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Abstract: The temperature dependences of the kinematic viscosity and surface tension of liquid
pipe steel with different modes of melt preparation were investigated. A transition zone was found
on the temperature dependences of the thermophysical properties, which separates the regions
with different activation energies of viscous flow and surface tension. At the heating stage in
the transition zone, the thermal decomposition of clusters based on cementite Fe3C occurs. As a
result of the decomposition, free carbon atoms appear which tend to give a uniform distribution in
liquid iron with increasing temperature. At a low content of alloying elements and impurities, a
high-temperature melt should have a large-scale cluster structure, which provides a more uniform
distribution of chemical elements. The melt after vacuum degassing has a narrow transition zone
near 1920 K, in contrast to the wide transition zone of the melt without vacuum degassing. The
wider transition zone is shifted to high-temperature and this shift is associated with the thermal
decomposition of carbides and oxides. Studies have shown that heating liquid pipe steel above the
temperature of the liquid-liquid structural transition makes it possible to obtain a more homogeneous
structure with a more uniform distribution of alloying and impurity elements in the melt. The sharp
drop in surface tension at temperatures above 1920 K in the melt without vacuum degassing is
associated with the diffusion of free S and O atoms, which are released after thermal decomposition
of sulfides and oxides.
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1. Introduction

Large diameter pipes up to 1420 mm are made of pipe steel and are used for produc-
tion and long-distance transmission of oil and gas. Pipe steel should have high strength,
toughness, and a low ductilebrittle transition temperature. To achieve these properties,
the steel must contain C, no more than 0.24 wt%, Mn, no more than 1.4 wt%, and Si, no
more than 0.6 wt% depending on the strength class. Microalloying with Al, Nb, Ti, V in
an amount not exceeding 0.15 wt% of each element contributes to grain refinement. To
improve the corrosion resistance, a limited amount of Cr, Ni, Mo, Cu is introduced into the
steel. The content of impurities P, S, N, O should be at the minimum level. As a rule, the
content of alloying elements and impurities in pipe steel does not exceed 2 wt%, so this
steel can be called a multicomponent low alloyed steel.

For the production of large diameter pipes, a welded method is used based on a
straight or spiral seam. In the case of a welded production method, the strength properties
of the pipes are significantly affected by the heat-affected zone (HAZ) [1,2]. HAZ is a
region of the base metal that does not melt but has a microstructure and properties that
are different from that of the molten and base metal. The pipe flattening test evaluates the
ductility of a weld.

Usually, to obtain high-strength pipes, the influence of the chemical composition on the
microstructure and mechanical properties of welding HAZ is investigated [3]. On the other
hand, it is known that the preparation of the melt has a significant effect on the structure
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and properties of the steel [4]. A large number of alloying elements and impurities in the
pipe steel affect the micro-heterogeneous structure of the melt [5-8]. The tendency for some
atoms to approach each other leads to an inhomogeneous distribution and the formation
of clusters [9-11]. Clusters represent groups of atoms with a certain chemical composition
and arrangement of atoms relative to each other. The inhomogeneous structure of the
molten metal manifests itself in the features of the temperature dependences of the physical
properties, for example, the melt viscosity [12,13].

Kinematic viscosity is related to the mobility of liquid particles, and the temperature
dependence of viscosity can be represented in the form of the Arrhenius equation [14]:

Ea
v =vgeRT (1)

where v is the kinematic viscosity (m?-s~1), vg is the pre-exponential factor with the
dimension of the kinematic viscosity, E; is the activation energy of the viscous flow
(J-mol~1), R is the gas constant (J-K 1.mol™1), T is the absolute temperature (K). Ac-
cording to Equation (1), at constant vy and E,, the melt viscosity decreases with increasing
temperature. After taking the logarithm we obtain the Arrhenius plot:

E,
lnvflnvo—l—ﬁ )

Thus, the logarithm of the kinematic viscosity is a linear function of the inverse
absolute temperature. From the temperature dependence Equation (2), one can find the
activation energy E; and the pre-exponential factor vy.

When heating or cooling the liquid multicomponent alloy, a liquid-liquid structure
transition can occur [15-18]. The structure transition changes the chemical composition
and size of the clusters and leads to a change in the activation energy. In the transition
zone, the Arrhenius plot deviates from linearity and this anomaly can present a different
shape [19]. On the other hand, the structure of the melt depends on the temperature and
holding time, that is, on the heat treatment of the liquid steel. Thus, the melt preparation
can significantly affect the physical properties of the steel.

A change in the melt structure can also affect the temperature dependence of the
density [6,20]. In multicomponent melts, the chemical composition of the surface can differ
significantly from the bulk [21]. The chemical composition of the surface layer depends on
the ability of alloying and impurity elements to diffuse to the surface and evaporate [22,23],
that is, on the segregation energy and vapor pressure.

In this work, we investigated pipe steel used for the production of welded casing
pipes with a diameter of up to 530 mm. Casing pipes are lowered into the borehole, to keep
the rock from sagging. The aim of our study was a semi-quantitative assessment of the
melt structure and the relationship between the structure of liquid pipe steel with different
modes of melt preparation and the results of weld flattening tests. For this, the temperature
dependences of the kinematic viscosity and surface tension of liquid pipe steel samples
with different modes of melt preparation were investigated.

2. Materials and Methods

Samples of pipe steel were obtained after melting the alloy in an electrical arc furnace,
out-of-furnace treatment of the melt, casting slabs 90 mm thick, hot rolling to a final
thickness of 8 mm, accelerated cooling, and coiling. Liquid steel 1 was tapped from an
arc furnace at a temperature of 1925 K without vacuum degassing. Liquid steel 2 was
tapped from an arc furnace at 1970 K with vacuum degassing. The specimens had different
properties after weld flattening tests. Sample 1 gave unsatisfactory test results and sample
2 good results. The chemical composition of the samples is presented in Table 1 and
represents the average of three measurements. An ARL 4460 Metals Analyzer was used to
determine the C, S, N, and O content, and other chemical elements were determined using
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a Leco GDS 500A Optical Emission Spectrometer. The error in determining the chemical
composition was 1%. The liquidus temperature of pipe steel T; = 1770 K was determined
by a formula derived from multiple regression analysis [24]. The formula relates the
liquidus temperature to the C, Si, Mn, Cr, Mo, Ni, P, S content for low alloyed steel. The
liquidus temperature 1770 K corresponds to the lower boundary of the temperature range
for studying the thermophysical properties of liquid pipe steel.

Table 1. Chemical composition of pipe steel samples.

Sample Chemical Composition, wt%

Number ¢ si Mn Al C Ni Cu P N s o]
1 021 028 1.05 0022 0.1 0.1 0.22  0.010 0.009 0.003 0.079
2 022 026 083 0028 005 006 017 0.012 0.007 0.0006 0.034

The samples of pipe steel were placed in a beryllium oxide beaker to measure the tem-
perature dependence of the kinematic viscosity. The kinematic viscosity was determined
by the method of torsional vibrations in an atmosphere of pure helium at a pressure of
10° Pa [25]. Before the measurement, the melt was kept at a predetermined temperature for
5 min to stabilize the structural state. During heating and cooling, the melt temperature
was changed with a step of 30 K. The error in measuring the kinematic viscosity was 3%.
The surface tension was measured in the same mode using the method of a sessile drop in
a helium atmosphere. The error in measuring the surface tension did not exceed 3%.

3. Results and Discussion

Figure 1 shows the kinematic viscosity on a natural logarithmic scale Inv as a function
of the inverse absolute temperature T~! upon heating to maximum temperature Tmax =
2090 K and cooling the pipe steel melt 1. Linear sections of Arrhenius plots are a linear
regression of experimental points and correspond to the melt flow with constant activation
energy E,. We assume that in linear regions with increasing temperature the viscosity
decreases due to an increase in the mobility of atoms or clusters without changing the melt
structure. In the temperature range 1940-1980 K, a transition zone was found, in which the
activation energy of the viscous flow changes. In the transition zone, there is an anomalous
deviation from the linear Arrhenius plot, which indicates that here the melt structure is
nonequilibrium. The transition zone takes place both in the heating and cooling stages.
Similar temperature dependences of the kinematic viscosity were also obtained for another
sample of pipe steel 1 with heating to maximum temperature Tmax = 2000 K.

Figure 2 shows the kinematic viscosity on a natural logarithmic scale Inv as a function
of the inverse absolute temperature T-1 upon heating to maximum temperature Tmax =
1995 K and cooling the pipe steel melt 2. Arrhenius plot of the pipe steel melt 2 also has
two linear sections in the low-temperature and high-temperature regions at the heating
and cooling stages, but with a narrow transition zone near 1920 K.

The calculated activation energies E, and pre-exponential factors vy are given in
Table 2. It can be seen that the highest activation energy takes place in the high-temperature
region at the heating stage. At the cooling stage, the activation energy decreases, but still
remains above the initial values.



Metals 2021, 11, 1099

40f10

Temperature 7/K

2100 2050 2000 1950 1900 1850
-13.8 T T T T T ]
@ Heating L0
_139 F o Cooling
Tmax:2’090K 1 0.9
-14.0
1 0.8
2 141t
1 0.7
-142 r
1 0.65
_143 1 1 L 1 1 L
4.7 4.8 49 5.0 5:1 5.2 53 5.4
T /10° %K

2

. 3 . 5 —6
Kinematic viscosity v/10 xm"™s

Figure 1. Kinematic viscosity on a natural logarithmic scale Inv as a function of the inverse absolute
temperature T-1 upon heating to maximum temperature Tmax = 2090 K and cooling the pipe

steel melt 1.
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Figure 2. Kinematic viscosity on a natural logarithmic scale Inv as a function of the inverse absolute
temperature T-1 upon heating to maximum temperature Tmax = 1995 K and cooling the pipe

steel melt 2.
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Table 2. Calculated activation energy of viscous flow E; and pre-exponential factor v in pipe steel melt for linear sections

of Arrhenius plots.

Heating Cooling
Sample High Temperature Low Temperature High Temperature Low Temperature
Number (T max) E E £
108 2 o—1 ar 108 2 -1 ar 108 2.o—1 ar .108 2 -1
19-10°, m*-s \J-mol 1 v0-10°, m*-s 1J-mol -1 19-10°, m*-s \J-mol 1 v0-10°, m*-s
1 (2090 K) 0.56 30.6 12.7 30.8 11.5 425 6.0
1 (2000 K) 0.86 32.6 12.0 343 10.6 53.5 32
2 (1995 K) 1.77 352 7.6 445 4.14 29.6 10.5

Earlier [26], for simple liquid metals and multicomponent FeCuNbSiB-based melts,
a relationship was found between the reduced activation energy E,-(RT)~! and the pre-
exponential factor vg.
E,
T
where C is a dimensionless constant that generally depends on temperature. This relation-
ship is universal for all quantities, the temperature dependence of which is expressed by
the Arrhenius equation. Figure 3 shows the relationship between the reduced activation
energy E,-(RT)~! and the pre-exponential factor in natural logarithmic scale Invg for pipe
steel melts at a temperature of 1950 K. The adjusted coefficient of determination Rzad]- for
linear relation Equation (3) is 0.98, and the constant C = —14.1. For simple liquid metals
and multicomponent FeCuNbSiB-based melts, the dimensionless constants are —14.7 and
—13.9, respectively [26].

C—Iny 3)

6
- T=1950K

-20 -19 -18 -17 -16 -15
Inv,

Figure 3. Relation of the reduced activation energy Eq-(RT)~! with the pre-exponential factor in the
natural logarithmic scale Invg for pipe steel melts at a temperature of 1950 K.

In the transition state theory [27], the motion of one layer of liquid relative to another
occurs due to the transition of a particle of size a2 (m) from the equilibrium state to a free
site (hole). In such a mechanism of viscous flow, the kinematic viscosity can be expressed

in the form [27,28]
1/2 1/3
s= (FT) () ol 0

ap \%

where kg is the Boltzmann constant (J-K™1), p is the density (kg-m’3 ), v¢/v is the relative
free volume. If the pre-exponential factor from Equation (4) is substituted into Equation (2),
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then we obtain the relationship between the reduced activation energy and the particle size
in the form £
a p—

where C; is a dimensionless constant, which in the general case also depends on tempera-
ture. It follows from Equation (5) that the activation energy increases with an increase in
the size of particles participating in the viscous flow.

Electronegativity measurements Xy p on the Luo—Benson scale for the main chemical
elements of pipe steel Fe, C, Si, Cu, Ni, Cr, Mn are 1.72, 5.19, 3.41, 2.30, 1.92,1.72, and 1.71,
respectively [29]. Carbon atoms are most strongly associated with iron atoms since these
two elements have the most distinct electronegativities. Therefore, in the low-temperature
region, the most stable clusters in the melt are formed on the basis of cementite Fe;C,
which has a melting point of 1923 K [30]. Iron in cementite can be replaced by Mn or other
transition metals [31].

At high temperatures, the alloying elements and impurities should move into positions
with a uniform distribution among the iron atoms. Figure 4 explains how the uniformity of
the atom distribution can be related to the size of C-centered clusters. The carbon atoms
(red) arein a 12 x 12 flat cell among the iron atoms. Figure 4a carbon atoms are surrounded
by iron atoms in 3 x 3 clusters. This diagram most closely illustrates a melt with cementite
clusters. After the cementite decomposition, free carbon atoms appear, which tend to be
uniformly dispersed among the iron atoms. Figure 4b shows the distribution of carbon
atoms in 6 x 6 clusters. The central cells in the cluster are shown in gray; they are the
positions of the preferred arrangement of carbon atoms in the central part of the cluster.
Cells into which carbon atoms move along the shortest path when going from 3 x 3 to
6 x 6 are marked in pink. This state corresponds to a more uniform distribution of free
carbon atoms. From Figure 4 it follows that for a uniform distribution of impurity atoms, it
is preferable to have a large-scale cluster structure.

.Fe I O W

(a) (b)

Figure 4. Schematic representation of the cluster structure in a low-alloyed Fe-C melt with a cluster
size of 3 x 3 (a) and 6 x 6 (b). Red cells represent carbon atoms in 3 x 3 clusters, gray cells represent
the preferred locations for carbon atoms in 6 X 6 clusters, pink cells represent the places where carbon
atoms move along the shortest path.

Let us now discuss the temperature dependences of the kinematic viscosity consid-
ering the relationship between the activation energy and the cluster size. During heating
to the transition zone, the melt has a low activation energy, see Table 2. Most likely, in
the low-temperature region, the viscosity is determined by stable Fe;C clusters. In the
transition zone, the kinematic viscosity increases or does not change. This indicates a
decrease in the activation energy of the viscous flow. Taking into account the relationship
between the activation energy and the cluster size, it should be assumed that the thermal
decomposition of clusters occurs in the transition zone. In the high-temperature region, at
the heating stage, the activation energy increases by a factor of 2-3 in comparison with the
low-temperature region. Consequently, after the cluster decomposition, a new large-scale
cluster structure is formed, which provides increased uniformity in the atom distribution
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in accordance with the scheme in Figure 4. Thus, the temperature near 1920 K can be taken
as the temperature of the liquid-liquid structural transition for pipe steel.

At the cooling stage with decreasing temperature, the interaction of carbon and iron
atoms intensifies, and they tend to occupy positions close to FesC. Such a directed motion
of atoms with high mobility in the high-temperature region promotes fragmentation of the
cluster structure of the melt and a decrease in the activation energy.

The pipe steel melt 2 has a narrow transition zone, see Figure 2. This melt is cleaner and
contains less impurities because it was tapped from the arc furnace at a higher temperature
with a vacuum degassing. Wider transition zone in the pipe steel melt 1, see Figure 1,
most likely, indicates a more diverse phase composition of the clusters. Silicon can form
fairly stable bonds with iron; however, the melting point of FeSi is 1683 K and below the
temperature of the beginning of the transition zone of 1940 K. On the other hand, Si, Cu, Nji,
Cr, Mn can be attracted to carbide clusters and also be a part of iron clusters without carbon.

Oxides can play a significant role in the formation of the cluster structure of the pipe
steel melt 1, since the alloy was melted at a lower temperature without vacuum degassing.
Manganese oxide MnO has a melting point of 2123 K. The melting point of silicon oxide
in the p-cristobalite form is 1996 K, and in the B-tridymite form it is 1943 K [32]. Thus,
a wider transition zone in the pipe steel melt 1, which is shifted to the high temperature
region compared to the pipe steel melt 2, see Figures 1 and 2, can be associated with both
the decomposition of carbides and high-temperature oxides.

The melt density when cooled is higher than when heated [28]. This indicates that the
atoms occupy positions with the lowest potential energy at this maximum temperature,
and they tend to remain in these positions during the cooling. Heating the melt above the
temperature of the anomalous zone is accompanied by a transition to a more homogeneous
structure with a higher density and a flow of the melt with an increased activation energy.
After solidification, the overheated melt partially retains high-temperature structural
elements with a more uniform distribution of atoms. This structure helps to reduce the
liquidus temperature. With an increase in the rate of melt transition to the solid state, the
heredity of the high-temperature structure intensifies.

Figure 5 shows the temperature dependence of the surface tension upon heating to
maximum temperature Tmax = 1995 K and cooling of the pipe steel melt 1. In the low-
temperature region at the heating stage, the surface tension first drops and then returns to
the initial value. At temperatures above 1920 K, the surface tension rapidly decreases, and
the drop continues during the cooling stage to a temperature of 1920 K. Earlier above this
temperature, we found a transition zone in which the activation energy of the viscous flow
changes, see Figure 1.

2.8
g 26F e Heating
£
g o Cooling
=
g 24 Tm=1995K
7]
=
&
5]
Qo 22 r
&
—
=
n
20 °
1'8 1 1 1 1 |

1700 1750 1800 1850 1900 1950 2000
Temperature 7/K

Figure 5. The temperature dependence of the surface tension upon heating to maximum temperature
Tmax = 1995 K and cooling of the pipe steel melt 1.
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Figure 6 shows the temperature dependence of the surface tension upon heating to
maximum temperature Tmax = 1875 K and cooling of the pipe steel melt 1. The maximum
temperature of 1875 K below the beginning of the transition zone, and the temperature
dependence of the surface tension do not undergo sharp changes.

2.8
® Heating

26 F o Cooling
g T, =1875K
0
= 5 o

L o—— o)

& ° ° o ©
72}
=
&
(]
o 22 f
&
=
=
n

20

1‘8 1 1 1 1 1

1700 1750 1800 1850 1900 1950 2000
Temperature 7/K

Figure 6. The temperature dependence of the surface tension upon heating to maximum temperature
Tmax = 1875 K and cooling of the pipe steel melt 1.

The temperature dependence of the surface tension upon heating to maximum tem-
perature Tmax = 1995 K and cooling of the pipe steel melt 2 is shown in Figure 7. When
heated, the surface tension decreases to a temperature of 1920 K. With further heating and
at the stage of cooling, the surface tension remains almost unchanged. Comparison of
Figures 5 and 7 shows a significant difference in the surface tension of pipe steel 1 and 2. It
should be recalled that molten steel 1 was tapped from an arc furnace at 1925 K without
vacuum degassing, while molten steel 2 was tapped from an arc furnace at 1970 K with
vacuum degassing. Therefore, sample 1 contains an increased sulfur and oxygen content,
see Table 2.

2.8
® Heating
| o Cooling
o 2.6
= T = 1995 K
2
=
52
75]
=
&
(5}
o 22 r
&
-
=3
w2
20
1‘8 1 1 1 1 1
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Temperature 7/K

Figure 7. The temperature dependence of the surface tension upon heating to maximum temperature
Tmax = 1995 K and cooling of the pipe steel melt 2.
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The surface tension of a multicomponent melt depends on the chemical composition
of the surface layer. Copper and nickel in iron have the highest surface segregation energies
—0.83 and —0.65 eV per atom, respectively [23], and they primarily diffuse to the surface.
The energy of surface segregation of Mn in Fe is noticeably lower and equal to —0.16 eV
per atom, but Mn is the main alloying element in pipe steel, so its content in the surface
layer will prevail. Copper and manganese actively reduce the surface tension in the iron
melt [33]. However, Mn predominates, and it has a major effect on reducing surface tension
in the low-temperature region of the pipe steel melt 1 and 2.

The sharp drop in surface tension in the pipe steel melt 1 can be explained by diffusion
of sulfur and oxygen, which are surface-active elements and, even in small amounts,
significantly reduce the surface tension of steel [33]. Free S and O atoms appear after the
thermal decomposition of manganese sulfides MnS (T, = 1888 K) and oxides MnO (T, =
2123 K) and SiO; Ty, = 1943-1996 K.

4. Conclusions

The temperature dependences of the kinematic viscosity and surface tension of liquid
pipe steel with different modes of melt preparation before casting were investigated. The
temperature dependences of the thermophysical properties of the liquid pipe steel have
a transition zone that separates the regions with different activation energies for viscous
flow and surface tension. Thermal decomposition of clusters based on cementite Fe;C
occurs in the transition zone at the heating stage. The decomposition is accompanied by
the appearance of free carbon atoms, which tend to give a uniform distribution in liquid
iron with increasing temperature. The activation energy of the viscous flow increases with
increasing cluster size. In the high-temperature region of liquid pipe steel, the activation
energy is the highest and the cluster size is the largest. It has been proved that with a
low content of alloying elements and impurities, a high-temperature melt should have
a large-scale cluster structure, which provides a more uniform distribution of chemical
elements. The liquid pipe steel with vacuum degassing has a narrow transition zone near
1920 K, in contrast to the wide transition zone of 1940-1980 K in the pipe steel without
vacuum degassing. The wider transition zone, which is shifted to a high temperature,
can be attributed to the thermal decomposition of both carbides and high-temperature
oxides. Thus, heating liquid pipe steel above the temperature of the liquid-liquid structural
transition makes it possible to obtain a more homogeneous structure with a more uniform
distribution of alloying and impurity elements in the melt. In the low-temperature region,
the surface tension of the liquid pipe steel is reduced due to the increased Mn content in
the surface layer. A sharp drop in the surface tension of the pipe steel without vacuum
degassing at temperatures above 1920 K is associated with the diffusion of free sulfur and
oxygen atoms, which appear after the thermal decomposition of sulfides and oxides.
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