chemical compositions are shown in Table 1, which was measured by a SPECTRO
MAXx (LMX07)(Germany) direct-reading spectrometer.

Table 1. Chemical compositions of the test steels (wt. %).

Grade C Si Mn Nb Ti P S Fe
A 0.40 0.27 0.50 - - 0.01 0.01 Bal.
B 0.40 0.27 0.51 0.08 0.02 0.01 0.01 Bal.
C 0.40 0.27 0.51 0.11 0.03 0.01 0.01 Bal.
D 0.40 0.27 0.50 0.47 0.12 0.01 0.01 Bal.
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2.2. Microstructure Characterization and Mechanical Property Test

The phase composition was analyzed using AD/MAX-2500/PC X-ray diffractometer
(XRD) with Cu-K«a (Rigaku Corporation, Akishima, Japan). Specimens were continuously
scanned from 20° to 90°, and the scanning speed was 2° /min. The microstructure of carbide
particles was characterized by 54800 type scanning electron microscopy (SEM)(Hitachi,
Japan) with an energy dispersive x-ray detector (EDX) spectrometer and electron back-
scattered diffraction (EBSD) detector. The acceleration voltage was 20 kV, and the resolution
of the probe was 129 eV. The micrographs including selected-area diffraction pattern
(SADP) were obtained by a FEI Tecnai G2 F30 (Hillsboro, OR, USA) transmission electron
microscopy (TEM) at 300 kV. The specimens for EBSD were sliced by wire electrical
discharge machining (WEDM)(Lingfeng, China) to a thickness of 700 um and then polished
using 150 to 2000 grit SiC paper to a thickness of 280 pm. The specimens for TEM were
made using the same method, but they were sliced at 500 pm and polished by SiC paper
to a thickness of 30 um. All the samples used a twin-jet polisher in a 7 vol% acid and
93 vol% glacial acetic acid. The electrolytic voltage was 24 V, and the light flux was 20. The
crystalline grain and orientation of the four steels were analyzed by EBSD with a step size
of 0.2 um. For the study of carbides in steel D, the sample was cut into three small squares
of 3 x 3 x 3 mm by a wire electrical discharge machining. The samples were placed in
hydrochloric acid and heated in a water bath for 10 h at 70 °C. A 5 mL sample solution was
taken, enough NaHCO3 was added to neutralize the solution, and it was centrifuged in an
H1650 centrifuge at 10,000 r/min for 5 min. The sediment was taken out for SEM mapping
analysis.

2.3. Mechanical Properties Test

The hardness of the test steels was characterized by a microhardness test by employing
on a FM-ARS 9000 (Mitutoyo Corporation, Kawasaki, Japan) full-automatic microhardness
tester. The Vickers hardness was measured with a load 500 gf and a retention time of
15 s, and nine points were taken for each sample. The Rockwell hardness was tested by
HR-150A (Huayin, China), and four points were taken for each sample. The tensile test was
measured at room temperature with an INSPEKT-100 (Hegewald & Peschke, Germany)
test machine at a stretching speed of 0.5 mm/min. The parameters of the mechanical
performance test are described in detail in a previous article [22].

Thermo-Calc 4.0 software (access date 20 December 2018) was used to calculate the
solubility curve of (NbTi)C nanoparticles from 500 °C to 1600 °C based on TCFE 7 database,
and the dissolution and precipitation behaviors were analyzed theoretically.

3. Results

Figure 1a is the SEM micrograph of the powder after Nb, Ti, and the graphite-mixed
ball milling for 8 h and being heat treated at 750 °C. The size of the powder is about 200 nm
and is ellipsoidal. The (NbTi)C nanoparticles and Fe powder were mixed and mechanically
ball-milled for 3 h to ensure the (NbTi)C nanoparticles were uniformly dispersed in the Fe
powder (Figure 1b). Figure 1c shows the XRD results of the two powders in Figure 1a,b.
The black and red line is the XRD curve of (NbTi)C in Figure 1a,b, respectively. The XRD
curve of red line shows that the composite powder is composed of two phases, namely
a-Fe and (NbTi)C. The EDS result of spot 1 in Figure 1b is shown in Figure 1d. It shows that
the (NbTi)C nanoparticles are evenly embedded in Fe powder, and the mass percentage of
the Fe element is 48.9 at.%, which is close to the theoretical value.
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Figure 1. (a) SEM morphology of (NbTi)C; (b) SEM morphology of (NbTi)C/Fe particles; (c) XRD
patterns of powder from Figure 1a black line and Figure 1b red line; (d) EDS result of spot 1 in
Figure 1b.

Figure 2 shows the SEM micrographs of the four steels. It can be seen from the
figure that as the content of (NbTi)C nanoparticles increased, the number of particles
distributed along the prior austenite grain boundaries increased, showing large-sized rods
or dots (red dotted marks on Figure 2b—d). The microstructure of steel A was composed of
ferrite and pearlite. According to the semi-quantitative calculation method of Image-Pro
Plus 6.0, the amount of ferrite in steel A, B, C, and D was 10.47%, 38.26%, 26.24%, and
37.66%, respectively. After adding the (NbTi)C nanoparticles, the volume fraction of ferrite
increased to varying degrees. In addition, it also caused different degrees of degradation
of pearlite. In steel D, the clusters of pearlite were divided by the massive ferrite, and the
cementite flakes were gradually transformed into short rods or dots. At the same time, with
the increase in (NbTi)C nanoparticles, ferrite was not only formed in the prior austenite
grain boundaries, but also between the pearlite clusters.

Figure 2. SEM micrographs of the cast steels with different (NbTi)C nanoparticles additions:
(a) 0 wt.%; (b) 0. 13 wt.%; (c) 0. 16 wt.%; (d) 0. 66 wt.%, respectively.
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The EBSD maps of the four steels are shown in Figure 3. It can be seen from the
image quality (IQ) maps that the microstructure was significantly refined after adding
(NbTi)C nanoparticles. The average grain diameters of the test steels were about 16.3, 12.8,
11.3, and 10.0 pum, respectively, which indicates that the average grain diameter decreased
with the increase in (NbTi)C nanoparticles. In addition, after the addition of (NbTi)C
nanoparticles, the standard deviation also decreased, and the values were 31.8, 24.0, 24.2,
and 21.6, respectively. Thus, it can be seen that (NbTi)C nanoparticles not only refine the
grain diameters but also make the grain size more uniform.

Grain average diameter

Area fraction / %

0 50 100 150 200

Grain diameter / pm

Grain average diameter
127817 um

3} Standard Deviation
240114

Area fraction /% =D

0 50 100 150
Grain diameter / pm

Grain diameter / pm

Area fraction / %

0 50 100 150 200
Grain diameter / pm

Figure 3. Image quality (IQ) map, inverse pole figure (IPF), and grain diameter statistic. (a—c) for
steel A; (d—f) for steel B; (g—i) for steel C; (j-1) for steel D; respectively.

Figure 4 shows the different morphologies of (NbTi)C nanoparticles observed in
steel D.

B=[211](NbTi)C

. (f) B=[21T](NbTi)C

B=[301]a-Fe

020a-Fe

.Zﬁ\\lv\‘u \b ’

Figure 4. TEM images of cast steel D: (a,b) precipitated particles; (c) selected-area diffraction pattern
(SADP) of square particles in (b); (d,e) added particles; (f) the SADP of the elliptical particle in (e).
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Among them, (NbTi)C in Figure 4a is cuboidal, and in Figure 4d, it is ellipsoidal.
Figure 4b,e is partial enlarged views of Figure 4a,d, and Figure 4c,f are their SADPs,
respectively. After measurement, the cuboidal (NbTi)C nanoparticles are about 100 nm; the
ellipsoidal (NbTi)C nanoparticles are arranged as linear shape and are about 150 nm. By
indexing the diffraction patterns, the zone axis of (NbTi)C nanoparticles is B = [21-1], and
that of «-Fe is B = [30-1].

Figure 5 is the mapping images of carbides obtained by corrosion centrifugation with
steel D as raw material. Obviously, the morphology of these particles was different from
the added (NbTi)C nanoparticles. The size was on the micrometer level and they presented
as irregular polygons. According to the EDS analysis, the particles were mainly composed
of Nb and Ti elements with an atomic ratio of about 7.08:2.27, which is also different from
the ratio of Nb and Ti in added (NbTi)C nanoparticles.

Element Weight % Atomic %
(o] 57.94 90.29

Nb 3517 7.08

5.81 227

1.07 0.36

13 26 39 52 65

Energy / keV

Figure 5. SEM mapping image of precipitate in sample D; (a) micromorphology; (b) the correspond-
ing EDS spectra in (a); (c—e) the microstructural distribution of Nb (yellow); Ti (purple); Fe(blue);
respectively.

Figure 6 shows the solubility curve for (NbTi)C at 500-1600 °C, which was simulated
using Thermo-Calc software based on the TCFE 7 database. The curve shows that as
the temperature increased, (NbTi)C gradually dissolved. For steels B, C, and D, the total
dissolution temperatures of (NbTi)C were 1394.9, 1410.9, and 1447.2 °C, respectively. It is
worth noting that for the (NbTi)C nanoparticles in steel D, a sharp dissolution occurred
above 1427.3 °C. At this temperature, the content of (NbTi)C dissolved in steel was about
0.25 wt.%.

0.75
0.60
S 0.45 Steel B
< 045F tee! N
z Steel C 1427.3
F,-): 0.30F Steel D
[
z
~ 0.15 1410.9
ﬂ'
0.00 — - . 2

600 800 1000 1200 1400 1600
Temperature / °C

Figure 6. Different additions of (NbTi)C particles dissolution behavior in cast steels using Thermo-
Calc software based on the TCFE 7 database.



Metals 2021, 11, 184

7 of 10

The mechanical properties of the test steels are shown in Figure 7. Figure 7a shows the
engineering strain-stress curve of the test steels. The results show that the yield strength
increased with the increase in (NbTi)C content, from 314 to 540.8 MPa, with an increase of
72.2%; the tensile strength first increased and then decreased with the increase in (NbTi)C
content, from 498.9 MPa for steel A to 759 MPa for steel C, with an increase of 52.1%, and
then slightly reduced to 736.6 MPa for steel D. Figure 7b shows the Vickers hardness and
Rockwell hardness of the test steels. With the increase in (NbTi)C content, the hardness
demonstrated an increasing trend. Among them, the Vickers hardness increased from
213.3 HV for steel A to 306 HV for steel D, with an increase of 43.5%, and the Rockwell
hardness increased from 14.7 HRC for steel A to 29.3 HRC for steel D, with an increase
of 100%.

(a) (b),.

800

W
2
F

)
%
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9
& [
> jan)

8 ot
= 2 210f /1 f ]
2 400 B 7% 20 F
o — Steel A 3 140} | i) fes
7 — Steel B :E T | 3
2 200 — Steel C 5 70 o i 110 =
o —— Steel D '»; i -:»
> N i i &

0 ..’ " s s " » 0 j ; i =y
0 2 4 6 8 10 12 A B C D
Eng.Strain / % Test steel

Figure 7. (a) Engineering strain-stress curve of the cast test steels; (b) Vickers and Rockwell hardness
of cast steel with different (NbTi)C additions.

4. Discussion

Regardless of whether the added particles strengthen magnesium alloys, aluminum
alloys, or steel materials, it is generally believed that the addition of particles causes
two main mechanisms for grain refinement, namely, increasing heterogeneous nucleation
location and inhibiting grain growth [24,25]. In the smelting process studied in this paper,
(NbTi)C nanoparticles were dispersed in the melt, which ultimately led to significant
changes in the solidification microstructure and refinement of the grain size. This is mainly
because, on the one hand, (NbTi)C nanoparticles can become the heterogeneous nucleation
location of the 'y phase to refine the crystal grains; on the other hand, (NbTi)C nanoparticles
are repelled to the grain boundaries to inhibit the growth of grains. As a result, the prior
austenite grains can also be refined, which ultimately leads to a significant decrease in the
grain diameter (the average grain diameters of steel A and steel D were 16.3 um 10.0 um,
respectively, which is a 61.3% reduction), which is consistent with the previous research
results [22]. While, in the course of the research, two kinds of particles containing Nb
and Ti elements with different shapes from the added nanoparticles were observed, see
Figures 4a and 5a. Therefore, this article analyzes the reason for and the process of their
formation.

The prepared (NbTi)C/Fe powder was added to cast steel to obtain modified steel.
A part of (NbTi)C nanoparticles became the heterogeneous nucleation location of the y
phase, mainly as a result of the three special properties of (NbTi)C nanoparticles: (1) wetted
in time; (2) a low degree of mismatch with the y phase; and (3) the surface dissolves locally,
forming constitutional overcooling. It is worth noting that because of the low concentration
of Nb and Ti in the melt, the surface of the (NbTi)C nanoparticles may melt, which results
in a higher concentration of Nb and Ti elements around the (NbTi)C nanoparticles. During
the cooling process, constitutional overcooling occurred, so concentration fluctuations
were formed in the vicinity of the nanoparticles, causing (NbTi)C nanoparticles to become
the heterogeneous nucleation location. In the process, their size decreased and their
morphology did not change (ellipsoid type, shown in Figure 4e).

1g([Nb][C]) ¥ = 2.96 — 7510/T (1)
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Ig([Til[C]) v = 2.75 — 7000/ T )

According to the solubility formula [26,27], at 1473 K, the solubility of Nb and Ti in
the v phase is 0.02% for both, which is lower than the content of Nb and Ti in the molten
steel. Therefore, Nb and Ti elements are precipitated in the austenite phase during the
cooling process after smelting. The square (NbTi)C (Figure 4b) may be the precipitated
phase with a size of about 100 nm. It is precisely due to the precipitation in the grain that
causes the degradation of pearlite.

Another part of the added (NbTi)C nanoparticles move with the solidification front
in the liquid phase. After the 6-Fe phase transition is completed, the peritectic phase
transformation L + 6—y occurs in the melt, which makes the content of Nb and Ti dissolved
in the remaining liquid phase increase, and the eutectic phase transformation L—y +
(NbTi)C occurs in the remaining liquid.

lg(INb][C]) 1. = 4.988 — 9506/ T (©)]

1g([Ti][C]) . = 5.317 — 9393/T @)

At 1873 K, according to the solubility formula [28], the solubility of Nb and Ti in the
liquid phase is 2.05% and 5.01%, respectively, which is much higher than the actual content
of Nb and Ti in steel. Therefore, the eutectic phase transformation may occur during
the cooling process and form eutectic (NbTi)C microparticles (Figures 2d and 5a). The
formation of eutectic (NbTi)C particles consumes the C element, resulting in an increase in
the volume fraction of ferrite in prior austenite grain boundary.

To better show the dissolution and precipitation behavior of (NbTi)C nanoparticles
in melt, Thermo-Calc software was used to simulate the solubility of (NbTi)C in molten
steel at different temperatures, as shown in Figure 6. Theoretically, in the equilibrium
state, the added (NbTi)C nanoparticles would be completely dissolved in the molten steel
and would be precipitated by a large amount during the subsequent homogenization
transformation (1427.3 °C), and the rest would be precipitated in the ferrite transformation
stage. While in the course of experiment, because of the short liquid holding time (15 min),
only some of (NbTi)C nanoparticles were dissolved. In the solidification process, the
eutectic transformation occurred in the remaining liquid phase and formed micrometer
(NDbTi)C particles; in the high temperature stage of furnace cooling, the supersaturated Nb
and Ti elements in grain were precipitated to form square (NbTi)C nanoparticles. In the
low temperature stage of cooling, there was no precipitation as a result of the low diffusion
coefficient.

In terms of mechanical properties, the tensile strength and elongation of the test
steels increased first and then decreased with the increase in (NbTi)C nanoparticles. The
increasing trend of elongation is consistent with that of the volume fraction of ferrite. It
can be considered that the increase in ferrite is the main reason for the increase in plasticity
of the modified steels. When the content was 0.16 wt.%, the tensile strength and elongation
reached maximum values, which were 759 MPa and 5.73%, respectively. Compared to those
without addition, the growth rate was 52.1% and 94.2%, respectively. The improvement of
tensile strength was mainly due to the reduction in grain size (Figure 3) and the pinning
effect of nanoparticles (Figure 4). When the content increased to 0.66 wt.%, the tensile
strength and elongation significantly decreased. This may be related to the formation of the
eutectic (NbTi)C. During the plastic deformation of the test steels, the eutectic (NbTi)C tends
to be the source of cracks, and cracks rapidly expand along the boundary of the eutectic
(NDbTi)C. As for the hardness, Vickers hardness and Rockwell hardness both demonstrated
an increasing trend with the increase in the added amount. Compared to steel A, steel D
increased by 43.0% and 100.0%, respectively. On the one hand, the decrease in grain size
increases the grain boundary and thus increases the resistance of the material to external
deformation; on the other hand, the various forms of hard (NbTi)C particles provide a part
of the hardness.
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In short, the addition of (NbTi)C nanoparticles can greatly improve the material
performance, but when the addition amounts are greater than a certain value, eutectic
(NbTi)C particles will cause a deterioration in performance. In addition, in order to
minimize the loss of (NbTi)C, the melting time and high temperature holding time should
be minimized during the material preparation process.

5. Conclusions

By adding the (NbTi)C nanoparticles into cast 1045 steel, the modified steels with
different contents were obtained. After the observation and analysis of the microstructure
and the mechanical properties tests, the following conclusions were drawn:

1.  The presence of the second phases in the cast steel, which are different from the
added (NbTi)C nanoparticles, is due to the dissolution and precipitation behavior of
(NbTi)C nanoparticles during the smelting process. Among them, the square nano-
(NbTi)C with a size of about 100 nm are formed by intragranular precipitation, and
the micro-(NbTi)C is formed by the eutectic precipitation at the grain boundaries.

2. The addition of (NbTi)C nanoparticles can refine the microstructure and improve the
hardness and strength. The average grain diameter decreased from 16.3 um in steel
A t0 10.0 um in steel D; the tensile strength increased from 498.9 MPa in steel A to
759.0 MPa in steel D, an increase of 52.1%. A continued increase in (NbTi)C will lead
to a decrease in strength.
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