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Abstract: Understanding the strengthening effect of niobium on ferrite grain boundaries from the
perspective of valence electron structures will help to use niobium and other microalloying elements
more effectively to improve the performance of steel materials. In this paper, the effect of niobium
element on ferrite grain boundary strengthening is studied based on microstructure analysis at the
nanometer scale. The enrichment of niobium in pipeline steel at ferrite boundary was observed by a
three-dimensional atomic probe test. Segregation of Nb is observed in the ferrite grain boundaries of
X70 steel, and its maximum concentration is 0.294-0.466 at.%. The charges in the occupancy of the Fe
3d state in grain and grain boundary were 7.23 and 7.37, respectively, based on quantitative analysis
of electron energy loss spectra (EELS). The first-principle calculation suggests that the charges in
the occupancy of 3d state for grain boundary iron are 6.57 and 6.68, respectively, before and after
the Nb doping (with an increase of 1.67%), which reveals a similar trend to that of the EELS results.
Through Nb alloying, the 3d valence electronic density of the state of Fe in grain boundary moves to
a lower energy, which can reduce the total energy of the system and make the grain boundary more
stable. Meanwhile, the charges in the occupancy of the 3d state for Fe in the grain boundary increases,
providing more electrons for grain boundary bonding. These improve the strength and toughness of
the material. This work provides a fundamental understanding for pipeline steel strengthening by
element alloying.

Keywords: grain boundary; 3D atom probe; electron energy loss spectrum; first principles; valence
electron structure

1. Introduction

Natural gas is one of the most important sources of clean energy at present. From 2007
to 2018, the annual compound growth rate of natural gas consumption in China reached
12.9% [1]. The scale of China’s oil and gas pipeline network will reach 169,000 km in 2020
and 240,000 km in 2025. Increasing the diameter of the pipeline and the transmission
pressure is the development trend for long-distance and mass transport of gas, which
requires higher strength and toughness pipeline steel materials [2]. In order to improve
performance, different alloying elements, such as molybdenum, nickel, copper, vanadium,
niobium, etc., are added to the pipeline steel [3,4]. After many experiments, researchers
gradually reduced or eliminated the use of alloying elements such as molybdenum and
nickel. The simpler chemical composition design based on C-Mn-Nb realized the industrial
mass production of X70 steel [5]. On the one hand, it reduces the complexity of the
component design and reduces the cost; on the other hand, it maintains high strength and
toughness. The average tensile strength of X70 steel with a thickness of 17.5 mm is 93 MPa
and 38 MPa higher than the lower limits of 570 MPa and 625 MPa required for the tensile
strengths of X70 and X80 steel in the API SPEC 5L standard, respectively. The ductile brittle
transition temperature is lower than —60 °C. The improvement of steel performance is
determined by many factors such as chemical composition, microstructure, and rolling
and cooling process. Niobium microalloying is one of the most characteristic factors in

Materials 2021, 14, 61. https:/ /dx.doi.org/10.3390/ma14010061

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://dx.doi.org/10.3390/ma14010061
https://dx.doi.org/10.3390/ma14010061
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.3390/ma14010061
https://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/14/1/61?type=check_update&version=2

Materials 2021, 14, 61

20f 14

composition design to improve the properties of this industrial X70 steel. During hot
rolling, the precipitation of niobium carbonitride can pin the grain boundaries [6,7] and
solid solution niobium can inhibit the migration of austenite grain boundaries through
solute drag [8-10]. Both methods can delay recrystallization and refine grains to improve
performance [11]. There have been many studies on the precipitation of niobium; however,
for solid solution niobium, due to the difficulty of the detection test, there are few studies
on it. The mechanism of niobium strengthening in pipeline steel at the atomic scale is also
unclear, which may hinder the use of niobium for further optimization of steel’s mechanical
properties.

Shrestha et al. used in situ heating transmission electron microscopy to study the
resistance of niobium to the movement of dislocations during 575 °C aging [12]. Li et al.
used Auger electron spectroscopy to detect the segregation of niobium at the original
austenite grain boundary of the forging sample [13]. The competition mechanism pro-
posed by Messmer et al. can explain grain boundary strengthening [14]: electronegative
impure atoms acquire electrons from surrounding metal atoms and weaken grain boundary
bonding, while electropositive impure atoms transfer electrons to adjacent metal atoms
to enhance grain boundary bonding. Other researchers [15-17] used first-principles and
discrete variational methods to study the effects of niobium, molybdenum, and chromium
atoms on the grain boundary bonding force of iron.

Sharp peaks known as “white lines” are observed at the L, and L3 absorption edges
in the electron-energy-loss spectra (EELS) of transition metals. These white lines originate
from excitations of 2p core electrons in an atom to unoccupied d states near the Fermi level.
Since the shape of the electron energy loss spectrum is related to bonding and valence of
atoms, it is used to analyze that in the electronic structure of elements. Muller et al. found
that, in the electron energy loss spectrum, the electron structure and the fracture properties
of the material are related when studying NiAl alloys. When the 3d valence electron
state density of atoms at the grain boundary is lower than that in the grain, the bonding
strength of the grain boundary is higher than that in the grain and the grain boundary
exhibits toughness [18]. Pearson et al. used the L2 and L3 peaks in the electron energy
loss spectrum to measure the valence electron structure of CuZr alloys [19]. Although the
research objects are different, from the results of the two researchers, there is an inherent
connection between the valence electron structure and the performance of the material.
Therefore, it is speculated that the 3d valence electron density of state for iron at grain
boundaries in pipeline steel can be used to judge the strength of grain boundary bonding.
The charges in the occupancy of 3d state for iron can be obtained by the method of first-
principle calculation and electron energy loss spectrum test. It is feasible to analyze the
micro-mechanism of the strengthening effect of niobium on the ferrite grain boundary from
the transfer of change, the increase or decrease of the charges in the occupancy of 3d state,
and the change in distribution of 3d electronic density of states. When this quantitative
analysis method related to electronic structure is applied to optimization of the material
chemical composition design, it is possible to qualitatively evaluate and compare the
effect of elements on grain boundary strengthening. Reaz et al. reported that changes
in magnetism of Fe-based materials due to interface/grain-boundary properties change
but without atomistic calculation to justify the origin [20,21]. The first-principles analysis
method can be used to answer this question and has more applications in similar studies.

In order to understand the strengthening effect of Nb on ferrite grain boundary at
the atomic scale, this work firstly confirms whether there is grain boundary segregation
of niobium in X70 pipeline steel through a three-dimensional atom probe test; secondly,
in order to understand the influence of niobium on neighboring iron, the electron energy
loss spectra (EELS) of the grain boundary and intragranular iron was measured. Then,
we calculated the charges in the occupancy of the 3d state for iron at the grain boundary
and compared it with that in the grain. It is revealed that charges in the occupancy of the
3d state for atoms at the grain boundary are higher than that inside the grain, indicating
that grain boundary bonding has been enhanced and that the grain boundary shows
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toughness [18,19]. Finally, first-principles calculation is used to analyze the distribution of
the 3d valence electron density of state, the charges in the occupancy of the 3d state, and
the charge distribution changes caused by alloying.

2. Materials and Methods
2.1. Experimental Materials

The test material is taken from an industrially produced X70 pipeline steel plate coil,
and the thickness of the steel plate is 17.5 mm. The chemical composition of the material is
(wt.%) 0.065 C, 0.20 Si, 1.55 Mn, 0.065 Nb, 0.016 P, and 0.0012 S. The average tensile strength
of the steel is 663 MPa, the average yield strength of the steel is 536 MPa, and the Charpy
V impact energy at —60 °C is greater than 380 ] [5]. Young’s modulus of the material is
206 GPa, and Poisson’s ratio is 0.28.

2.2. Microstructure Analysis

A thin film with a thickness of about 0.60 mm was fabricated from the steel sheet.
Thin foil specimens for transmission electron microscopy (TEM, FEI, Hillsboro, OR, USA)
and electron energy loss spectroscopy (EELS, JEOL, Tokyo, Japan) analysis were mechan-
ically polished to about 50 um thickness, punched to disks of 3 mm diameter, and then
electropolished in the solution that contains 10% perchloric acid and 90% glacial acetic acid.
At a temperature of —30 °C and a current of 35-160 mA, electrolytic double spray was
used for 2 to 3 min. TEM observation was performed in a FEI Tecnai G2 F20 (Hillsboro, OR,
USA) field emission transmission electron microscope operated at an accelerating voltage
of 200 kV.

The 10% perchloric acid alcohol solution was used for electrolytic polishing of scanning
electron microscope (SEM, JEOL, Tokyo, Japan) samples, with voltage of 26 V, current of
0.6 A, and polishing time of 25-30 s. The boundary properties were examined by electron
back-scattered diffraction (EBSD) using a JEOL JEM-7800F field emission scanning electron
microscope equipped (Tokyo, Japan) with an Oxford BESD detector (Oxford, UK). The
EBSD data were analyzed using CHANNL 5 software (HKL, Danbury, CT, USA).

2.3. Three-Dimensional Atom Probe Test

In order to analyze whether niobium is enriched at the X70 ferrite grain boundary, the
three-dimensional atom probe system CAMECA LEAP4000HR 3DAP (three-dimensional
atom probe, Madison, WI, USA) was used to test the pipeline steel samples. Since the
focused ion beam may affect the segregation of solute atoms to dislocations, electrolytic
polishing was used to prepare the tip. Firstly, a small rod with a size of 0.3 mm x 0.3 mm X
10 mm was cut from the steel sheet and was electrolytically polished with 25% perchloric
acid in acetic acid solution. Then, 2% perchloric acid was used in ethylene glycol butyl
ether solution for secondary electropolishing. The temperature of the sample during 3DAP
analysis was set to 40-60 K, the pulse fraction of the ionization evaporation voltage was
20%, and the pulse frequency was 200 KHz. Ivas 3.6.12 software was used to reconstruct
and quantitatively analyze the experimental data.

2.4. Electron Energy Loss Spectrum Measurement

The enrichment of niobium at the grain boundary could affect the 3d valence electron
state density distribution of iron at the grain boundary. The change in the charges in the
occupancy of the Fe 3d state, which indicates the degree of influence, can be obtained by
detecting the fine structure of the EELS of iron atoms in the grain boundaries and grains.
The samples were prepared by electrochemical polishing, and a JEOL ARM-200F (Tokyo,
Japan) cold field emission spherical aberration correction electron microscope was used to
collect the electron energy loss spectra (EELS) of the grain boundaries and in-grain iron of
X70 steel samples.

The exponential fitting method was used to subtract the background of the collected
electron energy loss spectrum, and the Fourier ratio method was used for deconvolution to
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eliminate the influence of the sample on the multiple scattering of electrons. Finally, the
white line of iron in the electron energy loss spectrum was processed [22] to obtain the
charges in the occupancy of the 3d state for Fe.

2.5. First-Principles Calculation

The first-principles spin-polarized calculations were carried out using density func-
tional theory as implemented in the CASTEP software (Accelrys, Cambridge, UK) to obtain
most of the information including charges in the occupancy of the 3d state of iron [23,24].
Firstly, an initial ferrite symmetric tilting grain boundary model was built. The grain
boundary model is far less complex than the actual grain boundary. In order to reduce
this gap, we first analyzed the grain boundary characteristics of X70 steel and included
the grain boundary characteristics in the model. The low-index coincidence site lattice
grain boundary that accounts for the largest proportion of large-angle grain boundaries
of X70 pipeline steel is the 23 coincidence site lattice according to the results of the SEM
test. Compared with the £3(111) grain boundary of bcc iron, the energy and structure of
¥.3(112) grain boundary of bec iron indicate that it is a stable grain boundary which can be
used for further research [25,26]. The [110] (112) symmetric tilting grain boundary model
was established [27], as shown in Figure 1a; the atoms at different adjacent layers along the
[110] direction were marked with different colors, the [110] crystal orientation is the axis of
rotation, the (112) plane is the grain boundary, and the angle between the crystals on both
sides is 109.47°, which is equivalent to a rotation of 70.53° due to secondary axis symmetry.
The supercell used in the model calculation contains 96 atoms, and the size is 8.10 x 4.96 x
28.08 A%. In the model, the lattice constant of ferromagnetic a-iron is 2.86 A, which is in
good agreement with the experimental value of 2.867 A [28]. The initially constructed grain
boundary model was relaxed to optimize the position of all atoms. The iron atom in the
grain boundary (Figure 1g) was replaced with niobium atom, as shown in Figure 1f at the
position marked “0”. Figure 1b,c show the (110) and (111) planes containing niobium atom,
which are perpendicular to the grain boundary. For geometry optimization, the shape and
volume of the supercell were fixed while the atomic positions were allowed to relax until
the forces on each atom were less than 0.05 eV /A. For the exchange-correlation function,
the generalized gradient approximation (GGA, PBE) was used. The self-consistent field
loop converges to 1 x 107% eV /atom. The total energy of the self-consistent calculation
converges to 1 x 107> eV /atom. The ultra-soft pseudopotential was adopted with the
maximum cutoff energy of 300 eV and K grid of 6 x 6 x 1.
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Figure 1. (a) The atomic configurations of bee Fe for £3[110] (112) grain boundary, the charge density
difference on the Nb-doped (b) (110) plane, (c) (111) plane, (d) (111) plane, (e) (111) plane, and (f)
(112) plane and Nb-undoped (g) (112) plane of aFe ¥3[110] (112) grain boundary: red indicates the
inflow of electrons; blue indicates the outflow of electrons.
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3. Results and Discussion
3.1. Grain Boundary Characteristics

It is generally believed that both large-angle grain and small-angle grain boundaries
could contribute to strengthening of materials; moreover, the large-angle grain boundaries,
especially some special large-angle grain boundaries, such as low-index coincident site
lattice (CSL) grain boundaries, can effectively restrain dislocation movement and crack
propagation, thereby improving the strength and toughness of steel [29,30]. The purpose
of this experiment was to obtain the proportion of large-angle grain boundaries and the
low-index coincident site lattice grain boundaries.

The microstructure of X70 steel is acicular ferrite, as shown in Figure 2a.

008
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0.04

0.03 4
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(b)

Figure 2. (a) The bright field TEM image shows the acicular ferrite of X70 steel, and (b) The distribution of misorientation
angles showing a “bimodal” distribution in two areas of 2°~15° and 45°~60°.

The results of scanning electron microscopy experiments show that there is a preferen-
tial distribution of grain orientation differences in steel. There is a “bimodal” distribution
in two areas at 2°-15° and 45°-60°, as shown in Figure 2b. The grain boundaries of 0-15°,
15°-45°, and greater than 45° account for 49.8%, 16.7%, and 33.5%, respectively, as shown
in the gray, red, and blue lines in Figure 3a.
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Figure 3. (a) The grain boundaries of 0-15°, 15°-45°, and greater than 45° are shown in the gray, red, and blue lines, and
(b) £3, X11 CSL of the X70 steel are shown in the red and yellow lines.
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The test results also show that there are } 3, Y 11, and other low-index coincident site
lattice grain boundaries in steel, as shown in the red and yellow lines in Figure 3b; most
of them are ) 3 coincident site lattice grain boundaries. The proportions of ) 3 coincident
site lattices in the large-angle grain boundaries above 15° and 45° are 14.2% and 21.3%,
respectively. Four samples were examined by electron back-scattered diffraction (EBSD).
The EBSD results of all samples were consistent in the “bimodal” distribution and in the
proportions of ) 3 coincident site lattices in the large-angle grain boundaries.

3.2. Elements Distribution Near Grain Boundaries

The distribution of niobium at the grain boundary was observed in X70 steel by the
three-dimensional atom probe test, as shown in Figure 4.

Figure 4. Three-dimensional elemental maps of the box (54 nm x 54 nm X 298 nm) containing grain boundary and
magnified maps of enriched atoms across the boundary.

Concentration (atomic. %)

Enrichment of niobium, carbon, and phosphorus can be observed at the grain bound-
ary. The one-dimensional concentration distribution diagram of carbon, niobium, and
phosphorus across the analyzed grain boundaries (the inserted box in Figure 4) is shown
in a, which shows that the degree of carbon segregation is the largest, followed by niobium
and phosphorus.

The one-dimensional element concentration distribution diagram of the grain bound-
ary of the second sample is shown in Figure 5b. The two tip samples were from different
parts of the same steel sheet. The maximum atomic concentration of niobium at the grain
boundary of this sample is 0.294%, which is approximately the niobium atom at the grain
boundary detected by the previous sample at 63% of the maximum concentration.
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Figure 5. Concentration profiles along the direction perpendicular to the boundary, (a) sample 1, (b) sample 2.
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Table 1 shows the chemical composition analysis results of X70 steel, the grains, and
the local chemical composition results of the grain boundaries measured by the three-
dimensional atom probe.

Table 1. Chemical comparison of X70 steel and the three-dimensional atom probe (3DAP) result in a grain.

Element C Si Mn P Nb
Composition (wt.%) 0.065 0.20 1.55 0.016 0.065
Composition (at.%) 0.300 0.39 1.57 0.029 0.039
APT result inside grain (at.%) 0.153 0.56 1.49 0.034 0.032
Maximum concentration of sample 1 (at.%) 2.110 1.27 2.50 0.220 0.466
Maximum concentration of sample 2 (at.%) 2.160 1.29 1.99 0.188 0.294

The atomic percentage content of carbon, niobium, and phosphorus at the grain
boundary is much higher than that in the grain. The maximum atomic percentage content
of niobium in the grain boundary reaches 0.294 and 0.466 at.%, which is 7.5-11.9 times the
niobium content of 0.039 at.% in the matrix, and the enrichment area is several nanometers;
carbon and phosphorus also have obvious segregation at the grain boundaries. When
carbon atoms are dissolved in the grain boundary, the theoretical fracture strength of the
grain boundary increases with the increase in carbon concentration, but the attraction of
C atoms to 23(112) grain boundaries is less attractive than to dislocations [31]. Pipeline
steels usually experience the piping process followed by the coating process at 250 °C,
and 3DAP results revealed the segregation of carbon atoms along dislocation lines in the
ferrite region of both UOE (bending by U press, forming by O press, Expansion) pipes
and coated pipes. It is believed that segregation of carbon along dislocations in pipeline
steel usually causes strain aging phenomena, such as discontinuous yielding, decrease in
yield strength, and uniform elongation after the pipe-making and coating processes [4,32].
Phosphorus exists in the form of solid solution when the segregation concentration of the
grain boundary is low. When the segregation concentration is high, it forms a structure
similar to Fe3P, which causes a significant increase in the brittleness of the grain boundary
and reduces the toughness of the material [33]. Therefore, in order to improve the strength
and toughness of the material, it is necessary to reduce the segregation of carbon and
phosphorus in X70 pipeline steel. When niobium is at the grain boundary, it changes the
local chemical composition and structure, which will strengthen or weaken the bond of the
grain boundary, thereby affecting the strength and toughness of the material.

3.3. Electron Energy Loss Spectrum and Charges in the Occupancy of Fe 3d State

EELS results were quantitatively analyzed to study the occupancy of the Fe 3d state,
which is closely related to the bonding strength of grain boundaries according to the method
given by Pearson et al. [22]. The electron energy loss spectrum of the grain boundary and
intra-grain iron in X70 steel is shown in Figure 6a.

grain boulnndary 1600004 Fe-L — White line intensity
Fe-L,  —— adjacent grain 140000 ¥ —— background intensity

difference % 1200001
8 100000
2 80000+
€ 60000
£ 40000
b 200004

700 710 720 730 740 750 760

T

0 T T T T r T
700 710 720 730 740 750 760

Energy loss (eV) Energy loss (eV)

(a) (b)

Figure 6. (a) Electron energy loss spectra (EELS) profiles of grain and grain boundary in X70 steel and (b) double step

continuum mode.
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The spectrum was deducted and deconvoluted. The spectrum further reduced the
background using the double step function, as shown in Figure 6b.

Table 2 shows the charges in the occupancy of the 3d state in the grain boundary and
adjacent grains on both sides calculated from the energy loss spectrum.

Table 2. Charges in the occupancy of the 3d state for Fe calculated according to EELS.

Position Grain Boundary Adjacent Grainl Adjacent Grain2
1 7.25 7.22 7.24
2 7.57 7.44 7.18
3 7.29 7.24 7.05

Three sets of data are listed in the table. Each set includes the charges in the occupancy
of the 3d state for Fe calculated from the electron energy loss spectra collected from the
grain boundary and two adjacent crystal grains. The average charges in the occupancy
of 3d state for Fe in the grain boundary and adjacent grains of X70 steel are 7.37 and 7.23,
respectively. The charges in the occupancy of the 3d state for iron by the grain boundary
are about 1.94 + 0.80% higher than the grains on both sides.

3.4. Segregation Energy

The grain boundary energy, 7, is defined as the difference between the potential
energy Eg of n atoms in the supercell containing grain boundaries and the potential energy
E}, of a computational cell with the same number of atoms in a perfect crystal, divided by
the cross-sectional area, S, of the grain boundary plane (Equation (1)):

Yoo = (Egp — Ep) /28 (1)

The calculated grain boundary energies of Y3(112) of bcc iron are 0.57 J/m? . The
calculated result of the interface energy is similar to those of other authors [26]. Accord-
ing to the Rice and Wang models, material fracture is the result of competition through
dislocation emission and brittle interface fracture [34]. The influence of solute atoms on
intergranular fracture can be determined by calculating the formation energy of impure
atoms on the grain boundary and surface.

The grain boundary formation energy is the difference between the total energy of
the grain boundary system and the free surface energy that forms the grain boundary [27]
(Equation (2)):

Efen — (Bl — 2B i rs) /24 @

El¢ is defined as the difference between the total energy of the crystal and the sum
of the energy of all the individual atoms composing the crystal in a free state. 2E iifx od FS
is the energy of the two free surfaces forming the grain boundary separated from each
other and relaxation. A is the cross-sectional area of the grain boundary. The factor of
2 originates from the fact that one supercell contains two grain boundaries due to periodic
boundary conditions. When niobium is doped at the grain boundary, we get Equation (3):

GB __ Fe+Nb L Fe+Nb L Fe

Eform - (EgBE - Erzelaxed FS Erzelaxed FS) /24 ®)

The difference between the formation energy of grain boundaries with and without

impurities is defined as the segregation energy of impure atoms at the grain boundaries,

AEEE. “Positive/negative” can be used to characterize the “weakening/strengthening”
effect on the grain boundaries caused by impure atoms [15,17] (Equation (4)).

AEEEB — EGB _ Eclean (4)

form form
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AESE, AEg%lk, and AEL? are the segregation energies when the impurities are located
at the grain boundary and at the positions within the grain and surface, respectively.
Niobium atoms replace the positions marked “0” in the grain boundary (Figure 1f), the
positions in the grain of the sixth atomic layer from the grain boundary (Figure 1a), and
the surface model. The calculations of AEZS’%”‘ and AE§ g are similar to Equation (4). After
structural optimization, the calculated segregation energy and impurity formation energies
at the grain boundary, in the grain, and on the surface are shown in Table 3. For comparison
between different positions of the same model, we converted the unit of Ef,,,, and AEgg to
eV, where the denominator 2A was replaced by 2.

Table 3. Calculated segregation energies of the system with Nb doped in the grain boundary of bcc Fe (eV).

Fe+Nb 5 Fe+Nb Fe+Nb F 3Fe GB I bulk GB bulk FS
E,él§+ E:eluxed ES bulk EEBE Erzelaxed ES E orm Ecui‘:r:l E ;lm AESI:" AES% AESE
—377.46 —178.38 —376.98 —370.30 —178.34 —20.74 —13.63 —20.26 —7.12 —6.64 —0.04

From the calculation results in Table 3, it can be seen that the impurity formation
energy of the system is the lowest when niobium atoms are at the grain boundary compared
with the surface and the crystal grains. From an energy point of view, niobium atoms
tend to segregate in the grain boundaries of ferrite. When the niobium atom is at the
grain boundary, the segregation energy of the system is —7.12eV, which reduces the grain
boundary energy and enhances the grain boundary cohesion.

3.5. Charge Distribution

Elements that reduce toughness gain electrons from adjacent metal atoms and weaken
the bond with adjacent atoms [14]. On the contrary, elements with increased toughness
transfer electrons to adjacent metal atoms to strengthen the bond with adjacent atoms. The
differential charge density diagram intuitively describes the bond formation and charge
gains and losses between atoms.

The differential charge density is defined as the difference between the charge density
of the atoms in the doping system and the charge density of the corresponding free atoms.
The calculation results show that the differential charge density between niobium atoms
and the nearest neighbor iron atoms on the (112) crystal plane (Figure 1f) and the (111)
crystal plane on both sides of the grain boundary (Figure 1d) is the strongest.

The electron is transferred from the niobium atom to the nearest neighbor iron atom.
When the (111) plane of the nearest neighbor (Figure 1d) and the second nearest neighbor
(Figure 1e) to the Nb atom, on both sides of the grain boundary, and the common valence
electrons of iron atoms increase, such as the 4-5, 7-6, 8-9, and 11-10 bonds, the iron atom
bond across the grain boundary is strengthened, producing the effect of strengthening the
grain boundary.

Table 4 shows the change of bond length between adjacent iron atoms of niobium
before and after doping.

Table 4. Change of bond length between adjacent iron atoms of niobium before and after doping (A).

Bond 0-1 4-5 7-6 8-9 11-10 4-8 5-9 6-10 7-11
undoped 2482 2.420 2.420 2.420 2.420 2.482 2.482 2482 2.482
Nb-doped  2.461 2.396 2.388 2.387 2.385 2.453 2.462 2.462 2.468

The bond length of the 0-1 bond on the (112) crystal plane at the grain boundary is
reduced by 0.85%. On the (111) crystal plane, the bond lengths of the 4-5, 7-6, 8-9, and
11-10 bonds across the grain boundary are reduced by 0.99% to 1.45% and the 6-10, 7-11,
5-9, and 4-8 bonds that do not cross the grain boundary on the crystal plane (112) are
reduced by 0.56% to 1.09%. The iron atoms that are close to niobium atoms, including
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those that cross grain boundaries and those that do not, have reduced bond lengths and
are closer to each other.

Mulliken population means that the electric charge is distributed among the con-
stituent atoms, which can determine the strength of the chemical bond between different
atoms. Table 5 shows Mulliken electronic populations of Nb and its neighbor Fe atoms on
the (110) crystal plane.

Table 5. Mulliken electronic populations of Nb and its neighbor Fe atoms.

Atom Orbital Fe (Nb) Fel Fe4 Fe8
4s 0.62 0.62 0.62 0.62
4p 0.83 0.83 0.79 0.79
Undoped 3d 6.57 6.57 6.59 6.59
total 8.03 8.03 8.0 8.0
Charge/e —0.03 —0.03 0 0
4s (5s) 2.8 0.71 0.69 0.64
4p (4p) 4.94 0.77 0.73 0.73
Nb-doped 3d (4d) 4.01 6.68 6.66 6.62
Total 11.75 8.16 8.08 7.99
Charge/e 1.25 —0.16 —0.08 0.01

Other researchers calculated the valence electron structure of metallic iron to be
3d62674g0-7904p0-943 [35], which is close to the charge distribution on the iron atom orbital
when it is undoped in Table 5. The charge distribution results show that the Nb atom loses
1.25 valence electrons; the iron atoms at positions 1 and 4 to 7 closest to the Nb atom get
0.08 to 0.16 electrons. The electron is transferred from the niobium atom to the nearest
neighbor iron atom. For the iron atom closest to niobium, the electrons in the s and d
orbitals increase while the electrons in the p orbital decrease. The p-orbital has strong
directivity, and the decrease of electrons in the p-orbital are beneficial to improving the
toughness of the material [36]. The charges in the occupancy of the 3d state for the closest
neighbor iron at the grain boundary increased by 1.67% from 6.57 to 6.68. The absolute
value and increase were close to the measured values of the electron energy loss spectrum
of 7.23,7.37, and 1.94%, respectively. Compared with Mulliken charge, Bader charge is
based on a more reasonable definition of interatom boundary, the charge enclosed within
the Bader volume is a better approximation of the total electronic charge of an atom.

3.6. Electronic Density of State

Before adding niobium, the iron atom at position 0 in Figure 1f and the iron atom at
the adjacent position have the same electronic density of states, and the lowest energy of
the electronic density of state is higher than —10 eV. After niobium is added, in the range
of —53.5--55.7 eV, —29.5-—32.0 eV, and —7.48-9.42 eV, for the 5s, 4p, and 4d orbitals of
niobium and the nearest iron atom 4s, 4p, and 3d orbitals, there are local peaks for the
electronic density of states distribution. Overlap of the orbital distribution energy of each
atomic orbit is the main sign that atoms participate in bonding. Local peaks in the range
of —7.48 to 9.42 eV are the most significant, indicating that the 3d orbital of iron mainly
interacts with the 4d orbital of niobium.

The distribution of the 3d valence electron density of state for iron at the position
closest to niobium before and after the addition of niobium is shown in Figure 7a,c and
Figure 7b,d, corresponding to position 1 in Figure 1f and position 4 in Figure 1d.
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Figure 7. Nb-undoped and Nb-doped electronic density of states of bec Fe for £3[110] (112) grain boundaries; contributions

from spin-up and spin-down eigenstates at (a)position 1, (b) position 4; contributions from both spin-up and spin-down

eigenstates summed at (c) position 1, (d) position 4.

The 3d electronic density of iron contributions from spin-up and spin-down eigenstates
are asymmetric, shown as Figure 7a,b, because the calculations for ferromagnetic bce-Fe
were performed including spin polarization. Figure 7c,d show the 3d electronic density
of iron contributions from both spin-up and spin-down eigenstates summed. The 3d
electronic density of state of iron decreases near the Fermi surface, the peak height of
the 3d electronic density of state distribution above the Fermi surface decreases, and the
proportion of the peak area below the Fermi surface increases in the bonding zone. The 3d
electronic density of state is distributed at lower energy, so that the energy of the system is
lower, the bond is stronger, and the structure is more stable [15,16,36].

Integrating the part below the Fermi surface in Figure 7c, the charges in the occu-
pancy of the 3d state for iron before and after the addition of niobium are 6.56 and 6.67,
respectively, an increase of 1.68%. This value and increase are similar to the first-principle
calculation value of the charge distribution in Table 5 and the result of the charges in the
occupancy of 3d state analyzed according to the electron energy loss spectrum test in Table 2.

From the results of these tests, niobium changes the valence electron structure of iron
at grain boundaries, provides more electrons for grain boundary bonding, and enhances
grain boundary bonding. The strengthening of grain boundaries by niobium can finally
be traced to the changes in the valence electron structure of iron at the grain boundaries:
due to the interaction between the 3d orbital of iron and the 4d orbital of niobium, the
distribution of the 3d valence electron density of state for iron moves to a lower energy, the
charges in the occupancy of the 3d state for iron increases, and the electrons are transferred
from niobium to the nearest neighbor iron atom; the interaction between adjacent iron
atoms across the grain boundary and on both sides of the grain boundary is strengthened,
and the connection between adjacent iron atoms is closer. There is an inherent connection
between the distribution of the 3d valence electron density of state for the grain boundary
iron atoms and the performance of the material. Therefore, it may be inferred that any
element, not limited to niobium, can strengthen the grain boundaries of ferrite and can be
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used to improve the strength and toughness of steel materials, as long as it can promote the
distribution of the 3d valence electron density of state for iron at the grain boundary to the
lower energy region. This is very helpful in optimization of material chemical composition
design.

4. Conclusions

In this paper, the effect of niobium on ferrite grain boundary strengthening is studied
from the perspective of the valence electron structure. The segregation of niobium at
the grain boundary was observed in the ferrite of X70 pipeline steel through a three-
dimensional atom probe test. The maximum atomic percentage content of niobium in the
grain boundary reached 0.294 and 0.466 at.%, which is 7.5-11.9 times the niobium content
of 0.039 at.% in the matrix. The results of the electron energy loss spectrum test show that
the charges in the occupancy of 3d state for iron at the grain boundary are higher than
that inside the grain, indicating that the grain boundary bonding was enhanced. From the
first-principles calculations, it can be seen that the enhancement of grain boundary bonds
is inherently related to the change of the 3d valence electron state density distribution of
iron at the grain boundary. Due to the interaction between the 3d orbital of iron and the
4d orbital of niobium, the distribution of the electron density of state moves to a lower
energy region, and the charges in the occupancy of 3d state for iron increase. These provide
more electrons for grain boundary bonding, thereby enhancing grain boundary bonding,
which is beneficial in improvng the strength and toughness of the material. In order to use
niobium more effectively to improve the properties of steel, the manufacturing process
could be improved to promote the grain boundary segregation of niobium. In addition, the
element or combination of elements could be selected from more types of microalloying
elements to effectively promote the distribution of the 3d valence electron density of state
for iron at the grain boundary to the low energy region, so as to provide more microalloying
options for the production of higher strength and toughness steel materials.

Author Contributions: Conceptualization, project administration, resources, and interpretation, Z.L.
(Zhongyi Li) and W.T.; writing—original draft, smf writing—review and editing, Z.L. (Zhongyi Li),
Z.L. (Zhipeng Li) and W.T.; investigation and visualization, Z.L. (Zhongyi Li) and Z.L. (Zhipeng Li);
supervision, W.T. All authors have read and agreed to the published version of the manuscript.

Funding: The three-dimensional atom probe and electron energy loss spectrum test have been
supported by funding from the Fundamental Research Funds for the Central Universities (FRF-
TP-19-012B1) and the key special project “High-strength pipeline steel under low-temperature and
high-pressure service conditions” (2017YFB0304904)of the “13th Five-Year” national key research
plan.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

1.  National Bureau of Statistics. China Statistical Yearbook 2019; China Statistics Press: Beijing, China, 2019.

2. Wang, X.X. Overview of the construction of super-large transportation capacity natural gas pipelines at home and abroad. Welded
Pipe Tube 2019, 42, 1-9. [CrossRef]

3. Jiang, YW, Niu, T;; An, C.G.; Wu, X.L.; Zhang, C.X,; Dai, X.L. Strain aging behavior of X70 pipeline steel. Chin. J. Mater. Res. 2016,

30, 767-772. [CrossRef]

4. Ji, LK, Li, HL.; Zhao, W.Z.; Wang, H.T.; Chen, H.Y,; Li, Y. Microstructure and strain-hardening performance analysis for X70
high strain line pipe. J. Xi’An Jiao-tong Univ. 2012, 46, 108-113.

5. Li, Z.Y,; Hu, XW.; Li, W.S; Tian, W.H.; Liu, D.L. Microstructure and properties of low yield strength ratio X70M steel. Trans.
Mater. Heat Treat. 2016, 37, 135-140. [CrossRef]

6.  Vervynckt, S.; Verbeken, K.; Thibaux, P.; Houbaert, Y. Recrystallization-precipitation interaction during austenite hot deformation
of a Nb microalloyed steel. Mater. Sci. Eng. A 2011, 528, 5519-5528. [CrossRef]


http://dx.doi.org/10.19291/j.cnki.1001-3938.2019.7.001
http://dx.doi.org/10.11901/1005.3093.2015.325
http://dx.doi.org/10.13289/j.issn.1009-6264.2016.04.024
http://dx.doi.org/10.1016/j.msea.2011.03.087

Materials 2021, 14, 61 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

Dorin, T.; Wood, K.; Taylor, A.; Hodgson, P.; Stanford, N. Effect of coiling treatment on microstructural development and
precipitate strengthening of a strip cast steel. Acta Mater. 2016, 115, 167-177. [CrossRef]

Maruyama, N.; Uemori, R.; Sugiyama, M. The role of niobium in the retardation of the early stage of austenite recovery in
hot-deformed steels. Mater. Sci. Eng. A 1998, 250, 2-7. [CrossRef]

Hutchinson, C.R.; Zurob, H.S.; Sinclair, C.W.; Brechet, Y.J.M. The comparative effectiveness of Nb solute and NbC precipitates at
impeding grain-boundary motion in Nb steels. Scr. Mater. 2008, 59, 635-637. [CrossRef]

Jia, T.; Militzer, M. The effect of solute Nb on the austenite-to-ferrite transformation. Metall. Mater. Trans. A 2015, 46, 614—621.
[CrossRef]

Deardo, A.]. Niobium in modern steels. Int. Mater. Rev. 2013, 48, 371-402. [CrossRef]

Shrestha, S.L.; Xie, K.Y.; Ringer, S.P.; Carpenter, K.R.; Smith, D.R.; Killmore, C.R.; Cairney, ]. M. The effect of clustering on the
mobility of dislocations during aging in Nb-microalloyed strip cast steels: In situ heating TEM observation. Scr. Mater. 2013, 69,
481-484. [CrossRef]

Li, X.L.; Wu, P; Yang, R].; Zhao, S.T,; Zhang, S.P; Chen, S.; Cao, X.Z.; Wang, X.M. Nb segregation at prior austenite grain
boundaries and defects in high strength low alloy steel during cooling. Mater. Design 2017, 115, 165-169. [CrossRef]

Messmer, R.P; Briant, C.L. The role of chemical bonding in grain boundary embrittlement. Acta Metall. 1982, 30, 457-467.
[CrossRef]

Wachowicz, E.; Kiejna, A. Effect of impurities on grain boundary cohesion in bee iron. Comput. Mater. Sci. 2008, 43, 736-743.
[CrossRef]

Geng, W.T.; Freeman, A.J.; Wu, R.; Olson, G.B. Effect of Mo and Pd on the grain boundary cohesion of Fe. Phys. Rev. B 2000, 62,
6208-6214. [CrossRef]

Shang, J.X.; Zhao, D.L.; Wang, C.Y. Effect of titanium on bcc Fe grain boundary cohesion. Acta Metall. Sin. 2001, 37, 893-896.
[CrossRef]

Muller, D.A.; Singh, D.J.; Silcox, J. Connections between the electron energy loss spectra, the local electronic structure, and the
physical properties of a material: A study of nickel aluminum alloys. Phys. Rev. B 1998, 57, 8181-8202. [CrossRef]

Pearson, D.H.; Ahn, C.C.; Fultz, B. Measurements of 3d occupancy from Cu L2,3 electron-energy-loss spectra of rapidly quenched
CuZr, CuTi, CuPd, CuPt, and CuAu. Phys. Rev. B 1994, 50, 12969-12972. [CrossRef]

Reaz, M.; Haque, A.; Cornelison, D.M.; Wanekaya, A.; Delong, R.; Ghosh, K. Magneto-luminescent zinc/iron oxide core-shell
nanoparticles with tunable magnetic properties. Phys. E 2020, 123, 114090. [CrossRef]

Reaz, M.; Haque, A.; Ghosh, K. Synthesis, characterization, and optimization of magnetoelectric BaTiO3-Iron oxide core-shell
nanoparticles. Nanomaterials 2020, 10, 563. [CrossRef]

Pearson, D.H.; Ahn, C.C.; Fultz, B. White lines and d-electron occupancies for the 3d and 4d transition metals. Phys. Rev. B 1993,
47,8471-8478. [CrossRef] [PubMed]

Hu, Z.Q.; Wang, L.H.; Liu, Y. Computer simulation of the materials behaviour at the electronic and atomic scale. Chin. ]. Mater.
Res. 1998, 12, 1-19. [CrossRef]

Segall, M.D.; Lindan, PJ.D.; Pickard, M.].PJ.; Hasnip, PJ.; Clark, S.J.; Payne, M.C. First-principles simulation: Ideas, illustrations
and the CASTEP code. J. Phys. Condens. Matter 2002, 14, 2717-2744. [CrossRef]

Wang, H.Y,; Gao, X.Y; Ren, H.P,; Zhang, HW.; Tan, H.]. First-principles characterization of lanthanum occupying tendency in
a-Fe and effect on grain boundaries. Acta Phys. Sin. 2014, 63, 148101. [CrossRef]

Du, Y.A; Ismer, L.; Rogal, J.; Hickel, T.; Neugebauer, J.; Drautz, R. First-principles study on the interaction of H interstitials with
grain boundaries in «-Fe and y-Fe. Phys. Rev. B 2011, 84, 144121. [CrossRef]

Gao, N,; Fu, C.C.; Samaras, M.; Schédublin, R.; Victoria, M.; Hoffelner, W. Multiscale modelling of bi-crystal grain boundaries in
bec iron. J. Nucl. Mater. 2009, 385, 262-267. [CrossRef]

Kohlhaas, R.; Dunner, P.; Schmitz-Prange, N.; Angew, Z. The temperature dependence of the lattice parameters of iron, cobalt,
and nickel in the high temperature range. Physics 1967, 23, 245.

Diaz-Fuentes, M.; Iza-Mendia, A.; Gutiérrez, I. Analysis of different acicular ferrite microstructures in low-carbon steels by
electron backscattered diffraction. Metall. Mater. Trans. A 2003, 34, 2505-2516. [CrossRef]

Gourgues, A.F; Flower, HM.; Lindley, T.C. Electron backscattering diffraction study of acicular ferrite, bainite, and martensite
steel microstructures. Mater. Sci. Technol. 2000, 16, 26—40. [CrossRef]

Wang, J.; Janisch, R.; Madsen, G.K.H.; Drautz, R. First-principles study of carbon segregation in bcc iron symmetrical tilt grain
boundaries. Acta Mater. 2016, 115, 259-268. [CrossRef]

Park, H.S.; Kang, J.S.; Yoo, ].Y.; Park, C.G. In-situ TEM and APT analysis on the dislocations associated with solute carbons in
strain-aged low carbon pipeline steels. Mater. Sci. Forum 2010, 654656, 122-125. [CrossRef]

Zhang, D.B.; Wu, C.D.; Yang, R. Grain boundary segregation of P in Fe-P and Fe-P-Ce alloys and effect on their brittleness. Acta
Metall. Sin. 1991, 27, A111-A114.

Rice, ].R.; Wang, ].S. Embrittlement of interfaces by solute segregation. Mater. Sci. Eng. A 1989, 107, 23-40. [CrossRef]

Peng, H.; Xie, Y.Q.; Wang, C.Y.; Wang, S.Y.; Peng, Q. Comparison between DV-Xamethod and single2atom theory for calculating
electronic structure and physical properties of pure Fe. Chin. |. Nonferrous Met. 2001, 11, 477-480.

Cheng, L.Q.; Yu, T; Xia, C.F; Qiu, Z.C. Electronic structure and doping effect of kink in edge dislocation of body-centred cubic
iron. Acta Phys. Sin. 2009, 58, S235-5239. [CrossRef]


http://dx.doi.org/10.1016/j.actamat.2016.05.043
http://dx.doi.org/10.1016/S0921-5093(98)00528-0
http://dx.doi.org/10.1016/j.scriptamat.2008.05.036
http://dx.doi.org/10.1007/s11661-014-2659-5
http://dx.doi.org/10.1179/095066003225008833
http://dx.doi.org/10.1016/j.scriptamat.2013.06.007
http://dx.doi.org/10.1016/j.matdes.2016.11.017
http://dx.doi.org/10.1016/0001-6160(82)90226-7
http://dx.doi.org/10.1016/j.commatsci.2008.01.063
http://dx.doi.org/10.1103/PhysRevB.62.6208
http://dx.doi.org/10.3321/j.issn:0412-1961.2001.08.024
http://dx.doi.org/10.1103/PhysRevB.57.8181
http://dx.doi.org/10.1103/PhysRevB.50.12969
http://dx.doi.org/10.1016/j.physe.2020.114090
http://dx.doi.org/10.3390/nano10030563
http://dx.doi.org/10.1103/PhysRevB.47.8471
http://www.ncbi.nlm.nih.gov/pubmed/10004883
http://dx.doi.org/10.1088/0256-307X/16/12/025
http://dx.doi.org/10.1088/0953-8984/14/11/301
http://dx.doi.org/10.7498/aps.63.148101
http://dx.doi.org/10.1103/PhysRevB.84.144121
http://dx.doi.org/10.1016/j.jnucmat.2008.12.016
http://dx.doi.org/10.1007/s11661-003-0010-7
http://dx.doi.org/10.1179/026708300773002636
http://dx.doi.org/10.1016/j.actamat.2016.04.058
http://dx.doi.org/10.4028/www.scientific.net/MSF.654-656.122
http://dx.doi.org/10.1016/0921-5093(89)90372-9
http://dx.doi.org/10.3321/j.issn:1000-3290.2009.z1.039

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Microstructure Analysis 
	Three-Dimensional Atom Probe Test 
	Electron Energy Loss Spectrum Measurement 
	First-Principles Calculation 

	Results and Discussion 
	Grain Boundary Characteristics 
	Elements Distribution Near Grain Boundaries 
	Electron Energy Loss Spectrum and Charges in the Occupancy of Fe 3d State 
	Segregation Energy 
	Charge Distribution 
	Electronic Density of State 

	Conclusions 
	References

