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Abstract

High requirements placed on a castings of combustion engine's cylinder heads are forcing their manufacturers to search after a new solutions
of the process aimed at improving quality of the castings, minimization of structural defects (such as porosity or inclusions), and perfection
of material's microstructure, which in result would lead to obtaining improved mechanical properties. Meeting these requirements, without
necessity of introduction of a new materials requires, among others, optimizing chemical composition of the alloy, developing methods of
the casting process, and improving heat treatment processes. In this paper it has been presented results of the research concerning T6 type
heat treatment of a combustion engine's cylinder head made of the AlSi7Cu3Mg alloy. It has been confirmed that optimal heat treatment
procedure comprises solutioning heat treatment at 500°C for 1 hour, followed by artificial aging at 175°C for 2 hours. In result of
implemented process, it have been obtained the tensile strength of Rm =320 MPa and the hardness of HB having value in range of 105130,
what represents a significant increase compared to the raw casting. Improvement in the mechanical properties was accompanied by a slight
decrease in ductility only— the As elongation decreased from 1,5 to 1,2%.
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: possible to generate 100 kW/liter for direct injection Diesel engines
1. Introduction [6, 7] and above 100 kW/liter for supercharged direct injection
gasoline engines [8-10]. As its consequence, requirements for
aluminum cylinder head castings also become higher due to
generation of a higher operating temperatures at increased
combustion pressures, which in turn results in a greater mechanical
stresses in the material [11, 12] Comply with these increasing
requirements for the cylinder head, without need to introduce new
materials involves, among others, the optimization of its chemical
composition [13, 14], development of new casting methods and
heat treatment processes [15-18] and possibility of use of additive
manufacturing methods [19, 20].

The cylinder head, as one of the most complex and the most
important parts of combustion engine, is directly exposed to high
temperatures resulted from the combustion process, rapid changes
of combustion pressure, and mechanical and thermal loads
occurring cyclically during operation of the engine [1-5]. In the
recent years we can see occurring evolution of combustion engines
in direction of restriction of exhaust emissions and fuel
consumption with simultaneous increasing their output power.
Introduction of advanced combustion systems for both spark-
ignition (SI) and compression-ignition (CI) engines makes it
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The cylinder heads are most often made by gravity casting into
metal molds representing their external shapes. In turn, intake and
exhaust channels as well elements of cooling system are
reproduced using sand cores positioned inside the molds [21].
Currently, many studies connected with development of usage of
aluminum alloys in automotive industry are being conducted [22-
27]. The alloys from the Al-Si-Cu group [28, 15, 29] and the Al-
Si-Mg alloys [30-32] are widely used as casting materials for
cylinder heads, mainly due to advantageous combination of
mechanical and physical properties, especially after performed heat
treatment operation consisting of three consecutive stages. In the
first stage the solutioning heat treatment is carried out, consisting
in heating the material at temperature of 500-540°C for alloys Al-
Si-Cu and 515-530°C for Al-Si-Mg alloys during 2-12 hours in
order to dissolve the secondary phases - Mg.Si, Al>Cu - in the
aluminum matrix, and spheroidizing silicon precipitates. In the next
stage the material is cooled down at high speed, the most often in
water (20-60°C) to retain the alloying elements in the
supersaturated matrix without precipitation of secondary phases.
The last stage is artificial ageing carried out at elevated
temperature (150-200°C) for 4 to 12 hours, during which
controlled precipitation of secondary phases particles (e.g. Al2Cu,
Mg-Si) occurs.

The alloys reinforced with ALCu precipitates preserve their
mechanical properties even above 250°C [33, 34], while MgxSi
hardened alloys undergo strength degradation at 170-200°C due to
thickening of reinforcing precipitates [35, 36].

To sum up, obtaining an appropriate mechanical properties of the
alloy is directly determined by volume fraction and morphology of
microstructural components (mainly Si precipitates) as well as
additives such as Mg and Cu being a potential source of
precipitation processes, and having effect on the mechanical
properties at high temperatures.

Taking into account that the cylinder heads operate at high
temperatures, cyclic thermal-mechanical loads, optimization of the
heat treatment parameters is crucial for both durability of the
casting and efficiency of the production process. In industrial
practice, the heat treatment process of aluminum alloys, such as Al-
Si-Cu and Al-Si-Mg, must be not only technologically effective,
but also economically justified. Each stage of this treatment —
solutioning, cooling down and aging — is therefore associated with
specific costs that have a direct impact on profitability of the entire
production process. Therefore, nowadays one strives after
introduction of optimal, shortened cycles, usually lasting several
hours, which allow for full hardening with minimal energy and
time expenditures [37-40].

The study presented in this paper aims at evaluation of
effectiveness of the T6 heat treatment, carried out in appropriately
selected (limited) ranges of solutioning and aging heat treatment
parameters of cylinder head castings with particular emphasis on
obtained mechanical properties.

2. Experimental methods

The cylinder head of a four-cylinder spark-ignition combustion
engine (Fig. 1) was made using gravity die-casting technology,
from the 320.0 (AISi7Cu3Mg) alloy with chemical composition

shown in the Table 1. Due to copyright restrictions related to design
of the cylinder heads, the components tested in this study are
presented in the form of schematic drawings (Fig. 1). These were
developed based on 3D scans of the castings performed using an
eviXscan Pro+ scanner, offering accuracy of 0.01-0.025 mm (in
accordance with the DE VDI/VDE 2634 Part 2 standard [41]). The
scans were processed into editable models using Geomagic Design
X software.

Fig. 1. Cylinder heads casting

Table 1.
Chemical composition of the investigated alloy
Chemical composition / % mass

Si Cu Zn Fe Mg Mn Pb Al
7,5 3,0 0,3 0,8 041 0,28 0,03 rest.

The chemical composition was analyzed by inductively coupled
plasma emission spectrometry method, using the PerkinElmer
Optima 4300 DV optical emission spectrometer on a material
sample cut from the casting.

The cylinder head casting was heat treated according to the diagram
(Fig. 2), based on results of the investigations [42], in course of
which the heat treatment of the samples cast from the base material
of the cylinder heads was carried out, enabling determination of
optimal ranges of parameters of the solutioning and aging
operations, determining a significant increase in the mechanical
properties of the AISi7Cu3Mg alloy.
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Fig. 2. Scheme of the heat treatment of the cylinder heads

The heat treatment of cylinder heads consisted in heating the
castings in furnace to solutioning temperature in the range of 500—
515°C, followed by soaking at this temperature for 1 hour. After
completion of the solutioning heat treatment, the castings were
quenched by cooling in water - at temperature of 20°C for cylinder
heads I-11I and at 60°C for cylinder head IV. The last stage of the
process was artificial aging carried out at temperature 175°C for 2
hours. The solutioning treatment was carried out in an electric
resistance furnace, in which the temperature was measured
simultaneously for the casting, for the heating elements and for the
furnace chamber using Ni-NiCr K-type thermocouples with
accuracy of = 5°C. The aging was carried out in laboratory dryer of
the SLN 53 STD type.

After performed heat treatment, the material destined for the
samples to evaluation of the strength properties (Ro.os, Ro.2, Rm, A5)
of the cylinder head castings was cut out in the places, whose
location is shown in the Figure 3. Next, they were formed by
machining operation in accordance with the PN-EN ISO 6892-
1:2010P standard [43] (sample with measuring length of 30 mm
and diameter of 6 mm).

Fig. 3. Locations where samples to the strength test were cut out
from the cylinder head casting

The static tensile tests were carried out in accordance with the
PN-EN ISO 6892-1:2010P standard using the Instron 33R4467
tensile testing machine equipped with 30kN (Class 1) measuring
head. The strain was measured using the extensometer with 25mm
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base, 0-2.5mm range, 1pm resolution, and Class 1 accuracy. Data
recording was performed using the Instron Bluehill 3 software. The
Brinell hardness measurement was performed in accordance with
the PN-EN ISO 6506-1:2008P standard [44], using the Brinell
hardness tester of PRL 82 type. A 10mm diameter steel ball and
load of 9800N sustained for 30 seconds were used. Hardness
measurements were taken on milled surface from combustion
chamber side (Fig. 4).

Fig. 4. Locations of hardness measurement of the cylinder heads

In addition, the measurements were made on the cross-
sectional surface through valve seats (Fig. 5).

Fig. 5. Surface of cross-section of the cylinder head with marked
locations of the hardness measurements

Additionally, metallographic sections were produced based on
material collected from selected areas of the analyzed cross-section
of the cylinder head to verify changes in the material structure,
analyzed after performed heat treatment. Metallographic
examinations were performed using the Olympus DSX 500
microscope.
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3. Research results and analysis

The test results obtained on the basis of static tensile test of the
samples taken from heat-treated castings of the cylinder heads of
the engine are presented in the Figure 6 in the form of bar graphs,
on which are applied values of individual properties for the initial
material (casting without heat treatment - S) and for the material
after the heat treatment (heat-treated castings - [~IV).
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Fig. 6. Mechanical properties of the material of the cylinder head
casting: a) elastic limit Ro.s, b) yield strength Ro., c) tensile
strength Rm, d) elongation As

Applied method of the heat treatment of the cylinder head
castings resulted in a significant increase in the mechanical
properties of the alloy. Nearly twofold increase in the elastic limit
Ro.0s and the yield strength Ro.2 (approx. 100% compared to non-
heat-treated alloy) was observed, also increase in the tensile
strength Rm in the range of 58-74%. At the same time, a decrease
in As elongation by 15-30% compared to the initial value was
observed. Similar results were reported in the study [45], where
comparable mechanical properties were obtained only after twice
longer solutioning time (at temperature 498°C) and aging carried
out at temperature higher by 55°C and for a time shorter by 30
minutes. In the study of Peng Hu et al [14], to achieve values of
Ro2=314 MPa and Rn=379 MPa, it was necessary to carry out
solutioning treatment for 5 hours (503°C) and aging treatment for
successive 5 hours at 210°C. However, a significant decrease in
elongation was the side effect of this treatment — to a level of only
30% of the value observed for the initial (not heat-treated) state.
Samuel [46] recommends treatment of the solutioning at 500—
510°C for 12 hours and next, artificial aging for 2—5 hours at
temperature 160—180°C, enabling to obtain Ro2=150 MPa,
Rm=250 MPa, elongation 3%.

Sokolowski [47] proposed an alternative method of two-stage
solutioning and aging, which allowed to obtain mechanical
parameters at the level of about 60% of the values from the
presented research, using a milder thermal conditions. Interesting
results were also presented by Mao et al. [48], who developed
three-stage heat treatment cycle for the alloy containing 50% less
copper than in own research. A favorable combination of A5
elongation at the level of 10%, Ro2 value comparable to the
presented values and Rm value higher by 30% was obtained then,
at total process duration of 20 hours. Similar directions of the
proceedings are also observed in the case of other alloys used for
cylinder heads, including A1Si9Cu3 [49, 50], AlSi7Cu0,5Mg [51,
52] and 356.0 [53, 54, 17], for which processes of the heat
treatment are usually carried out in an extended manner (lasting
several times longer), and optimized in terms of compromise
between the strength and the plasticity.

In the light of literature from this subject-matter, the obtained
results can be considered as optimal in terms of compromise
between the strength and the elongation. Compared to other authors
who achieved similar or slightly higher mechanical parameters at
much longer times of solutioning and aging heat treatment, the
applied approach is characterized by a greater effectiveness of time
and energy, which makes it attractive from the point of view of
industrial practice.

In the Table 2 are presented ranges of the HB hardness obtained
during measurements on surface of the cylinder head casting (in
accordance with the Fig. 4).

Table 2.
HB hardness of surface of the cylinder head casting
S I I 111 v
76-84 129-138 125-129 129-138 107-114

As the result of performed heat treatment of the cylinder head
castings made of the AlSi7Cu3Mg alloy, a significant increase in
the hardness of the material was observed, ranging from 37% to
66% compared to the initial state (casting not subjected to the heat
treatment). This effect was also confirmed by local measurements
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made on surface of the cross-section of the cylinder head (Fig. 7),
where values of the hardness according to the Brinell HB scale
increased from 76-82 to 120-125.
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Fig. 7. Distribution of the HB hardness on the cross-section (Fig.
5): S — untreated head, I=IV - heat treatment variants

Similar tendencies can be noticed in the literature. Zhi-xiang Huang
et al. [S5] obtained value of 129.3 HV hardness after a two-step
solutioning heat treatment (500°C for 6 hours and 520°C for 4
hours) followed by aging treatment for 7 hours at 175°C. Increase
in the hardness in this case amounted to 25.4% compared to the
material without the heat treatment. Maghini et al. [56] achieved
increase in the hardness to 130 HV (about 60%) with use of
optimized thermal scheme, consisting of short solutioning heat
treatment (1 hour at 495°C), followed by aging treatment for 1.5
hours at 210°C, and introduction of the intermediate stage of the
T4 treatment lasting 24 hours. In turn, Mori et al. [S7] showed that
the maximum strengthening of the material is achieved by 4 hours
of aging at 180°C and earlier solutioning treatment at 500°C for 6
hours. Slight differences between the measured hardness at
individual points are resulting from run of solidification process of
the material mainly, determined by different cooling rate of the
alloy, and thus from non-homogeneous structure of the material
[58], which as results finds its reflection in the hardness of the
material after the heat treatment [42]. The Figure 8 shows the
microstructures of selected cross-sections of the head casting.

Fig. 8. Microstructure in a selected places of cross-section of the cylinder head: Is — casting without the heat treatment, I3 — casting after
the heat treatment (500°C/1 h + 175°C/2 h)

The optimal mechanical properties of the alloy are obtained with
small, spherical and evenly distributed particles [49]. Optical
microscopy analyses revealed presence of the a-Al matrix
surrounded by eutectic regions and intermetallic particles.
Structure of the alloy consists of the a-phase dendrites, eutectic
(mixture of the phase o, and eutectic silicon) as well as intermetallic

phases. Eutectic Si underwent spheroidization and coarsening
during treatment with the solution. Treatment of the solution causes
a significant degree of spheroidization and coarsening in modified
eutectic phases [50, 51, 59, 60].

The heat treatment led to spheroidization of eutectic silicon,
and the o phase emerged as large and rounded grains. There is no
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significant difference in microstructure images. Hardness and
strength were achieved in the region of coherent formation of
precipitates, probably at the beginning of deposition of partially
coherent 8’ phase (Al2Cu) [39-41, 51].

Performed heat treatment resulted in a significant degree of
spheroidization and thickening of Si in modified eutectic phases.
[17, 51, 60]. Process of spheroidization of silicon, as result of the
heat treatment, takes place in two stages: fragmentation or
dissolution of eutectic fibers/branches and spheroidization of
separated branches. Rate of spheroidization depends on size of
fragmented segments — in the case of the analyzed structures,
modified structure of the alloy in the as-cast state (Is — Fig. 8) had
a positive impact on shortening of time needed to completion of
this process. At the same time, as a result of these changes, increase
in the hardness and the final strength can be also observed [50, 56].

4. Conclusions

Performed investigations have confirmed that applied procedure of
the heat treatment — consisting of solutioning of the AlSi7Cu3Mg
alloy at temperature of 500-515°C for 1 hour, and next, water
cooling and artificial aging at temperature of 175°C — effectively
improves mechanical properties of the material used to production
of the cylinder heads.

It has been observed a substantial, nearly two-fold increase in the
yield point from 99 MPa in case of the alloy without the heat
treatment to 238 MPa for the alloy after the heat treatment and in
the plasticity (285 MPa) compared to the alloy without the heat
treatment, as well as a significant increase in the tensile strength
from the level of 183 MPa to 320 MPa after the heat treatment.
Simultaneously, a moderate decrease in the plasticity (reduction of
the elongation from 1.5% to 1.2%) was observed. It was observed
a significant, almost two-fold increase in the elastic and plastic
limit compared to unheat-treated state, as well as a significant
increase in tensile strength, with a simultaneous moderate decrease
in plasticity. From industrial application points of view, it is
important that such beneficial effects were obtained with a
relatively short time of the solutioning and aging treatments, which,
in comparison with literature data, proves the high efficiency of the
applied scheme. Shortening of duration of the solutioning and
ageing heat treatment operations, while maintaining appropriate
temperatures, allows for optimization of the technology in terms of
energy costs and production efficiency, without significant
reduction of strength properties of the material. This points at
reasonableness of further research towards shortening of thermal
cycles while simultaneously controlling the microstructure and
mechanical properties of the castings made of the Al-Si-Cu-Mg
alloys.
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