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ABSTRACT

The paper explores the microstructure, mechanical properties and heat resistance of the piston alloy AL30
(AK12MMgN) for the first time produced via continuous casting into an electromagnetic mold
(electromagnetic casting, EMC). The study demonstrates that casting into EMC allows for the formation of
a homogeneous dispersed microstructure in both the peripheral and central zones of the ingot, consisting
of a blend of aluminum'’s solid solution and eutectic, which contains lamellar silicon (Si). The volume
fraction of compact primary Si particles does not exceed 1 %. In addition to Si, the aluminum matrix
contains the phases of crystallization origin such as e-Al:Ni, t-AlsFeMgsSie, 0-AlCu,MgSiz and S-Al,CuMg.
The analysis of the evolution of microstructure and properties of a cast alloy after conventional heat
treatment (HT) reveals that microstructural changes induced by HT lead to the AL30 alloy having
mechanical properties that far exceed the properties of its counterparts obtained through traditional
casting methods. The research analysis shows that mechanical properties and heat resistance of the AL30
alloy produced via EMC with subsequent T6 treatment are comparable to the deformable piston alloys such
as the AK12D alloy after similar heat treatment.
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Introduction

Most of the pistons for internal combustion (IC) engines are made of special heat-resistant
aluminum piston alloys [1,2]. For example, in Russian Federation, the commonly used
materials for pistons produced by permanent mold casting are the eutectic modifications
of silumin alloys such as AL25(AK12M2MgN) and AL30(AK12MMgN), which after
hardening heat treatment T6 (following the national standard GOST 1583-93 [3]) have
the room-temperature strength in the range of 195-235 MPa [1,4]. Likewise, engine
pistons abroad are generally manufactured from the M124 alloy (ALSi12CuMgNi), which
is similar in chemical composition and properties to the materials produced in Russian
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Federation [2]. Following the need to make the IC engines, and therefore their pistons,
substantially more efficient, one of the timely research trends in this field deals with
increasing the mechanical and service properties of silumin piston alloys. Due to the fact
that strength, ductility and heat resistance are structure-dependent features, nowadays,
much attention is focused on the formation of microstructure in piston materials, which
will ensure the maximum level of properties. As is known, decreasing dendritic cell size
of the aluminum solid solution, as well as the refinement of the second phases included
in the eutectic may result in a higher complex of properties of cast alloys [2,5]. Nowadays,
such changes in microstructure are achieved by modifying the alloy composition during
casting [1,2,6-9], by using casting or powder metallurgy techniques that ensure high
crystallization rates [10-12], by using various types of heat [13] and deformation
treatments [14,15], including severe plastic deformation [16-18].

Recently, much attention has been focused on the fabrication of semifinished
products from aluminum alloys in the form of bars of small cross-section (diameter from
8 to 12 mm) by continuous electromagnetic casting method (EMC). During EMC, intensive
melt circulation in the region of ingot crystallization is implemented, which promotes the
formation of a homogeneous microstructure throughout its volume, and the high cooling
rate (10°-10° K/s) ensures the formation of highly dispersed cast structures [19-22].
In addition, high cooling rate during crystallization leads to abnormal supersaturation of
aluminum with alloying elements [19,20]. All the above-Llisted microstructural features of
cast rods produced by EMC favorably influences their mechanical and service properties
after various deformation or deformation-thermal treatments [19-22]. As was
demonstrated recently in the work [23] on the example of the formation of the solid
solution in the Al-Zn-Mg-Ca-Fe system alloy, the EMC method may be used to produce
bulk cylindrical billets with a homogeneous structure in which the dendritic cell size is
less than 10 um and the second phases are less than 3 um in size.

Herein, we study the microstructure features, mechanical properties and heat
resistance of a solid cast rod from piston alloy AL30, that was for the first time produced
through casting in EMC subsequently conventionally hardened by heat treatment.

Materials and Methods

The experiments were conducted on the AL30 (AK12MMgN) alloy bar with a diameter of
80 mm obtained by continuous casting in EMC at the Research and Production Center of
Magnetic Hydrodynamics Ltd [24]. The alloy was produced on the basis of primary
aluminum grade A85 (not less than 99.85 wt. % Al), silicon grade KROO (not less than
99.41 wt. % Si), magnesium grade MG-95 (not less than 99.95 wt. % Mg), copper grade
MOOK (not Lless than 99.9 wt. % Cu), and alloying compositions AINi20 and ALSr10. Prior
to casting, the finished melt was degassed with argon and simultaneously treated with a
special flux. Continuous casting in the EMC unit was carried out at a temperature of
750 °C and rate of 5 mm/s. Chemical composition of the peripheral and central zones of
the cast rod was observed using the Bruker Q4 Tasman optical emission spectrometer
and is given in Table 1. As is seen, the chemical composition of the rod obtained by
casting in EMC does not change from the periphery to its central zone and fully meets
the requirements of the GOST 1583-93 national standard [3].
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Table 1. Chemical composition of the alloy AL30 (wt. %)

Si Cu Mg Ni Fe Ti | ¢ | Mn | zn [ =5n,Pb
A | 131/13.0° | 1.3/13 | 1.0/1.0 | 1.3/1.3 | 0.25/0.20 <0.2 <0.06
B 11-13 08-15 | 08-1.3 | 08-13 <0.7 <0.2 <0.06

A - chemical composition of the alloy AL30 produced by electromagnetic casting
B - chemical composition of the alloy AL30 [3]
* - chemical composition of the peripheral/central zone of the cast rod

The microstructure and properties of the cast rod were examined precisely in the
peripheral (the area of these parts was determined by the data of structural analysis) and
central parts of the rod. The choice of such areas for study was determined by the fact
that in the process of producing the cast rod by EMC, there was observed the maximum
difference in the rate of material crystallization between these areas and, therefore, the
different degree of dispersion of the obtained microstructure.

One part of the samples from the peripheral and central zones of the cast rod was
subjected to heat treatment (HT) T1, the other part was subjected to heat treatment T6,
according to the regimes recommended in [3] for the AL30 alloy. The T1 treatment
included artificial aging at a temperature of 190 °C for 12 hours (without preliminary
hardening). The Té treatment included annealing at 520 °C for up to 4 hours, quenching
into water and aging at 180 °C, 6 hours.

After the T6 treatment, the AL30 alloy samples were used for the examination of
heat resistance according to the method introduced in [25]. The samples were annealed
at a temperature of 300 °C and 100 hours of holding time. Samples of the AK12D alloy in
the T6 state were subjected to similar annealing. During annealing, intermediate
measurements of hardness change after 1, 3, 5, and 24 hours of exposure were made.

HT and annealing of the samples to determine the heat resistance of the alloy were
carried out in a chamber furnace Nabertherm N15/65HA.

The microstructure was examined using optical microscopy (OM), scanning and
transmission electron microscopy (SEM and TEM), and X-ray diffraction analysis (XRD).

OM was performed on an Olympus QX 51 microscope. SEM was performed on a
Tescan Mira scanning microscope at 10-20 kV accelerating voltage. Chemical
composition of the second phases was analyzed by energy dispersive X-ray spectroscopy
(EDS) using the INCA X-Act installation from Oxford instruments. SEM was performed on
a JEOL JEM 2100 transmission microscope at 200 kV accelerating voltage. The samples
for microstructure studies were prepared by jet electrolytic polishing of thin foils on a
Tenupol-5 equipment from Struers Inc. in a solution of 20 % nitric acid and
80 % methanol at 2 -20 °C and 10-20 V voltage. Imagel software and Grain Size software
package were used to process the obtained images and quantitatively analyze the
microstructure features (average dendritic cell size, average section size of the second
phase within the eutectic/size of second phase particles, volume fraction of particles).

X-ray diffraction analysis of the samples was performed on a Bruker D8 Discover
diffractometer using the Cu-Ka-radiation. The results were used to determine the phase
composition and lattice period (a) of the samples in different zones of the cast rod and
after HT. The a value was calculated using the Rietveld method and MAUD software [26].

Vicker’s microhardness [27] was measured using an EMCO-Test DuraScan-50 device
at a load of 1 H and a dwell time of 15 s.
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Mechanical properties (conditional yield stress (0o,), ultimate tensile strength (ours)
and elongation to failure (8s)) after HT were determined using the results of static tensile
tests, which were performed on an Instron 5982 universal testing machine in accordance
with the GOST 1497-84 national standard [28].

Results and discussion
Microstructure of the alloy after casting into EMC mold and subsequent heat treatment

Typical microstructure of the AL30 alloy in the peripheral and central parts of the cast
rod produced by EMC is shown in Fig. 1(a,b). The microstructure is composed of dendrites
of aluminum solid solution (aa) and the eutectic, with dispersed lamellar silicon (Si)
located along the aa boundaries (Figs. 2 and 3). In addition to Si, the particles that are
different in color from it were noted in the eutectic. Also, a small amount of coarse
compact particles of primary Si were observed in the microstructure of the cast rod - both
in the peripheral and central zones (Fig. 1(a,b)).

General view of the microstructure of the AL30 alloy obtained by casting into EMC
resembles the eutectic silumins produced by conventional casting methods [1,2,4-6].
However, the size of cells and of lamellar silicon included in the eutectic, especially in
the peripheral zone, indicates an unusually high cooling rate of the melt during its
crystallization. Quantitative evaluation of the cross-sectional area of the bar
demonstrated that the microstructure, which is characteristic of the peripheral zone
(Fig. 1(a)), occupies about 20 % of its total area.

The results of quantitative analysis of microstructure in the cast rod are presented in
Table 2.
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Fig. 1. Microstructure of the AL30 alloy cast rod after casting into EMC (3, b)
and after T6 treatment (c, d). (a, ¢ - peripheral zone of the rod; b, d - central zone of the rod) (OM method)
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Fig. 2. Typical microstructure area in the peripheral zone of the cast rod and elemental mapping
of such area (SEM)
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Fig. 3. Typical microstructure area in the central zone of the cast rod and elemental mapping
of such area (SEM)
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Table 2. Microstructural characteristics of the alloy AL30 alloy after casting into EMC and subsequent T6
treatment

State Zone of cast rod d, um dsi, ym Osi, % h, um Ks Ov, %
EMC Periphery 7604 | 11305 | 0.3+01 | 096=0.12 - 243
Center 166+06 | 16204 | 1.1£01 | 1.57+0.16 - 22%5
Periphery - - - 2.80+0.28* 2.1 25%4

- 5.65 + 1.45* 2.7
Té Center - - 23 %3

where d is an average size of dendritic cell; dsi and Qs; are average size and volume fraction of primary
Si particles; h is average size of second phase section inside eutectic; Kr is mold ratio of second phase
particles; Qy is volume fraction of second phase particles; * average size of second phase particles

The obtained data reveals that the sizes of dendritic cells formed by as and eutectic
are more than twice smaller in the peripheral zone of the cast rod. Also in this zone, the
cross-section of Si plates included in the eutectic is noticeably smaller than the cross-
section of Si plates formed in the central zone. As is known, the increase in the
crystallization rate (V) reduces not only the size of dendritic cells (d), but also the size of
second phase particles [5]. At the same time, the dependence between d and V. has a
linear character on a logarithmic scale and persists up to cooling rates = 10® K/s.
According to this dependence, in the peripheral and central zone of the cast rod of AL30
alloy, the value V. differs by more than an order of magnitude, constituting = 10°> and
<102 K/s, respectively. It is the difference in V. that explains the differences revealed in
the microstructure (Table 2). The microstructure formed in the peripheral zone is
qualitatively similar to the microstructure formed in cast billets of aluminum alloys for
electrical and structural purposes, which were also obtained by casting into EMC [19-22].
The microstructure in the central zone of the cast rod is similar to the microstructure that
was obtained in eutectic silumin piston alloys by casting methods, the latter providing a
noticeably lower V. [1,2,4-6]. However, considering the results of study of crystallization
in a bulk rod of the alloy Al-Zn-Mg-Ca-Fe during casting into EMC, the values of V. still
remain high and may reach 600 K/s [23].

Considering the different color of particles, which is clearly visible in Figs. 1-3, the
eutectic composition includes other phases in addition to Si. Distribution maps in the
areas of the peripheral and central zones of the cast rod for the main alloying elements
made by EDS (Fig. 2 and 3) showed the presence of Si and Mg in addition to aluminum in
the dark gray plates include, and the presence of Cu, Ni and Fe in the light gray phases.

The results of X-ray phase analysis are presented in Fig. 4 and the data made it
possible to determine the phase composition of the alloy. The phases e-AlLNi,
n-AlsFeMgsSis, 0-AlCu:MgSi; and S-AlLLCuMg were formed both in the peripheral and
central parts of the cast rod in addition to Si during casting into EMS. The presence of
these phases has been previously reported in similar silumin piston alloys [5,6,29,30].

The absence of noticeable differences in the value of lattice parameter in the
peripheral and central parts of the cast rod, which constitutes 4.0487 £0.0001 and
4.0490 + 0.0001 A respectively, means that the concentration of alloying elements in aa
after EMC is almost similar.
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Fig. 4. X-ray profiles of the sample of AL30 alloy cast rod obtained from the peripheral (1)
and central (2) zones, as well as from the central zone after T6 treatment (3) (X-ray analysis)

When T1 heat treatment was performed, the AL30 alloy samples were subjected
only to artificial aging at a temperature that could not lead to significant changes in the
size and morphology of the second phases [5,29]. Therefore, microstructure evolution in
the cast rod was examined after Té heat treatment. Typical images of the microstructure
after such treatment in the peripheral and central parts of the rod are presented in
Fig. 1(c,d), as well as in Figs. 5-7.

Si Kal Cu Kal

Fig. 5. Typical microstructure area in the peripheral zone of the cast rod and
elemental mapping of such area (SEM)
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Fig. 7. Microstructure in the peripheral zone of the cast rod after T6 treatment: (a) after annealing at 520 °C
and quenching; (b) after quenching and artificial aging (axis of the microdiffraction pattern zone [001]) (TEM)

As can be seen, after Té6 treatment at the stage of annealing at 520 °C,
fragmentation and spheroidization of lamellar Si and other phases in the eutectic
occurred. In addition, the results of quantitative analysis (Table 2) demonstrate that
annealing leads to coarsening of the particles (coalescence). However, there is still a
noticeable difference in the particle size in the peripheral and central parts, which was
noted earlier for the cast rod before HT.

In addition to the particles, whose morphology and size changed as a result of
annealing at 520 °C, the microstructure of the alloy exhibits the presence of particle in
the form of thin plates/needles with a smooth surface (indicated by arrows in
Figs. 5 and 6), which did not undergo fragmentation. Elemental mapping showed that
these particles, in addition to aluminum, include Fe and Ni. As was stated in the work [29],
the particles of phases with similar morphology, which include alloying elements of a
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low solubility in aluminum, possess high resistance to thermal effects. Such particles
include the particles of e-phase (AlsNi), which was possible to identify by X-ray diffraction,
as well as, probably, the particles of AlsFeNi - the presence of a small amount of such
phase in the alloy is indicated by EDS results.

After the second stage of T6 treatment, which is artificial aging, the formation of
rod-/plate-like particles of secondary phase is observed in the aluminum matrix, which
are oriented in a strictly defined direction, have a thickness of several nanometers and a
length in the range from 20 to 100 nm (Fig. 7(b)). The XRD data reveals a new well-
defined diffraction peak related to the Mg,Si phase that develops on X-ray diffraction
pattern 3 (Fig. 4) after T6 heat treatment. According to [31], the particles of this phase
develop after artificial ageing in the form of thin plates lying in {100}a planes, i.e., as in
the image shown in Fig. 7(b). After T6 treatment, the lattice parameter of the alloy was
as close as possible to that of pure aluminum (4.0507 * 0.0001 A). Such a change in the
lattice parameter indicates the process of decomposition of ax as a result of aging and
that aluminum solid solution has reached the maximum depletion of alloying elements.
It is known that in silumins, as a result of heat treatment, including aging, other
strengthening phases such as Al,Cu, Al,CuMg, and secondary Si can be formed in addition
to Mg,Si [29]. However, such phases were not detected in the examined samples in the
process of microstructural analysis either by TEM or XRD. The possibility of detecting the
phases of such composition might be limited by research techniques applied in the
present study.

It should be noted that the microstructure that was formed in the AL30 alloy due to
continuous casting into EMC and subsequent Té heat treatment is close in its parameters
to the microstructure of piston alloys with a similar chemical composition, which are used
for manufacturing of semifinished products using deformation processing [14-18]. In the
peripheral zone of the cast rod, in which Vc 2 10° K/s was implemented after HT, it was
possible to form a more dispersed microstructure. Similar microstructure was observed in
the billets subjected to severe plastic deformation [16-18] or obtained by selective laser
melting (SLM), in the process of which, as in the case of EMC casting, V. in the range of
10*-107 K/s is realized [11,12].

Mechanical properties of the alloy after heat treatment

Mechanical properties of the cast rod obtained by casting into EMC from the alloy AL30
and subsequent T1 and T6 heat treatment are presented in Table 3. In addition, Table 3
lists the properties of counterparts produced by conventional casting into the steel
coquille (i.e., permanent mold casting) in Russian Federation [2,25] and abroad [3]. For
comparison, the properties of semifinished products made of piston alloys similar in
chemical composition, which were obtained using the deformation processing
techniques, including severe deformation by equal-channel angular pressing (ECAP) [17],
as well as by SLM technology [11,12], are also presented.

The data summarized in Table 3 from the present as well as previously carried out
studies clearly demonstrate that the samples of cast rod obtained by casting into EMC
from the alloy AL30 after T1 and Té treatments are considerably superior to the
mechanical properties of counterparts obtained by conventional casting. After T6



90 M.Yu. Murashkin, L.I. Zainullina, M.M. Motkov, et al.

treatment the alloy AL30 demonstrates the “strength-ductility” ratio at the level of forged
piston alloy M124R(ALSi12CuMgNi) [2] and alloy Al-11Si processed by ECAP [17], as well
as of deformable alloy AK12D. However, its strength is found to be inferior to the alloys
produced by SLM technology [11,12].

Table 3. Mechanical properties of the cast rod obtained from the alloy AL30 after conventional HT and of

eutectic silumins with close chemical composition manufactured by different techniques

Alloy State Cast rod zone HV outs, MPa ov2, MPa bs, %
1 Periphery 135+5 | 345+10 | 250+15 | 2.1+0.3
Center 139+9 309+5 295+7 0.5+0.1
AL30 T6 Periphery 150+ 4 404 +£5 335+8 42+0.3
(AK12MMgN) Center 147+9 | 393+7 329+9 24+03
T1[3] - HB90 196 - 0.5
T6 [3] - HB100 216 - 0.7
AL25
(AK12M2MgN) T6 [25] ] ] 360 ] ]
M124
(ALSi12CuMgNi) T6 [2] ] ] 200-251 | 190-230 <1
M124R
(ALSi12CuMgNi) T6 [2] ) ) 300-370 | 280-340 <1
AK12D* T6 - 156 £5 407 £ 4 3876 1.9+0.2
Al-11Si ECAP +T6 [17] - - ~390 - ~7
Al10SiMg SLM [11] - - 475 294 2.4
Al-12Si SLM [12] - - 2425 2275 26
* — heat treatment and tests were carried out in the framework of present study

The level of properties displayed by the alloy AL30, obtained by casting into EMC
and subjected to HT, is in good agreement with its microstructural features. In terms of
dispersibility, the alloy AL30 is close to the alloys that undergo deformation treatment
and occupies an intermediate position between the counterparts obtained by
conventional casting methods and those produced by SLM technology. The increased
strength of SLM-produced alloys relates to their ability to form a highly dispersed
structure, which surpasses the structure resulting from casting into EMC, including the
structure in the peripheral zone of the cast rod obtained from the alloy AL30. For example,
as was demonstrated in the work [11], the samples of SLM-produced alloy Al;cSiMg
revealed the formation of a microstructure featuring dendritic cells of submicron scale
(around 500 nm) and Si particles in the nanometer range.

Evaluation of heat resistance of the alloy after casting into EMC and subsequent heat treatment

Traditionally, pistons in IC engines are operated for extended periods (over 1000 hours)
at temperatures up to and including 300 °C [1,2]. In this case, it seems important to
determine the level at which the strength properties of piston materials become stable
under these conditions. For this purpose, it was proposed in [25] to evaluate heat
resistance by examining the piston alloys' hardness after annealing at 300 °C
for 100 hours. Temperature exposure for the same period is used to determine the long-
term strength of such materials.



Microstructure, mechanical properties and heat resistance of AL30 piston alloy produced via electromagnetic casting 91

Table 4 displays the results of evaluation of hardness change in the alloy AL30
samples after T6 heat treatment as a result of annealing at 300 °C. For comparison, the
annealing treatment was performed on a sample of deformable alloy AK12D in the state
T6, which has a similar chemical composition and level of mechanical properties (Table 3).
In addition, Fig. 8 shows the graph of change in hardness with annealing time at 300 °C.

Table 4. Hardness of cast rod obtained from the alloy AL30 after thermal exposure at 300 °C

Rod zone Initial Annealing time, h
hardness 1 3 5 24 100
Periphery 1504 1147 985 89 %4 724 66 7
Center 147 £ 8 1155 98+ 4 86%5 714 687

As follows from Table 4 and Fig. 8, the character of hardness change is the same for
the peripheral and central parts of the alloy AL30 cast rod. After 1-hour exposure at
300 °C, the sample hardness decreases by ~ 25 %, and hardness values continue to
decrease significantly during 24 hours of annealing. Further increase of exposure time
does not lead to considerable changes in hardness. It becomes stable at the level of ~
HV70, which is ~ 45 % of the initial hardness - after T6 heat treatment (Table 4). In the
work [25], after similar annealing, the samples of alloy AL25 (AK12M2MgN) with close
chemical composition, obtained by casting with crystallization under pressure and
subjected to T6 treatment, demonstrated residual hardness of about 40 % of the initial
hardness, and the samples of deformable alloy AK12D in the T6 state — 47 % (Fig. 8).

160 | —0— 1 ]
[ —hA— )
= 140 f ... AK12D-T6 ]
=L [ ]
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(n L -
(7] o
2 ! ]
© 100 _
S [ ]
I | J
80 [ ]

0O 10 20 30 40 50 60 70 80 90 100 110
Annealing time [h]

Fig. 8. Change in hardness of the alloy AL30 cast rod after T6 heat treatment with exposure time during
annealing 300 °C: (1) - peripheral and (2) - central zones

Based on the analysis of the data herein and previous studies, it may be concluded
that the cast rods, obtained from the alloy AL30 by casting into EMC and subsequent T6
heat treatment, exhibit heat resistance at the level of counterparts produced by casting
or deformation processing. The absence of difference in the heat resistance level in
different zones of the alloy AL30 cast rod might relate to the fact that the sizes of Si
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particles and other secondary phases are insufficient for more pronounced stabilization
of strength characteristics under extended thermal exposure (at 300 °C).

First results obtained in this study have shown that the use of continuous casting
into EMC in combination with conventional HT to produce bulk billets of piston eutectic
silumins makes it is possible to increase their mechanical properties while maintaining
heat resistance at a high level. However, more research is needed to study the potential
for further increasing the complex of properties through the formation of more
homogeneous and dispersed structures (at submicron and/or nanoscale level) as well as
improving the conditions of casting into EMC and HT modes.

Conclusions

1. The microstructure, mechanical properties and heat resistance of piston alloy AL30
(AK12MMgN), which for the first time was obtained by continuous casting into an
electromagnetic mold (EMC), were studied.

2. It was shown that the EMC technique makes it possible to form a homogeneous
dispersed microstructure comprised of a mixture of aluminum solid solution and eutectic
with lamellar silicon (Si), as well as secondary phases, including e-Al:Ni, t-AlsFeMgsSie,
0O-AlCu,MgSiyand S-Al,CuMg, in both the central and peripheral regions of the bulk ingot.
3. It was established that in the alloy AL30, a microstructure formed by casting into EMC
with subsequent T6 heat treatment provides the achievement of mechanical properties
(002, outsand &5 not less than 330, 390 MPa and 2.5 % respectively), which are noticeably
higher than the properties of its material counterparts produced by conventional casting
in Russian Federation and abroad.

4. It was shown that the mechanical properties and heat resistance of the EMC-produced
alloy AL30 with subsequent T6 heat treatment are identical to the properties of
deformable piston alloys subjected to similar HT.
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