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TemperaTure of precipiTaTion Hardening and iTs effecT on mecHanical  
and pHysical properTies of Zr conTaining alsi5cu2mg alloy

The paper examines the effect of precipitation hardening temperature on selected properties of alSi5cu2Mg alloy alloyed by 
0.20 wt.% of Zr. The newly developed alSi5cu2Mg alloy intended for cylinder head castings is specific due to its limited Ti content, 
which prevents the use of standard al-Ti-B type grain refiners. Zr added in the form of alZr20 master alloy acts as a grain refiner. 
The grain refinement effect of Zr positively affects the mechanical properties. however, the physical properties defining the lifetime 
of cylinder head castings are not affected by the presence of Zr-rich phases. For this reason, the research focuses on the proposal of 
the optimal T6 heat treatment procedure in order to positively influence the physical and mechanical properties of the alSi5cu2Mg 
alloy. For the research, four T6 thermal regimes with graduated aging temperatures by 20°c from 180 to 240°c ± 5°c were selected. 
The results showed that increasing aging temperature positively affects physical properties, especially thermal conductivity, and 
mechanical properties of Rm, Rp0.2, and hBW. on the other hand, with increasing aging temperature up to 220°c ± 5°c, a negative 
decrease in ductility was achieved. optimum ductility of, especially, alSi5cu2Mg alloy with 0.20 wt.% Zr was achieved by the 
T6-240 thermal regime. optimal combination of thermal conductivity and mechanical properties of the alSi5cu2Mg alloy with 
0.20 wt.% Zr was achieved by the T6-240 heat treatment due to the requirements placed on cylinder head castings. 
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1. introduction

Due to the advantageous combination of foundry proper-
ties, al-Si-cu-Mg alloys are used in the production of highly 
stressed automotive cylinder head components. cylinder heads 
are complex castings that determine engine performance and 
fuel consumption. in operating conditions, cylinder heads are 
exposed to mechanical stress, particularly to a wide range of 
operating temperatures above 200°c. however, conventional 
al-Si-cu-Mg alloys intended for cylinder head castings are 
mechanically stable up to a temperature of approximately 200°c, 
the subsequent decrease in mechanical properties affects the 
functionality and service life of cylinder head castings. The effort 
of car manufacturers to increase the specific performance of the 
engine and simultaneously reduce the production of emissions 
leads to an increase in the temperature of the combustion process, 
and thus to a direct increase in the operating temperatures of 
cylinder heads. From this point of view, it is necessary to focus 
on the development of new aluminum alloys for cylinder head 
castings [1-3].

one of the possibilities of effectively increasing the pro-
perties of al-Si-cu-Mg alloys is the alloying of alloys through 
transition metals such as Zr, Mo, Mn, or Ni. in general, al-Si 
alloys intended for use at elevated temperatures must contain 
an alloying element capable of forming strengthening interme-
tallic phases, have low solubility in α (Al) solid solution under 
operating conditions and low diffusivity in α (Al) solid solution. 
Based on the literature survey, it can be proven that the above-
mentioned conditions are met by the transitional element Zr. Zr 
creates temperature-stable intermetallic phases based on al3Zr. 
The strength of al-Si alloys with Zr addition achieved by pre-
cipitation hardening can be significantly affected by the limited 
concentration of Zr in the solid solution during solidification. 
a key prerequisite for preserving the strength properties of al-Si 
alloys with the addition of Zr at elevated temperatures is the slow 
diffusion kinetics of the alloying element Zr. Zr also has a grain 
refinement effect on al-Si alloys. al3Zr intermetallic phases act 
as nucleation nuclei for α (Al), thereby influencing the grain size 
of the primary α (Al) phase. Grain size is an important parameter 
that mainly affects the mechanical properties of al-Si alloys. 
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Based on the literature survey, it was demonstrated that current 
research is focused on the development of new Zr-alloyed al-Si 
aluminum alloys, whose potential lies in the temperature stability 
of Zr-rich phases [4-8].

another significant problem with cylinder heads is heat 
accumulation due to the complex geometry of the casting. The 
physical properties of al-Si alloys greatly affect the functionality 
and service life of cylinder head castings. The complex geometry 
of cylinder head castings creates an uneven temperature field. 
A literature survey has shown that zr alloying/grain refinement 
does not have a significant effect on the physical properties of 
al-Si alloys. one of the ways to effectively increase the physi-
cal properties of al-Si alloys is to use an optimal heat treatment 
mode. The optimal mode of heat treatment creates a more 
uniform temperature field due to the increase in the physical 
properties of al-Si alloys [8-9].

The aim of the paper was to analyze the possibilities of 
increasing the physical and mechanical properties of the alSi-
5cu2Mg alloy with 0.20 wt.% Zr through T6 heat treatment. 
The alSi5cu2Mg alloy, which is used in the production of cyl-
inder head castings, is notable for its limited Ti content. From 
this point of view, using standard grain refiners of the al-Ti-B 
type was impossible. Based on the literature survey, Zr was 
chosen as an alternative grain refiner, with the aim of achieving 
stable mechanical properties of alSi5cu2Mg at operating tem-
peratures above 200°c [4]. The work analyzed the effect of T6 
with a gradual precipitation hardening temperature increase by 
20°c from 180 to 240°c (±5°c) on the mechanical and physi-
cal properties of alSi5cu2MgZr0.2. in general, the correlation 
between the T6 heat treatment and the physical properties of the 
al-Si-cu-Mg alloy was investigated in the work. With the main 
goal of increasing the quality and functionality of cylinder head 
castings due to the creation of a more uniform temperature field. 

2. material and methods

For the experiment, a hypoeutectic alSi5cu2Mg alloy 
with an addition of 0.20 wt.% Zr was used. Zr introduced into 
the melt in the form of a master alloy alZr20 was used as an 

alloying element/grain refiner. the grain refinement effect of zr 
is characterized by the formation of intermetallic phases rich in 
zr, which act as potential nucleation seeds for the α (Al) phase. 
The Zr content for the alSi5cu2Mg alloy was chosen based 
on Wang´s studies, according to which the optimal refining 
effect of the α (Al) phase is demonstrated by the addition of 
0.20 wt.% Zr [4]. in his studies, Wang further demonstrated that 
by adding 0.10 to 0.15 wt.% Zr, a negligible refinement of the 
α (Al) phase occurs. Also, by adding more zr 0.25 wt.% Wang 
did not notice a more significant refinement of the α (Al) phase 
compared to the grain refinement effect of 0.20 wt.% Zr. The 
chemical composition of the experimental alSi5cu2Mg alloy is 
shown in (tABle 1). Based on the chemical composition of the 
alSi5cu2Mg alloy, it can be declared that the alloy was supplied 
by the manufacturer in a pre-modified state, which is evidenced 
by the presence of Sr [4,10].

The experimental alSi5cu2Mg alloy was melted in an 
electric resistance furnace. Subsequently, at a temperature of 
770°c ± 5°c, a master alloy of the alZr20 type was added to the 
melt. The experimental samples were cast using gravity casting 
technology into a metal mold (fig.1). the casting temperature 
was set at 740°c ± 5°c. The experimental alloy was not further 
modified and degassed in the preparation process.

The experimental samples were subsequently subjected 
to T6 heat treatment with a graduated precipitation hardening 
temperature by 20°c from 180°c to 240°c (±5°c). the thermal 
regime consisted of solution annealing 520°c ± 5°c / 5.5 h, rapid 
cooling in water at a temperature of 70°c ± 5°c and precipitation 
hardening 180°c – 240°c ± 5°c / 5 h. for the experiment, four 
T6 modes were selected, marked as:
• t6-180 – precipitation hardening 180°c ± 5°c / 5 h, 
• t6-200 – precipitation hardening 200°c ± 5°c / 5 h,
• t6-220 – precipitation hardening 220°c ± 5°c / 5 h, 
• t6-240 – precipitation hardening 240°c ± 5°c / 5 h.

reference values were provided by the experimental 
 alSi5cu2Mg alloy in the cast state, which was designated as 
the reference alloy.

The methodology for determining the thermal conductivity 
was based on the measurement of the conductivity of the ex-
perimental samples using the Sigma check 2 measuring device. 

TaBle 1
chemical composition of the experimental alloys

alloy si cu mg sr Ti cr Zr mn/fe al
alSi5cu2MgZr0.20 5.40 1.85 0.29 0.008 0.01 0.017 0.19 0.09 Bal.

Fig. 1. Metal mold with extraction place for the tensile test bar
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By substituting the electrical conductivity values (σ) into the 
empirical formula (1), the thermal conductivity values (λ) were 
subsequently calculated:

 λ = 43.29 · σ – 13.321 [W·m–1·k–1] (1)

the mechanical characteristics (Rm [Mpa], Rp0.2 [Mpa], and 
a50 [%]) of the experimental alloys were determined by a static 
tensile test according to eN iSo 6892-1. The tensile test was 
performed with a universal tearing device inspekt desk 50 kN. 
for each experimental variant (reference alloy, t6-180, t6-200, 
t6-220, t6-240) a set of 5 test round bars with a shank diameter 
of 8 mm was made. 

The hardness of the experimental alloys was determined by 
the Brinell hardness test (stn en iso 6506-1). the hardness test 
was performed with a Brinell innovatest Nexus 3000 hardness 
tester according to the hBW 5/250/10 regulation. the regulation 
defines the indentation body as a carbide ball with a diameter of 
5 mm, a load value of 250 kp, and a load time of 10 s.

The microstructure of the experimental alloys was evaluated 
with a Neophot 32 optical microscope and a TeScaN lMu ii-
line electron microscope with a Bruker eDX analyzer. The 
experimental samples were prepared by manual wet grinding, 
polishing on polishing discs impregnated with diamond paste 
and moistened with alcohol, and subsequently polished using 
a fully automatic polishing device. experimental samples in-
tended for observation with an optical microscope were etched 
with 0.5% hF for 15 seconds. Subsequently, the experimental 
samples were subjected to deep etching as a starting point for 
line electron microscopy reM. 

3. results and discussion

3.1. physical properties

The values of the thermal and electrical conductivity of 
alSi5cu2MgZr0.2 depending on the heat treatment mode were 
processed into a graphical dependence Fig. 2. Based on the re-
sults, it can be demonstrated that the heat treatment of T6-180 
to T6-240 results in an increase in thermal and electrical con-
ductivity compared to the reference alloy. The most significant 
increase in electrical and thermal conductivity by almost 27% 
was recorded on the experimental alloy T6-240. The negligible 
effect of heat treatment on thermophysical properties was dem-
onstrated by increasing precipitation hardening temperature from 
180°c to 200°c ± 5°c. The increase in physical properties was 
attributed to the transformation of the morphology of eutectic Si. 

Studies have shown that the shape of the eutectic Si and the 
size of the secondary phase are decisive factors in the evaluation 
of the physical properties of al-Si alloys. The electrical resistance 
of Si is several orders of magnitude greater than the electrical 
resistance of al at room temperature. From this point of view, 
Si can be considered as an insulator. The electrical resistance 
of eutectic Si can be significantly influenced by changing the 
cross-section and size of the secondary phase. The electrical resist-

ance of Al-si alloys increases with increasing P/s ratio, where P 
denotes the perimeter of the secondary phase and S denotes the 
cross-sectional area of the secondary phase. Timple confirmed 
the correlation between thermal conductivity and the shape and 
size of eutectic si or of the P/s ratio of the secondary phase. his 
conclusions were based on considerations that the P/s ratio of the 
rectangular cross-section of eutectic si (lamellas) is lower than the 
P/s ratio of the circular cross-section of eutectic si (grains). timple 
demonstrated that an unmodified as-cast al-Si alloy with lamel-
lar eutectic Si exhibits an order of magnitude lower conductivity 
than an identical heat-treated al-Si alloy, in which microstructure 
eutectic si could be observed in the form of grains (fig. 3) [11-16].

fig. 3. transfer of electrons: a) as-cast state, b) after heat treatment [17]

3.2. mechanical properties

The evaluation of the mechanical properties was based on 
the comparison of the mechanical properties of the experimental 
variants T6-180 to T6-240 with the reference alloy. The meas-
ured values were processed into a graphical dependence Fig. 4.

Due to the heat treatment of T6-180 to T6-240, there is an 
increase in the ultimate strength (Rm) compared to the reference 
alloy in the cast state. The highest increase in Rm by 25% was 
recorded by the experimental alloy T6-200 compared to the 
reference alloy. a subsequent increase in precipitation harden-
ing temperature results in a decrease in Rm compared to T6-180 
and T6-200. The largest decrease in Rm by 16% was recorded in 
the experimental alloy t6-240. the agreed yield strength (Rp0.2) 
shows a similar course as the strength limit due to the influence 
of the T6 heat treatment. The maximum value of Rp0.2 is achieved 
by applying the thermal regime T6-200, while a 47% increase in 
Rp0.2 was recorded compared to the reference alloy.

Fig. 2. impact of varying heat treatment T6 on physical properties of 
the experimental alloys with Zr addition
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increasing the precipitation hardening temperature above 
200°c results in a decrease in Rp0.2. Similar to the evaluation 
of Rm, the largest decrease in Rp0.2 compared to T6-200 was 
observed with the experimental alloy T6-240. The hardness of 
the experimental alloys increases due to heat treatment. The 
largest increase in hardness by 32% was recorded by applying 
the  T6-180 thermal mode compared to the as-cast reference 
alloy. By subsequently increasing the precipitation hardening 
temperature, the hardness of the experimental alloys decreased. 
By applying the T6-240 thermal regime, the smallest increase 
in hardness was recorded compared to the reference alloy of 
approximately 7%.

The strength limit, agreed yield limit, and hardness of the 
experimental alloy alSi5cu2MgZr0.2 increase due to the pres-
ence of strengthening intermetallic phases of Mg2Si and al2cu. 
as a result of the higher precipitation hardening temperature  
(t6-220 and t6-240), strength and hardness decrease due to 
the slight overaging of the alSi5cu2MgZr0.2 aluminum alloy 
[14,18].

applying the T6-180, T6-200, and T6-240 thermal modes, 
a 50% decrease in ductility was recorded compared to the 
reference alloy. a further increase in precipitation hardening 
temperature was accompanied by an increase in ductility to the 
initial value provided by the reference alloy in the as-cast state. 

The ductility of alloys intended for cylinder head castings is 
an important material characteristic that determines the service 
life and functionality of components working in a wide range 
of operating temperatures. alloys commonly used for cylinder 
head castings have approximately 2% ductility. heat treatment 
of the alSi5cu2Mg alloy is considered the most effective from 
that point of view.

Similar to physical properties, mechanical properties could 
also be influenced by the morphology of eutectic Si. The increase 
in Rm, Rp0.2, and hBW as a result of heat treatment T6-180 to 
T6-220 was accompanied by spheroidization of eutectic Si to 
a more energetically favorable state of perfectly round grains. 
Subsequently, the decrease in mechanical properties due to 
T6-240 could be attributed to the local thickening of eutectic 
Si. coarsened eutectic Si particles are characterized by lower 
strength and hardness [17-20].

3.3. microstructural analysis

The microstructural analysis of the samples was evaluated 
by optical microscopy and scanning electron microscopy (seM) 
methods. The microstructure of alSi5cu2Mg in the as-cast state 
consists of α-phase, eutectic si, and intermetallic phases based 
on cu and fe (fig. 5). eutectic si can be observed in the plane 
of the metallographic cut in the form of imperfectly round grains. 
This fact indicates that the alSi5cu2Mg alloy was delivered from 
the manufacturer in a pre-modified state. Fe-based intermetallic 
phases were observed in the form of grey lamellas with split 
ends. intermetallic phases rich in cu can be observed in the plane 
of the metallographic cut in the form of a ternary eutectic with 
a compact morphology or isolated particles [21-24].

Fig. 5. Microstructure evaluation of reference alloy alSi5cu2Mg with 
zr addition in the as-cast state (h2So4 etch.)

as a result of the T6 heat treatment, eutectic Si is sphe-
roidized. in Fig. 6a-b, eutectic Si can be observed in the form 
of perfectly round grains. increasing the precipitation hardening 
temperature above 200°c ± 5°c (t6-220 to t6-240) results in 
a local thickening of the eutectic Si, as can be seen in Fig. 6c-d. 
intermetallic phases based on cu and Fe were observed in the 
plane of the metallographic cut.

intermetallic phases rich in Zr can be observed in the plane 
of the metallographic cut in the form of sharp-edged grains or 
coarse needles (fig. 7). By eDX analysis, phases rich in zr were 
identified as al3Zr and alSiZr type phases, in the vicinity of 
which there is an increased concentration of cu-based interme-
tallic phases. it follows from the above that Zr creates potential 
nucleation seeds during the precipitation of cu phases [4,25].

4. conclusion

The aim of the work was to analyse the effect of the pre-
cipitation hardening temperature on the mechanical and physical 
properties of the alSi5cu2Mg alloy alloyed with 0.2 wt.% Zr, 
which is intended for cylinder head castings. Based on the ob-
tained results, it can be concluded that:
• as the temperature of precipitation hardening increases, there 

is an effective increase in thermal and electrical conductivity, 

Fig. 4. impact of varying heat treatment T6 on mechanical properties 
of the experimental alloys with Zr addition 
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fig. 6. Microstructure evaluation of experimental alloys after heat treatment t6: a) t6-180, b) t6-200, c) t6-220, d) t6-240 (h2So4 etch.)

fig. 7. eDX analysis of zr intermetallic phases: a) t6-180, b) t6-220

• the increase in thermal and electrical conductivity occurs 
due to the change in the morphology of eutectic Si to a more 
energetically favourable state,

• Rm, Rp0.2 and hBW of the experimental alloys increases up 
to the aging temperature of 200°c ± 5°c (t6-200), with the 

subsequent increase in the precipitation hardening tempera-
ture, there is a slight decrease in the mechanical properties 
due to the overaging of the alSi5cu2MgZr0.2 alloy, 

• the ductility of the experimental alloys decreased by apply-
ing the thermal modes T6-180, T6-200, T6-220,
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• applying the thermal mode t6-240, the ductility increased 
to the initial value achieved by reference alloy in the cast 
state, 

• with increasing aging temperature (t6-220, t6-240), local 
thickening of eutectic Si can be observed, 

• increasing precipitation hardening temperature did not 
affect the morphology of the present intermetallic phases 
rich in cu, Fe and Zr.
By applying the T6-240 heat treatment, the most favorable 

combination of mechanical properties (ductility) and thermal 
conductivity of the alSi5cu2Mg alloy with an addition of 
0.2 wt.% Zr, considering the required properties of cylinder head 
castings. research has shown that the thermal conductivity of 
alloys based on al-Si-cu-Mg can be influenced to a large extent 
through heat treatment. By designing an optimal heat treatment 
mode, it is possible to increase the quality and functionality of 
cylinder head castings, due to the elimination of faults caused by 
heat accumulation in a geometrically complex casting. 
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