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Abstract: To investigate the modification of type B inclusions in high-carbon hard-wire steel with Ca
treatment, Si-Ca alloy was added to high-carbon hard-steel, and the composition, morphology, size,
quantity, and distribution of inclusions were observed. The samples were investigated by scanning
electron microscopy-energy dispersive spectroscopy (SEM-EDS). The experimental thermal results
showed that the modification effect of inclusion was better in high-carbon hard-wire steel with Al
of 0.0053% and Ca of 0.0029% than that in steel with Al of 0.011% and Ca of 0.0052%, in which the
inclusions were mainly spherical semi-liquid and liquid CA2, CA, and C12A7. The inclusion size
decreased from 3.2 µm to 2.1 µm. The degree of inclusions segregation was reduced in high-carbon
hard-wire steels after calcium treatment. The results indicate that the modification of inclusions is
conducive to obtaining dispersed inclusions with fine size. The ratio of length to width decreased
and tended to be 1 with the increase in CaO content in the inclusion. When the content of CaO
was higher than 30%, the aspect ratio was in the range of 1 to 1.2. The relationship between the
activity of aluminum and calcium and the inclusions type at equilibrium in high-carbon hard-wire
steel was estimated using classical thermodynamics. The calculated results were consistent with
the experimental results. The thermodynamic software Factsage was used to analyze the effect of
aluminum and calcium additions on the type and quality of inclusions in high-carbon hard-wire
steels. The modification law and mechanism of type B inclusions in high-carbon hard-wire steels
are discussed.

Keywords: calcium treatment; high-carbon hard-wire steel; Al2O3 inclusions; thermodynamic
calculation

1. Introduction

The wire rod rolled by structural steel with carbon content not less than 0.6% is
called high-carbon hard-wire steel, which is widely used in construction, transportation,
and other industries [1–3]. Nonmetallic inclusions affect the mechanical properties and
corrosion performance of steel [4]. Compared with low-carbon steel, high-carbon steel has
high hardness and low ductility and is more sensitive to nonmetallic inclusions [5,6]. In
recent years, the output and quality of high-carbon hard-wire steel produced in China have
been greatly improved. However, the breaking rate of the wire is relatively high during
the drawing and twisting processes [7]. Controlling the number, size, distribution, and
morphology of brittle inclusions is very important in the smelting process of high-carbon
hard-wire steel [1].

B-type inclusions (Al2O3 inclusions) are brittle inclusions and tend to accumulate
at the nozzle, which affects the stable operation of the production process [8]. The mod-
ification of inclusions is a good way to reduce the adverse effect of B-type inclusions
on the production and performance of steel [9–11]. Calcium treatment [12–17] can ef-
fectively modify Al2O3 inclusions into calcium aluminate inclusions with a low melting
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point, which can effectively prevent nozzle clogging [18–21]. Calcium alloy was added
into liquid steel by powder spraying or wire feeding to promote the transformation of
high melting point Al2O3 inclusions into plastic or semi-plastic low melting point calcium
aluminate inclusions [22,23]. The inclusion after calcium treatment is composed of a certain
proportion of liquid phase and solid phase, and the composition of the inclusion has a
very important effect on the castability and deformation of the inclusion during rolling.
Therefore, it is very important to study the phase composition of inclusions during calcium
treatment. [24]

Numata et al. [25] studied the effect of calcium content on the modification of inclu-
sions by laboratory experiments. Verma et al. [26] demonstrated that the inclusion size
decreased significantly after Ca treatment, mainly from 10–20 µm to 1–2.5 µm. The inclu-
sion size was the smallest after 2 min of Ca treatment and then gradually increased. Yuan
et al. [27] treated medium and high carbon with Al content of 0.025–0.044% with calcium.
When the Ca content was less than 10 ppm, the solid rate of inclusion reached more than
60%, and they believed that the suitable Ca content was 17–23 ppm. Yoshihiko et al. [28]
modified the inclusions in mild steel by adding Ca-Si alloy. They found that the modifica-
tion effect was better in the steel with a Ca content of 20 ppm, in which the content of CaO
in the oxide inclusion was close to 50%. Simpson et al. [29] showed that calcium aluminate
inclusions with lower melting points formed when the mass ratio of w[Ca]/w[Al] is larger
than 0.11 in molten steel.

Many studies have been carried out on the treatment of Al2O3 inclusions with calcium,
but most of them were focused on low carbon steel. Limited research was conducted
on the modification of B-type inclusions in steel with high carbon. In order to expand
the application of calcium in the production of high-carbon hard-wire steel, the effect of
calcium treatment on the quantity, morphology, distribution, and composition of B-type
inclusions in the molten steel by adding alloy was studied.

2. Experimental Method

A vacuum induction furnace was applied in the production of base metal of high-
carbon hard-wire steel. Table 1 lists the compositions of raw materials used in the study.
The base metal was put into a tubular resistance furnace and heated to 1600 ◦C. After
melting for 30 min, aluminum powder was added, and timing started. The time of adding
aluminum powder was recorded as 0 min. After 5 min, calcium alloy was added. After
65 min, the sample was taken out and placed in water for cooling. During the whole
smelting process, high purity argon gas was fed into the tubular resistance furnace. The
samples can be divided into three groups according to the amount of aluminum alloy and
calcium alloy added to the steel. The composition of the three groups of samples is shown
in Table 2. In sample 1, only aluminum alloy was added for deoxygenation, and calcium
alloy was not added. A large amount of aluminum and calcium was added in sample 2,
and a small amount of aluminum and calcium was added in sample 3.

Table 1. Compositions of raw materials (mass%).

Raw Material Fe Si Mn S C Ca Al Others

Industrial pure iron 99.7 0.02 0.03 0.0002 0.0018 - 0.001 0.0024
electrolytic manganese - - 99.999 - - - - 0.001

Si-Fe alloy 21 78 0.4 0.02 0.1 - - 0.48
Al alloy 0.7 0.8 0.15 - - - 96.94 1.41

Si-Ca alloy - 57.13 20.44 - 0.83 19.56 2.02 0.02
QT400 95.8 0.17 0.5 0.01 3.45 - - 0.07
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Table 2. Chemical Composition (Mass Percent).

No C Si Mn S Al Ca O N Fe

Sample1 0.640 0.189 0.313 0.0010 0.013 - 0.0082 0.0024 Others
Sample2 0.636 0.202 0.311 0.0012 0.011 0.0052 0.0065 0.0029 Others
Sample3 0.638 0.196 0.320 0.0011 0.0053 0.0029 0.0053 0.0027 Others

The three groups of samples were processed into metallographic samples of 10 mm
× 10 mm × 10 mm, rod samples of Φ5 × 100 mm, and metal chips, respectively. The
metallographic samples were ground to a mirror finish with different mesh sandpaper and
emery polishing paste. The composition and characteristics of inclusions were analyzed
by scanning electron microscope and energy dispersive spectrometer (SEM-EDS). Twenty
inclusions were randomly selected from each sample to detect the content of corresponding
chemical elements. The composition and type of inclusions were analyzed according to
the stoichiometric relationship. One hundred fields of view were selected for each sample.
Sample surface pictures were taken under the scanning electron microscope (SEM) 1000×
field. Image-ProPlus image processing software was used to analyze the size, quantity,
coordinate parameters, and other characteristic values of inclusions.

3. Experimental Results
3.1. Composition and Morphology of Inclusions

Inclusions with a low deformation rate induce cracks in high-carbon hard-wire steel
during drawing, mainly due to the different thermal expansion coefficients between in-
clusions and steel matrix where a radial tensile force is generated in the matrix around
inclusions, which leads to a stress concentration around inclusions. When inclusions
change to a spherical shape, the stress concentration around inclusions weakens, which
improves the drawing performance of high-carbon hard-wire steel [22].

The composition and morphology of inclusions in three groups of samples are shown
in Figure 1. Figure 1a–c shows the composition and morphology of typical inclusions
in sample 1 without calcium treatment. It can be seen that all inclusions were alumina
inclusions with irregular morphology. Figure 1d–f shows the composition and morphology
of typical inclusions in the calcium-treated sample 2. Almost all inclusions in sample 2
were transformed into calcium-aluminate inclusions after 60 min of calcium treatment,
but the morphology of inclusions was still irregular. The inclusions in sample 3 treated
with calcium were mainly calcium aluminate, and the content of CaO in the inclusions was
higher than that in sample 2, and the morphology of the inclusions was almost spherical.
The surface scanning results of inclusions in Figure 2 also showed that the inclusions in
samples 2 and 3 were calcium aluminate, and the elements of Ca and Al distributed in
inclusions homogeneously.

Figure 3 shows the inclusion composition distribution of samples 2 and 3. It can be
seen that CaO content in the inclusion of sample 2 was in the range of 5 to 25%, and most
of the calcium aluminates were CA2 and CA6. The CaO content in sample 3 inclusions
ranged from 20 to 50%, and most of the calcium aluminates were CA2 and CA. A small
amount of C12A7 was found in sample 3. According to the phase diagram of CaO-Al2O3
calculated by Factsage as shown in Figure 4, the melting point of CaO-6Al2O3 (CA6) was
1833 ◦C, CaO-2Al2O3 (CA2) was 1765 ◦C, CaO-Al2O3 (CA) was 1604 ◦C, 12CaO-7Al2O3
(C12A7) was 1455 ◦C, 3CaO-Al2O3(C3A) melting point was 1539 ◦C. The liquid calcium
aluminate at 1600 ◦C is marked by shadow area in Figure 3, where the CaO content was
in the range of 37 to 57%. When the composition of calcium aluminate inclusions was
between CA and CA2, the inclusions were semi-liquid at 1600 ◦C. The calcium aluminate
inclusions ranging from CA2 to CA6 were solid-state at 1600 ◦C. Figure 3 indicates that
most of the inclusions in sample 2 were solid and those in sample 3 were semi-liquid or
liquid. The inclusion in sample 1 was a solid alumina inclusion. The research [9,30,31]
showed that the deformability of inclusion is directly related to its melting point, and the
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lower the melting point, the better the deformability. The modification of B-type brittle
inclusions into low melting point plastic inclusions will reduce their harmful effects on the
production and performance of steel. At the same time, it also showed that the inclusion in
sample 3 had a good deformation effect.
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In order to explore the relationship between inclusion morphology and inclusion
composition, the relationship between CaO content in inclusion and inclusion aspect ratio
was statistically analyzed in this study, as shown in Figure 5. With the increase in calcium
oxide content in the calcium aluminate inclusions, the ratio of length to width was closer
to 1. When the content of CaO was higher than 30%, the aspect ratio was in the range of
1 to 1.2, indicating that the inclusion was approximately spherical. The main reason is
that when the content of calcium oxide in the calcium aluminate inclusions was higher
than 30%, the inclusions were located in the solid–liquid two-phase region or the liquid
phase region.
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3.2. Size and Number of Inclusions

Figure 6 shows the inclusion size distribution in high-carbon hard-wire steels. Among
the three groups of samples, the inclusion size of sample 1 was the most widely distributed,
and the diameter of the largest inclusion was more than 10 µm. The size of the largest
inclusion was less than 8 µm in the samples treated with calcium, i.e., samples 2 and 3. The
number of inclusions with 1–3 µm was the largest in these three groups of samples.
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(c) Sample 3.

According to the analysis of the average size and number of inclusions in Figure 7, it
can be seen that the average size of inclusions in calcium-treated steel was significantly
smaller than that of high-carbon hard-wire steel without calcium treatment. The size of
inclusion in sample 3 was obviously smaller than that in sample 2, indicating that the
better modification of inclusion is beneficial to the refinement of inclusions. In addition,
the number of inclusions in sample 2 was the largest, while the number of inclusions in
sample 3 was the least.
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Figure 7. Average size and total quantity density of inclusions in high-carbon hard-wire steels.

3.3. Surface Density Distribution of Inclusions

To describe the distribution of inclusions directly, the area percentage of inclusions at
different locations on the surface of the steel sample was statistically obtained according to
the two-dimensional coordinates of the inclusions and the area of each inclusion, as shown
in Figure 8. Area density represents the percentage of inclusion area to sample area, and it
was obtained by Equation (1).

A =
Ainclusion

Asteel
×100% (1)

where A represents the area density of inclusions on the surface of the steel sample. Ainclu-
sion represents the total area of all inclusions in the observed region. Asteel is the area of
steel in the observed region, and it was 0.0286 mm2 in this study.
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It can be observed that the distribution of inclusions was not uniform in the high-
carbon hard-wire steel without calcium treatment. The density of inclusions per unit area
on the steel surface was high in sample 1. The inclusions aggregate in the red region
in Figure 8a and the maximum density of inclusions reached 1.4% in sample 1. The
density of inclusions in calcium-treated steels was less than 0.2%, and the distribution
of calcium-aluminate inclusions was more uniform than that of alumina inclusions. In
addition, the segregation area of inclusion in sample 3 was smaller than that in sample 2,
indicating that the inclusions tend to distribute more homogeneously in steel with a better
modification effect.

In conclusion, the inclusions were modified after calcium treatment of high-carbon
hard-wire steel. The modification of inclusions in sample 3 was better, where the CaO
content of inclusions was higher, and there were more liquid and semi-liquid inclusions.
Furthermore, the dispersed inclusions with fine size were obtained in sample 3 because the
liquid calcium aluminate inclusions have good wettability.

4. Discussion

According to the detected results of inclusion composition, it is concluded that the
chemical reactions that occur in the formation process of a calcium aluminate inclusion in
hard-wire steel are (2)–(7) [32,33]

2[Al] + 3[O] = Al2O3; ∆Gθ
1 = −1, 202, 000 + 386.3T, J·mol−1 (2)

3[Ca] + 19Al2O3 = 3(CaO·6Al2O3) + 2[Al]; ∆Gθ
2 = −786, 553− 59.9T, J·mol−1 (3)

12[Ca] + 7(CaO·6Al2O3) = 19(CaO·2Al2O3) + 8[Al]; ∆Gθ
3 = −3, 134, 242− 19.58T, J·mol−1 (4)

3[Ca] + 4(CaO·2Al2O3) = 7(CaO·Al2O3) + 2[Al]; ∆Gθ
4 = −802, 303 + 30.7, J·mol−1 (5)

15[Ca] + 33(CaO·Al2O3) = 4(12CaO·7Al2O3) + 10[Al]; ∆Gθ
5 = −3, 134, 242− 19.58T, J·mol−1 (6)

9[Ca] + 2(12CaO·7Al2O3) = 11(3CaO·Al2O3) + 14[Al]; ∆Gθ
6 = −2, 868, 511 + 1108.65T, J·mol−1 (7)

The activity of solute in molten steel can be calculated according to Equation (8)

ai = fi[%i] (8)

ai, fi and [%i] are the activity, activity coefficient, and mass fraction of solute i in steel,
respectively. The activity coefficient of solute in molten steel was calculated by the Wagner
model [34,35]:

lg fi = ∑ (ej
i ·[%j] + γ

j
i ·[%j]2) (9)

where i and j represent different solutes, ej
i is the first-order interaction coefficients, and γ

j
i

is second-order interaction coefficient. Table 3 [36] and Table 4 [37] list the value of ej
i and

γ
j
i , respectively.

Table 3. First-order interaction coefficients of elements with Al and Ca in molten steel (1873 K).

ej
i

C Si Mn S Al O Ca

Ca −0.34 −0.095 −0.007 −28 −0.072 −780 −0.002
Al 0.091 0.056 −0.004 0.035 −0.043 −1.98 −0.047

Table 4. Second-order interaction coefficients of elements with Al and Ca in molten steel (1873 K).

γ
j
i

Ca Al O

Ca - - −36,000
Al - −0.0284 -
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Combined with the data in Tables 2–4, Formulas (7) and (8) were used to calculate the
activity coefficient and activity of Ca and Al in sample 2 and sample 3 and listed in Table 5.

Table 5. Activity coefficient and activity of Ca and Al in test steel.

No. f Al aAl f Ca aCa

2 1.138 0.0125 1.37 × 10−7 7.13 × 10−10

3 1.143 0.006 3.85 × 10−6 1.08 × 10−8

According to the thermodynamic data of chemical reactions (3)–(7) in molten steel,
the classical thermodynamic calculated method was adopted to obtain the equilibrium
relations of various calcium aluminate salts, as shown in Figure 9. According to Figure 9,
when aAl was more than 0.0030, the type of calcium-aluminate inclusions mainly depended
on the calcium activity in steel. With the increase in calcium activity, the inclusions grad-
ually underwent the following transformation: Al2O3→CA6→CA2→CA→C12A7→C3A.
According to the activity of calcium and aluminum in samples 2 and 3, as shown in Table 5,
two points in Figure 8 were obtained. The thermodynamic calculated results showed that
the types of inclusions at equilibrium in sample 2 were CA6 and CA2, and the types of
inclusions in sample 3 were CA and C12A7, which was consistent with the experimental
test results.
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To study the modification of type B inclusion in high-carbon hard-wire steel, Factsage
7.2 software was used and combined with the high-carbon hard-wire steel composition in
Table 2. The effect of the amount of Ca and Al addition on the composition and quality of
inclusions in the high-carbon hard-wire steel was calculated and illustrated in Figure 10.
It indicates that the inclusions were alumina, solid calcium aluminate, liquid oxide, and
calcium silicate in high-carbon hard-wire steel when adding Ca ranging from 0 to 0.0080%
and adding Al ranging from 0.0050% to 0.0150%. When the amount of added aluminum
was 0.0050%, the alumina inclusion gradually turned into liquid calcium aluminate with
an increase in Al content. There was a small amount of solid calcium aluminate with the
addition of calcium in steel ranging from 0.0020% to 0.0021%. As the amount of calcium
was less than 0.0070%, the amount of liquid oxide increased with the increase in calcium
addition. When the amount of calcium addition was greater than 0.0070%, the amount of
liquid oxide was reduced with an increase in calcium addition, which was transfer into
calcium silicate. As the addition amount of aluminum was 0.01% and 0.015%, the content
of CaO in liquid calcium aluminate increased with the increase in calcium content, and the
inclusions gradually underwent the following transformation: Al2O3→CA6→CA2→liquid
calcium aluminate. The appropriate amount of Ca addition to modify B-type inclusions into
calcium aluminates was less in high-carbon hard-wire steel with lower aluminum content.
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5. Conclusions

The mechanism and law on the modification of type B inclusions in high-carbon hard-
wire steel with Ca treatment were studied by thermal experiment and thermodynamic
calculation. The main conclusions are as follows:

(1) Ca treatment has a great effect on the composition and morphology of type B
inclusions in high-carbon hard-wire steels. The modification effect of inclusion was better
in high-carbon hard-wire steel with Al of 0.0053% and Ca of 0.0029% than that in steel with
Al of 0.011% and Ca of 0.0052%, in which the inclusions were mainly spherical semi-liquid
and liquid CA2, CA, and C12A7. The experimental results have a good agreement with the
classical thermodynamic calculation results.

(2) CaO content in calcium aluminate inclusions directly affects the morphology of
inclusions. The ratio of length to width decreases and tend to be 1 with the increase in CaO
content in the inclusion. When the content of CaO was higher than 30%, the aspect ratio
was in the range of 1 to 1.2, indicating that the inclusion is approximately spherical. The
main reason is that when the content of calcium oxide in the calcium aluminate inclusions
is higher than 30%, the inclusions are located in the solid–liquid two-phase region or the
liquid phase region.

(3) The size distribution of inclusion in high-carbon hard-wire steel became narrower,
and inclusion size was smaller, and inclusions were distributed more uniformly in high-
carbon hard-wire steels after calcium treatment. It indicates that the modification of
inclusions is conducive to obtaining dispersed inclusions with fine size. Compared with
the high-carbon hard-wire steel without calcium treatment, when the calcium content was
0.0029%, the average size of inclusion decreased from 3.2 to 2.1, and the inclusions were
difficult to segregate.

(4) The thermodynamic calculated results based on Factsage indicate that when the
added amount of aluminum was 0.0050%, the alumina inclusions gradually changed
into liquid calcium aluminate inclusions with the increase in the addition amount of
calcium in the high-carbon hard-wire steel. When the addition amount of aluminum was
0.01% and 0.015%, the content of CaO in liquid calcium aluminate increased with the
increase in calcium addition in high-carbon hard-wire steels, and the inclusions gradually
underwent the following transformation: Al2O3→CA6→CA2→liquid calcium aluminate.
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The appropriate amount of Ca addition to modify B-type inclusions into calcium aluminates
is less in high-carbon hard-wire steel with a lower aluminum content.
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