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Iron–aluminum alloys with a high (more than 10 wt.%) aluminum content are alloys with
sufﬁciently high heat resistance and can be considered as an alternative to expensive
superalloys containing nickel and chromium. A method is proposed for obtaining an
equiaxial structure in cast alloys of Fe- (12–14 wt.%) Al. Alloys were smelted in an open
mid-frequency induction furnace by introducing titanium-containing modiﬁers, which
can act as crystallization centers during melt solidiﬁcation when they are introduced
into a liquid metal, helping to obtain an optimal grain structure of the solid metal. Several
modiﬁcations were used: FeTi30, FeTi30 with the addition of metallic zirconium and the
complex microcrystalline modiﬁer “Insteel 7”. All modiﬁers contained varying amounts
of titanium. They were introduced into the melt of Fe–Al alloys 5 minutes before the
metal was drained. The purpose of this study was to obtain an equiaxed grain structure
of the alloys in the solid state. The desired grain shapes were achieved by introducing
the FeTi30 modiﬁer when the total titanium content in the ingot was more than 1.2%
by weight. Another way to obtain the optimal structure was the introduction of FeTi30
with the addition of metallic zirconium (1.83 wt.% Ti and 0.3% Zr in the ingot). The use
of the Insteel 7 modiﬁer, consisting of Ca, Ba, Fe, Ti, Ce, and La in the form of complex
silicides, is impractical because its use does not allow obtaining an equiaxial or close
to equiaxial granular structure of cast Fe–Al alloys.
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1. Introduction
Most of the elements introduced into the steel for alloying, deoxidizing or modifying
are used in the form of ferroalloys. According to [1], modiﬁers also belong to ferroalloys,
differing from them only by their purpose. Modiﬁers [2–4] are substances whose small
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amounts signiﬁcantly alter the structure and, therefore, the properties of the metal or
alloy they have processed. Studied in this work titanium containing modiﬁers are belong
to modiﬁers of the second kind (or so-called inoculators), according to the classiﬁcation
of P.A. Rebinder [5]. Such modiﬁers, when introduced into the melt, either inhibit the
growth of nuclei or are themselves additional crystallization centers, forming refractory
compounds with steel components. These compounds play the role of crystallization
centers during solidiﬁcation of the melt, helping to obtain a ﬁne-grained solid metal
structure.
It is known [6, 7], that titanium is widely used in metallurgy as a deoxidizing agent,
alloying element and as a modifying additive. In this work, the task was to analyze the
effect of modiﬁcation (inoculation) with titanium in the form of “FeTi30” ferroalloy or
in the form of a microcrystalline complex modiﬁer “Insteel 7” on the grain structure of
casted Fe-Al alloys with high (12 and 14 wt.%) aluminum content. According to the authors
of [8], joint modiﬁcation with two or more modiﬁers is often more effective than with one.
Therefore, we made a joint modiﬁcation with two modiﬁers: ferrotitanium (FeTi30) and
zirconium to enhance the grinding effect on the structure [9].

2. Samples and Experimental Technique
The studied Fe-Al alloys were obtained in an open mid-frequency induction furnace with
a capacity of 500 g and a power of 15 kW. Smelting of iron and aluminum consisted of
several spills at a temperature of 1580 ∘ C. Then liquid metal poured out into a heated
(200∘ C) graphite mold. Various modiﬁers (the composition of the modiﬁers (wt.%) was
determined by chemical analysis) were introduced into the Fe-Al melt in an aluminum
foil capsule in 5 minutes before the metal was drained. One melting #1 was without a
modiﬁer. Following amounts of modiﬁers were added: Melting #II – 33.23 kg/t of FeTi30
(30.1% Ti; 11.8% Al; 5.24% Si; 1.06% Mn; 0.147% C; 0.05% P; 0.0035% S; 0.12% Cu; 0.1% V;
0.007% Mo; 0.004% Zr; 0.005% Sn; rest Fe); Melting #III – 67.65 kg/t of FeTi30; Melting
#IV – 31.95 kg/t of FeTi30 and 0.96 kg/t of zirconium (99.85% Zr; 0.0025% Cr; 0.016%
Si; 0.0011% Ni; 0.122% Fe; 0.0019% O; 0.001% N); Melting #V – 62.06 kg/t of FeTi30 and
1.88 kg/t of zirconium; Melting #VI – 76.78 kg/t of Insteel 7 (16.7% Ti; 49.9% Si; 8.2% Ba;
7.9% Ca; 2.65% La; 3.61% Ce; 0.62% N; 0, 28% O; 0.43% C; 1.02% Al; 0.63% Mg; rest Fe);
Melting #VII – 80.27 kg/t of Insteel 7. The surface of the melt was protected by preparing
slag consisting of (wt.%) 23% CaO, 11% MgO, 50% SiO2 and 16% Al2 O3 . For stress relief,
ingots with a diameter of 14.3 mm and a height of 131 mm were placed in a chamber
of electrical resistance furnace with an air atmosphere, kept for one hour at 1000 ∘ C
DOI 10.18502/kms.v5i1.3972
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and cooled with a furnace. After this treatment, samples with a diameter of 5 mm and a
height of 10 mm were cut from the central part of the ingots at a height of 60 mm from the
bottom for the manufacture of microsections. The metallographic study was performed
on an NEOPHOT-2 microscope and a Micromet-5103 micro-hardness meter equipped
with a Thixomet Pro image analyzer, which allows obtaining panoramic images of the
microstructure of steel.
To determine the phase composition of the alloys, a Carl Zeiss EVO 40 scanning
electron microscope with INCA X-Act Oxford Instruments SDD spectrometer for Energy
Dispersive Spectroscopy (EDS) was used. Chemical analysis of modiﬁers and alloys
was carried out using atomic emission spectrometers with inductively coupled plasma
SpectroFlame Modula S and Optima 2100 DV. The carbon content was determined on
a Leco CS-230 instrument. The content of nitrogen and oxygen was determined on an
ELTRA ONH-2000 analyzer. On the panoramic images of the structure of the alloys with
an area of around 20 mm2 , we estimated (according to [10]) the morphology and size
of the primary grains before and after modiﬁcation. The shape factor (K𝑓 ) of grains we
calculated as the ratio of the length of grain along the heat removal line during metal
crystallization to the grain size in the transverse direction.

3. Results and Discussion
Table 1 shows the chemical composition of the alloys under study before and after
treatment with various modiﬁers.
With the help of EDS-analysis, the phase composition of FeTi30 modiﬁer introduced
into the Fe-Al alloys was analyzed. It is found that the matrix is a solid solution of titanium
(30%), silicon (4.5%) and aluminum (10%) in iron. The authors of [6] give similar data
on the composition of the matrix of aluminothermic ferrotitanium but believe that the
solid solution is similar in composition to the compound of Fe2 Ti. Besides, inclusions of
corundum Al2 O3 in the form of particles of geometric shape and large (up to 100 μm
in length) dendrite-like titanium carbide precipitates were found in the matrix. Exactly
particles of TiC, the melting point of which exceeds 2500∘ C, can act as inoculators
necessary for obtaining a ﬁne-grained structure in the studied alloys. A general view
of FeTi30 microstructure is shown in Figure 1.
The phase composition of the Insteel 7 complex modiﬁer is much more complicated.
There are six phases found in it: TiFeSi2 ; CaSi2 ; Ca1−𝑥 (La,Ce)Si2 ; FeSi2 ; complex phase
based on BaSi2 , containing Ca, Si, Al and Mg, and TiCN. Titanium presented in the most
numerous phase of TiFeSi2 and in the composition of a small number of inclusions of
DOI 10.18502/kms.v5i1.3972

Page 223

KnE Materials Science

NIOKR-2018

Figure 1: SEM image of FeTi30 microstructure: 1 - matrix (solid solution of titanium (30%); silicon (4.5%)
and aluminum (10%) in iron); 2 - corundum (Al2 O3 ) (black inclusions); 3 - titanium carbide (TiC) (dark grey
dendrites).
Table 1: Composition (wt. %) of alloys before and after modiﬁcation.
Melting

Modiﬁer

C

Mn

Al

Ti

Zr

Si

Ce

La

Ba

#I

Not introduced

0.008

0.17

11.8

-

-

0.22

-

-

-

#II

FeTi30

0.048

0.13

11.9

1.03

-

0.65

-

-

-

#III

FeTi30

0.007

0.16

13.7

1.20

-

0.62

-

-

-

#IV

FeTi30 + Zr

0.007

0.12

12.9

1.13

0.13

0.40

-

-

-

#V

FeTi30 + Zr

0.008

0.12

12.1

1.83

0.30

0.41

-

-

-

#VI

Insteel 7

0.024

0.17

12.7

1.02

-

2.49

0.037

0.017

0.005

#VII

Insteel 7

0.034

0.19

14.2

1.27

-

2.93

0.033

0.013

0.005

titanium carbonitride. Rare earth metals in modiﬁer Insteel 7 are found only as part of
complex silicide Ca1−𝑥 (La, Ce)𝑥 Si2 . Figure 2 shows the structure of the modiﬁer.
The panoramas of the grain structure of the alloys under study before and after the
modiﬁcation are shown in Figure 3.
In Figure 3(a), it can be seen that the alloy before the modiﬁcation (melting #I) has a
characteristic column structure. The grains grow to the center of the ingot in the direction
opposite to the heat removal, and have fairly smooth boundaries. In the structure of ingot
#II (1.03% Ti), in which the FeTi30 modiﬁer was introduced, two zones were found: a zone
of columnar crystals, which occupies about 75% of the surface, and a zone of equiaxial
or close to equiaxial crystals, occupying approximately 25% of the sample surface (Table
2). The columnar grains themselves are very narrow and long, and their borders have
an uneven, tortuous and often stepped shape - Figure 3(b). In the structure of melting
#III (1.20% Ti), after modifying with FeTi30, the zone of columnar crystals is completely
DOI 10.18502/kms.v5i1.3972

Page 224

KnE Materials Science

NIOKR-2018

Figure 2: SEM image of Insteel 7 modiﬁer microstructure: 1 – TiFeSi2 ; 2 – CaSi2 ; 3 – Ca1−𝑥 (La,Ce)𝑥 Si2 ; 4 –
FeSi2 ; 5 – phase based on BaSi2 , containing Ca, Si; Al and Mg; 6–TiCN; 7–pore.

absent, and the entire area of the sample is occupied by a zone of grains that are close
to equiaxial - Figure 3(c).
After modifying with two components: FeTi30 + zirconium (meltings #IV, #V), the alloys
have a structure that is rather close to equiaxial – Figures 3(d) and 3(e). Moreover, in
melting #V (Figure 3(f)), in which more titanium and zirconium were introduced (see Table
1), the grain shape is closer to the equiaxial. The value of K𝑓 , which characterizes, ﬁrst of
all, the shape of the grain, in the metal structure of melting #V is noticeably lower than
in meltings #II, #III, and #IV (as shown in Table 2).

Table 2: Parameters of the grain structure of Fe–Al alloys.
Melting

Type of modiﬁer

Content of Ti
in the alloys,
wt.%

The extent of the zone
vol. %

Shape coeﬃcient* (K𝑓 )

Column
grains

Equiaxial
grains

Column
grains

Equiaxial
grains

0

100

0

4.2

No

#I

Not introduced

#II

FeTi30

1.03

75

25

2.5

1.4

#III

FeTi30

1.20

0

100

No

1.5

#IV

FeTi30+Zr

1.13

0

100

No

1.8

#V

FeTi30+Zr

1.83

0

100

No

1.3

#VI

Insteel 7

1.02

56

44

4.3

1.6

#VII

Insteel 7

1.27

35

65

4.9

1.2

Note: * averaged values.

DOI 10.18502/kms.v5i1.3972

Page 225

KnE Materials Science

NIOKR-2018

Figure 3: The grain structure of cast Fe-Al alloys: a – before modiﬁcation; b – after inputting of FeTi30 (1.03%
Ti); c – after inputting of FeTi30 (1.20% Ti); d – after inputting of FeTi30 (1.13% Ti) and Zr (0.13%); e – after
inputting of FeTi30 (1.83% Ti) and Zr (0.30%); f – after inputting of Insteel 7 (1.02% Ti); g – after inputting of
Insteel 7 (1.27% Ti).
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The fact that the structure of alloys modiﬁed with titanium and zirconium (melting #IV
and #V) is much closer to equiaxial than in a metal modiﬁed only with titanium (melting
#II and #III) can be explained using EDS-analysis. This method allows us to conclude,
that in the microstructure of ingots #IV and #V are present particles of mixed carbides of
titanium and zirconium, which are good inoculators - Figure 4. Moreover, in melting #V
that contains more carbon, titanium, and zirconium (see Table 1) the effect of modifying
is higher than in #IV. Besides, in the metal matrix of ingots #IV and #V, the spherical
inclusions consisting of silicon, zirconium, iron, carbon, and aluminum were found. And
also at the grain frontiers, there were ﬁlms (Figure 5) containing titanium, zirconium,
silicon, and carbon. Exactly these ﬁlms play the role of modiﬁers or inoculators of the
second kind [5] since they are mainly located at the grain boundaries. Films restrain the
growth of grains during solidiﬁcation of the liquid metal.
After modifying alloys with the Insteel 7 complex modiﬁer (melting #VI and #VII), the
structure of the alloys has two zones — a zone with columnar grains and a zone in which
equiaxed or close to equiaxial grains prevail – see Figures 3(f) and 3(g). In melting #VII,
where titanium content in the metal is more than 1.27 wt.%, the columnar zone occupies
about 35% of the sample area, whereas in melting #VI (with the titanium content of 1.02
wt.%) it occupies approximately 56% (see Table 2). The zone of grains with shapes close
to equiaxed in the alloy with a higher titanium content (melting #VII) occupies about 65%
of the sample area (Figures 3(f) and 3(g), Table 2) that is bigger than in alloy #VI.

b

c

d

e

f

g

а

Figure 4: SEM image of the microstructure and non-metal phase in the alloy #V (a) and the distribution of
elements along the scanning line: Ti (b), Zr (c), Fe (d), C (e), Si (f), Al (g).

DOI 10.18502/kms.v5i1.3972

Page 227

KnE Materials Science

NIOKR-2018

b

c

d

e

f

g

а

Figure 5: SEM image of the microstructure and ﬁlms in the alloy #V (a) and the distribution of elements
along the scanning line: C (b), Al (c), Si (d), Ti (e), Fe (f), Zr (g).

We should not have expected, in our opinion, that the rare earth metals in the Insteel
7 will have a noticeable positive effect on the grain structure of the modiﬁed alloys.
Lanthanum and cerium within the Insteel 7 modiﬁer are bound in chemically inactive
silicide [11]. For the same reason titanium does not have a positive effect on the structure
of the modiﬁed alloy, although its content in melting #VII is rather high – 1.2%, since it
is also present in the composition of silicides – TiFeSi2 . In addition, the probability of
improving the grain structure using titanium carbonitride particles, playing the role of
inoculators, is not very high, because their amount in Insteel 7 is slight.
According to the chemical analysis data, the FeTi30 modiﬁer contains 0.23% O and
0.0079% N. In composition of FeTi30 modiﬁer (see Figure 1) corundum particles and
coarse titanium carbide precipitates are present. In alloys #II and #III, modiﬁed only
with FeTi30, titanium carbides were not detected, probably, due to their very small size,
but particles of titanium and zirconium carbonitrides were found in ingots #4 and #5.
These inclusions, which act as [5] inoculators, appeared, in our opinion, due to the
increased content of carbon and nitrogen in the FeTi30 modiﬁer, and contributed to
the appearance of a zone of equiaxial crystals during solidiﬁcation of the metal melt
after the introduction of this modiﬁer. The total nitrogen content in all alloys increases
by about 50-80% during the modiﬁcation as shown in Table 3.
The inclusions of corundum contained in the FeTi30 modiﬁer and formed in the
treated metal due to the oxidation of aluminum did not affect the grain structure of the
DOI 10.18502/kms.v5i1.3972
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alloy. Corundum did not act as inoculator since it has good buoyancy in slag [12]. For
the same reason, apparently, the oxygen content in the alloys did not increase after the
modiﬁcation, but contrary, decreased by 30–45 wt. % (See Table 3).
Table 3: Content (wt.%) of gases in Fe–Al alloys.
Melting

Modiﬁer

O

N

#I

No

0.0055

0.0019

#II

FeTi30 (1.03%Ti)

0.0034

0.0024

#III

FeTi30 (1.20%Ti)

0.0030

0.0090

#IV

FeTi30 (1.13%Ti) + Zr
(0.13%)

0.0038

0.0023

#V

FeTi30 (1.83%Ti) + Zr
(0.30%)

0.0039

0.0039

#VI

Insteel 7

0.0085

0.0044

#VII

Insteel 7

0.0016

0.0038

4. Conclusion
Thus, it is possible to affect the structure of Fe–(12-14%)Al alloys and to obtain a structure
close to equiaxial by introducing FeTi30 ferroalloy. But it works only when at least 1.2
wt.% of Ti contains in the metal ingot. Another way to obtain an equiaxed structure of
grains is possible by the joint inputting of FeTi30(1.83 wt.%) and zirconium (0.30 wt.%).
The authors of this work consider no expedient to use the Insteel 7 complex modiﬁer
containing 16.7% Ti to improve the structure of Fe-(12-14%) Al alloys. Since inputting of
this modiﬁer does not allow to get an equiaxial (or close to equiaxial) grain structure of
the metal.
The work was performed as part of the State topic “Structural, physicochemical and
mechanical properties of aluminum and copper alloys and composites for structural
and electrical purposes” (No. 0396-2015-0078) using the equipment of the “Ural-M”
Collective Use Center
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