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Introduction

Hypereutectic silumins are widely used in the automotive
industry in the manufacture of pistons, liners in internal
combustion engines, diesel parts and other devices. Strict
operational requirements to them initiate wide research of
microstructure and its influence on strength, ductility and
other physical and mechanical properties of silumins.

Various methods of modifying the structure of molded
silumin [1] are being investigated. The effect of the amounts
of introduced chemical elements on the modification of
eutectic and primary silicon crystals of Al—Si—Cu [2,3]
ternary alloys is investigated. Ternary silumins with copper
and magnesium are effectively modified by heat treatment
and aging. The application of such modification in practice
and studies of its different variants lead to an increase in
strength [4,5]. Tt is also known to improve the strength prop-
erties of ternary silumins when solidified at an increased
rate. Thus, at the low cooling rate of Al—14% Si—2.6% Cu
with Ce [2] addition, the crushing of primary silicon
crystals and the formation of ternary compound Al—Si—Cu
were observed. Increasing the cooling rate resulted in
simultaneous modification of primary and eutectic silicon.
In [5] work, the effect of high solidification rates on the
structure and strength properties of Al—Si—Cu-alloy has
been investigated. When cast in a sand crucible, the cooling
rate was 14.5°C/s, when the rod was pulled from the melt
and cooled by water drops — 201.5°C/s. In the first case,
needle-shaped binary eutectic suspended in a-Al matrix
and ultimate tensile strength up to 250 MPa were observed,
while in the second case — thin spherical eutectic and a-
Al dendrites and strength up to 350 MPa were observed.
However, it was noted in [6] that porosity increases in alloys
grown at high cooling rates.

In the works [7] the process of obtaining a hypereutectic
Al-Si alloy with a fully eutectic sub-fibrous structure by

directional solidification with such an increased solidification
rate, which ensures the shift of the eutectic point towards
increasing silicon content to the selected alloy composition,
was considered. The alloy crystallization was carried out
by pulling the sample out of the melt through an air-cooled
molder using the Stepanov [8] method. Solidification was
investigated at 1 mm/s, corresponding to a cooling rate of
about 10°C/s. The alloy had increased ultimate tensile
strength (UTS) and record high elongation at fracture (e ).
It has been shown that the alloy with a fine fiber structure
exhibits high efficiency in addition to improving physical
and mechanical properties by chemical modification.

It seemed important to apply this approach to improve
the properties of commercial ternary silumin Al—Si—Cu, i.e.
to obtain a three-component alloy with optimal content and
fine structure of the eutectic phase Al + Si, shifted towards
higher silicon content up to the quasi-eutectic point by
increasing the solidification rate. However, there is currently
no diagram of the structure of Al—-Si—Cu phases as a
function of silicon content and cooling rate, which would
allow the selection of conditions for obtaining the optimum
eutectic content in the alloy. Therefore, the present work
investigated the effect of silicon content and solidification
rate on the eutectic phase in the ternary alloy.

1. Material and research techniques

In the present work, an alloy close in composition to
AK12M2MgN grade was used. Ribbons with a length
of about two meters and a cross section of 10 x 2mm
were drawn from the melt in a graphite-chamotte crucible
through an shaper instead of molder using the Stepanov
method. To increase the silicon content above 12.5wt.%
(eutectic composition of binary aluminium-silicon alloy),
additional silicon was introduced into the melt. The melt
was incubated for 3h at 800°C with periodic stirring before
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Table 1. Composition of investigated alloys in weight units (wt.%)

Al Mg Si Ti | Mn | Fe Ni Cu | Zn

74.6 | 080 | 146 | 03 | 05 | 12 1.1 | 25| 06
745 | 09 174 | 01 | 04 | 0.7 | 1.08 | 23 | 04
71.8 | 05 201 | 02| 05 | 13| 08 | 19| 03

each tape drawing. Pulling was performed at 660°C at a
rate of 0.1 or 0.8 mm/s. The composition of the samples is
given in Table 1.

The silicon content exceeded the initial content due to
liquation by 2wt.%. Therefore, sample composition mea-
surements were performed repeatedly on the side surfaces
of the tapes by electron diffraction spectroscopy (EDS). In
addition, the silicon content of both the lateral surface of
the tape and the cross sections was measured by electron
optical method.  Additionally, the silicon content was
measured on the facet and on the fine chips of the material.
The average error of composition measurement due to
measurements at different points of the samples and by
different methods did not exceed 3%. Hereafter, the samples
of the three compositions will be designated by the compo-
sition of the main elements as: Al—15wt.% Si—2wt.% Cu,
Al-17wt.% Si—2 wt.% Cu, Al—20 wt.% Si—2 wt.% Cu.

In addition, Al—15wt.% Si samples previously grown by
the same method from molten aluminium and silicon of
technical purity (99.85 and 99.9 wt.% respectively) at a
directional solidification rate 1mm/s corresponding to a
cooling rate of approximately 10°C/s 7] were used.

For calorimetric measurements, samples of about
2 x2x 1mm were cut from tapes with silicon contents
of 15, 17, and 20wt.%. The analysis was performed by
differential scanning calorimetry (DSC) using a DSC 6300
calorimeter from Seiko Instruments (Japan). Measurements
of heat fluxes dependence on temperature were carried
out at heating and cooling rates of 10K/min. The
temperature ranges and enthalpies of structural transforma-
tions — endothermic decomposition (melting) of eutectic
phase AH,, and exothermic process of eutectic formation
(crystallization) during melt cooling AH, were determined.

2. Results and discussion

The microstructure and strength of the same specimens
were investigated earlier in our work [9]. Here, the basic
summaries necessary to analyze the results of the DSC
studies are given.

The structure of samples with different silicon content
obtained by the Stepanov method at different solidification
rates is shown in Fig. 1. Three main phases can be seen:
a-Al dendrites (white), aAl+ eutectic, 8Si (black) and
intermetallic compounds (grey). The elemental composition
of these phases was determined by us earlier [9]. It can
be seen that with the increase of the solidification rate
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of the alloys of both compositions, the flake structure of
the eutectic is transformed into a fibrous one, with the
fiber diameter decreasing to the size not resolvable by
optical microscope (Fig. 1,a, b for the alloy with 15 wt.% Si
and Fig. 1, ¢, d for 20 wt.% Si). Increasing the silicon content
at a constant solidification rate (Fig. 1,a,¢ for 15wt.%Si
and Fig. 1,b,d for 20wt.% Si) does not cause a noticeable
change in phase morphology. There is, however, a slight
increase in the volume of a-Al due to a decrease mainly
in the volume of the eutectic. This effect was detected
in our previous work [9] by measuring the phase areas
in the sample cross-section as a percentage. When the
silicon content increased from 15 to 20 wt.%, the area of
a-Al increased from 49 to 56%, and the area of eutectic
decreased from 45 to 38%, the rest — intermetalloides.
The structure of the Al—15wt.%Si binary alloy samples
obtained earlier at a growth rate of 1mm/s [7] on the
same setup used to grow the Al-Si—Cu alloys under
consideration is shown in Fig. 2. The alloy has a fully
eutectic @ Al+Si structure without a-Al solid solution
crystals and primary Si crystals. The eutectic has a point
flake structure. This is due to the fact that at a growth
rate of 1 mm/s, the eutectic point of the Al—Si alloy shifts
from 12.5 to 15wt.%% Si [7].

Fig. 3 shows the results of measuring the temperature
dependences of heat flux power in the calorimeter during
heating and cooling at a rate of 10K/min of the alloys
Al—-15wt.% Si—2 wt.% Cu and Al—15wt.% Si.

The DSC of binary Al-15wt.%Si alloy grown at a
cooling rate of 0.8 mm/s shows one endothermic peak upon
heating with a maximum at 593°C and an exothermic peak
with a maximum at 555°C. These peaks correspond to the
melting and crystallization of — solidification of the eutectic
aAl+Si. There are no other phases here. When the
Al-15wt.% Si—2wt.% Cu sample was heated, two peaks
were observed, at 544 and 577°C, and a little noticeable
kink around 560°C. In the case of cooling, a peak at
545°C and a trace of the peak at about 520°C are visible.
Thus, it can be stated that the peaks at 593 and 555°C
in the curves of Fig. 3 correspond to the melting and
solidification of aAl+ Si eutectic phase of Al—15wt.% Si-
alloy, a peaks at 577 and 545°C — melting and solid-
ification of aAl+Si eutectic phase of three-component
alloy Al-15wt%Si—2wt.% Cu. This is consistent with
previously published DTA- and DSC studies of Al—Si and
Al-Si—Cu in papers [4,10-13].

The DSC heating curves of ternary alloy
Al-11wt.%Si—xCu—03Mg at x=1.2 and 3wt%
were investigated in [14] and discussed in the review [13].
The endothermic effect curve of Al—11wt.% Si—3 wt.% Cu
has the same character as the Al—15wt.% Si—2.5wt.% Cu
alloy studied here (Fig. 3). In paper [14], peaks at 575°C
with a height of about 4 W/g and about 540°C with a height
of 1.5W/g were observed. The first peak was explained by
melting of a-Al+ Si(+AlsSiFe + ...) =Liq. In the present
paper, the first peak at 577° has a height of 3.5W/g, the
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Figure 1. Microstructure of Al—15wt.% Si—2 wt.% Cu alloy at solidification rate: @ — 0.1, b — 0.8 mm/s; and Al—20 wt.% Si—2 wt.% Cu

at solidification rates: ¢ — 0.1, d — 0.8 mm/s.

Figure 2. Structure of alloy Al—15wt.% Si at solidification rate
1 mm/s.

second peak at 544°C — high about 1 W/g (Fig. 3). There
is a good match between the results and those of [14].

Fig. 3 also shows the value of the total enthalpy
of crystallization AH., and enthalpy of melting AH, of
the eutectic with associated intermetallic compounds of

Al—=15wt.%Si—2wt.% Cu and Al-15wt.%S eutectic, re-
spectively, determined from DSC measurements. We can
compare the internal heat of fusion of an Al—15wt.% Si
alloy, consisting of only one eutectic phase and equal to

10 [ 1: Al+15 wt.% Si+2 wt.% Cu
AH,,=5201/g 593°
AHy=5501/g

[ 2: AL+ 15wt.%Si .
AH,,=5901/g S71
AH=5601/g o,

(9]

Heat flow, W/g
o

< 2
*5 B o
545 DSC.
10 K/min
555° Endo”
710 1 1 1 1 1
500 520 540 560 580 600 620
T, °C
Figure 3. Temperature dependence of the heat flux in the

calorimeter during phase transformations of Al—Si and Al—Si—Cu.
The enthalpies of melting AHm and crystallization AH,; are given.
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Table 2. DSC data for samples of mass m of Al—xSi—2wt.% Cu alloys obtained at solidification rate V (scan rate 10 K/min)
First scan Second scan
Sample parameters
Sample number Melting Solidification Melting Solidification
V, mm/s | XSi, wt.% | m mg | Tmax, °C | AHm, J/g | Tmax, °C | AHer, J/g | Tmax, °C | AHm, J/g | Timax, °C | AHr, J/g
1 0.1 15 64 576 525 545 545 578 510 546 550
2 0.8 15 48 577 520 545 550 576 520 537 550
3 0.1 17 40 576 545 546 600 573 555 546 590
4 0.8 17 54 577 530 543 580 575 560 543 580
5 0.1 20 54 577 580 547 610 575 590 547 620
6 0.8 20 48 577 580 546 610 574 600 546 630

5901J/g, with the total latent heat of fusion of an alloy of
the same composition 540J/g (Fig. 8 of work [14]). The
difference is not much greater than the average error of
measurement of this value by DSC and DTA methods for
Al-20wt.% Si alloy samples with different impurity content
according to the works [11-14].

In the present work, DSC studies were performed on six
Al—-Si—Cu alloy samples with different silicon contents —
15, 17, and 20wt.%, obtained at growth rates of 0.1
and 0.8 mm/s. The nature of the DSC dependence is similar
to that observed for the alloy Al—15wt.%Si—2wt.% Cu
in Fig. 3. The temperatures of Tp,x maxima at the melting
and crystallization peaks of the @ Al 4 Si eutectic, as well as
enthalpies of phase transitions — the formation of eutectics
and intermetallic compounds during crystallization of AH,,
in the area of 510—555°C and melting of AHp in the
area from 530 to 585°C, have been determined from these
measurements. The results are shown in Table 2.

The difference in the Tyax of melting and solidification of
all alloys is approximately the same. It is related both to
the inertia of temperature change and to the different nature
of the process, since solidification occurs when the melt is
supercooled.

The data in the table show that the T, of melting
and T,.x of solidification of the eutectic, determined at a
scan rate of 10 K/min, are independent of the solidification
rate of the original alloy (0.1 and 0.8 mm/s). At the same
time, the total enthalpies of melting and crystallization, given
in Table 2, clearly increase with increasing silicon content
in the alloys, although this does not reflect the processes
occurring in different phases.

In order to analyze in more detail the obtained complex
melting peaks of the studied samples, we attempted to
decompose them into their components (Fig. 4,5). The
heat flux energy is determined from the time dependence
of the heat flux. In these coordinates, the optimal ratio
of areas and shapes of the peaks of the decomposition
into DSC spectra is given by the bigauss approximation.
In this case, the shape and area of the cumulative curve
(sum of peaks) maximally coincide with the DSC curve
(Fig. 4,5).
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Identification of the separated melting peaks on DSC
curves was made by comparison with the peak temperatures
of alloys with close chemical compositions (found by DSC
and DTA differential thermal analysis methods [14-16]) and
consideration of phase diagrams for five- and six-component
alloys [16]. The following are taken as the most probable
phases responsible for the manifestation of the observed
peaks:

peak 1 — eutectic @Al + Si,
2 — Phase T—AlyFeNi,
3 — Phase 71— AlgMg3FeSig,
4 — Phase 6—Al;CuNi,
5 — Eutectic Al

2—4 intermetallic phases are observed at both solidifica-
tion rates.

At the same time, it follows from Figs. 4 and 5 that the
phases 4 and 5 appear only when scanning samples of alloys
grown at a low velocity, 0.1 mm/s. At a speed of 0.8 mm/s,
they don’t have time to form. It should be noted that both
phases contain Cu [15].

Figs. 4 and 5 show the latent heat of fusion (roughly
proportional to volume) of all formations responsible for
the appearance of the peaks. It can be seen that the melting
enthalpy of the @ Al+ Si eutectic decreases with increasing
silicon content in the alloy. When the silicon content
increases by 5% in the alloy Al—15wt.% Si—2wt.% Cu,
crystallized at a cooling rate of 0.1 mm/s, the enthalpy of
melting of the eutectic decreases by 43% (Fig. 4,a and 5, a).
In the case of the same alloy, but solidified at 0.8 mm/s,
the enthalpy decrease with increasing silicon by 5% is 11%
(Fig. 4,b and 5, b).

The decrease of aAl+ Si eutectic content with increasing
silicon content found here corresponds to the phase diagram
in the area of hypereutectic silumin.

When the solidification rate of Al—15 wt.% Si—2 wt.% Cu
increases from 0.1 to 0.8 mm/s (Fig. 4), the eutectic content
of a Al+ Si decreases slightly, by 3%. The total content of
other hardening phases also decreases insignificantly, 4%.

When  increasing  the  solidification  rate  of
Al-20 wt.% Si—2wt.% Cu from 0.1 to 0.8 mm/s (Fig. 5),
the melting enthalpy of the aAl+Si eutectic increased
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from 150 to 226 J/g and the total enthalpy of other observed
hardening phases decreased from 427 to 342 J/g.

According to [9,17], the ultimate tensile strength of
the Al-15wt%Si—2wt.%Cu alloy studied here varies
from 210 to 275 MPa depending on the solidification rate
of 0.1 or 0.8 mm/s. At the same time, DSC shows a slight
decrease in the volume of all observed hardening phases
(Fig. 4). Based on this, it can be considered that the above
increase in strength is determined by the decrease in the
size of eutectic silicon during the transformation of the flake
structure into a superfine nanofiber structure that is not
optically resolvable (Fig. 1,4, b). This behavior has been
extensively studied on binary silumins 7).

In the case of the alloy Al — 20wt.%Si — 2wt.% Cu,
increasing the solidification rate from 0.1 to 0.8 mm/s
causes the ultimate tensile strength to increase from 190
to 230 MPa (Fig. 6 in [9]). The total enthalpy of crystal-
lization, proportional to the volume of all phases studied,
falls by 2%. This means that the increase in strength is not
determined by the volume of hardening phases, but by the
change in structure. The change in the @Al+ Si eutectic
structure of the 20 wt.% Si alloy from rough, flaky to fine
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Figure 4. AlloyAl-15wt.%Si—2wt%Cu: a — sample 1,

V = 0.1 mm/s; b — sample 2,V = 0.8 mm/s (Table 2.).
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Figure 5. AlloyAl-20wt.% Si—2wt.% Cu: a — sample 5,

V = 0.1 mm/s; b — sample 6,V = 0.8 mm/s (Table 2.).

nano-fibrous causes the observed change in ultimate tensile
strength in the same way as in the 15 wt.% Si alloy.

It should be noted that the DSC of this work did not
reveal melting of the @Al dendritic phase. (In work [4,15]
the melting peak of aluminum was observed at 598
and 597—600°C.) The a Al-phase was not taken into
account when estimating the strength change in terms of
the volumes of the phases, which are roughly proportional
to their enthalpies. According to [7] data, its strength,
110 MPa, is two and a half times lower than the strength
of the eutectic o Al + Si, ~ 250 MPa.

Conclusion

This  paper analyzes the DSC curves of
Al—xSi—2 wt.% Cu silumin alloys with 15, 17 and 20 wt.%
silicon obtained by directional solidification at 0.1
and 0.8mm/s. The role of both the eutectic volume
and intermetallic compounds and the -eutectic silicon
microstructure in the variation of strength as a function of
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solidification rate and silicon content in the Al — Si—Cu
alloy is considered.

1. It is shown that the temperature of the maximum of
DSC curves during melting and solidification of @-Al + Si
eutectic alloy Al—xSi—2 Cu—1Fe—1Ni—0.7 Mg at X = 15,
17, 20 wt.% is 578 (melting) and 545°C (solidification) and
is independent of the solidification rate of the alloy. The
latent heat of fusion and crystallization of a-Al + Si eutectics
in the area from 510 to 555°C and from 530 to 585°C
increases with increasing silicon content.

2. The 5 peaks in the DSC curves during heating of
alloys with 15 and 20 wt.% Si obtained at a solidification
rate of 0.1 mm/s and 3 peaks at a rate of 0.8 mm/s were
determined. It is shown that eutectic Al—Al,Cu and
phase 8-Al3CuNi occurred only in alloys grown at low
solidification rate 0.1 mm/s.

3. The melting enthalpy of the eutectics aAl+Si
and AlI-Al,Cu and three intermetallic compounds was
measured. Relative phase volumes roughly proportional to
the enthalpy of fusion were used to approximate the ultimate
tensile strength.
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