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Microstructure, Mechanical ProPerties and corrosion Behavior  
of Zr-containing alsi5cu2Mg alloy

The aim of this paper was to analyze the impact of varying zirconium addition on selected properties of alSi5cu2Mg alloy. 
The results of this research showed that zirconium addition in the range of 0.05 to 0.20 wt. % caused a decrease in ultimate tensile 
strength and yield strength of the experimental alloys after T7 heat treatment, probably due to the formation of primary al3Zr 
intermetallic phases. These phases were observed as an individual plates or as a formation of two crossed plate-like phases. poten-
tiodynamic polarization tests in 3.5% nacl solution revealed that addition of Zr had a positive effect on thermodynamic corrosion 
stability of the alSi5cu2Mg alloy due to shift of the corrosion potential to a more positive values for all as-cast samples. addition 
of Zr in the as-cast alloys improved corrosion kinetics by lowering of corrosion current density. 
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1. introduction

age-hardenable al-Si-cu-Mg aluminum alloys are among 
the most widely used materials in the automotive industry. high 
strength-to-weight ratio, thermal stability, good castability and 
sufficient corrosion resistance are the main factors that make 
these alloys the first choice in the production of automotive 
engine parts, such as cylinder heads or engine blocks [1-3]. Mod-
ern automotive industry has been confronted with increasingly 
stringent environmental regulations in recent years. as a result, 
car manufacturers are therefore forced to reduce the weight of 
individual components while maintaining (or even enhancing) 
their utility properties. This approach requires close cooperation 
between automotive manufacturers and research centres in order 
to develop new types or aluminum alloys, or to substantially 
improve the alloys used so far [4-9].

in recent years, development in the field of aluminum 
alloy castings have focused on improving their properties by 
using alloying elements from the group of transition metals (Zr, 
Mo, v, ni etc.). of the transition metals, zirconium has gained 
popularity in the development of new types of aluminum alloys. 
The addition of Zr into the aluminum alloy is advantageous in 
terms of strength increase. The strengthening effect is induced 
by the crystallization of Zr-rich intermetallic phases (prefer-
ably the al3Zr phase). The al3Zr intermetallic phase can exist 

in two different crystallographic structures – metastable with 
cubic l12 structure and stable with tetragonal D023 structure. 
Zirconium has gained its popularity due to the formation of 
al3Zr phases with cubic l12 structure, which can act as potent 
nucleants for α (Al) phase and thus induce grain refinement of 
the microstructure [10-17].

Zirconium as an alloying element exhibit low diffusivity 
in al matrix. al3Zr intermetallic phases are thus resistant to 
coarsening and dissolution, which makes them thermodynami-
cally stable at elevated temperatures. This can be beneficial in 
maintaining the strength characteristics of the al-Si-cu-Mg 
aluminum alloys at elevated temperatures above 200°c, when 
cu and Mg strengthening precipitates gradually coarse and dis-
solve. This results in a decrease in mechanical properties. Such 
a phenomenon is important to control in cylinder head castings 
of modern high-performance engines, which are exposed (espe-
cially in the area of the exhaust valves on the combustion part 
of the cylinder head) to temperatures exceeding 200°c [18-20]. 
Therefore, the use of Zr alloying element appears to be a con-
venient way to increase the thermal stability of newly developed 
aluminum alloys based on the al-Si-cu-Mg system.

The aim of this research was to study the effect of varying 
Zr addition on selected properties of al-Si-cu-Mg alloy. The 
subject of our research was non-standardized alSi5cu2Mg 
cylinder head aluminum alloy, which is new and has been used 
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in production for a relatively short time. Due to the specifically 
designed chemical composition, it is not possible to use standard 
alTi5B1 grain refiner to refine the microstructure of this alloy. 
Therefore, it is necessary to find a suitable alloying element 
which would positively affect the microstructure and mechanical 
properties of this alloy. one possibility is to use Zr as an alloying 
element. as there is only a limited amount of information about 
this aluminum alloy, the research on the impact of Zr addition 
on selected properties appears to be appropriate for describing 
the properties of this alloy.

2. Material and methods

The aim of the experimental research was to determine 
the impact of varying Zr addition on selected properties of the 
alSi5cu2Mg alloy. it is a hypoeutectic aluminum alloy which 
is used in the automotive sector for the production of cylinder 
heads. primary alSi5cu2Mg alloy was supplied in pre-modified 
state (via Sr addition) and without grain refinement, as the maxi-
mum permitted Ti content defined by the alloy’s manufacturer 
is 0.03 wt. %. For an effective grain refinement of hypoeutectic 
aluminum alloys, 0.04 to 0.1 wt. % Ti content is required. a total 
of five experimental alloys with different Zr addition (0, 0.05, 
0.10, 0.15 and 0.20 wt. % Zr) were produced for the experimental 
purposes. chemical composition of the experimental alloys is 
given in TaBle 1. Zirconium was added to the experimental 
alloys via alZr20 master alloy. Deteriorated solubility of the 
alZr20 master alloy in the melt resulted in a lower actual Zr 
content in the experimental alloys with the addition of 0.15 and 
0.20 wt. % Zr. The experimental alloys were cast into steel mold 
with temperature of 200±15°c by gravity casting. The mold was 
protected with a graphite coating.

TaBle 1
chemical composition of the experimental alloys

chemical composition [wt. %]
Zr addition 

[wt. %] si cu Mg fe Mn ti sr Zr al

0 5.47 1.91 0.29 0.18 0.02 0.013 0.01 0.0009 Bal.
0.05 5.67 1.91 0.29 0.19 0.02 0.013 0.01 0.05 Bal.
0.10 5.65 1.92 0.29 0.19 0.02 0.014 0.01 0.10 Bal.
0.15 5.55 1.91 0.29 0.19 0.02 0.014 0.01 0.12 Bal.
0.20 5.43 1.90 0.29 0.18 0.02 0.014 0.01 0.19 Bal.

The casting temperature was 745±5°c for all the experimen-
tal alloys. The experimental alloys were not degassed during their 
production. Ten samples were cast from each melt, of which five 
were intended for the evaluation of selected properties in as-cast 
state and five were evaluated in the state after heat treatment. 
The process of heat treatment was realized by T7 age hardening, 
consisting of solutionizing at 500±5°c for 6.5 hours, quench-
ing into water with temperature of 80-90°c, artificial aging at 
250±5°c for 4 hours followed by air cooling. T7 type is often 
used for heat treatment of engine parts such as cylinder heads in 

order to obtain a stable microstructure and mechanical behavior 
while operating at elevated temperature [21].

evaluation of the mechanical properties was performed us-
ing an inspekt desk 50 Kn testing machine for tensile strength 
test according to iso 6892-1 standard. A schematic representa-
tion of the tensile test bar specimen is shown in Fig. 1.

Fig. 1. Scheme of the tensile test bar showing the extraction place from 
the casting

Microstructure of the experimental alloys was observed 
using a neophot 32 optical microscope and scanning electron 
microscope TeScan lMu ii with BruKer energy-dispersive 
analyzer. hardness of the experimental alloys was measured us-
ing a Brinell innovatest nexus 3000 hardness testing machine 
with ball indenter of 5 mm diameter, loading force of 250 kp 
(2451.6 n) and a load time of 10 seconds. five locations for hard-
ness measurement were selected on each experimental sample.

corrosion behavior of the experimental alloys was evalu-
ated using potentiodynamic polarization (pD) tests in 3.5% nacl 
solution at laboratory temperature. Measurements were per-
formed in three-electrode cell system on laboratory potentiostat 
Biologic Sp300 with sample connected as a working electrode, 
pt mesh as a counter electrode and saturated calomel electrode 
(Sce) served as reference electrode. Samples were examined 
using range of potentials from –200 mv to +500 mv vs. open 
circuit potential (ocP) with step rate of 1 mv/s after 10 min. of 
potential stabilization [22]. Measured pD curves were analysed 
using Tafel extrapolation method using ec lab 10.42 software 
determining values of corrosion potential Ecorr, corrosion current 
density icorr and Tafel coefficients βa and βc determining anodic 
and cathodic slope of curves. additionally, corrosion rate rcorr 
was calculated. Samples of the experimental alloys with varying 
Zr addition were sanded using a p1200 sandpaper before each 
pD test and measurements were repeated 5 times [23].

3. results and discussion

3.1. Microstructure and fractography

Microstructural evaluation of the experimental alloys with 
varying zr addition revealed the presence of α (Al) aluminum 
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matrix, modified eutectic Si and intermetallic phases based on 
cu, Mg, Fe and Zr (Fig. 2a-e). cu-rich intermetallic phases in 
the as-cast experimental alloys were observed in morphology 
of oval-shaped particles or as a ternary eutectic with compact 
morphology containing smaller oval particles. Fe-rich intermetal-
lic phases were present in the experimental alloys as an acicular 
al5FeSi phase or as al15(FeMn)3Si2 phase with morphology of 
segmented skeletal structures.

cu- and Mg- rich intermetallic phases dissolving occurred 
during solution heat treatment using the T7 heat treatment and 
a supersaturated solid solution was created during quenching 
into water. Further age hardening resulted in the precipitation of 
more uniformly dispersed precipitates within aluminum matrix, 
resulting in increased mechanical properties compared to the as-
cast state. Spheroidization and clustering of eutectic Si particles 
(Fig. 3) occurred as a result of the T7 heat treatment. 

Zr-rich intermetallic phases were found only in the experi-
mental alloys with 0.15 and 0.20 wt. % Zr addition. The presence 
of Zr in these experimental alloys resulted in the formation of 
 Zr-rich phases with plate-like morphology. These phases oc-
curred either as separate plates (Fig. 4a) or formed a cluster 
containing two crossed plates (Fig. 4b). plate-like  Zr-rich 
intermetallic phases were present in the microstructure of ex-
perimental alloys even after T7 heat treatment with unchanged 
morphology (Fig. 5a and b). This implies that these phases had 
high thermal stability, as they were unaffected even at high 
temperatures during solution heat treatment.

Torn tensile test bars were used for the fracture surface ob-
servation. one sample with the best combination of mechanical 
properties for each experimental alloy with varying Zr addition 
was selected for the fracture surface evaluation. The structure 
of al-Si alloys consists of α (al) matrix with high plasticity 

Fig. 2. Microstructure of the experimental alloys depending on the Zr addition (as-cast, h2So4 etch.), addition of: a) 0 wt. % Zr; b) 0.05 wt. % Zr; 
c) 0.10 wt. % Zr; d) 0.15 wt. % Zr; e) 0.20 wt. % Zr

Fig. 3. Microstructure of the experimental alloys depending on the Zr addition (T7, h2So4 etch.), addition of: a) 0 wt. % Zr; b) 0.05 wt. % Zr; 
c) 0.10 wt. % Zr; d) 0.15 wt. % Zr; e) 0.20 wt. % Zr
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and eutectic Si crystals together with intermetallic phases. The 
last two mentioned structural components achieve significantly 
higher hardness together with low plastic properties. The frac-
ture surface appearance is thus determined by the matrix failure 
mechanism as well as the morphology and size of the eutectic Si 
and intermetallic phases. in the instance of matrix failure, the 
transcrystalline ductile fracture mechanism was applied in 
the experimental alloys. α (al) matrix fracture mechanism was 
characterized by the formation of plastically reshaped ridges. 
The presence of eutectic Si in the modified state was represented 
on the fracture surface by the formation of dimple morphology. 
local occurrence of cleavage facets (fig. 6) was caused by the 
cleavage of cu and Fe intermetallic phases. 

The presence of plate-like Zr-rich intermetallic phases was 
also reflected in the overall character of the fracture surfaces, 
where it was possible to observe local cleavage of these phases 
(Fig. 7). Such phases were observed in the vicinity of Fe-rich 
intermetallic phases. This indicated that Zr phases acted as suit-
able nucleation sites for further growth of Fe-rich phases.

3.2. Mechanical properties

Mechanical characteristics of the experimental alloys with 
varying Zr addition obtained after the tensile test in as-cast 
state and after T7 heat treatment are shown in Figs. 8-11. The 

Fig. 4. Morphology of the Zr-rich intermetallic phases in the alSi5cu2Mg alloy with corresponding eDX spectrum (as-cast, h2So4 etch.): 
(a) 0.20 wt. % Zr addition; (b) 0.15 wt. % Zr addition

Fig. 5. Detection of the Zr-rich intermetallic phases after T7 (h2So4 etch.): (a) 0.20 wt. % Zr addition, (b) 0.15 wt. % Zr addition
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stated values of mechanical properties represent an average of 
5 measurements for each experimental alloy. as it can be seen 
from Figs. 8-11, the addition of Zr did not significantly affect 
mechanical properties of the experimental alloys in as-cast 
state. however, compared to the heat-treated experimental alloy 
without Zr addition, the uTS and YS of the experimental alloys 
after T7 showed a decrease after the Zr addition. This may have 
been due to the precipitation of the primary al3Zr crystals with 
tetragonal structure, causing a decrease in mechanical proper-
ties. The decrease in mechanical properties was attributed to the 
insufficient cooling rate during solidification of the experimental 
alloys, which led to the formation of undesirable primary al3Zr 

crystals. The production of aluminium alloys with addition of 
zirconium (or other transition elements) requires specific condi-
tions with accelerated cooling to provide complete entry of Zr 
into the solid solution. This results in the formation of super-
saturated solid solution, which subsequently provides an increase 
in strength characteristics after age hardening. When evaluating 
the hardness after heat treatment, slight improvement (compared 
to the heat treated experimental alloy without Zr addition) was 
documented after the addition of 0.05 and 0.10 wt. % zr by 6% 
and after the addition of 0.15 wt. % Zr by 4%. regardless of 
the Zr addition, all experimental alloys showed a decrease in 
ductility from 2% to 1% after T7 heat treatment.

fig. 6. fracture surface of the Alsi5cu2Mg alloy showing cu and fe cleavage facets (t7) with eDX mapping of chemical elements

Fig. 7. cleavage of the Zr-rich intermetallic phases with corresponding eDX mapping of chemical elements
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3.3. corrosion behavior

results of pD tests for the experimental alloys with vary-
ing Zr addition in as-cast and heat-treated state are graphically 
presented in the form of representative pD curves in Fig. 12. 
corresponding values of electrochemical characteristics obtained 
by Tafel analysis of pD curves are presented in TaBle 2. These 
experiments offered two points of view on measured results: 
thermodynamics of corrosion given by corrosion potential values 
Ecorr and kinetics of corrosion represented by value of corrosion 
current density icorr [24]. obtained data showed that applying T7 
heat treatment (hT) for the experimental alloy marked as “0” 
(without Zr addition) improved Ecorr value to more positive one 
which points to the higher thermodynamic stability of the alloy 
after hT. When evaluating the experimental alloys with varying 
Zr addition, the shift of Ecorr towards more positive values was 
observed for as-cast (ac) samples regardless of the Zr addition. 
This implies that presence of Zr, either in solid solution or as 
intermetallic phase, contributed to improved thermodynamic 
corrosion response of the material to corrosive environment. on 
the other hand, thermodynamic response for the experimental 
alloys with Zr addition appeared to be worse after hT compared 
to their ac counterparts. Besides that, Ecorr values for each 

hT sample showed that the content or form of Zr presence in 
the experimental alloys did not play significant role in extent of 
affecting corrosion thermodynamics as there was no significant 
difference observed among the hT samples with Zr addition. This 
trend was observed for ac samples with Zr addition as well. on 
the other hand, in terms of corrosion kinetics, which is regarded 
as a more relevant factor when considering the practical usage of 
the alloy [25], microstructural changes discussed in chapter 3.1 
connected with heat treatment led to a suppression of corrosion 
current density icorr, meaning that corrosion reactions were 
slower and the experimental alloys degraded less intensively 
compared to their as-cast counterparts, which was reflected also 
by lower values of corrosion rate rcorr for each hT sample in 
the particular pair. The icorr results for ac samples also showed 
that corrosion kinetics was tending to decrease with increasing 
content of Zr compared to ac samples without Zr addition up 
to the samples with 0.10 wt. % Zr addition and then it tended 
to increase with higher Zr addition. however, icorr values for 
as-cast samples with 0.15 wt. % Zr addition and heat-treated 
samples with 0.20 wt. % Z addition were still lower compared 
to the ac alloy without Zr addition, indicating that Zr present 
in the solid solution is more suitable for corrosion resistance 
of the experimental alloy. Since the icorr values are directly 

Fig. 11. impact of varying Zr addition on ductility of the experimental 
alloys in as-cast and T7 state

Fig. 8. impact of varying Zr addition on ultimate tensile strength of the 
experimental alloys in as-cast and T7 state

Fig. 9. impact of varying Zr addition on yield strength of the experi-
mental alloys in as-cast and T7 state

Fig. 10. impact of varying Zr addition on hardness of the experimental 
alloys in as-cast and T7 state
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proportional to the corrosion rate, Zr addition in carefully cho-
sen range appeared to be rather beneficial for improvement of 
corrosion resistance of the studied experimental alloys in 3.5% 
nacl solution. Similar conclusions were presented also in the 
study of Kim et al., where authors proposed improved corrosion 
resistance of 1xxx series al alloy after addition of Zr in an ag-
gressive salt solution [26]. however, these findings are applied 
only when comparing the experimental alloys in as-cast state, 
since the electrochemical values showed that highest corrosion 
resistance, with regard to icorr, was obtained by the heat-treated 
sample without Zr addition, showing that T7 heat treatment of-
fered more effective corrosion resistance than the presence of 
Zr in the experimental alloy. 

Fig. 12. potentiodynamic curves measured in 3.5% nacl for various 
types of samples

TaBle 2

electrochemical characteristic obtained by pD tests in 3.5% nacl for 
various types of samples

Zr 
addition 
[wt. %]

Ecorr 
(mv)

icorr  
(µa.cm–2)

βa  
(mv/dec.)

βc  
(mv/dec.)

rcorr 
(µm.year–1)

0 ac –835 3.51 131 142 0.058
0 ht –746 0.76 36 171 0.013

0.05 ac –671 2.81 41 214 0.057
0.05 ht –784 1.25 101 167 0.021
0.10 ac –696 1.09 33 152 0.018
0.10 ht –816 0.89 155 139 0.014
0.15 ac –685 2.07 31 192 0.273
0.15 ht –799 1.66 166 157 0.016
0.20 ac –695 2.28 24 259 0.031
0.20 ht –798 1.79 155 160 0.025

4. conclusions

The effect of varying Zr addition on selected properties of 
the alSi5cu2Mg aluminum alloy was studied in this work. The 
following conclusions can be drawn:

• Uts and ys of the experimental alloys after t7 showed 
a decrease after the Zr addition. This may have been due to 
the precipitation of the primary al3Zr crystals with tetrago-
nal structure, causing a decrease in mechanical properties. 
Thus, it can be stated that under the experimental conditions, 
Zr addition had a deteriorating effect on the mechanical 
properties.

• the presence of zr in the experimental alloys with 0.15 and 
0.20 wt. % Zr addition resulted in the formation of Zr-rich 
phases with plate-like morphology. These phases occurred 
either as separate plates or formed clusters containing two 
crossed plates. plate-like Zr-rich intermetallic phases were 
present in the microstructure of experimental alloys even 
after T7 heat treatment with unchanged morphology. This 
implied their high thermal stability at elevated temperatures.

• fracture surface of the experimental alloy without zr addi-
tion was characterized by transcrystalline ductile fracture 
with dimple morphology and local occurrence of cleavage 
facets. The presence of plate-like Zr-rich intermetallic 
phases was reflected in the overall character of the fracture 
surfaces, where it was possible to observe local cleavage 
of these phases.

• Potentiodynamic polarization tests in 3.5% nacl solution 
revealed that addition of Zr had a positive effect on thermo-
dynamic corrosion stability of the alSi5cu2Mg alloy due to 
shift of the corrosion potential to a more positive values for 
all ac samples. addition of Zr in the ac alloys improved 
corrosion kinetics by lowering of corrosion current density 
regardless of the form of its presence in the alloy. highest 
corrosion resistance in 3.5% nacl with regards to corro-
sion current density was obtained by the alloy without Zr 
addition in heat-treated state, meaning that heat treatment 
had more significant impact on the corrosion resistance of 
the experimental alloys that alloying by Zr.
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