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Abstract: The experimental schemes of lanthanum (La)
treatment, yttrium (Y) treatment, and La/Y mixed treat-
ment of inclusions in SWRH82B steel were used. The size
distribution, number density, inter-surface distance, the
degree of homogeneity, and the area density of inclusions
in the test steel were determined. The results show that
the rare earths have a certain refinement and homogeni-
zation effect on the inclusions, and the mixed rare earths
have the best effect on the inclusions in the steel. The
average size of inclusions after mixed rare-earth treat-
ment is 1.23 μm, the average size of inclusions after
rare-earth La treatment is 1.79 μm, and the average size
of inclusions after rare-earth Y treatment is 1.37 μm.
Thermodynamic calculations show that the affinity of
rare earths to oxygen in steel is higher, and the affinity
to sulfur is lower. La and oxygen–sulfur have a higher
affinity, and the affinity of Y and oxygen–sulfur is lower.
In addition to single inclusions, there are complex inclu-
sions in the steel.

Keywords: rare earth, mixed treatment, SWRH82B,
inclusions

1 Introduction

The finished products of SWRH82B wire rod steel are used
in railways, highway bridges, crane beams, nuclear reac-
tors, long-span bridges “cable rods,” and the construction
of prestressed concrete water pipelines [1]. The drawing
performance of 82B wire rod steel affects the performance
of the product. When developing high-quality hard wires,
we have been pursuing high wire processing performance
to prevent breakage during the drawing process. The non-
metallic inclusions in the hard wire steel have an important
influence on the wire breakage during the cold drawing
process, which will cause the steel to break early in the
actual application. The number, size, type, and distribution
of the inclusions are very important to the performance of
the hard wire steel [2–5]. The production practice of metal
product enterprises has proved that inclusions are easy to
cause a brittle fracture in the steel drawing process.

Zejin studied the reasons for the brittle fracture of
SWRH82B wire rod steel, and the results show that it is
caused by Al2O3, CaO, and SiO2 inclusions. The method of
refinement of inclusions is used to improve the properties
of steel [6]. Zhao et al. studied the microstructure, fracture
morphology, composition, and distribution of SWRH82B
wire rod steel to find the causes of internal defects [7].
The results show that there are serious segregation,
uneven microstructure, and uneven distribution of inclu-
sions in the steel [7]. Hao et al. studied the influence of
calcium treatment on inclusions in H13 die steel, calcu-
lated the transformation process of inclusions in steel by
thermodynamics, and discussed the influence of calcium
treatment on the composition and structure of inclusions,
but it only uses a separate Ca treatment [8]. Zheng et al.
studied different Ti/Mg ratios to treat inclusions in steel
and studied the effects of inclusion characteristics,
sulfur content, and deoxidation product quantity on
the precipitation behavior of MnS [9]. The results
showed that mixed addition is better than Ti treatment
alone or Mg treatment alone. Therefore, it can be con-
sidered to use mixed rare earth to treat the inclusions
in steel [9].
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Yue et al. studied the type, morphology, and distri-
bution of non-metallic inclusions in weathering steel by
adding rare earths. The results showed that rare earths
changed the types and morphologies of inclusions in
weathering steel. Small spherical rare earth oxysulfides
and rare earth sulfides replace the elongated MnS inclu-
sions in the steel. Rare earth inclusions are evenly dis-
tributed, and most of the inclusions are less than 2 μm in
size [10]. Huang et al. studied the modification process of
rare earth Ce on magnesium–aluminum spinel and gra-
phite in steel [11]. The results show that the rare earth Ce
has a good modification effect on Al2O3 and MgAl2O4, has
refined the inclusions in the steel, improved the fatigue
resistance of the steel, and prolonged the service life. [11].
There are many studies on thermodynamics [12–17] and
kinetics [18–20] of a single element (calcium–magnesium
treatment or rare-earth treatment) in the treatment of
inclusions in steel and less research on the treatment of
inclusions in steel with mixed rare earths.

In this study, two kinds of rare earth elements (lanthanum
[La] and yttrium [Y]) were added to SWRH82B steel, and the
influence of rare earth on the number, size, inter-surface dis-
tance, degree of homogeneity, and area density of inclusions
in the steel was analyzed. Therefore, themodification effects of
different treatment methods were compared. In addition, ther-
modynamic calculations were used to analyze the formation
sequence of rare-earth inclusions and the types of inclusions
that may exist in molten steel.

2 Experiment

This experiment used pure iron, recarburizer, Fe–Mn alloy,
aluminum bar, rare earths La and Y as raw materials and is
smelted in an intermediate frequency induction furnace.

The element content is referenced to SWRH82B steel, and
its chemical composition is shown in Table 1.

Experimental procedure is as follows: 10 kg of pure
iron, recarburizer, and Fe–Mn alloy were added into a
crucible with a capacity of 20 kg; when the medium-fre-
quency induction furnace was heated to 1,873 K, the
molten steel was stirred to melt completely. Stirring
method is as follows: an aeration device was connected
to the top of the induction furnace; when the experi-
mental raw materials and rare earths were added, the
aeration device was passed through a high-temperature
aeration pipe and argon gas was introduced from the
top to the bottom to stir the molten steel to realize the
uniformity of the raw materials. After 5 min, an alu-
minum bar was added to deoxidize and the molten steel
was stirred. After 5 min, the rare earth was added and
the molten steel was stirred. After holding for 3 min, the
molten steel was poured into the mold to cool in the
air, and the molten steel was sampled after solidification
and cooling. The general flow of the test is shown in
Figure 1.

The whole experiment was divided into three groups,
and different rare earths were added under the same
experimental conditions. 1# test steel added 0.01% rare
earth La and 0.01% rare earth Y, 2# test steel added
0.02% rare earth La, and 3# test steel added 0.02% rare
earth Y. The yield of rare earth is taken as 10% for calcu-
lation and addition [21]. However, the specific test steel
composition is subject to the inductively coupled plasma
(ICP) test results (ICP-OES: PerkinElmer 8300; PerkinElmer
ICP 2100; ICAP7400; PerkinElmer Optima 5300 DV;
OPTIMA 8000). ICP is the main light source for atomic
emission spectroscopy and mass spectrometry; with
ICP as the center, multiple detection units are installed
around, forming a multi-element analysis system. Quanti-
tative analysis of elements is performed by accepting emis-
sion spectra of different wavelengths, the atoms to be
measured are in an excited state, and their respective char-
acteristic spectral lines can be simultaneously emitted for
element content determination. The average value was
obtained by measuring three times, and the results are
shown in Table 2.

Table 1: Chemical composition of SWRH82B (wt%)

Element C Si Mn P S

Content 0.79–0.86 0.15–0.35 0.6–0.9 ≤0.03 ≤0.03

Figure 1: The general process of the test.
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The finished product of the experiment was cut into
small samples, the size of the sample was 10mm × 10 mm
× 12 mm. The sample was treated with sandpaper (from
240 to 3,000 mesh), then polished (the model of the pol-
ishing paste isW2.5 and the finish range is 0.025–0.012mm),
and finally cleaned with ethanol and dried with a blower.
Under the magnification of 1,000 times, energy-dispersive
spectroscopy (EDS) and scanning electronmicroscope (SEM)
instrument were used to photograph the sample and con-
tinuously photograph 100 SEM images. The captured SEM
images were imported into Image-ProPlus software (Image-
ProPlus 6.0; Media Cybernetics, Rockville, MD, USA) to ana-
lyze the size distribution, number density, inter-surface
distance, degree of homogeneity, and area density of inclu-
sions in the sample steel.

3 Experimental results

3.1 Morphology and composition of
inclusions

To determine whether the rare earths La and Y have an
effect on the inclusions, SEM and EDS were used to detect
the inclusions in the test steel (the results are shown in
Figures 2 and 3). Figure 2 is the morphology and compo-
sition distribution diagram of the inclusions, and Figure 3
is the EDS diagram of the corresponding inclusions. 1# in

Figure 2 is the inclusion after adding rare earths La and Y,
area (2) is the inclusion containing La, and area (a) and
area (3) are the inclusions containing Y. It can be seen
that the La-containing inclusions are wrapped by the Y-
containing inclusions. At the same time, it shows that
after the rare earths La and Y are added, La reacts first,
followed by Y, and the La-containing inclusions serve as
the nucleation core. Both rare earths have played a mod-
ifying role. 2# in Figure 2 is the inclusion after adding rare
earth La. Area (1) is the La-containing inclusion, and area
(2) is basically Al2O3 inclusion. According to the mor-
phology of the inclusions, it can be seen that the La-
containing inclusions half-wrapped the Al2O3 inclusions,
and the rare earth La also has a modification effect. 3# in
Figure 2 is the inclusion after adding rare earth Y. The
entire area of the inclusion contains Y, Al, O, and S ele-
ments. It shows that after rare earth Y is added, the Al2O3

inclusions in the steel are modified. Combining the reac-
tion effects of three inclusions, we can conclude that the
addition of rare earths modifies the inclusions in the steel
to varying degrees. The two-dimensional morphology of
the inclusions tends to be round, and the size of the
inclusions is also smaller.

It is not convincing to photograph a single inclusion.
To confirm the modification effect of rare earth, 20 inclu-
sions were detected by EDS and the average chemical
composition of the inclusions in the sample steel was
calculated. The results are shown in Figure 4. When
adding rare earths La and Y, the average content of La
is 33.4%, and the average content of Y is 20.5%; when

Table 2: Chemical composition of test steel (wt%)

Number C Mn Si P S Al O La Y Fe

1# 0.820 0.80 0.21 0.019 0.006 0.072 0.0057 0.012 0.013 bal.
2# 0.818 0.81 0.21 0.018 0.007 0.080 0.0082 0.023 — bal.
3# 0.822 0.81 0.20 0.019 0.007 0.079 0.0096 — 0.024 bal.

Figure 2: Composition distribution of inclusions in test steel.
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adding rare earth La, the average content of La is 38.2%;
when adding rare earth Y, the average content of Y is
31.1%. Because the total amount of inclusions added in
the three test steels is the same. Combining the results in

Figure 4, it is concluded that the amount of mixed rare
earth added is the highest, followed by rare earth La, and
rare earth Y is the lowest.

To further determine the distribution of elements, a
ternary phase diagram was made for 20 EDS detection
results, and the results are shown in Figure 5. Comparing
the atomic compositions and proportions of the three test
steels, it can be concluded that after adding rare earths La
and Y, the distribution of inclusions in the steel is basi-
cally concentrated on La, Y, O, and S (1# in Figure 5).
After adding rare earth La, the composition distribution
of inclusions is mostly concentrated on La, O, and S (2# in
Figure 5). After adding rare earth Y, the composition dis-
tribution of inclusions is mostly concentrated on Y, O,
and S (3# in Figure 5). Moreover, the inclusions have
the highest degree of element aggregation in the sample
steel with mixed rare earths. Based on the above analysis,
it is shown that after the addition of rare earths, the inclu-
sions have been modified to varying degrees. Among
them, the effect of adding mixed rare earth is the best,
which may represent a higher use value.

Figure 3: Sweep of inclusions in test steel.

Figure 4: Chemical composition of inclusions in test steel.

Figure 5: Elements’ distribution of inclusions in test steel.
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3.2 Characteristics of inclusions

Figure 6 is the variation curve of the number of inclusions
on 1 μm2 with the diameter of inclusions. The curve is
similar to a normal distribution (the variable corresponding
to the peak of the curve is the mean, and the mean refers to
the independent variable of the centralized distribution).
The variable (inclusion diameter) corresponding to the
peak of the number density of inclusions in Figure 6 is
about 1.4 μm, so the size of most of the inclusions is
between 1 and 2 μm. The number densities of inclusions
with diameters between 1 and 2 μm in the three test steels
are very large, indicating that the number of inclusions with
smaller diameters is larger and the refining effect is good.
Because after adding rare earth, the inclusions in the steel
will accumulate and cause the large-size inclusions to float
up or react with the inclusions to refine the inclusions.
When the number of large-size inclusions decreases and
the number of small-size inclusions increases, it means
that the refinement effect is better [22,23]. However, the
number of inclusions in 1# steel with a diameter distribution
between 1 and 2 μm is the largest, indicating that the mixed
rare earth treatment effect is better.

The data of inclusions are obtained by Image-ProPlus
software, the data are statistically integrated, and the
minimum inter-surface distance is obtained (as shown
in Figure 7). It can be seen from Figure 7 that the propor-
tions of the minimum inter-surface distance of inclusions
in 1#, 2#, and 3# steels greater than 10 μm are 74, 72, and
64%. When the diameter of the inclusions is less than
1 μm and the minimum inter-surface distance is greater
than 10 μm, the influence of the inclusions on the proper-
ties of the steel can be ignored [24]. The proportion of
inclusions in 3# steel whose inter-surface distance is

greater than 10 μm is obviously smaller than that of 1#
and 2# steels, meaning that compared with 3# steel, 1#
and 2# steels have better treatment effects and 1# steel is
the best.

The average size, degree of homogeneity (parameter
of the distribution of inclusions, the larger the value, the
more uniform the distribution of inclusions), and the
number of inclusions in the three groups of test steels are
obtained by statistics. The results are shown in Figure 8.
The degree of homogeneity of inclusions in 1# test steel is
the largest, 2# test steel is the second, and 3# test steel is the
smallest. It shows that the distribution of inclusions in 1#
test steel is the most even, the effect of 2# test steel is the
second, and 3# test steel is the worst. Meanwhile, the
average size of inclusions in 1# test steel is the smallest,
while that in 2# test steel is the largest. Combined with

Figure 6: Variation of inclusion density with diameter in test steel.

Figure 7: Minimum inter-surface distance distribution curve of
inclusions in test steel.

Figure 8: The average size, degree of homogeneity, and number of
inclusions in test steel.
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the analysis of the number of inclusions, the number of
inclusions in 1# steel is the largest. The results show that
the mixed rare earth refined the inclusions in the steel,
reduced the size of the inclusions, and increased the
number and the degree of homogeneity of the inclusions,
which means that the mixed rare earth has a better effect
on the modification of the inclusions.

To intuitively describe the distribution of inclusions,
the area density distributionmapwas calculated in Figure 9.
Figure 7 is integrated by 100 (10 × 10) SEMs continuously
shot (previously proposed in the experimental part), the
abscissa represents the X-axis direction of the shooting
area, the ordinate represents the Y-axis direction of the
shooting area, and the entire plane represents a summary
graph of 100 SEMs. Through the area size of the inclusions in
the shooting area, the refinement effect of the inclusions is
reflected. The larger the area density of inclusions is (large-
scale color accounts for a larger proportion), the more large-
size inclusions are and, thus, the worse the refinement effect
will be. Figure 7more intuitively reflects the area distribution
of the inclusions, which can be compared with the average
size of the inclusions in the previous section to verify the
effect of the experiment on themodification of the inclusions
again. Comparing the three test steels, the area density of
inclusions in 1# steel is concentrated at 0.02, 2# steel is
concentrated at 0.08, and 3# steel is concentrated at 0.06.
It shows that the area density of inclusions in 1# steel is the
smallest, the treatment effect of inclusions is the best, and
the distribution of inclusions is the most even. 2# steel has
the largest area density and the worst treatment effect. The
effect of 3# steel is in themiddle. Small-sized inclusions float
slowly, and the rare-earth treatment exacerbates the size
increase and aggregation of inclusions. As the inclusions
accumulate and float, large-size inclusions decrease, the
area density of inclusions decreases, and the distribution
of inclusions becomes more uniform.

In summary, from the analysis of themorphology, com-
position, and characteristics of inclusions, the treatment

effect of mixed rare earth is better. Through the analysis
of the morphology and composition of the inclusions, it is
found that the morphology of the inclusions treated by the
mixed rare earths is closer to round, and the efficiency of the
modification of the inclusions is higher. Through the ana-
lysis of the characteristics of the inclusions, the average size
of the inclusions treated by the mixed rare earths is smaller
and the distribution is more uniform.

4 Thermodynamic calculation

To determine the types of inclusions in molten steel, ther-
modynamic calculations can be performed on chemical
reaction equations. However, it is difficult to determine
the type of specific inclusions formed in steel after rare
earth is added. The reason is that the oxysulfides in steel
are actually complex inclusions, which are very common
in steel [25,26]. The type of REM inclusions (oxide/sul-
fide/oxysulfide) is difficult to determine from the electron
microscope image because they also have little change in
morphology. Therefore, we can only calculate the chemical
reactions related to rare earths in steel and possible rare-earth
inclusions through thermodynamic calculations. Table 3
lists the reaction of inclusion transformation and the cor-
responding standard Gibbs free energy [27–29].

The standard Gibbs free energy of each reaction
equation was calculated at a temperature of 1,873 K.
The results show that rare earth oxides, rare earth sul-
fides, rare earth oxysulfides, or complex inclusions may
be formed after rare earth is added. Comparing the stan-
dard Gibbs free energy, it can be concluded that La and
Y have a higher affinity for oxygen than for sulfur.
Therefore, the order of inclusions in steel is roughly as
follows: rare earth oxides, rare earth oxysulfides, and rare
earth sulfides. When the rare earth La and rare earth Y are
added, the affinity of La and oxygen and sulfur is higher
than that of Y, so the rare earth La reacts first.

Figure 9: Distribution of area density for inclusions in test steel.
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The oxygen activity in molten steel is changing, and
the chemical reaction in molten steel is also complicated.

Table 4 lists the primary interaction coefficients ei
j [30–32]

of rare earth elements, such as La, Y, O, S, and Al, and
other elements in molten steel at 1,873 K.

The mass fraction of each solute element approaches
0, and the solvent ω(Fe) approaches 1. At this time, the
secondary interaction icoefficient j has very little effect on
the activity coefficient, and it is taken as 0 in the calcula-
tion. According to the chemical composition, the activity
coefficient fi of element i can be calculated by formula (1),
and the corresponding activity can be calculated.

[ ( ) ]∑= +f e w j γ wjlg % % .i
j

n

i
j

i
j (1)

During the cooling process of molten steel, when the
actual solubility product of the precipitate-forming ele-
ments is greater than the equilibrium solubility product,
a precipitation reaction will occur. In molten steel, the
precipitation reaction formula of metal element A and
non-metal element B to form AxBy is as follows:

+ = = +xA yB A B G G RT K, Δ Δ ln .x y
θ (2)

When the reaction reaches equilibrium, ΔG = 0. The
reaction equilibrium constant K can be expressed as:

( ) ( )

= =
⋅ ⋅ ⋅
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x
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Table 3: Standard Gibbs free energy for chemical reaction
equations

Reaction ΔGθ (J·mol−1)

2[Al] + 3[O] = Al2O3(s) −1,225,196 + 393.78 T
2[La] + 3[O] = La2O3(s) −1,511,520 + 379.2 T
[La] + [Al] + 3[O] = LaAlO3 (s) −1,188,616 + 310.6 T
2[La] + 2[O] + [S] = La2O2S(s) −1,425,820 + 351.0 T
3[La] + 4[S] = La3S4(s) −1,738,380 + 609.6 T
2[La] + 3[S] = La2S3(s) −1,200,990 + 425.0 T
[La] + [S] = LaS(s) −445,180 + 141.5 T
2[La] + Al2O3(s) = La2O3(s) + 2[Al] −286,520 + 270.28 T
2[Y] + 3[O] = Y2O3(s) −1,792,600 + 658.0 T
2[Y] + 2[O] + [S] = Y2O2S(s) −152,100 + 536.0 T
2[Y] + 3[S] = Y2S3(s) −1,171,000 + 441.0 T
[Y] + [S] = YS(s) −321,080 + 91.0 T
2[Y] + Al2O3(s) = Y2O3(s) + 2[Al] −587,482 + 270.28 T

Table 4: Interaction coefficient of O, S, La, Y, and Al at 1,873 K (1,600℃)

ei
j C Mn Si P S Al O La Y

O −0.45 −0.021 −0.131 0.07 −0.133 −3.9 −0.2 −0.57 −16.3
S 0.11 −0.026 0.063 0.029 −0.028 0.035 −0.27 — −0.55
La — — — — — — −4.98 — −0.006
Y −0.22 — — — — — −90.7 — −
Al 0.091 — 0.0056 — 0.03 0.045 −6.6 — —

Figure 10: (a) [O] and [La] activity relation graph. (b) [O] and [Y] activity relation graph.

Modification of Al2O3 inclusions in SWRH82B steel  7



In equilibrium, the temperature is 1,873 K and ΔG is
0. Establish the equilibrium expression of each reaction
by formulas (1)–(3) to determine the relationship between
the [O] activity and the [REM] activity, and finally get the
activity diagram in Figure 10.

Figure 10(a) is a graph of the relationship between
the [O] activity and the [La] activity under standard con-
ditions. When the [O] activity is constant, the approxi-
mate order of formation of inclusions is as follows:
LaAlO3 → La2O3 → La2O2S → LaS → La3S4 → La2S3.
When the [O] activity is lower than 0.00108, La2O2S
inclusions in the steel are formed earlier than La2O3 (in
practice, the [O] activity is difficult to reach this low).
Figure 10(b) is a graph of the relationship between the
[O] activity and the [Y] activity under standard condi-
tions. When [O] activity is constant, the approximate order
of formation of inclusions is Y2O3 → Y2O2S → YS → Y2S3.
When the [O] activity is lower than 0.00052, the inclusions
Y2O2S in the steel are formed earlier than Y2O3 (in practice,
the [O] activity is difficult to reach such a low level).
Through the formation sequence of inclusions, it is
concluded that the addition of rare earth will gradually
replace Al in Al2O3 and finally achieve the modification
effect on Al2O3 inclusions. We can only roughly under-
stand the reaction of inclusions through thermodynamic
calculations. Since the [O] activity and the [REM] activity
in molten steel are always fluctuating, it is difficult to
accurately grasp the reaction of inclusions. Therefore,
the evolution of inclusions can only be roughly deter-
mined through thermodynamic calculations and experi-
mental observations (as shown in Figure 11), which is
only for readers’ reference (in the molten state). La-S in

Figure 10 refers to LaS, La3S4, and La2S3. Y-S refers to YS
and Y2S3.

5 Discussion of results

In summary, after adding rare earths, the reactions that
occur in steel and the types of inclusions generated are
very complicated. Through the analysis of the inclusion
composition, we found that the inclusions did react in the
steel. The statistical results show that the rare earths have
a certain refinement effect on the inclusions in the steel,
and the mixed rare earth treatment has the best effect. In
addition, comparing the literature data on the size of
inclusions in the steel after rare earth treatment [5,10],
the average size (1.23 μm) of the inclusions in the steel
treated with mixed rare earth is small, indicating that the
mixed rare earth has a better refining effect on the inclu-
sions. The better the refinement effect of inclusions is, the
higher the performance of steel will be. Rare earth treat-
ment and calcium magnesium treatment have certain
modification effects on inclusions. However, few researchers
have adopted the mixed rare-earth treatment method; com-
bined with the experimental results of this article, it shows
that the mixed rare earth treatment of inclusions in steel has
a certain research value.

6 Conclusion

In this article, through related experiments and thermo-
dynamic calculations, the modification effect and modi-
fication process of rare earths on inclusions are analyzed.
The experimental results and calculation analysis are
combined, and the following conclusions are drawn:
1. From the two-dimensional characterization data of the

inclusions, it is shown that the addition of rare earths
has a refinement effect on the Al2O3 inclusions in the
test steel.

2. Comparing the size distribution, number density, inter-
surface distance, degree of homogeneity, and area den-
sity of inclusions in the three test steels, it can be seen
that mixed rare earth has the best treatment effect on
steel inclusions. The effect of rare earth La treatment is
the second, and the effect of rare earth Y treatment is
the worst.

3. La and Y have a higher affinity for oxygen than for
sulfur. The approximate order of formation of inclu-
sions in steel is as follows: oxides, oxysulfides, and
sulfides.Figure 11: Evolution of inclusions in test steels.
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4. In addition to the single rare earth inclusions gener-
ated, there are many complex inclusions in the steel.
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