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Abstract

Solid-state kinetics of non-metallic inclusion (NMI) reactions in steel is gaining increasing attention,
to elucidate the effect of heat treatments to NMI composition and stability. In this study, High
Temperature Environmental Scanning Electron Microscope (HT-ESEM) is used for an in-situ
observation of calcium aluminate complex, CaS, MgAl,04—CaS, MnS and TiN type NMls in steels at
800°C and 900°C for varying holding times. Together with visual morphological variations in NMls,
CaS and MnS fractions are found to decrease, promoting void formation in addition to the ferrite—
austenite phase transformation. HT-ESEM driven thermodynamic calculations were carried out with
FactSage 8.2 software to estimate the NMI reactions with the residual atmosphere in the sample
chamber during experiments. The modelled data provide insights into the interpretation of the
experimental data.
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1. Introduction

Non-metallic inclusions (NMls) are typically oxide, sulphide and nitride particles found virtually in all
steel products. It is well known that the composition, size and shape of NMls affect various
properties of the steel product, such as ductility, fatigue and corrosion resistance — in general the
most demanding steel applications require inclusions smaller in size and number [1]. Majority of
NMis form in the molten steel during processing stages, for instance as a result of deoxidation
reactions. The primary deoxidation product in Al-killed steels is Al,03, which reacts with added
calcium to form calcium aluminates in the melt before casting. Further formation and reactions of
NMis take place during casting, where steel is solidified. The driving forces for the reactions originate
from the decreasing temperature and alloying element enrichment in the steel during solidification
due to segregation. The most typical NMI phases in Al-killed, calcium treated steel products are
oxides in the Al;03—CaO-MgO system, e.g., calcium aluminates with varying compositions and
MgAl,O4 spinel, as well as calcium sulphide (CaS), manganese sulphide (MnS) and titanium nitride
(TiN). In many cases, multiphase non-metallic inclusions are observed, i.e., a combination of two or
more phases [2].

Despite the fact that most of the reactions involving NMIs occur in molten steel or during
solidification, the kinetics of solid-state reactions have gained increasing attention during the recent
years to assess the effect of heat treatments to NMI composition. Cheng et al. [3] investigated the
transformation of NMls in bearing steels in temperatures of 1225-1375°C. Samples were prepared
after heat treatments with varying temperatures and holding times, followed by SEM-EDS analyses.
It was concluded that calcium aluminate type inclusions transformed to spinel-CaS type, due to
diffusion of sulphur and aluminium and subsequent reactions between the steel matrix and the
NMI. Chu et al. [4] depicted a similar reaction during heat treatment of linepipe steels in the
temperature range of 1000-1400°C. Wang et al. [5] derived a kinetic model for the reactions
involving MgO-Al,03-Ca0-CaS components and the steel matrix. As a result, Time-Diameter-
Transformation contours were constructed to assess the NMI composition over heating time. Liu &
Webler [6,7] also reported the reactions of dissolved Mn with CaS in inclusions, promoting the
formation of solid solution (Ca,Mn)S phase in CaS and MgO-Al,0s—CaO(—CaS) type NMls. Until
recently, there has been a lack of an in-situ observation of the solid-state NMI reactions. Liu et al.
[8] investigated NMI reactions in temperatures of 1000-1200°C using in-situ confocal laser scanning
microscopy, verified by SEM-EDS analyses. Uniform composition CaO—MgO-Al;03 NMls were found
to transform to CaO-MgO-Al,03 with an outer layer of CaS.

Recently, HT-ESEM (High Temperature Environmental Scanning Electron Microscopy) has proven
itself a versatile tool, owing to its in-situ imaging and analysis in controlled atmospheres and
elevated temperatures [9]. In steel research, the investigated topics include morphology and
structure transformation of AI-Si coated boron steel [10] and oxidation of Co-Ce coated
interconnect steel [11], however, still lack in NMI research.

The current study demonstrates the applicability of HT-ESEM for in-situ observation of solid-state
non-metallic inclusion reactions occurring during heat treatment of low-alloyed steel. First,
reactions between the phases within NMls can be considered, secondly, reactions between steel
matrix and NMls, and thirdly, reactions between NMls and residual atmosphere in the HT-ESEM
sample chamber in high vacuum. To the best knowledge of the authors, no similar experiments have



been reported earlier. To support the findings, thermodynamic calculations were carried out to
assess the stability of NMI phases at elevated temperatures and under high vacuum.

2. Materials and methods
2.1 Investigated materials

In this study, several non-metallic inclusions in industrial samples of low-carbon, aluminium killed
and calcium treated steels in hot rolled condition were investigated. The samples, with a nominal
composition of 0.15 C, 0.3 Si, 1.0 Mn, 0.4 Cr in wt%, were machined into disks with an approximate
diameter of 5 mm and a thickness of 0.2 mm. Before the characterisation of NMls, the sample
surfaces were polished with a 1 um diamond paste, and finally polished to the mirror grade using a
colloidal silica solution. Non-metallic inclusions of interest were manually searched on the sample
surfaces.

2.2 High Temperature Environmental Scanning Electron Microscopy

A QUANTA 200 Environmental Scanning Electron Microscope (FEI company, Netherlands) was used
to perform the SEM characterizations as well as the in-situ experiments at high temperature [9]. It
is equipped with a FurnaSEM 1300 furnace (NewTEC company, France) that allows to heat the
samples up to 1300°C with a maximum 100°C/min heating rate [12]. High temperature
backscattered electron (BSE) images were collected using a Karmen detector (Crytur company,
Czech Republic) [13]. The SEM is also equipped with a Bruker SDD XFlash® 5010 Energy Dispersive
X-Ray Spectrometer (EDS) with a 123 eV resolution at the Mn Ka line.

The experimental procedure for the HT-ESEM experiments is as follows. First, EDS elemental maps
of the NMis of interest were recorded before the experiment. Then, the sample was heated up to
the experimental temperature (i.e. 800°C and 900°C) for various holding times. During the
isothermal heat treatment, BSE images were recorded regularly to observe the NMI structural
variations with a submicrometric resolution. Recorded image material was also converted to video
format files, available as supplementary material. After the cooling of the sample to room
temperature, EDS elemental maps of the same NMIs of interest were recorded again. The BSE
images were recorded at high temperature with an 18 kV acceleration voltage to ensure the
emission of high energy backscattered electrons that can be detected by the Karmen detector. The
experiments were carried out in high vacuum to prevent sample surface oxidation, typical residual
pressure being in the range of 10 to 103 Pa (10° to 102 bar). The EDS maps and analyses were
recorded with a 6 kV acceleration voltage. In this case, the interaction between the primary electron
beam and the sample remains limited to a low volume (approx. 0.05um3). This yields to high
resolution elemental repartition maps clearly showing the details inside the NMls.

2.3 Computational thermodynamics

FactSage 8.2 [14] was used to assess the stability of CaS, MnS, MgO, CaAl,04, MgAl;04, and TiN to
consider the effect of residual atmosphere of the HT-ESEM to NMls during in-situ high temperature
characterisation. For the calculations, FactPS database was selected, and the Reaction module was
used to calculate equilibrium constants K with varying temperature (800 to 1000°C). All solid
compound activities were unity. The remaining atmosphere of the sample chamber in high vacuum
was assumed as high in H; with little inert species [15]. Equations 1-5 present the NMI component



reactions with H; in the residual atmosphere, whereas Equations 6-9 present their volatilisation
into gaseous compounds.

CaS + H,(g) = Ca(g) + H,S(g) (1)
MnS + H,(g) = Mn(g) + H,S(g) (2)
MgO + Hz(g) = Mg(g) + H:0(g) (3)
CaAl,0, + 4H,(g) = Ca(g) + 2 Al(g) + 4H,0(g) (4)
MgAl,0, + 4 H,(g) = Mg(g) + 2 Al(g) + 4 H,0(g) (5)
2 CaS = 2Ca(g) + S,(g) (6)
2MnS = 2Mn(g) + S,(g) (7)
2Mg0 = 2 Mg(g) + 0,(g) (8)
2TiN = 2 Ti(g) + N,(g) (9)

The equilibrium constant for Equation 1 can be formulated as follows:

Kl — PcaXPH,S (10)
acasXPH,
Considering that the molar amount of forming species Ca(g) and H2S(g) are equal within the
reaction, and their initial concentration is zero, their partial pressures are equal, and Equation 11 is
obtained. Solving for partial pressure of Ca in equilibrium, Equation 12 is obtained, assuming the
partial pressure of H, is approximately equal to the total pressure P. Reactions depicted in Equations

1-3 result in similar formulation for the partial pressure of Ca, Mn, or Mg.

2
K, = —Fa (11)

AcaSXPH2

Pca =K1 X P (12)
For Equation 4, the equilibrium constant is written as:

2, 4
PcaXPa1XPH,0

4
AcaAl,04%PH,

Ky = (13)
In the reaction, two moles of Al(g) and four moles of H,0(g) are formed for every mole of Ca(g),
resulting in the partial pressure dependences depicted in Equations 14 and 15. Substituting into
Equation 13, the equilibrium constant in Equation 16 is obtained, and finally solving for pca, Equation
17 can be formulated. The reaction depicted in Equation 5 results in a similar formulation for the
solved partial pressure.

Pal = 2Pca (14)

PH,0 = 4Pca (15)



_ PcaX(2pca)®X(4pca)* _ 1024p¢
K4 - p4 - p4 : (16)

7 |[K, P4

Pca = 1024 (17)
The equilibrium constant for the reaction in Equation 6 is written as:
K6 — p(zjaxpSZ (18)

a(ZIaS
Here, one mole of Sx(g) is formed for every two moles of Ca(g), resulting in the partial pressure
dependence depicted in Equation 19. Substituting into Equation 18, the equilibrium constant in

Equation 20 is obtained, and finally solving for pca, Equation 21 can be formulated. Reactions
depicted in Equations 6-9 result in similar formulation for the solved partial pressures.

1
Ps2 = 5 Pca (19)
p(zjaxlpCa pa
K, = e - PG 20
6 a(zlaS 2a(ZIaS ( )
_3 7 _ 3
Pca = VKe X 2a%,5 = \/2K6 (21)

For all the considered reactions, the equations for the partial pressures of gaseous Ca, Mn, Mg, or
Ti compounds are listed in Table 1.

Table 1. Resulting equations for partial pressures.

Equation Partial pressure
(1) Pca = /K1 (T) X P
(2) Pvn = K2 (T) X P
B) | pug = /Ks() x P
)

(4 7 |Ky(T) x P
Pca = 1024

(5) 7| Ks(T) x P*
Prg = |

1024

) Pca = 3\/ 2Kq(T)
(7) | pmn = V2K,(T)

)

)

Pmg = 3\/ 2K5(T)
pri = 3 2Ko(T)




FactSage 8.2 with FSstel database was also used to estimate the transition temperature of ferrite
and austenite to fully austenite with the steel composition studied.

3. Results
3.1 In-situ NMI characterisation

The sites of interest include a number of NMI types observed in aluminium killed, calcium treated
steels. Table 2 presents the experimental conditions for the NMI types of interest, including calcium
aluminate complex, CaS, MgAIl,04—CaS, TiN and MnS inclusions. These NMls are representative of
the 3—10 NMils of each type that have been observed during the experiments.

Table 2. Experimental conditions for the NMls investigated.

Site of interest NMI type Length Temperature  Holding time

(rm) (°c) (min)
#1 Calcium aluminate complex 14 900 120+ 150
#2 Cas 1.5 800 120
#3 MgAl,04—CaS 4 800 30
#4 MgAl,04—CaS 4 900 30
#5 TiN 15 800 30
#6 TiN 3 900 30

#7 MnS 10 900 30




3.1.1 Calcium aluminate complex type

In the observed NMI, the dominant phase is calcium aluminate presented in top row of Figure 1.
MgAl,O4 spinel is seen as darker shade particles within both sides of the two-part NMI. In addition,
CaS phases are present on the edges, i.e., on the steel-NMI interfaces, appearing as lighter shade
in the BSE image. TiN is observed in lesser amounts in the elemental maps. After 120 minutes at 900
°C, the most notable observation is the disappearance of the CaS phase of the upper part of the left
side of the NMI. After additional 150 min heat treatment at 900°C, almost all of the initial CaS phase
has disappeared, and clear voids have formed around the inclusion. In addition, according to the
EDS maps, calcium-based matter has accumulated near the steel-NMl interfaces. The primary oxide
phases, calcium aluminate and MgAl,04 spinel, seem not to have reacted during the experiments
and the compositions determined in several zones remain the same before and after the heat
treatment.



Before experiment

Ca-aluminate CaS

Figure 1. Complex calcium aluminate NMI before and after experiment, BSE images and elemental
maps.



3.1.2 CaS type

The elemental analyses of the CaS inclusions indicate that they can contain minor amounts of MnS
as solid solution. No variation in the shape and composition of CaS was observed during a 120-
minute experiment at 800°C, as presented in Figure 2. Small drops of metallic iron formed rapidly
at the NMI surface after the sample reached the experimental temperature. These drops can form
at the CaS inclusion surface in the middle of the inclusion, as well as on the border of the inclusions.
Movement on the inclusion surface during the heat treatment and merging when two drops
contacting were also observed, as observed in the supplementary videos. Some metallic iron spread
on the NMI surface is observed in the after-experiment BSE image in Figure 2.

Before experiment

Figure 2. CaS type NMI before and after experiment, BSE images and elemental maps



3.1.3 MgAl>04 Spinel + CaS type

Backscattered electron images and elemental maps before and after experiment at 800°C for 30
minutes are presented in Figure 3 for the NMI of this type. In the observed NMI, the lighter shade
phase is CaS, and the darker one is MgAl;04 spinel. According to the elemental mapping, TiN is
observed as minor phase on the lower part of the NMl, i.e., precipitated on the surface of the oxide—
sulphide type inclusion. According to the BSE imaging or elemental mapping, no clear visible changes
were observed within the NMI.

Before experiment

Figure 3. Spinel—CaS type NMI before and after experiment, BSE images and elemental maps.



In Figure 4, BSE image and elemental maps are presented for spinel—CaS type NMI before and after
the experiments at 900°C for 30 minutes. Quite similarly, CaS and spinel phases are observed as
distinct shades, and a minor amount of TiN, again on the surface of the inclusion. The NMI phases
appear unchanged. However, according to the BSE images and elemental maps, the steel matrix has
flown over the NMI edges.

Before experiment

| BSE

BSE

Figure 4. Spinel—CaS type NMI before and after experiment, BSE images and elemental maps.



3.1.4 TiN type

TiN type NMls were observed in two experiments, held for 30 minutes at 800 and 900°C, results
presented in Figures 5 and 6, respectively. They illustrate the observed BSE images as well as
elemental maps before and after the experiments. Both BSE images and elemental maps show no
observable differences within the experiments, although some iron-containing material formed on
the surface in the experiment carried out at 900°C, clearly seen in the supplementary material.

Before experiment

After 30 min at 800°C

Ti [N |

Figure 5. TiN type NMI before and after experiment, BSE images and elemental maps.

Before experiment

BSE

After 30 min at 900°C

BSE

Figure 6. TiN type NMI before and after experiment, BSE images and elemental maps.



3.1.5 MnS type

As presented in Figure 7, a MnS type NMI was characterised before and after an experiment with a
holding time of 30 minutes at 900°C. After the experiment, void formation was observed in the
centre part, and thinning of the visible NMI in the upper part. The elemental mapping with
overlapping Mn, S and Fe — area pointed with single-headed arrows in Figure 7 — suggests that in
the upper part the observed thinning is caused by the flowing steel on the NMI surface rather than
contraction of the NMI. On the other hand, the width of the Fe-free zone, designated with two-
headed arrows, has remained constant in the centre part. In other words, the voids observed are
caused by the reactions occurring in the NMI.

Before experiment

Figure 7. MnS type NMI before and after experiment, BSE images and elemental maps.



3.2 Thermodynamic assessment

The resulting partial pressures of Ca, Mn, Mg, and Ti in equilibrium according to the equations
reported in Table 1 are presented in Fig. 8. They have been calculated in the temperature domain
considered in the present study. The higher the curve on the graph, the higher the thermodynamic
driving force for the reaction occurring from left to right. According to these results, MnS is the most
likely compound to react with H; or to volatilise during HT-ESEM imaging. In fact, the equilibrium
pmn Value for MnS volatilisation reaches the system pressure (10 bar) at around 950°C. According
to these results, MgO is more likely to react with the residual H, compared to the volatilisation
reaction. CaS can be considered more stable than MnS and MgO, but less stable than calcium
aluminate CaAl;04, spinel MgAl;04 and TiN.

1E-9 - 2MnS =2 Mn(g) +S,(g)

MnS + Hy(g) = Mn(g) + H,S(g)
MgO + H,(g) = Mg(g) + H,0(9)

2 CaS =2 Ca(g) + S,(9)
2 MgO =2 Mg(g) + O4(9)

CaS + Hy(g) = Ca(g) + H,S(9)

CaAl,0, +4 Hy(g) = Ca(g) + 2 Al(g) + 4 H,0(9)

MgAl,0, + 4 Hy(g) = Mg(g) + 2 Al(g) + 4 H,0(g)
2 TiN = 2 Ti(g) + N(g)

' I ' I ! I ' 1
800 850 900 950 1000
T(°C)

Figure 8. Partial pressures of gaseous Ca, Mn, Mg, and Ti in equilibrium under the investigated
conditions.



4, Discussion

The direct observation of the NMI phases using HT-ESEM has enabled to highlight various NMI
chemical reactions and morphological transformations, e.g. void formation and steel matrix flowing,
that can be discussed in the light of the thermodynamical calculations or phase transformations.

4.1 Chemical reactivity

The direct observation of the CaS phases do not show any reaction occurring at 800 and 900°C
during the first 30-minute holding time. Increasing the holding time to 120 and 270 minutes at 900°C
yielded to the observation of CaS phase morphological modifications, corresponding to significant
CaS phase reactivity in these experimental conditions. According to the thermodynamic assessment,
CaS can be considered more stable than MnS and MgO, but less stable than calcium aluminate,
spinel, or titanium nitride. This is in line with the HT-ESEM observations. The experimental results
indicate that the kinetics of CaS decomposition remain relatively low at 900°C as reactions involving
CaS were not observed with other NMlIs with shorter holding times. No other chemical
transformations have been observed in the different NMls, indicating that they are stable in the
experimental conditions or that the transformation kinetics are very low.

4.2 Steel matrix flowing

The MnS exhibited flowing of the steel matrix over the observed cross section of the NMI (Fig. 7).
This can be attributed to the local variances in the grain structure of the steel matrix and its softening
behaviour during heat treatments. A similar phenomenon was observed with a spinel-CaS type
inclusion at 900°C (Fig. 4), however not at 800°C with a similar NMI (Fig. 3). During the experiment
performed at 800°C, metallic iron droplets were formed on the surface of a CaS NMI (Fig. 2). As
observed in the supplementary video format material, the droplets were observed to be mobile at
the CaS surface, illustrating the non-wetting properties between the NMlIs and softened steel.
Formation of iron-rich material was also observed on the surface on TiN at 900°C, but their shape
was string-like rather than spherical.

4.3 Void formation

Void formation on the steel matrix—-NMI boundary was observed with a complex calcium aluminate
NMI (Fig. 1) and with a MnS inclusion (Fig. 7). According to Kiessling & Lange [16], sulphides are the
most prone void forming NMls, owing to their large thermal expansion coefficient, suggesting void
formation during cooling to room temperature. In the present study, void formation is observed to
occur at high temperature, during the isothermal treatment of the sample, and not after sample
cooling at room temperature. Thus, in this case, the difference of the NMls and matrix thermal
expansion coefficients is not the reason for the void formation. Instead, it can only be attributed to
high temperature reactivity.

First, the phase transformations in the steel matrix may have a role on the void formation. FactSage
calculations with FSstel database show that the transition temperature for the studied steel
composition (0.15C-0.3Si—1.0Mn-0.4Cr) is 825°C, i.e., above that temperature the microstructure
is fully austenitic, whereas below that temperature both austenite and ferrite are stable. In the
experiments conducted at 800°C, a fraction of the steel matrix is assumed to be austenitic. In the
experiments at 900°C, the microstructure has undergone a complete phase transformation, the



volume contraction of which is approximately one percent and this can be one reason for the
observation of void formation [17].

Second, according to thermodynamic considerations, the volatilisation reaction of MnS results in
partial pressure of manganese close to the HT-ESEM system pressure at around 950°C, indicating
that MnS volatilisation could be another probable cause for the observed shrinkage of MnS. The
reaction of MnS with Hj results in slightly lower equilibrium pwn, still several magnitudes higher than
equilibrium pca values for CaS reacting with H; or volatilisation. This indicates a higher reactivity of
MnS compared to CaS in the experimental conditions with both reaction routes, observed as void
formation with the MnS NMis.

4.4 Implications for HT-ESEM analyses

In the present study, in-situ HT-ESEM experiments with steel samples have been performed to
observe various NMI reactions for the first time. The technique has enabled the direct sub-
micrometer scale observation of local transformations at 800 and 900°C. The continuous recording
of images in the same region of interest, coupled with ex-situ EDS mapping performed before and
after the experiment, yielded to evidence chemical reactions, void formation and steel matrix
flowing. Furthermore, partial oxidation of the steel matrix has not been observed along the
experiments, indicating that the combination of the FurnaSEM stage with the Karmen detector are
particularly well adapted for this type of studies. However, one should note that although the
technique suits well with the study of such phenomena, the covering of the NMI particles by the
steel matrix flowing limits its use to the study of processes where the area of interest remains
accessible to the electron beam and is not masked.

5. Conclusion

The current study presents results of in-situ observation of non-metallic inclusions in steel with high-
temperature environmental scanning electron microscopy. The reactions occurring in calcium
aluminate, CaS, MgAl;0,—CaS, MnS, and TiN type NMIs were observed at 800°C and 900°C with
varying holding times. The main findings can be summarised as follows:

1. Decomposition of CaS was observed in the case of complex calcium aluminate NMI held at
900°C for a total of 120+150 minutes, but not with shorter holding times at target
temperatures, indicating a low rate of transformation kinetics.

2. Void formation around NMIs was observed at 900°C with a calcium aluminate containing CaS
and with a MnS type NMI. Possible causes are contraction during the ferrite—austenite phase
transformation, and according to thermodynamic considerations, MnS volatilisation or
reaction with the residual atmosphere.

3. Flowing of the steel matrix onto the NMI was observed at 900°C experiments with spinel—
CaS and MnS type NMils, attributed to softening of steel during heat treatments.

4. Based on the current investigation, the applicability of HT-ESEM to in-situ high
temperature NMI imaging is adapted to the study of inclusion phase transformations in the
prevailing conditions, and moderate temperatures, but can remain limited due to steel
matrix flowing and partial covering of the NMls.
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