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Abstract: The present paper reviews original data obtained by the authors from recent separate
publications with additional unpublished data, specifically concerning the Lanthanum (La)’s role in
the solidification pattern and graphite formation in gray cast irons. Iron melting at 0.018-0.056%S,
a 3.7-4.1% carbon equivalent (CE) and less than 0.005%Al,esigual are inoculated with La-bearing FeSi
alloys at different associations with other inoculating elements. Complex Al-La small inclusions as
possible better nucleation sites for (Mn,X)S compounds and La-Ca presence in the body of these
sulfides, which possibly provide better nucleation sites for flake graphite, are identified in 0.026%S
cast iron. At a lower sulfur content (0.018%S), La,Ca,Al-FeSi alloy still has a high efficiency, but more
complex La-bearing alloys are recommended for a higher dendritic austenite amount (LaBaZrTi-FeSi)
or for lower eutectic recalescence (LaBaZr-FeSi). La has limited but specific benefits at 0.05-0.06%S
irons, including favorable graphitizing factors (a higher amount of graphite precipitated at the end
of solidification), lower eutectic recalescence, and a lower value of the first derivative at the end of
solidification. When La,Ca,Ba,Al,Zr,S-FeSi treatment (0.035%S base iron) is used, Scanning Electron
Microscopy (SEM) analysis finds that the first formed micro-compound is a complex Al-silicate
(Zr,La,Ca,Ba presence), which supports the nucleation of the second compound (Mn,Ca,La)S type.
At the sulfide-graphite interface, there is a visible thin (nano size) Al-silicate layer (O-Al-Si-Ca-La
system), which is more favorable for graphite nucleation (it has better crystallographic compatibility).
La is identified in all three important areas of nucleants (the first is formed oxidic nucleus, the second
is nucleated Mn-sulfide and the third is a sulfide-graphite interface), thereby increasing the efficiency
of graphite nucleation sites.

Keywords: gray cast iron; La inoculation; graphite nucleation; structure; La; S; O; Ca; Ba; Al; Zr; Ti

1. Introduction

Previous relevant research programs have pointed out that complex manganese sulfide (Mn,X)S
type (1-10 um size), which is usually nucleated on the previous formed oxide type micro-compound
(0.1-3 um size), is the major nucleation site for lamellar graphite formation in commercial gray cast
irons, which usually occurs with results of more than 0.025%S [1-3]. It has been found that this complex
process is sustained by: (a)promoting micro-oxides formation, which is suitable for nucleating MnS
compounds that have small sizing and are highly compact; and (b) a transition from simple MnS
to complex (Mn,X)S; this improves their graphite nucleating capacity, especially by decreasing the
mismatch between this substance and the (0001) face of the graphite [4-7], particularly for more than
0.02%S in cast iron [8]. In some previous experiments, re-sulfurization to obtain (%Mn) X (%S) =
0.03-0.06 [9], preconditioning with strong oxide forming elements (Al, Zr) [1,2,10,11], more potent
inoculants [12], and inoculation enhancement with S, O, and oxy-sulfide forming elements [13] were
found to be beneficial treatments (Figure 1), especially for critical solidification conditions such as a
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low sulfur content and a high cooling rate. The important role of MnS in graphite nucleation has also
been noted by other papers [14,15].
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Figure 1. Influencing factors on three-stage graphite formation in gray cast irons.

For excessively low S-content, nitrides/carbo-nitrides also appear to have an important role in
graphite nucleation [16-19].

The present paper reviews original data obtained by the authors from recent publications [12,20,21]
and their additional unpublished data, specifically concerning the La’s role in the solidification pattern
and graphite formation in gray cast irons at 0.018-0.056%S and <0.005%Al;esiqual, by using cooling
curve and structure analysis and graphite nucleation sites evaluation to check previously obtained
results and to find new data.

2. Materials and Methods

Table 1 summarizes the research programs with their representative parameters to evaluate the
responses of different gray cast irons melts (Table 2) to La-bearing FeSi alloys treatment. Very low
(0.018%S), low (0.026%S), relatively low (0.035%S), and medium (0.046-0.056%S) levels of sulfur
content were considered, which are typical of the actual variants of electric melting gray cast iron
in the foundry industry. For the close level of manganese content (0.40-0.57%Mn), the control
factor (%Mn) X (%S), which has been found to be an important influencing factor on the graphite
nucleation in gray cast iron [9], varied in a large range (0.0014-0.029). At 3.19-3.77%C and 1.11-1.75%5i,
the experimental cast irons were characterized by a 3.69-4.11% carbon equivalent (CE) and occupied
hypo-eutectic positions in the Fe-C diagram. Irons melted in coreless induction furnaces were



Minerals 2020, 10, 1146 3o0f15

subject to ladle and in-mold inoculation at different alloy addition rates (0.10-1.5wt.%). FeSi based
inoculants were used with different associations of the active elements that are typically involved
in graphite nucleation sites formation: Ca-Al, La-Ca-Al, La-Ca-Al-Zr, La-Ca-Al-Ba, La-Ca-Al-Zr-Ba,
La-Ca-Al-Zr-Ti, La-Ca-Al-Zr-Ba-Ti and La-Ca-Al-Ba-Zr-S. From the graphite formation point of
view, four important objectives were considered: La-efficiency in low-S gray cast iron (Program I);
the efficiency of Zr/Ba/Ti/addition to La-bearing FeSi in very low S-gray cast iron (Program II);
the La-addition to Ca,Al-FeSi for an optimum Mn-S relationship (Program III); and Graphite nucleants
analysis (Program IV).

Experimental data included the characterization of possible graphite nucleation sites, cooling curve
analysis parameters, chill tendency, graphite size and morphology, carbides occurrence, pearlite/ferrite
ratio and eutectic cell count.

Thermal (solidification cooling curve) analysis was used (Standard Quick-CupTM system) [22],
including a ceramic cup ata 7.5 mm cooling modulus, similar to 30 mm diameter bars. The cooling curve
and its first derivative were taken into consideration as the most important events such as representative
temperatures, solidification undercooling degrees, eutectic recalescence and the maximum recalescence
rate and the graphitizing factors.

Different chill wedge samples, cast in furan resin (3.0 wt.%) and p-toluenesulfonic acid (PTSA)
(6.53 wt.% S content, and 1.5 wt.% addition) and bonded with a silica sand (95.5 wt.%) (FRSPTSA)
molding system were used for their chill tendency (free carbides formation sensitiveness) evaluation.
Clear chill (CC) that portions nearest to the apex entirely free of gray areas), and total chill (TC—the
region from the junction of gray fracture to the first appearance of chilled iron) were measured on the
fractures of wedge samples. The parameter relative total chill (RTC) was also considered in the present
work, in accordance with Equation (1) [23]. Both total chill width (TC) and the maximum width of the
test wedge (B) were measured for each obtained casting, in order to obtain the real values for relative
total chill (RTC).

RTC =100 [TC/B] (%) 1)

Table 1. Experimental programs.

Sulfur FeSi-Alloys Inoculation
0, 0 *
Program Level/wt% (%Mn) X (%S) (Wt.%, Technique) CE% Objectives Analyses
LaCa.Al La-Efficiency in CC/Chill
I Low/0.026 0.015 [ 15’ Le; dle] 3.69 Low-S Gray Cast Structure
o Iron SEM
Efficiency of
[Laca sl Zr/Ba/Ti/addition e
11 Very Low/0.018 0.008 Zr/Ba/Zr,Ba/Zx,Ti/Zx,Ba, Ti 4.11 l.[O La-bearing FeSi, Structure
[0.10, In mold] in very low S-Gray
o Cast Iron
CaAl La-addition to
i Medium/0.046-0.056  0.024-0.029 Ca,Al + La 3.77 Ca.AlFeSi, for e
[0.25, Ladle] optimum Mn-S Chill
- relationship
La,Ca,Ba,AlLZrS Craphite
v Relative Low/0.035 0.0014 [over-inoculation] 4.00 P . SEM
[15, In Mold] nucleants analysis
* CC—cooling curves analysis.
Table 2. Chemical composition of test gray cast irons (wt.%).
Pr C Si Mn P S Al Ti Ca La Ce Mg CE

I 3.19 1.60 0.57 0.068 0.026 0.003 0.005 0.0055 0.0023 0.002 0.001 3.69
II 3.77 1.11 0.44 0.020 0.018 0.0015 0.0022 0.004 0.0005 0.002 0.0004 4.11
I 3.23 1.75 0.53 0.14 0.056 0.0037 0.014 0.007 0.0049 0.0008 0.0013 3.77
v 3.47 1.66 040  0.093 0.035 0.0011 0.003 0.0017 0.0001 0.0023 0.0001 4.0
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3. Results

The main objective of the first research program (I, Tables 1 and 2) wasto examine the effect
of La in addition to Ca and Al in inoculated low S gray cast irons (0.026%S5) [12] by using thermal
analysis, chill tendency and structure characteristics (Figure 2) and nucleation sites of graphite particles
(Figure 3), respectively.

The La,Ca,Al-FeSi alloy causes reductions of the maximum eutectic undercooling (ATm), as defined
in Figure 2a referring to the equilibrium eutectic temperature in the stable system (Tst), as a result of
increasing the lowest eutectic temperature (TEU) (ATm = Tst — TEU).

As a result, the chill tendency decreases, thereby affecting both clear chill (no graphite) and total
chill (increasing the disappearance of carbides). We used a Chill Wedge (W1, ASTM A 367: 5.1 mm
base width) cast in furan resin sand mold (1350 °C).

This inoculant also reduces the carbides amount, improves the graphite morphology (reducing
the undercooled D-type graphite amount in favor of a uniform distributed A-type graphite) and
significantly increases the eutectic cell count (Figure 2b). A standard 30 mm diameter Test Bar,
cast in furan resin sand mold, was used for metallographic structure analysis. According to another
work [24], lanthanum addition (0.1 wt.% La is the best) improves the microstructure and graphite
shape, mechanical properties and wear-resistance in gray iron castings.
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Figure 2. Cooling curve parameters (a) and results of the La,Ca,Al-FeSi inoculation (b) (Program I).
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Figure 3. Atypical example of chemical analysis along a cross-section of complex (Mn,X)S compounding
La,Ca,Al-FeSi inoculated gray cast iron (Program I): (a) Compo image; (b) Mn, S; (¢) O, Al, Si; (d) Ca, La.

By using SEM analysis (detector UTW Sapphire; 128.1eV resolution; 0.01 um point distance; 50 ms
Dwell; 100 us TC), a previous work [12] found that La is mainly concentrated in the first formed
oxide-based micro-inclusions (similarly to Al), but also at an important level in the shell of (Mn,X)S
compounds (Figure 3). It was assumed that La forms micro-inclusions later than Al, as the La-reached
phase typically surrounds the Al-reached phase. Complex Al-La small micro-inclusions, as possible
better nucleation sites for (Mn,X)S compounds and the presence of La-Ca in the shell/body of these
sulfides, and as possible better nucleation sites for flake graphite, appear to obtain the peculiar effects of
La bearing provided by the Ca,Al-FeSi alloy. Due to the very low size of the analyzed micro-inclusions,
the matrix contribution was not avoided in any cases in this evaluation technique.

Our second research program (II, Tables 1 and 2) [20] recorded cooling curves as a mean to
illustrate the influence of different active elements (Zr, Ba or Ti) accompanying La, in very low S
(0.018%S) and Al (0.0015%Al), 4.1%CE cast irons. In-mold [involving a ceramic cup and a cooling
modulus of approximately 7.5 mm], inoculation was applied directly in the Quik-cup™ cooling curve
analysis equipment [22] for the same alloy addition rate.

The relative performance (Equation (2)) of tested inoculation variants as their capacity to improve
the representative events on the cooling curve (see Figure 2a) involved in structure formation is shown
in Figure 4. Increasing of the temperature of austenitic liquidus (TAL) provides a higher capacity to form
austenite dendrites (solid solution of carbon in y-iron), resulting in increased mechanical properties.
If the TSEF (temperature of the start of eutectic freezing/nucleation) increases, it allows the early
formation of an eutectic structure, which becomes more probable without any free carbides occurrence.
TEU (the lowest eutectic temperature) increasing provides the possibility to avoid free carbides and to
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promote graphite formation at the beginning of the eutectic reaction. In this way, favorable graphite
morphology (A-type graphite) is promoted, while undercooled graphite morphologies such as B
and D are restricted. The maximum eutectic temperature (TER-temperature of eutectic recalescence)
determines the eutectic recalescence [ATr = TER — TEU], which is responsible for higher sensitiveness
to contraction defects formation (shrinkage, micro-shrinkage), especially in soft molds, so generally,
a reduced level of this parameter is a better effect of inoculation. A higher level of the temperature at
the end of solidification (TES) shows a reduced sensitiveness to form free carbides and micro-shrinkage,
mainly in the inter-eutectic cells area, at the end of solidification.

180 :
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100 +————————f4 H ———————— ;-

_-—— == =t =

Relative Performance /%

TAL TSEF TEU TER TES
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Figure 4. Relative performance of tested inoculants as representative temperatures on the cooling curves.

The relative performance of inoculant (i) wasestimated by using Equation (2):
RP; = X (Xix — CLx)/Sk 2

where Xji is the measured value of property (k)using inoculant (i), CLy is the average value for property
set (k) (column) and Sk is the standard deviation from the set. Thermal analysis performance was
averaged and used as one parameter: (k). The average performance had a level of 0%.

For general application, the La,Ca,Al-FeSi alloy has a high efficiency in low S and Al and higher
CE gray cast irons, leading to electrical melting without any other active elements contributing to
this outcome. For specific applications, some more complex La-bearing alloys are recommended,
such as for higher dendritic austenite amount promotion (LaBaZrTi-FeSi alloy) or for lower eutectic
recalescence (LaBaZr-FeSi alloy).

In research program III (Tables 1 and 2), standard cooling curves investigations were undertaken
to explore the inoculation effects of Ca and La-Ca bearing FeSi alloys in 3.7-3.8%CE and an optimum S
and Mn relationship [0.046-0.056%S, (%Mn) X (%S) = 0.024-0.029] in gray cast iron. Representative
temperatures on the cooling curves and under-cooling degrees (see Figure 2a) were correlated with
the chill [carbides sensitiveness] in wedge shape castings at a different cooling modulus (W, Wand
Wjsamples, as defined by ASTM A 367) [25] solidified in a resin sand mold (Table 3). The Cooling
modulus (CM) was defined as the ratio between the volume and the total external casting surface and
is an expression of the capacity to transfer a given quantity of heat through an existing surface to the
mold. A higher cooling modulus equates to a slower cooling rate and lower undercooling during
eutectic solidification.
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Table 3. Size of the Wedge Samples ASTM A 367-11 (2017).

Parameters of Wedge Samples *

Sample B H A Length
in. mm in. mm deg in. mm
W1 0.20 5.1 1.00 254 11.5 4 101.6
W2 0.40 10.2 1.25 31.8 18 4 101.6
W3 0.75 19.1 1.50 38.1 28 4 101.6
w3/, 1.00 254 1.75 444 32 5 127.0
W4 1.25 31.8 2.00 50.8 34.5 6 152.4

* B—the maximum width, H—the height and A—the angle of the test wedge samples.

A supplementary addition of La to Ca-bearing inoculants has limited, but specific benefits in these
cast irons: a lower eutectic recalescence (ATr) and a maximum recalescence rate (TEM) (Figure 5a),
higher GRF1 and lower GRF2 (less influenced) graphitizing factors [26] (Figure 5b) and a lower chill
tendency, especially for the lower cooling modulus, which means a higher solidification cooling rate is

obtained under these circumstances (Figure 5c).
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Figure 5. Cont.
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Figure 5. Eutectic recalescence ATr and the maximum recalescence rate (TEM) (a), graphitizing factors
GRF1 and GRF2 (b) and the chill tendency (c) of Ca-FeSi and La,Ca-FeSi inoculated gray cast irons
(Program III).

The graphitizing factor GRF1 was expressed by using the registered time for the 15 °C temperature
decreasing after the TER (temperature of eutectic recalescence, the highest eutectic temperature level)
point. A higher GRF1 factor means that the nucleation and the growth of eutectic recalescence occurs
over longer time periods, resulting a higher graphite amount formation in the second part of the
eutectic reaction. The resulted graphitic force pushes the last metallic liquid into the previous formed
contraction micro-cavities, thereby resulting in compact casting. GRF2 is illustrated by the angle
of the first derivative at the temperature of the end of solidification (TES), which was calculated
through the use of the FDES (first derivative level at the end of solidification) parameter (see Figure 2a).
Low values of FDES [more negative values] and of the GRF2 parameter are related to a high thermal
conductivity, which means a higher amount of graphite precipitated at the end of solidification.
The graphite formation in this stage of solidification contributes to decreasing the micro-shrinkage
formation incidence.

A new research program (IV, Tables 1 and 2) was recorded (0.035%S, 4.0%CE irons) with
different inoculating element formulas, including S, Al, Zr, Ca, Ba and La. Metallographic and SEM
(FEI QUANTA 450 FEG (FEI, Hillsboro, OR, USA) microscope) structure analyses were performed.
This work focused on the SEM analysis results in order to characterize the identified micro-inclusions
with visible or not-visible roles in graphite formation that were embedded in the metal matrix or
had visible contact with graphite particle, by assessing them using different grades (partial contact,
total contact or embedded in graphite particles).

Special attention was paid to the interface area between the micro-particle and grown graphite
particle on that surface. Typical identified compounds, embedded in the metal matrix or with a possible
role in graphite nucleation are shown in Figure 6 for La,Ca,Ba,Al, Zr and S-FeSi treatment.

Table 4 summarizes the chemical composition of identified compounds with or without a
visible core/nucleus (compounds A ... H shown in Figure 6) in different analyzed areas, such as
into the compound center/core (C-C), compound body (C-B), compound-graphite interface (C-G),
compound embedded in the metal matrix (Mx) and compound embedded into the graphite (G).

A particle embedded in the metal matrix (Compound E, Figure 6 and Table 4, at 6.7 pm size) without
apparent contact with graphite appears to be a manganese sulfide, with a La;S3 micro-particle in its
central area, which has an important quantity of La (3.4wt.%) and lacks an identified oxygen presence.
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The chemical composition of the representative areas on the cross section is shown in Figure 7 for
compound F and in Figure 8 for compound H (Figure 6).

(A) (B)

© (D)

(G) (H)

Figure 6. The analyzed compounds (chemical composition, Table 4) in connection with graphite
(A-D,F,H), embedded in graphite particle (G) and embedded in the metal matrix (E).
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Table 4. Chemical composition, wt. %.
Analyzed Area **
Co* Area Figure 9 C o Fe Al Si S Ca Ba La Mn Zr
C-C 1 - - 49.6 - 0.12 24.7 - - - 23.9 -
B C-C 2 9.5 9.2 79.3 0.59 0.97 0.11 - - - 0.31 -
C-C 3 13.7 - 52.6 - 0.04 13.6 0.09 0.17 18.5 1.29
C C-B 4 38.1 - 54.5 - 043 272 0.04 0.05 004 319 092
C-G 5 53.5 - 44.7 - 0.05 0.18 - - - - -
C-C 6 - 6.1 32.6 - 046 216 0.2 0.11 0.15 37.7 1.07
b C-G 7 7.7 122 487 - 1.95 10.9 026  0.10 0.10 173 0.89
C-C 8 - - 10.6 - - 30.6 0.19 0.24 34 53.1 1.98
E C-B 9 - - 27.0 - - 244 - - 047 482 -
C-C 10 - - 375 - 0.06 231 0.14  0.09 026 375 1.31
F C-G 11 27.3 - 47.0 - 0.04 7.1 - - 0.2 18.4 -
C-G 12 68.5 6.1 49 - 0.03 7.1 - - - 134 -
= C-G 13 65 11 21.6 - 0.4 0.74 - - 0.07 1.27 -
C-C 14 - 14.5 143  9.75 1.67 194 029 0.11 042 381 1.43
u C-C 15 - 15.7 132 918 284 19.6 033 0.14 048  36.6 1.89
C-B 16 - - 262  0.38 0.07 274 0.21 - 027 455 -
C-G 17 8.0 8.1 544 0.74 1.24 10.8 0.18 - 0.12 15.6 -

S, Mn, wt%

* Co—Compounds (Figure 6); ** Analyzed Area: C-C—Compound Centre; C-B—Compound Body;
C-G—Compound—Graphite Interface; Mx—Metal Matrix; (G)—Compound embedded in graphite.

Selected Avea 2}

und A Compound -
compound* Graphite : Compound Graphite
40 Interface 4 o ¥ — Interface
® s 2| s
N
% OMn 3-.% 8 25| mCa
2% .4 o
aMn/S 0 @ ,| ®Ba
20 é S
o 15 OLa
7
15
.| BZr
10
s 7 05
0 A 0 (=2 18858 e =R D
(a) (b)

Figure 7. Chemical composition on the cross section of the F-compound (Figure 6): (a) S, Mn, Mn/S;
(b) Si, Ca, Ba, La, Zr.
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Figure 8. Chemical composition on the cross section of the H-compound (Figure 6): (a)-S, Mn; (b) Ca,
Ba and La; (c) O,AlSi,Zr.
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Figure 7 shows a typical micro-compound (3.5 X 5 um size) (Particle F, Figure 6), mainly including
Mn and S, with a Mn/S = 1.6 ratio that is closer to the sthoichiometric level, which acts as a nucleating
site for lamellar graphite. La appears to have an important distribution in this particle because it is
defined as a (Mn,La)S system. At the compound-graphite interface, the Mn and S content decrease and
active elements, such as Ca, Ba, La and Zr, are present in this area.

It was supposed that the presence of these inoculating elements improved the structure parameters
of manganese sulfide particle in this area in order to be more active in graphite nucleation.

For other compounds, an oxide-based chemistry of the first formed micro-compound was visible,
including O-Al-Si-Zr-Ca-Ba-La, which acted as a nucleus/core of the analyzed compound. No clear
difference appeared in the chemical composition between the center and the surface area of this
oxide-based particle.

The second formed compound did not include oxygen and oxide-forming elements, but did
mainly include manganese and sulfur as a (Mn,X)S-type particle, where X = Ca, Ba, La and Zr.
These elements were dissolved in manganese sulfide or they formed specific sulfides that were
dissolved in a manganese sulfide compound.

(Mn,X)S compounds, generally known as a polygonal morphology, lead to regular polygonal
forms through the presence of some active elements. These compounds are characterized by different
values of the Mn/S ratio between the sulfide body and the sulfide-graphite interface area, where Mn is
partially replaced by Ca, Ba, La and Zr.

Compound H (Figure 6 and Table 4) is a typical example in this respect. SEM analysis found that
the first formed micro-compound (1.7 pum size) is a complex Al-silicate (mainly Zr, also Ca, Ba and La).
This previously formed particle supports the nucleation of the second compound (6.5 um size) in a
(Mn,Ca and La)S system and under a general polygonal morphology (Figure 8).

For the analyzed particle H at the compound (Mn,X)S, the graphite interface is visible as a thin
Al-silicate layer (O-Al-Si-Ca-La) which is more favorable for graphite nucleation, which leads to a better
crystallographic compatibility (involving a hexagonal system, such as occurs for graphite, versus a
cubic system, which typically occurs for sulfide) and a low mismatch between this substance and the
(0001) face of graphite.

In order to obtain more information on the possible compounds formation, the graphs in Figure 9
illustrate the different associations between oxygen and sulfur on the one hand, and find oxide or/and
sulfite forming elements (Fe, Si, Al, Mn, Ca, Ba, Zr and La) on the other hand, in different areas
(see Table 4) of all of the analyzed particles (see Figure 6).

The identified nucleus of (Mn,X)S compounds appears to mainly possess an Al-O association
(probably Al,O3), which previously nucleated in the metal melt before manganese sulfide formation
occurred, and acts as a nucleation site for this second compound. This oxide-based previous compound
also includes inoculating elements, mainly Zr but also La, Ca and/or Ba at a lower level. These elements,
which are associated with oxygen or sulfur, could increase the nucleation capacity of MnS on the
Al,O3 support (such as for compound H, see Figure 6). Alternatively, these elements could form
specific compounds as nucleation sites for MnS, as compound E (Figure 6) suggests: without Al and O,
this nucleus contains La, Zr, Ca and Ba. The relationships between oxygen and inoculating elements
show the increasing of the Zr and La content with O content, but witha less visible relationship for Ca
and Ba.
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(see Figure 6. Table 4), embedded in metal matrix and connected with graphite particles: (a) Fe

(b) Mn-O-S; (c) Ca-O-S;

, Table 4).

.17, Analyzed areas

(d) Ba-O-S; (e) Zr-O-S; (f) La-O-S; (1....

4. Conclusions

The obtained results re-confirm the role of complex (Mn,X)S compounds at a micron size
(1-10 pm) and with and without a visible nucleus as an oxide origin (0.1-3 pm), as major graphite

nucleation sites.

1.
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For La,Ca,Ba,Al,Zr and S-FeSi treatment (0.035%S base iron), SEM analysis finds that the first
formed micro-compound is a complex Al-silicate (including Zr, La, Ca, Ba), which supports the
nucleation of the second compound formed (Mn,Ca,La)S.

The graphite nucleation capacity of MnS compound increases through the addition of inoculating
elements which act on the first formed oxidic compound (favoring MnS formation) and by
replacing Mn in the Mn-S compound, thereby decreasing the mismatch between this substance
and the (0001) face of graphite.

Additionally, a possible thin (nano size) layer is identified at the sulfide-graphite interface,
including oxide-forming elements (O-Al-Si—-Ca-La), that is able to increase the capacity of
(Mn,X)S to nucleate graphite (leading to better crystallographic compatibility).

La is identified in all of the three important areas of nucleants (the first formed oxidic nucleus,
later nucleated Mn-sulfide and at sulfide-graphite interface), thereby increasing the inoculating
efficiency of the elements.

With a very lower S-content (0.018%S), the La,Ca,Al-FeSi alloy still has a high efficiency,
but more complex La-bearing alloys are recommended with a higher dendritic austenite amount
(LaBaZrTi—FeSi) or with lower eutectic recalescence (LaBaZr-FeSi).

La has limited but specific benefits with an optimum content of 0.05-0.06%S in cast irons; a lower
eutectic recalescence and maximum recalescence rate, higher GRF1 and lower GRF2 graphitizing
factors and a lower value of the first derivative at the end of solidification are favorable conditions
for decreasing the micro-shrinkage formation incidence.
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