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Abstract: Invar alloy has been widely used in modern industry for its extremely low coefficients of
thermal expansion (CTE). Sulfide inclusions have a significant influence on the mechanical perfor-
mance and corrosion resistance of Invar alloy. To improve the mechanical properties of this alloy,
which are significantly influenced by the existing sulfide inclusions, a good understanding of the
characteristics, including the morphology, size, distribution, and formation mechanism of sulfide
inclusions, is required. This study outlines three different cooling modes, water cooling (43.1 K/s),
air cooling (16.8 K/s), and furnace cooling (3.1 K/s), to examine the characteristics of calcium sulfide
(CaS) inclusions. In addition, a variety of initial sulfur contents under air cooling conditions were
investigated. Both laboratory experiments and thermodynamic calculations support the research
foundation. The sulfide inclusion particles were extracted through non-aqueous solution electrolysis
for further morphology analysis. From the results, we conclude that the cooling rate affects the
sulfide inclusion size through the local solidification time. The faster the cooling rate, the larger
the average inclusion size. The cooling rate also indirectly influences the morphology of calcium
sulfide inclusions that precipitated during the solidification process. In addition, the precipitation
of CaS takes precedence over MnS under any circumstances. MnS can only precipitate when there
is excessive S content. The different initial S content derived separate supersaturation during CaS
precipitation and growth, further influencing the inclusion morphologies.

Keywords: sulfide inclusions; calcium sulfide; cooling rate; Invar alloy

1. Introduction

The Fe-Ni binary alloy with 36 wt% Ni shows an anomalous low thermal expansion
coefficient (TEC) close to room temperature [1,2]. The Fe-Ni36% alloy and those of similar
composition are denoted as Invar alloys. Invar alloys are widely used as highly reliable
structural materials in numerous applications due to their excellent dimensional stabil-
ity and mechanical properties in a large temperature range, e.g., precision instruments,
aerospace control devices, laser measuring systems, high-capacity power transmission
wires and shadow masks [3,4]. Recently, a series of Invar alloy materials have been in-
vestigated and developed for various application areas as new strategic materials. High
mechanical strength and high-corrosion-resistance Invar alloy materials are required to
meet the rapidly expanding demand for applications in electronics, aerospace, and bioengi-
neering fields [5-8].

Usually, sulfide inclusions in steel are harmful impurities, which could deteriorate
properties such as strength, corrosion resistance, and surface finish [9]. Sulfide inclusions
can cause anisotropy of the steel matrix and act as a possible starting point for crack
formation or corrosion [10,11]. The TEC difference between sulfide inclusions and steel
matrix can significantly accelerate the propagation of crack lines during the heat treatment
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process, leading to the origins of fatigue fractures [12]. Soft sulfides—for instance, man-
ganese sulfide (MnS)—are elongated along the hot rolling direction and considered to be
detrimental to the transverse toughness and resistance of steel, causing stress corrosion
cracking [13,14]. Hard sulfides with a high melting point, such as calcium sulfide (Ca$S),
which could grow easily into complex geometric shapes with large sizes through collision
and agglomerate in the molten, are very harmful to surface quality and affect the final
product quality [15,16]. To avoid steel performance deterioration, the size, morphology,
and frequency of detrimental inclusions must be carefully controlled. On the other hand,
the tiny and dispersed sulfides can contribute to a favorable microstructure by acting as
heterogeneous nucleation inducing the formation of intergranular ferrite [17]. Generally,
sulfide inclusions tend to crystallize and precipitate in the residual liquid phase during so-
lidification and mostly remain in the solid steel, due to the microsegregation of solutes [18].
However, sulfide inclusions cannot be controlled through dissolution and precipitation
during heat treatment, such as carbides. In addition, the stirring method during the refining
process for the removal of oxides does not function in sulfides. As the main contributor
to the quality and performance of Invar alloy, sulfide inclusion characteristics, such as the
number, size, distribution, and morphology in steel, are significantly altered by the cooling
rate and initial sulfur content. Therefore, a thorough discerning of precipitation and the
growth mechanism, as well as better control of the cooling and solidification process, is a
critical issue.

An accurate three-dimensional (3D) investigation of inclusions in steel would con-
tribute insights into the inclusion characteristics. The non-aqueous solution electrolysis
extracting inclusions from steel matrix was found to be the best and most popular method
for 3D investigation [19]. Karasev A et al. [20] and Ohta H et al. [21] showed that the 3D
analysis of inclusions extracted by electrolytic extraction could give more reliable results
than the two-dimensional (2D) analysis, particularly for the small size (<1 pm) inclusions.
Hinotani et al. [22] reported how the precipitates, including TiN, MnS, TiS, and TisC,S,,
were successfully extracted from Ti-bearing ultra-low carbon steel by using electrolysis
treatment with 4% MS solution (4% methyl salicylate; 1% salicylic acid; 1% tetramethylam-
monium chloride-methanol). Liu et al. [23] observed MnS, oxide, and complex inclusions
in low-sulfur steels, using the electrolyte, which was composed of 1% 4-methyl ammonium
chloride, 5% triethanolamine, 5% glycerin, and 89% methyl alcohol. Zhang et al. [24]
chose the same electrolyte to extract inclusions from pipe steels for illustrating the 3D
characteristics morphologies of Ca-CaS type inclusions. Wang et al. [25] reported that the
solution of 10%AA (10% acetylacetone; 1% tetramethyl ammonium chloride; methanol) can
be successfully used to extract inclusions from ferroalloys. Luo et al. [26,27] investigated
the morphology of oxides, nitrides, and sulfides in non-oriented silicon steel by using a
5% TEA (2% triethanolamine; 1% tetramethylammonium chloride-methanol) solution as
the electrolyte.

The precipitated sulfide inclusions in steel can be classified into three types [28-31]:
globular (Type I), fine rod-like (Type II), and angular (Type III). Numerous studies have been
carried out in order to understand the formation mechanism and control the morphology of
MnS inclusion during solidification [32-34]. The effect of the cooling rate on MnS inclusions
during the solidification has been investigated. Mola and Beech [35] reported that the high
cooling rate prioritized the formation of Type II sulfides. R.Abushosha et al. [36] reported
that the higher the cooling rate, the finer the sulfide distribution in the ferrite surrounding
the austenite grains, resulting in ductility deterioration. Li et al. [37] reported that a high
cooling rate promotes the formation of Type I and Type II sulfides in medium-carbon
non-quenched and tempered steel. Zhang et al. [38] verified that the cooling rate had a
significant effect on the sulfides” morphology, which changed from nearly spherical to
rod-like as the cooling rate decreased. However, fewer studies have been reported on the
effect of the cooling rate and S content on the sulfide inclusions during the solidification of
high alloy steel. The effect of S content on the morphology of calcium sulfide has not been
reported yet. In this work, laboratory experiments and thermodynamic calculations were
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carried out to study the effect of the cooling rate and S content on sulfide inclusions during
the solidification of the Invar alloy.

2. Experimental
2.1. Materials and Procedures

Table 1 gives the chemical composition of the master alloy, which was taken from
an INVAR alloy casting slab. The master alloy was cut into a 10 mm X 10 mm X 8 mm
hexahedron. After grinding and polishing, the hexahedrons were placed into an anhydrous
alcohol solution and shaken ultrasonically for 5 min.

Table 1. Chemical composition of the alloy used in experiments, wt%.

C Mg Al Si Ca Cr Mn Ni T.0 S Fe
0.019 0.0023 0.0053 0.0939 0.0014 0.12 029 3598 0.0019 0.001 Bal.

Figure 1 illustrates the thermal traces of the samples and the induction furnace used in
this study. A highly purified argon gas atmosphere in the reaction chamber was constructed
to prevent the melting alloy from reacting with air. About 330 g of INVAR master alloy and
FeS powder were melted in a fused silica crucible (34 mm in diameter, 100 mm in depth)
with a graphite heater surrounded by a purified Ar gas atmosphere. To completely dissolve
the original sulfide inclusion, the master alloy was first melted at 1873 K. We waited until
the steel composition was fully mixed. Then, three cooling modes were adopted: (1) water
cooling (WC) sample: the crucible was immediately quenched in water after taking out
from the furnace, reaching an average cooling rate of 43.1 K/s; (2) air cooling (AC) sample:
the crucible was taken out from the furnace and cooled to room temperature in air, with an
average cooling rate of 16.8 K/s; (3) furnace cooling (FC) sample: the melt in the crucible
was directly cooled to room temperature after turning off the power, occupying an average
cooling rate of 3.1 K/s. Table 2 summarizes the cooling conditions and S contents of the

prepared samples.
(b) (I? 4 Gas inlet

1: water cooling (43.1 K/s) G
2: air cooling (16.8 K/s) as
outlet

2
3: furnace cooling (3.1 K/s) .
3
, P
Melt

] —

\ 4

time

Figure 1. Schematic illustrations of (a) the thermal traces of the samples and (b) the high-frequency
induction furnace: 1. silica crucible, 2. magnesia lining, 3. induction coil, 4. vacuum meter,
5. thermocouple.
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Table 2. Cooling conditions and S content of the steel samples.
Sample Number A1 A2 A3 A4 A5
Cooling condition Water cooling ~ Air cooling  Furnace cooling Air cooling Air cooling
S/wt% 0.001 0.001 0.001 0.0070 0.0170

A 17.5 mm x 35 mm x 3 mm sample was cut from the ingots for analyzing the
three-dimensional (3D) morphology of inclusions. Figure 2 depicts the sampling method
schematically. The inclusions were extracted from samples by the method of non-aqueous
solution electrolysis. The electrolyte was composed of 56% Methanol, 40% Maleic anhy-
dride, and 4% tetramethylammonium chloride. The electrolytic extraction was performed
under 1.9 V of direct current voltage, 4 °C temperature, and Ar atmosphere; thus, around
0.5 g of sample weight is able to be electrolyzed in 8 h. After electrolysis, the electrolytes
were filtrated using a nucleopore membrane of 25 mm in diameter with a pore size of
1.0 pum. Then, the particles separated from steel samples were collected on the membranes.
The composition, size, and morphology of the inclusions were examined by scanning
electron microscopy equipped with energy-dispersive spectroscopy (SEM-EDS).

""" \>/

v

17.5 x 3 x 35 mm?

Figure 2. Schematic representation of sampling locations in steel samples.

2.2. Thermodynamics of Sulfide Precipitation Process

The formation of inclusions of CaS may occur during solidification. The equilibrium
reactions are expressed as follows [39,40].

[Ca] + [S] =(CaS) ¢9)
AGE o = —542542 + 124.15T )
Keus = A(CaS) 4(CaS) 3)

acaas)  fEL[%Cal £ [%S]
where £;T is defined as:

2358

log f! = <TS—L - o.355> log f1873K )

The temperature at the solid-liquid interface Ts.;, can be expressed by Equation (5) [41].
To—Tp

Ts-r=To~ 7771
1—fs T,—Ts

©)
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As the solidification progresses, the solute elements are enriched in interdendritic
liquid. Brody and Flemings proposed a general form of this model that assumes com-
plete diffusion in the liquid phase and incomplete back-diffusion in the solid phase; the
discretization equation is given as follows [41]:

cl =1+ AR k;‘) ' ©)
+ (Zaiki — 1)f5 + Afskl'
4Dg it
= —7 ?)
Ty —Ts
A = 688(60Cg) 3¢ ©)

Sulfide particles begin to precipitate in the residual liquid when the local concentration
product reaches the equilibrium solubility product. The concentration product at the solid—
liquid interface C;,s.1. equals the equilibrium solubility product during the formation of
CaS inclusions. The conservation of mass can be expressed as:

chi+l chi+l

Cligr - fla- Cdsy - f&-Kbps =1 (10)
i1 :

CilTL =cil - aci, (11)

Assuming that the consumption of S is entirely used for sulfide generation, the precip-
itation amount of sulfide can be calculated by the following equation.

ACcar, _ Mca
= = = b 12
ACg, Mg (12)
tji _b+1 t tj 1
Amcas = ACcar +ACsL = — = ey +bCeL J ( ey +bCe) ) - 4b< i Cer - Kews /LT (13)
a a

where mc,g is the weight percentage of precipitated CaS inclusions. Mc, and Mg represent
the atomic weight of Ca and S, respectively.

3. Results and Discussion
3.1. Effect of Cooling Rate on the Size of CaS Inclusion

The statistical results of CaS size in Figure 3 reveal that the size of CaS inclusions
can be significantly affected by the cooling rate. The solidification rate increases when
the cooling condition is altered from FC (3.1 K/s), AC (16.8 K/s), to WC (43.1 K/s),
leading to the decrease trends of CaS inclusion size, from 55.3 um, 26.8 pm to 22.1 um,
respectively. The concentration of S and Ca in residual liquid under various cooling
conditions is shown in Figure 4. The CaS precipitation and solubility product during
solidification, as presented in Figure 5. No significant difference had been observed
in the concentration of Ca and S along with the variation in cooling rates. Thus, the
variation in the cooling condition does not affect the precipitation temperature of 1732 K
(the corresponding solid fraction is 0.78) for CaS inclusions, in the case of the same initial
content. At the initial stage of solidification, the concentration of both S and Ca increase
along with the liquid solidification, the Ca is much more enriched than S due to the
smaller equilibrium distribution coefficient of Ca at the solid-liquid interface. When
the interdendritic solute concentration product (InQ) exceeds the equilibrium solubility
product (InK), the precipitation of CaS occurs with the consumption of excess solutes,
rapidly decreasing the S concentration. The local concentration of Ca rises gradually due to
the amount of Ca rejected from the solidifying metal being larger than the amount of Ca
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consumed for CaS precipitation. The concentration product and the equilibrium solubility
product are balanced at the solid-liquid interface during the formation of CaS inclusions.

The total precipitation of CaS weighs 0.0021% at the end of solidification.
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Figure 3. Effect of cooling rate on the average size of inclusions of CaS.
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Figure 4. Effect of cooling rate on (a) S and (b) Ca content in the residual liquid.
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Figure 5. The solubility product and the weight percentage of CaS precipitation during solidification

of Invar alloy.

According to Equation (8), the local growth time increases with the decreasing cooling
rate during the precipitation and growth period of CaS particles. Due to the high cooling
rate in the WC sample, the local solidification time is short, as well as the diffusion time for
the solute element. The growth of CaS particles is limited resulting in the smallest size of
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CaS inclusion. When the cooling rate diminished, the second dendrite arm spacing was
increased, allowing more space for sulfide growth. In the FC sample, the slow cooling
rate of the furnace cooling condition prolongs the local growth time and slows down the
dendrites” growth. The precipitated CaS particles can be pushed forward by solidified
dendrites and had enough time to grow in the front of solidification, resulting in the
constant growth of CaS. Thus, the FC sample achieved the largest size of inclusions of CaS.
Since CaS inclusions are relatively harmful to steel, especially large-sized elongated sulfides
can cause hydrogen-induced cracking. The experimental results show that increasing the
cooling rate could bring benefits to the sizing control of sulfide inclusions in the steel.

3.2. Effect of Cooling Rate on Morphology of CaS Inclusion

The cooling rate affects the sulfide inclusions’ size, as well as the morphology. The
typical morphologies of CaS inclusions under three cooling modes are shown in Figures 6-8.
Figure 9 shows the changes in the morphology of CaS under different cooling rates. In
the WC cooling sample, the sulfide morphology is mainly round rod-like with an almost
circular cross-section. As the cooling rate decreases, the aspect ratio of the sulfide cross-
section increases. In the AC sample, the morphology of CaS inclusion is mainly flat and
rod-like. Strip sheet-like CaS inclusions appear in the FC cooling sample.

(b)

Figure 6. The characteristics following inclusions of CaS under water-cooling conditions. (a) The

three-dimensional morphology following inclusions of CaS. (b) The EDS spectra and mapping of
particle B.
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Figure 8. Three-dimensional morphology following inclusions of CaS under furnace-cooling conditions.
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Figure 9. Schematic diagram of the morphology of CaS inclusion under different cooling rates.

According to the thermodynamic calculation results, the matrix first solidified and
crystallized at the initial stage of solidification, then the residual liquid phase gradually
distributed in the dendrite clearance. When the concentration product of Ca and S in
the residual liquid exceeds the equilibrium concentration product, CaS particles begin to
precipitate. The CaS particles grow cooperatively with the matrix, and the morphology
of the inclusions of CaS is affected by the morphology of the matrix. The dendrite arms
are rod-shaped at a high cooling rate, and become flat with ordered rows at a low cooling
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rate, resulting in the morphology of CaS switching from round-rod-like to flat-rod-like and
strip sheet-like.

3.3. Effect of S Content on the Type of Sulfide Inclusion

Sulfur is completely soluble in liquid steel and precipitates as sulfides gradually during
steel solidification. The generation order of sulfide inclusions is determined by the affinity
between alloy elements and sulfur, as well as the contents. The main sulfide inclusions in
steel are formed in a certain order, as follows: CaS > MnS > FeS. When the content of alloy
elements is constant, the content of S affects the types of sulfides in the steel. Using the
air-cooling condition as an example, Figure 10 shows the kinds of sulfide precipitated in
the steel with different initial S content, MnS inclusions precipitated when the excessive
S is added to the liquid steel. CaS inclusions are the preferentially precipitated inclusions,
due to the lower reaction Gibbs free energy of CaS and smaller equilibrium distribution
coefficient of Ca. Only in the scenario in which [%S] > [%Ca], the remaining S, which is not
consumed by Ca, could react with Mn to form MnS. In this scenario, both CaS and MnS
coexist within the steel.

Figure 10. Sulfide inclusions at high S content. (a) [S%] = 0.007; (b) [S%] = 0.017.

3.4. Effect of S Content on the Morphology of CaS Inclusion

Crystal shape can be affected by many aspects, such as crystal structure, growth
conditions, and the presence of impurities. The growth environment conditions vary
the growth mechanism, forming assorted crystal morphologies. Once a stable crystal
nucleus is formed in the melt, the step at the nucleus boundary is the preferred site for
attaching the growth unit, and the new layer will quickly diffuse to the surface. Dekkers
et al. [42] reported that the supersaturation of dissolved elements in the liquid phase is one
of the major factors affecting the morphology of Al,O3 inclusions. The mechanism of the
transformation of morphology inclusions is well explained by this principle. According to
Dekkers, the growth rate of the crystal depends on the nucleation rate, which is determined
by the levels of supersaturation. The supersaturation (o) of the formation of CaS during
solidification can be defined as:

_ —RTIn(ac, - as) + AG,q
AG((%aS

o (14)

The different initial S content alters the degree of supersaturation during the forma-
tion of CaS in the solidification process. Figure 11 illustrated the relationship between
supersaturation and growth rate, providing a visualized explanation for the transformation
mechanism of the morphological characteristics of CaS [43,44].
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Figure 11. Schematic diagram of the relationship between supersaturation and growth rate for
different growth mechanisms. (a) BCF model. (b) VKS model. (c) Continuous growth model. o* is
the transition point between (a) and (b), 0** is the transition point between (b) and (c).

If crystal growth is controlled by the diffusion of growth units across the face towards
steps on the surface, the theory of the growth rate of a face is formulated relatively by
Burton [45] and Cabrera and Frank [46]. The Burton—Cabrera—Frank model (BCF) for spiral
growth suggested that crystal could grow even at very low supersaturation (o < 0*). The
growth mechanism produces continuous steps on the crystal surface, which emerge in the
central region of the faces. The crystal takes a polyhedral morphology bound by flat faces,
as shown in Figure 11a. The BCF growth takes the dominant when the initial S content
is 0.001%, the surface of CaS inclusion is smooth, the continuous steps are formed on
the surface, and the polyhedral morphology appears at the end of the inclusions’ growth
direction, as shown in Figure 12.

Figure 12. The morphologies of CaS inclusion at S content of 0.001%. F: flat interface; P: polyhedral
morphology; S: spiral growth.

The Volmer-Kossel-Stranski (VKS) model [47] considers the formation of two-dimensional
nucleation onto a flat surface. VKS growth holds the commanding edge in the supersatu-
ration range of 0* < o <0**. The two-dimensional nucleus is preferentially formed at the
surface position with the highest supersaturation step, for example, at the corner and edges
of faces, the growth steps will advance from them, resulting in the formation of hopper
crystals, as shown in Figure 11b. When the initial S content is promoted to 0.007%, the
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supersaturation increases during the CaS generation process, replacing the BCF growth
with VKS growth. Consequently, the morphology of the inclusions changes to a funnel
shape, and the surface of the inclusions transitions from a smooth surface (Figure 13a,b) to
a rough surface (Figure 13c,d).

Figure 13. The morphologies of CaS inclusion at S content of 0.007%. F: flat interface; H: hopper
morphology; L: layer growth; R: rough interface. (a,b). Hopper morphology CaS with flat interface.
(c,d) layer growth CaS with rough interface.

At very high levels of supersaturation (o > 0**), the crystal growth becomes unstable
and the growth unit in the melt will be trapped by the crystal, and continuous or linear
growth occurs. Neither the BCF model nor the VKS model is suitable for this growth. The
growth of a crystal depends on the aggregation of a single particle, resulting in a rough
interface crystal. As the degree of supersaturation increases, the crystal growth kinetics are
controlled by body diffusion. The interface loses stability due to the supersaturation gradi-
ent along the interface, leading to the curved surface and dendritic growth morphology,
as shown in Figure 11c. When the initial S content reaches 0.017%, the degree of supersat-
uration is very high, and CaS inclusions with a rough surface are generated as shown in
Figure 14. The morphology of inclusions observed at room temperature is the cumulative
result of the growth (or dissolution) conditions encountered in the process of nucleation to
sampling. The supersaturation gradually decreases at the edge of the CaS particle with the
growth of CaS, and the growth rate decreases. When the end supersaturation drops below
0**, it grows into a flat interface morphology, as shown in Figure 14b. The transient stage
between adhesive growth and layer growth is more likely to generate plate-like inclusions
with angles or arms.
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Figure 14. Rough interface CaS inclusion at S content of 0.017%. F: flat interface; R: rough interface;
L: layer growth. (a) CaS inclusion with rough interface. (b) CaS inclusion with flat interface and
rough interface.

4. Conclusions

In the current study, the effects of the cooling rate and S content on the characteristics
of sulfide inclusions in Invar alloy were investigated through experiments and theoretical
analysis. The main results obtained can be summarized as follows.

(1) In the case of low S content, the cooling rate has no distinct effect on the microseg-
regation of solutes in the front of the solid-liquid interface, whereas the size and
morphology of sulfide inclusions were susceptible to the cooling rate. The smaller
the cooling rate, the longer the local solidification time, which allows the precipitated
CaS inclusions to grow up, leading to a larger size of CaS inclusions: 22.1 um with
43.1 K/s and 55.3 pm with 3.1 K/s. The thermodynamic calculations confirmed that
CaS is formed during solidification. The later precipitated CaS grows cooperatively
with the earlier precipitated Fe matrix, and the morphology of the CaS inclusions is
affected by the shape of the matrix. The morphology of CaS inclusion is transformed
as well: from round to flat gradually, with the decreasing trends of the cross-section
aspect ratio.

(2) In this study, CaS is the preferred precipitated sulfide over MnS. When [S] < [Ca], only
CaS precipitates in steel. When [S] > [Ca], where the Ca in the steel cannot completely
react off of S, MinS begins to precipitate.

(3) The various initial content of S diversifies the supersaturation during the formation of
CaS inclusions. These differences causes a variety of sulfide precipitations, but also
affect the morphological characteristics of precipitated CaS. The increase in supersatu-
ration shapes the morphology from a polyhedron and funnel to a dendritic shape, and
roughens the CaS inclusion surfaces.
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Nomenclature

T Temperature(K)

T Liquidus temperature

Ts Solidus temperature

Ty Melting point of pure iron(1809 K)

Kcas The equilibrium constant of Equation (1)
aicas]  The activity of pure CaS and considered as 1
[%i1] The concentration of solute element i (wt.%)

fiT The activity coefficient of a given solute element at temperature T
F1873K Activity coefficient at temperature 1873 K

Ts.p, The temperature at the solid-liquid interface where the solid and liquid coexist in a dendrite
fs Solid fraction

Cio Initial solute concentration

CiL Solute concentration at the solid-liquid interface

Cis1  Solute concentration at solid-liquid interface

k; Equilibrium partition coefficient

o Back-diffusion parameter

Dg Diffusion coefficient of solute in the solid phase

tr Local solidification time in seconds

A Secondary dendrite arm spacing(cm)

ACy; Consumption of a given solute element caused by the formation of CaS
Mcas The weight percentage of precipitated CaS inclusions.
Mc, The atomic weight of Ca

Ms The atomic weight of Ca
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