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Effect of Boron Additive on the Formation Ferrous Phases in Alloys Al - Fe - Si
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Abstract. The article presents an analysis of the diagram of the state of the Al — Fe — Si system using the Thermo-
Calc program: polythermal sections were constructed and analyzed in order to determine the concentration limits of
the appearance of primary crystals of Fe-containing phases, the mass fractions of phases at certain temperatures
were calculated. A search was performed for optimal concentrations and temperatures at which the formation of a
highly symmetric AlsFe,Si phase capable of perceiving plastic deformation takes place. The Al-30Fe-9Si-1B system
was also investigated. Based on the calculation of the parameters of the primary crystallization of iron in Al — Fe —
Si alloys, the possibility of evaluating the effectiveness of modifying this alloy with boron is shown. The boron
additive was considered as a modifier contributing to the grinding of aluminium grains and the formation of a wide
area of existence of the AlgFe,Si phase. The concentration and temperature ranges at which the maximum number of
phases AlgFe>Si and AlB; can be achieved have been determined. The minimum amount of the AlgFe,Si, phase has
been calculated, which is undesirable because it leads to a decrease in the mechanical properties of the alloy. From a
practical point of view, the complex of proposed studies will allow to scientifically substantiate and develop new
technologies for the production and processing of semi-finished products and finished products from aluminium-
based alloys and functional materials with a given structure.
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Introduction

Aluminum is one of the key export products of Kazakhstan. The country holds a leading position in Central
Asia for its production. However, there are problems associated with this industry (high world market value, high
energy costs) [1]. Nevertheless, the prospects for the development of the aluminum industry in Kazakhstan remain
quite high. Kazakh companies are actively working to modernize their production facilities and introduce new
technologies. This increases production efficiency and reduces energy costs [1].

In the conditions of saving material and energy resources, the issue of recycling aluminum alloys becomes
especially relevant, which inevitably leads to an increase in the content of such poorly removed impurities as iron
and silicon [2-5]. The increased content of the latter limits the possibility of obtaining such grades of aluminum
alloys that are capable of deep drawing, and some operational properties are also reduced. At the same time,
recycled aluminum alloys can be very effectively used as raw materials for the production of metal-ceramic
materials based on aluminum with an increased content of both iron and silicon. Such metal-ceramic materials have
high hardness values and can be used to manufacture products operating under high wear conditions. A distinctive
feature of the alloy considered in this paper is the possibility of forming the a-phase, which is characterized by high
symmetry of the crystal lattice, which predicts its susceptibility to plastic deformation to a greater extent compared
to the B and 6 phases, which have monoclinic crystal lattices [6-10].

Considering the increased content of alloying elements in the alloy, significantly exceeding the solubility
limits in aluminum, it is quite labor-intensive to obtain such materials by traditional melting. For this purpose, the
use of additive manufacturing methods can solve the problem of obtaining metal-ceramic materials.

Often, to ensure the formation of a favorable microstructure, small additives of modifiers are used in
aluminum alloys, among which the most common are Ti, Zr, V, TiC, TiB,, Na, Sr, Sb, Ba [11-15].

Boron is also a well-known modifier of aluminum alloys, which helps to grind the primary crystallizing
phases in aluminum alloys, improving the quality of mechanical processing. Aluminum-matrix composite materials
alloyed with boron have low specific density, strength, corrosion resistance, good thermal conductivity, and the
ability to absorb thermal neutrons. At the same time, there is insufficient literary data showing the effect of boron on
the phase composition of aluminum alloys rich in both iron and silicon, and they are mainly fragmentary.

One of the promising areas for producing high-quality aluminum alloys is the additive method of composite
material synthesis. The aim of the work was a fundamental study of the Al-Fe-Si system. Search for optimal
concentrations and temperatures at which a highly symmetric phase of AlgFe,Si is formed, capable of receiving
plastic deformation. Al-30Fe-9Si-1B was also investigated. The boron additive was seen as a modifier, contributing
to the grinding of aluminum grains and the formation of a wide range of phase AlgFe;Si. Aluminum alloys, in which
boron is used as a modifier (up to 0.04% at melt temperature 690-710°C immediately before casting) and grain
shredder are used in the electrical industry. Boron is also introduced to increase electrical conductivity and as a
refining additive in aluminum alloys, which are used in the nuclear power industry in the amount of 0095 - 0.1%
[16].
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1. Research methodology

At the initial stage, the Al-Fe-Si system from the side of the iron corner was considered. This analysis was
carried out using the modern computer program Thermo-Calc.

The Thermo-Calc computer product is a program for calculating phase equilibrium, the basic principle of
operation: the algorithm of global minimization of Gibbs energy of multicomponent systems. It is also possible to
calculate thermodynamic properties of phases (Gibbs energy, enthalpy, etc.), metastable equilibrium. The main
characteristic of this program is its modularity, extensibility, replenishment of the databank of various elements for
different systems (metal, salt, oxide, aqueous solutions, etc.). This program also allows the calculation of phase
diagrams of multicomponent systems (construction of polythermic and isothermal sections, phase composition
calculation, calculation of cooling curves), which was done in this work.

Using the Thermo-Calc program (version TCW8, database TTALS.2) the aluminum-based system was analyzed
to determine the concentration limits of the appearance of primary Fe-containing phase.

The Al-Fe-Si aluminum corner state diagram (Figure 1) is considered as an example. In equilibrium with (Al),
in addition to the phases from double systems, there can be two triple connections: AlgFe2Si (o) and AloFe,Si> (B).
In this system there are three three-phase reactions involving (Al): (Al): L + AloFe,Si> — L + AlgFe,Six + (Al); L +
AlgFe,Sis + (Al) — AlgFe;Si + AlgFerSir + (Al), AlgFe,Si; + (Al) — AlgFe,Sir + (Sl) + (Al), three three-phase
reactions involving liquid phase L and phase 8: L+ 0 + 1, — L + 0 + AlgFe,Si; L + 6 + AlgFe,Si — L + AlgFe»Si;
L + AlsFe>Si — L + AlgFesSi + AlgFesSiy, the formulations of each phase at a certain temperature are given in the
table 1.

Region number Phase region
: \ 1 L
100 ) ‘ 2 L+0
5 ‘( 3 L+6+1,
4 ‘ 4 L+0+1
il A . - 5 L + 6 + AlsFe,Si
g [S¢ - 1 1 6 L + AlsFe;Si
?. 600 = — ey = ] 1 J 11 L + AlgFe,;Si + AlgFe,Sis
g » \ | 12 L + AlFeSiy
= 4 14 [l | 13 L + AlsFe,Si, + (Al)
[ : 16 AlgFe,Si + AlgFe,Sip + (AI)
| ‘ 15 AlgFe,Si; + (Al)
21 14 AlgFesSi, + (Si) + (Al)
l 17 AlgFesSi + AloFe,Sin
) 10 5 20 2% ,'f, ,'._» ‘ 18 0 + AlgFesSis
: Mass percent Fe 7 0+ AlgFe»Si
— 8 0+AlgFesSi + 12
9 O+ttt w
10 0+1,
19 0 + AlgFe,Sir + 12
20 0 + AlgFe,Si, + (Si)
21 0 + AlgFe,Sip + 13
22 0 + AlgFesSis

Fig. 1. - Polythermic section of the system Al - 32Fe - 9Si on the side of the iron corner

Primary crystals 0 - phase, tend to grow along the orientation [010], forming coarse needles, scales and plate
shapes in Al-Fe hypereutectic alloys, which seriously impairs the mechanical properties of alloys [17], [18].

The AlgFe,;Si phase has a rather narrow crystallization interval and is suppressed by AloFe;Si, phase
formation, which is a very undesirable process, as the presence of AloFe;Si, phase in the structure causes
deterioration of the mechanical properties of the material [19], [20].
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Table 1. Phase composition of the system Al-32Fe-9Si

Phase % Content Phase % Content
mass of the components, % mass of the components, %
Al | Fe [ i Al | Fe | i
t=1072 °C (1 region) t =624 °C (12 region)
L [ 100 [ 8120 [9,75 ]9,00 L 97,37 89,03 [ 2,16 8,79
t= 925 °C (2 region) AlFe:Si> | 2,62 57,64 | 26,89 | 1545
L 84,5 69,71 | 19,52 | 10,63 t= 589 °C (13 region)
0 15,5 59,51 | 39,60 | 0,82 L 25,09 88,17 | LI2 10,7
t=928 °C (3 region) AlFe:Si> | 34,68 5746 | 26,89 | 15,64
L 3127 5321 [2933 | 1738 (Al) 40,22 98,76 | 0,00 122
0 28,63 5877 | 39,71 | 1,51 t=379 °C (14 region)
o 40,09 SII1 | 4060 | 8.18 AlFe:Six | 52,15 6349 |2695 | 9,54
=831 °C (4 region) (Si) 3,74 0,00 | 0,00 100
L 24,93 7137 | 14,99 | 13,63 (AD 44,10 99,79 | 0,00 0,20
0 40,25 59,17 | 3939 | 1,42 t =491 °C (15 region)
o 34,80 51,05 33,89 15,05 AloFe2Si2 | 81,11 62,32 26,94 10,73
=730 °C (5 region) (Al) 13,88 99,68 | 0,00 | 031
L 8,88 8445 6,63 | 890 £=550 °C (16 region)
5 19.79 5960 3020 [ 117 AlsFe:Si | 30,58 60,35 | 32,59 | 7.0
ALFosi (7823 S711 3255 11033 AlFe:Six | 59,49 61,78 | 2694 | 1127
=671 °C (6 region) (A 9,01 99,67 | 031 0,00
L 70,61 8771 | 375 | 8,53 £ =494 °C (17 region)
AlsFeSi_| 29,38 57,50 | 32,55 | 9,94 AlsFe:Si_| 49,72 6032 | 32,59 | 7,08
=665 °C (7 region) AlFe:Six | 50,27 62,09 | 2694 | 10,96
0 6,08 5964 [ 39,15 | 1,19 £= 362 °C (18 region)
AlsFe:Si | 93,91 5791 | 32,56 | 9.52 0 _ | 638 57,98 | 38,99 | 3,02
t =648 °C (8 I'CgiOIl) AloFesSin 93,61 63,60 i 26,96 9,43
0 23,96 5934 [ 39,16 | 1,49 £ =367 °C (19 region)
AlsFe:Si | 43,25 5767 | 3255 | 9.76 0 _ [ 3368 26,72 | 3896 | 431
- 3277 s34 3301 | 15.64 AlFe:Six | 46,53 63,16 | 2695 | 9,88
=838 °C (0 region) T2 19,78 50,88 | 33,89 | 12,55
0 41,76 58,53 |3957 | 1,89 t =229 °C (20 region)
o~ 16.63 ST 14060 [8.18 0 — [3066 53,03 | 38,82 | 8,14
- 2160 a1 335 1668 AlFe:Sh [ 69.01 64,00 | 2696 | 9,03
1= 571°C (10 rogion) (Si) 0,31 100000 100
0 51,97 5800 |3923 |2.75 5 c 7ot =120°C 2211 6Tg1°“)3 =T
= 4802 | 5016 | 3388 | 1594 AlFe:Siz | 93,18 64,11 | 2696 | 8.92
L 61,9;7618 C9(é,12(r)eglon1),97 7,81 1 0.1 . 20,10 | 5026 | 29,62
AlsFe:Si | 28,91 58,07 | 32,56 | 9,36 5 m 5;’ 93°C (§§ {‘;glon)% =T
AlsFe:Si> | 9,08 5828 | 2690 | 14,81 : d ’ ’ ’
AlFe:Six | 50,41 64,11 | 2696 | 8,92

To evaluate the morphology of the obtained phases, an alloy of the Al-Fe-Si system with a basic composition
was synthesized. The technological conditions of the synthesis are presented in detail in [21, 22]. For metallographic
analysis, microsections were prepared using a standard technique, using cutting, grinding, and polishing operations.
The microstructure was studied immediately after synthesis, without additional processing in the "as prepared" state.
The synthesized ingot has two main regions: the intermetallic region, which occupies the bulk of the material, and
the eutectic region (Figure 2).

Intermetallic region

Eutectic region

|

Fig. 2. — Microstructure of the alloy system Al-Fe-Si
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Metallographic analysis shows that the structure of the material predominantly contains a combination of /0
phases, with the growth of the B phase occurring on the primary crystals of the 6 phase, which is in good agreement
with the results of computer modeling for region 22 (Figure 1). At the same time, thin sections of the FCC solid
solution of silicon and iron in aluminum were detected, formed as products of decomposition and phase
transformation as a result of nonequilibrium cooling conditions during synthesis. The obtained results demonstrate
the validity of using this approach to modeling for the purpose of predicting the phase composition of the alloy
during its modification.

In this connection, the effect of boron on the formation and formation of the AlgFe,Si phase was further
considered. As an example, a diagram of the state of Al-Fe-Si-B (Figure 3) was constructed.

Region Phase region
T number
DIAMOND_A4 1 L
| 2 L
i 3 L+06+AIB,+1
I | e 4 L+ 6+ AlsFesSi +
G - :-U!FEI e AlB,
;‘ . "-Lii‘.l_w‘s » 5 L + AlgFe,Si + AlIB»
§ g : 9 |0+ AlsFe;Si + AlB,
g 9 .'-LA'ESI}'] 2 T , 6 L+ AlgFezSi +
g -:-Lffil:’f g AlgFe,Sir+ AlB;
O - B 7 AlgFe,Si + AlgFe,Sir+
. - _ ——— - 9 AlB>+ (Al)
5 5 > : 8 AlgFe;Si + AlgFe,Sir+
e[ " | AlB,
5 l 10 0 + AlgFe,Si + AIB; +
500 : ‘ : X | )
; 0 5 10 15 20 2 0 \11 % 11 AlgFe;Si + AlgFe,Sir+
/A Mass percent Fe AlB,

Fig. 3. — Polythermic section of the system Al-30Fe-9Si-1B

In this system, with the participation of the 6 phase, there are four three-phase reactions with the formation of
AlgFe,Siand AlB: L+ 0+ AlBy + 10— L + 0 + AlgFe,Si + Ale; L + 0 + AlgFe,Si + AIB, — L + AlgFe,Si + AIBZ;
L + AlgFesSi + AlIB, — 0 + AlgFe;Si + AlB,. There is one four-phase reaction involving (Al): L + AlgFe,Si +
AlogFesSirt+ AlB; — AlgFesSi + AlgFe,Sir+ AlB>+ (Al). The AlsFe,Si phase has three three-phase reactions: AlgFe,Si
+ AlgFe,Sir+ AIB, — 6 + AlgFesSi + AlB, + 12; 0 + AlgFe,Si + AIB; + 1, — AlgFesSi + AlgFe;Sir+ AlB,. The
formulations of each phase at a certain temperature are given in table 2. As seen from the reactions, the separation of
phase AlsFe,Si and AlB; goes through the entire temperature range.

Table 2. Phase composition of the system Al-30Fe-9Si-1B

Phase % Content Phase % Content
mass of the components, % mass of the components, %
Al ‘ Fe ‘ Si B Al ‘ Fe Si B
t=1236 °C (1 region) t =568 °C (7 region)
= 1236 °C (2 region) AlbFesSi» | 51,75 | 60,97 | 26,93 | 12,08 | 0,00
=818 °C (3 region) (Al 13,46 | 9956 | 0,01 | 0,41 | 0,00
L 44,65 [ 72,57 [ 14,10 [ 13,12 | 1,89 : t= 568 °C (8 region)
0 33.80 59’2] 39’37 14’1 0’00 A]SFC2SI 79,22 58,98 32,57 8,44 0,00
AIBS 285 1721 000 1000 2273 AlbFexSi2 | 16,38 | 60,04 | 26,92 | 13,02 | 0,00
- 18’ o3 51’20 3’3 9 1;1 20 10 0’0 AlB: 439 | 5551 | 0,00 | 0,00 | 4448
—— 7200 v : : t=677 °C (9 region)
t =730 °C (4 region
L 2354 | 8425 ( % ) 893 10,07 0 4,64 | 59,66 | 39,16 | 1,17 | 0,00
0 3 ’]3 59’6 3’9 X 1’18 o’oo AlsFesSi 90,92 | 57,8 | 32,55 | 9,63 | 0,00
AlsFe:Si_| 6409 | 57.1 | 32,55 | 1034 | 0,00 AlB) 442 28 200 | D00 | 4448
AlB, 422 | 5551 | 0,00 | 0,00 | 448 t= (10 region)
=685 °C (5 region) 0 | 22,45 [ 59,31 [39,15 [ 1,54 ] 0,00
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L 61,31 | 86,94 | 4,37 8,63 0,04 AlsFeaSi 38,90 | 57,9 32,56 | 9,53 0,00
AlsFexSi | 34,76 | 57,39 | 32,55 | 10,05 | 0,00 AlB12 3,23 | 17,21 | 0,00 0,00 82,78
AlB2 3,91 | 55,51 | 0,00 0,00 44,48 © 35,40 | 52,49 | 33,91 | 13,58 | 0,00
t =625 °C (6 region) t=1520 °C (11 region)

L 60,90 | 89,26 | 2,23 8,47 0,02 AlgFexSi 68,86 | 59,46 | 32,58 | 7,95 0,00
AlsFe2Si | 31,08 | 57,80 | 32,55 | 9,63 0,00 AlFexSi2 | 27,97 | 61,02 | 26,93 | 12,04 | 0,00
AlFexSia | 4,06 | 57,79 | 26,89 | 1531 | 0,00 AlB12 3,16 | 17,21 | 0,00 0,00 82,78
AlB2 3,93 | 55,51 | 0,00 0,00 44,48

2. Results and Discussing

One of the main criteria for producing alloys based on aluminium is the process of modification (grinding of
grains of cast aluminium with the introduction of special additives). The process of grinding aluminum grain at
crystallization is the result of special interaction of transition metals with aluminium [23], [24]. The ideal modifier is
a particle that satisfies the following requirements: it should be effectively crushed grain at a minimum
concentration; in the melt is thermally stable and dispersed; it has a minimum structural difference with the lattice of
the modifying alloy; do not lose their modifying properties when melting. None of the modifiers currently known
have a complete set of these properties [16], [25], [26]. One such modifier in aluminum alloys is boron, which is a
transition metal. It has good refining effect on Al-Si alloys [27], [28].

Analyzing the polythermic section of the system Al - 32Fe - 9Si on the side of the iron angle sections, we can
conclude that the phase of interest to us AlgFe,Si has a fairly wide crystallization interval at a temperature from 730
C to 490 °C, but its formation is suppressed by the formation of phase AloFe,Si,. For example, at 494 °C (table 2, 17
region), the phase region consists of AlsFe,Si (49.72%) and AlgFe,Si> (50.27%). However, with the drop in
temperature, a phase transition is underway with the disappearance of the AlgFe,Si phase, which is completely
transitioned to the AlgFe,Si, phase.

The AloFe,Si» phase is known to be the most harmful, reducing the mechanical properties of aluminum
alloys. In particular, the plate or needle phase of AloFe,Si, not only cleaves the matrix, but also contributes to the
formation of casting defects such as pores and shrink pores. These phases easily cause stress concentration and crack
propagation, thus becoming the weakest sites in the alloys Al-Si [29], [30], [31]. Therefore, a section of the system
Al-30Fe-9Si-1B was built and the main optimal phase compositions were determined.

Boron is an effective grain shredder in Al-Si alloys, but the mechanism responsible for the effect of boron on
the formation and growth of phases rich in iron is still under discussion [31]. The mechanism of primary grinding of
boron grains in the Al matrix in the alloy is based on the formation of particles AlB; as a result of eutectic reaction
(table 3, region 3). And the formation of this phase has a fairly wide temperature crystallization interval (818 - 520
°C). It can also be concluded that this phase contributes to the formation of the AlgFe,Si phase with a fairly good
phase composition (min 31.08%, max 90.92%). Phase AlB; is crystallized by eutectic reaction at 818 C (table 4,
area 3). Since the AIB; and AlsFe,Si phases have different crystallographic lattices, it can be assumed that the AlB,
phase is the catalyst for the onset of phase AlgFe»Si [32], [33], [34].

Conclusions

Quantitative analysis of the phase diagram Al - Fe - Si as the basis of the high-strength alloy was carried out
using the program Thermo-Calc (version TCWS, database TTALS8.2). The standard alloy Al - 32Fe - 9Si was
considered, built a polythermic section, calculated the temperature of phase transformations. The phase composition
obtained during modeling was compared with the real phase composition, and the microstructure of the alloy was
studied. Optimum concentrations of iron and silicon were determined for AlsFe,Si phase crystallization. The mass
fractions of each phase are calculated at certain temperatures.

A polythermic cut Al-30Fe-9Si-1B was also calculated. The concentration and temperature regions at which
the maximum number of AlgFe,Si and AlB; phases can be achieved have been determined. The minimum number
of phase AloFe;Si, is calculated, which is undesirable because it leads to a decrease in the mechanical properties of
the alloy.

The data presented in this article are the initial stage in carrying out research on the development of
technology for the synthesis of composite ceramic materials of the AlxFeySi system using an additive method to
improve the quality of the structure of materials based on them. In the future, a complete thermodynamic analysis
will be carried out to select the optimal concentrations of alloying elements in order to develop a rational mode of
heat treatment of the alloy under study.

In the future, using the above described thermodynamic calculations to identify and modify phases rich in
iron in Al-Fe-Si alloys, it is planned to experiment with the addition of boron by the method of additive synthesis.
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