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Absract: Using an increasing share of aluminum scrap (production and post-production) requires paying special attention to its impurities.
Gaseous inclusions (e.g., hydrides) can be removed from the liquid alloy by refining, but the situation is worse with metallic impurities. In Al-
Si alloys, one of the worst is iron, which goes into solution due to its low solubility in the solid state, at a content of over 0.4wt.%, it
crystallizes in morphologically unfavorable phases, which worsen the functional properties and increase the porosity of aluminum alloys,
limiting their use. The crystallization of these phases causes thermal effects that various methods can record. The paper presents studies of
phase transformation, especially iron phases, using thermal-derivative analysis occurring in the AlSi7Mg alloy with different iron content.
The studies were performed on Crystaldigraph NT3-8K coupled with the MLab program. It was found that the most unfavorable phase is -
AlsFeSi, which crystallizes preeutectic (and mainly primary crystallize) dimensions of up to 1000 xm, causing the formation of shrinkage

porosities.
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1. Introduction

Analysis of thermodynamic processes is proper when it is possible
to record their kinetics. In industrial settings, temperature is the
parameter that can be most easily controlled and determines the
form of the microstructure and the physicochemical properties
occurring in the material. One of the methods of the time course of
change of these properties as a function of temperature is thermal

analysis (TA) [1-3]. Among its many variations, e.g.,

thermogravimetric analysis (TGA) [4, 5], thermodilatometric
analysis (TDA) [6], thermomechanical analysis (TMA) [7] or
differential scanning calorimetry (DSC) [8, 9], thermal-derivative
analysis (TDA) has found wide application in both laboratory and
industrial research [10-12]. ATD analysis is a method that uses the
visual effects of phase transformations occurring in metal alloys
(usually during the transition from the liquid to the solid state),
accompanied by a change in energy. As the sample cools, its
temperature is lowered by the release of heat, a characteristic
feature of the alloy under study and the transformations taking place
in it. Due to the ease of measuring temperature, the ATD method is
widely used, for example, in metallurgy, making it possible to

quickly obtain much information about the alloy under study [13-

16].

Such great interest in the ATD method is due to its versatile

application for, among other things:

e nucleation analysis and determination of the degree of
overcooling of the alloy AT. It can be used, for example, to
assess the correctness of the modification process incident -
the beginning of the cooling curve,

e indicative prediction of the chemical and structural
composition of the alloy - the middle range of the
crystallization curve (from T, to Tg),

e indicative assessment of the alloy's purity and the presence of
impurities, inclusions, and gases in it - the final section of the
crystallization curve. Impurities cause the formation of low-
melting eutectics, which affect a significant increase in
crystallization time,

e determination of the amount of heat of crystallization of
alloying elements and eutectics - the entire crystallization
curve,

e evaluation of phase transformations due to the separation of
intermetallic phases (separate or as a component of eutectics).

In particular, the last capability of the ATD method helps determine

the range of crystallization temperatures of alloying constituents,
for example, in alloys where crystallization of phases that
negatively affect functional properties is possible. This mainly
concerns iron phases of unfavorable morphology in aluminum
alloys due to the increased proportion of circulating scrap as a
feedstock component.

Studies [20-22] indicate that the iron contained in Al-Si alloys, as a
result of different heat removal conditions and chemical
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composition, can crystallize in the form of four phases with
different morphologies:
1. B-AlsFeSi, also referred to as AlgFe,Si in Group 6XX.X (Al-
Mg-Si) alloys,

2. o-AlgFe,Si (or a-AljFesSiy), which under thermodynamic
equilibrium conditions has a hexagonal structure and is stable
only in Al-Si-Fe alloys with high charge purity,

3. 8-Al FeSi, present in Al-Si alloys with more than 18 wt. % Si,
and

4.  y-AlgFeSi present at contents of more than 4 wt. % Fe and

more than 16 wt. % Si.
However, the problem arises when the iron content in Al-Si alloys
exceeds 0.4wt.% (for gravity castings), resulting in the
crystallization of the p-AlsFeSi phase (which has a lamellar and
needle-like structure). As reported in the literature [17, 18], such a
structure causes the propagation of microcracks and stress
concentration, which increases the brittleness of castings, makes
them more difficult to machine, reduces mechanical properties, and
increases porosity. Therefore, it seems reasonable to research
evaluating the crystallization of AIl-Si alloys with higher iron
content and analyzing the associated phase transformations. This
problem is particularly relevant as the share of circulating scrap in
producing Al-Si(Fe) alloy castings needs to be increased for
economic and environmental reasons.
2. Purpose and scope of the research
The study aimed to analyze the crystallization process of an
AISi7Mg alloy with increasing iron content (from 0.4 to 2.0wt.%, in
0.2% increments) and its effect on microstructure and porosity.
To realize the stated purpose of the work, the scope of the research
included:
e execution of melts according to the established experimental
plan (Fig.1),
e chemical composition studies,
e analysis of crystallization by ATD method: recording the
cooling curve and its first derivative,
e evaluation of microstructure change and porosity of AlISi7Mg
alloy with different iron content.

Sample Estimated
No. iron content,
wt. %

1 0.4

2. 0.6 | chemical composition studies ‘
3. 0.8 f

4 1.0 ‘ recording of the crystallization curve ‘
5. 12 =\ o] 9 Y

6. 1 '1’ | microstructure studies ‘
7. 16 ATD

8. 1.8 sampler

9. 2.0

Fig. 1. Research plan for the AISi7Mg alloy with increasing iron
content.
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3. Research material and methodology
The material for the study was AlSi7Mg alloy. The choice of the
alloy was dictated by its wide application, both for gravity castings
and pressure castings, such as rims. AlFe20 master alloy (as a
substitute for scrap iron) was added to the alloy in such quantities as
to achieve the assumed content of 0.4 to 2.0wt.% Fe (Fig.1). Any
magnesium deficiencies were supplemented with AIMg10 master
alloy (10wt.% Mg). The alloys were smelted in a Balzers
VSG02/631 electric vacuum furnace (Balzers & Co GmbH,
Germany). The alloys were modified with AISr10 master alloy and
refined with Rafglin-3. After reaching a temperature of about
760°C, it was cast into a standard QC-4080 Heraeus Electro-Nite
sampler (Seekirchen, Austria) with a capacity of 130 cm®. The
solidification temperature (T) was recorded using a NiCr-NiAl
thermocouple (type K) placed on the axis of the sampler. Thermal
analysis was carried out with a Crystaldigraph NT3-8K temperature
recorder using MLab software (Gliwice, Poland). This set meets the
requirements of both EN61010 and EN60584 for temperature
measurement. The cooling curve T=f(t) and its first derivative in
time dT/dt=f'(t) were recorded. For each measurement of the
cooling curve, the same volume of alloy, the same coefficients for
“smoothing” the first derivative, and similar melting, casting, and
ambient conditions were used. From the middle part of the cross-
section of the QC-4080 sampler ingot (at the temperature
measurement point), samples were taken for metallographic studies
performed on a MeF-2 Reichert light microscope (Wien, Austria).
X-ray microanalysis was conducted on a Hitachi S-4200 scanning
microscope (Tokyo, Japan) with an EDS energy dispersive X-ray
spectrometer using a Thermo Noran system (System Six) equipped
with a SE and BSE electron detector. X-ray studies were performed
with a Philips X Pert diffractometer, using a ACuy, - 1.54178 A
lamp supplied with 30 mA at 40 kV. The registration was made
using the “step-scan” method with a step of 0.04° and a counting
time of 10 seconds, in the 26 angle range from 20° to 140°. The gap
on the incident beam was 1°, and on the deflected beam was 2°.
4. Research results and their analysis
4.1. Chemical composition test results

The results of the chemical composition of AlSi7Mg alloy with
increasing iron content are shown in Table 1.

Table 1. Results of the chemical composition of AISi7Mg (Al -
balance) alloy.® 2.

Sample Element content, wt. %

No. Si Fe | Mg | Cu | Mn | Ni Sn Zn Pb Ti
1. 6.94 1 0.39 | 0.55]0.18 | 0.28 | 0.09 | <0.01 | <0.08 | <0.11 | 0.12
2. 6.93 | 0.61 | 0.54 | 0.17 | 0.32 | 0.13 | <0.01 | <0.09 | <0.10 | 0.13
3. 7.11 | 0.80 | 0.60 | 0.16 | 0.29 | 0.06 | <0.02 | <0.11 | <0.09 | 0.13
4. 7.02 1097 052 0.11 ] 0.31]0.09 | <0.03 | <0.06 | <0.10 | 0.12
5. 7.41 | 1.16 | 0.58 | 0.16 | 0.27 | 0.11 | <0.02 | <0.11 | <0.11 | 0.18
6. 6.95|1.390.61 |0.170.24 | 0.11 | <0.02 | <0.09 | <0.10 | 0.17
7. 7.17 | 1.59 | 0.58 | 0.15 | 0.30 | 0.08 | <0.03 | <0.11 | <0.09 | 0.20
8. 7.26 | 1.78 | 0.52 | 0.16 | 0.30 | 0.08 | <0.02 | <0.07 | <0.10 | 0.15
9 72211941 05510.1910.27 | 1.12 | 0.02 | <0.11 | <0.08 | 0.18

! _ averaged results from 6 measurements, after excluding the two
extreme ones,

2 _ the sum of other elements (Na) and impurities (Ca; K) in the
AISi7Mg alloy is below 0.05.

Analyzing the results of the chemical composition of the AISi7Mg
alloy (Table 1), it can be concluded that despite the increasing iron
content, the proportion of other elements has not changed and is
within the limits of a typical AlSi7Mg alloy.

4.2. Results of thermal analysis using the ATD method
Representative ATD plots of AISi7Mg alloy with different iron
contents are shown in Figure 2.
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Fig. 2. Crystallization curves of AISi7Mg alloy withdifferent iron
content: a) up to 0.49wt.%; b) from about 0.5 to 0.9wt.%; c¢) from
about 0.91 to 1.5wt.%.

The symbols in Figure 2 stand for:

T=f(t) - the curve of temperature change T at time t, - the so-
called TA (Temperature Analysis) curve,

dT/dt =f(7) - the first derivative of the temperature change over
time - the so-called ATD (Analysis Temperature Derivative)
curve,

point A - temperature of onset of crystallization of dendrites of
solid solution a(Al) — Ty (Tiig), °C,

A-B - range of crystallization of dendrites of solid solution
a(Al), °C,

point B - minimum temperature (onset) of crystallization of
eutectic a(AD+B(Si), — Temina+p C:

point C - average crystallization temperature of the a(Al)+p(Si),
- TE(u+[§)oCy

point X - crystallization temperature of iron-rich intermetallic
phases - Tg(re), °C,

point D - crystallization temperature of magnesium-rich
intermetallic phases - Tggg), °C,

point E - temperature of the end of crystallization of EN AC-
AISi7Mg alloy (T), °C.

Table 2 summarizes the average characteristic crystallization
temperatures of AISi7Mg alloy obtained from the ATD method
(rounded to integer) for different iron contents. Based on ATD
studies, the cooling curve of AlSi7Mg alloy is up to about 0.49wt.%
Fe content was found to be typical of Al-Si-Mg alloys with sub-
eutectic composition, i.e., dendrites of the solid solution a(Al)-at
Tiq. are formed first, followed by crystallization of the eutectics
a(AD+p(Si) and a(Al)+(Mg,Si)+p(Si), at about 0.5 to about
0.9wt.% Fe, an exothermic effect from crystallization of iron-rich
phases was found. It occurs in the temperature range from about
574°C to about 590°C, which is before the crystallization of the
a(Al)+B(Si) eutectic (about 558°C) and the triple eutectic containing
the Mg,Si phase (about 550°C). Crystallization of these eutectics
continues to the temperature of T, (from about 530 to 520°C). Iron
content in the AISi7Mg alloy up to more than 0.9wt.% causes

YEAR XIX, ISSUE 3, P.P. 110-113 (2025)



INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS"

WEB ISSN 1314-507X; PRINT ISSN 1313-0226

primary crystallization of the iron phases (before crystallization of
the dendrites of the solid solution «), accompanied by an
exothermic effect at temperatures above 590°C. Further increasing
the proportion of iron results in an even more significant increase in
Te(rey temperatures to as high as 640°C for 2.0wt.% Fe content.
Increasing the proportion of iron and the resulting increase in the
Te(re) temperature value changes the microstructure of the AISi7Mg
alloy.
Table 2. Characteristic crystallization temperatures of AlSi7Mg
alloy from ATD analysis®.

Sample | Name of alloy and Characteristic crystallization temperatures, °C
No. share of iron, wt.% A B c X D E

’ Tiig. | Teminep) | Te@rp) | Trrer | Trowg | Tsol

1. AlISiTMg+0.4 590 555 558 - 551 | 532
2. AlSiTMg+0.6 590 556 558 - 550 | 530
3. AlSi7TMg+0.8 592 555 557 | 574 | 551 | 530
4. AlSi7Mg+1.0 595 556 559 | 579 | 551 | 525
S AlSiTMg+1.2 596 554 557 | 591 | 551 | 522
6. AlSiTMg+1.4 600 556 557 | 619 | 550 | 522
7. AlSiTMg+1.6 603 556 558 | 624 | 550 | 520
8. AlSi7TMg+1.8 604 555 558 | 633 | 550 | 520
9. AlSi7TMg+2.0 606 556 558 | 640 | 551 | 520

! _ the symbols in the table are the same as in Figure 2.

4.3. Microstructure test results

Figure 3 shows representative microstructures of AISi7Mg alloys
with different iron contents. Figure 4 shows X-ray scattered energy
spectra and micro-area chemical composition, and Figure 5 shows
the X-ray diffractogram.

a)

153

B,

Fig. 3. Representative microstructures of AISi7Mg alloy with
differentiron content: a) up to 0.49wt.%; b) from about 0.5 to
0.9wt.%.

The study of the microstructure of the AISi7Mg alloy shows that, in
addition to the traditional components, i.e., the dendrites of the
a(Al) solid solution, the silicon crystals included in the a(Al)+p(Si)
eutectic and the Mg,Si phase included in the a(Al)+Mg,Si+p(Si)
eutectic, the B-AlsFeSi phase was identified. Its structure resembles
a “slab” with sharp edges, which on the surface of the
metallographic specimen is visible as a “needle-like” separation
with pointed corners. The privileged direction of propagation to one
side causes the B-AlsFeSi phase, especially at maximum iron

content, to be often cracked [19].

It can be seen from Figure 6 that long precipitations of B-AlsFeSi
phases (from 600 pm to even 1000 um - at contents of more than
0.9wt.% Fe) are privileged sites for the formation of porosity,
affecting the reduction of interdendritic permeability, thus blocking
(inhibiting) the free flow of liquid melt during cooling. The moving
crystallization front “does not keep up” with the filling with the
liquid metal of the sites “closed” by PB-Fe phases, causing the
formation of shrinkage pores in the vicinity of B-AlsFeSi phases.
The presence of voids causes local stresses, which transform into
micro- and macro-cracks during the casting operation. This is
because igneous separations of B-Fe phases oriented with the longer
side perpendicular to the given load undergo decohesion, while
those arranged in parallel - crack along their arms and undergo
fragmentation. Thus, it is reasonable to believe that the B-AlsFeSi
phases appear in the microstructure of the AISi7Mg alloy after
exceeding about 0.5wt.% Fe represents the nuclei of pores and/or
shrinkage microcracks, increasing the porosity of the castings and
reducing the feed capacity by reducing the flow of liquid melt
between the branched dendrites of the a(Al) solid solution. This is
in line with the view presented in studies [20, 21], which show that
these voids are sites of microcrack initiation.

Observations of the microstructure of the AISi7Mg alloy also
revealed numerous clusters of shrinkage-type porosity, examples of
which are shown in Figure 6.
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Fig.6. Microstructure of AlSi7Mg alloy with different iron content:

a) up to 0.49wt.%; b) from about 0.5 to 0.9wt.%.

5. Summary and conclusions

Based on ATD studies, it can be concluded that the crystallization of

AISi7TMg alloy with increasing iron content proceeds in the

following stages:

o for contents up to about 0.45wt.% Fe:

Stage 1: start of the crystallization process of dendrites of the

solid solution a(Al) - temperature Ty,

Stage 2: nucleation and crystallization of the double eutectic

a(Al)+p(Si) - temperature Te(g.p),

Stage 3: nucleation and crystallization of multicomponent

eutectics a(Al)+AlyFeySiz+p(Si) and triple a(Al)+Mg,Si+p(Si)

- Te(re) and Tggug) temperatures,

Stage 4: end of alloy crystallization process — Ty, temperature.

o for contents from about 0.46 to 0.9wt.% Fe:

Stage 1: start of solid solution dendrite crystallization o(Al) -

Tiig.

Stage 2: nucleation and pre-neutectic crystallization of -

AlsFeSi - Tgg phase,

Stage 3: dual eutectic crystallization of a(Al)+p(Si),

Further crystallization stagesunchanged.

o for contents of more than 0.9wt.% Fe:

Stage 1: nucleation and primary crystallization of the phase B-

A|5FeS| - TE(Fe)r

Stage 2: crystallization of solid solution dendrites a(Al) - Tai,

Stage 3: crystallization of the double eutectic a(Al)+p(Si) and

further stages without change.
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Based on microscopic studies, it can be concluded that in the
AISi7Mg alloy, there are dendrites of solid solution a(Al), which
constitute the matrix of the alloy, silicon crystals B(Si), which are
part of the double eutectic a(Al)+B(Si), Mg,Si phase - as a
component of the eutectic a(Al)+Mg,Si+p(Si), and separations of
the B-AlsFeSi phase with lamellar morphology (on the surface of
the needle-shaped deposit). Based on ATD, microstructure studies,
and literature review [17, 20, 21], it was concluded that the essential
criteria determining the formation of a particular type of iron phase
include the alloy's iron content and its cooling rate. Phases that
crystallize before the formation of the a(Al) solid solution dendrites
growing freely in the metallic liquid, or those that form at the same
time as the dendritic network (but in the remaining liquid), tend to
grow much more significantly (B-Fe phase) than those that form
later - during or after the formation of the a(Al)+p(Si) eutectic and
the a(Al)+Mg,Si+p(Si) triple eutectic. The increase in the size of
the B-AlsFeSi phase, due to the rise in the iron content of the
AISi7Mg alloy, also directly correlates with its silicon
concentration. According to research results [20, 21], there is a
close correlation between the silicon content and the resulting iron
content, which may beacceptable before crystallization (mainly
primary crystallization) of the B-AlsFeSi phases begins. The iron
level is referred to as the so-called “critical” level and follows the
relationship [21]:

Fejpy;, = 0.075 - (wt.% Fe) — 0.05 @)

According to this relationship, the Fey for Al-Si alloys with about
7 wt. % Si is about 0.47 wt. % Fe, which is consistent with the
results of ATD and microstructure studies of AISi7Mg alloy
presented here. The consequence of neutralizing the
morphologically and dimensionally unfavorable B-AlsFeSi phases
in Al-Si alloys is the introduction of elements that, due to their
physicochemical properties, tend to change the unfavorable form of
iron phases. Studies [18, 19, 22-27] show that manganese,
chromium, and cobalt are additives. Research into the effects of
these elements on the crystallization of iron phases, microstructure,
and properties of Al-Si alloys is ongoing.
Based on the study, the following conclusions were made:

1. In AISi7Mg alloy with content up to about 0.45wt.% Fe,
crystallizing iron phases are included in multicomponent
eutectics with little effect on the microstructure.

2. The content of about 0.5 to about 0.9wt.%Fe causes a change in
the crystallization order of the AISi7Mg alloy. The B-AlsFeSi
phase separations crystallize before the eutectic a(Al)+p(Si), in
the temperature range from about 574 to about 590°C. Their
average length ranges from about 500 pm to 600 um.

3. At a content of more than 0.9wt.% Fe, the B-AlsFeSi phases
crystallize initially in the temperature range from about 590 to
as much as 640°C. Their average length ranges from 600 pum to
1000 pum. The free-growing lamellar-ligneous B-Fe phases block
interdendritic channels and impede liquid melt flow, causing
increased casting porosity.
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