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Abstract

The influence of a solution treatment with a trace zirconium addition on the precipitation behavior of a cast Al-12%Si-1%Mg-
1%Cu piston alloy has been reported. The alloys were prepared by controlled melting and casting. The cast alloys were given 
an age-hardening treatment having a sequence of homogenization, T6 solutionizing, quenching, and aging. Both the cast and 
solutionized samples were naturally aged for 58 days, isochronally aged for 60 minutes at different temperatures (up to 350°C), 
and isothermally aged at various temperatures (up to 225°C) for different periods of time (ranging from 15 to 360 minutes). 
The hardness values of the differently processed alloys were measured to understand the aging behavior of the alloys. Electrical 
resistivity changes with aging time and temperature were measured to understand the precipitation behavior of the alloys. It is 
observed that significant hardening takes place in the aged alloys due to the formation of GP zones as well as the formation of 
metastable phases. The solutionizing treatment improves the hardness because some alloying elements are re-dissolved during 
solution treatment to produce a solute-rich solid solution. The trace-added Zr hinders the softening due to the precipitation 
of Al3Zr, which is very stable against coarsening and the re-dissolution of precipitates. Electrical resistivity decreases due to 
stress relieving, the dissolution of the metastable phase, and precipitation coarsening. The resistivity of the solutionized alloys 
decreases more due to the higher concentration of elements in the solid solution. A microstructural study of the alloys reveals 
that the solution treatment improves the distribution of the silicon grains. It is also observed that the alloys attained an almost 
fully re-crystallized state after aging at 350°C for 90 minutes.
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1. INTRODUCTION

Al-Si casting alloys have been widely used as piston ma-
terials in light vehicle engines because of their excellent 
mechanical properties. To ensure the adequate high-tem-
perature mechanical performance, alloying elements such 
as Cu, Ni, Mg, Fe, etc. are traditionally added to strengthen 
the piston alloys by the formation of numerous precipi-
tates  [1]. Precipitation hardening (also called  age hard-
ening) is a  heat-treatment  technique used to increase the 
mechanical properties of these aluminum alloys  [2]. The 
age hardening-treatment procedure consists of three ma-
jor steps: solution treatment, rapid cooling (quenching), 
and aging. Solution treatment involves keeping the alloy 
at a temperature higher than the solvus temperature but 
lower than the liquidus temperature for a period of time 
to homogenize one phase of the solid solution (where the 
solute atoms are dissolved completely in the solution). 
A rapid cooling or quenching of the solid solution is carried 
out in a medium such as water, oil, or even air. During this 
step, the solute atoms are not allowed to move and form an 
α-phase, so they stay dissolved in a supersaturated phase. 
Finally, during the aging stage, the alloy hardness starts to 

increase when the solute atoms start to diffuse as clusters 
that distort and strengthen the material. Al-Si cast alloys 
are intended to be used at temperatures lower than 225°C. 
Above this temperature, the microstructure-strengthening 
mechanisms of these alloys tend to become unstable [3, 4].  
It has been reported earlier that the strength of Al-Si alloys 
falls beyond 225°C due to precipitation coarsening. This also 
leads to a change in the microstructure of these alloys [5].  
The addition of transition elements such as zirconium 
(which forms trialuminides with low solubility and a low 
diffusion coefficient) provides a very useful instrument in 
the control of the aluminum alloy microstructure. The small 
precipitates formed by adding small quantities of Zr devel-
op a large coarsening resistance in the matrix along with 
high thermal stability due to their higher melting point in 
respect to the matrix [6]. With a Zr concentration of more 
than 0.1%, Al3Zr particles forms from the melt as a primary 
phase during rapid solidification and act as nuclei for the 
solidification of Al; thus, Zr can function as a grain refiner 
of Al [7, 8].

In view of the potential of zirconium as a recrystalliza-
tion inhibitor and grain refiner in aluminum and its alloys, 
the present investigation mainly aims at the development of 
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a new class of Al-12Si-1Mg-1Cu-0.024Zr alloys that will be 
more versatile than the existing alloys.

2. EXPERIMENTAL PROCEDURE 

The melting was carried out in a resistance heating fur-
nace under the suitable flux cover (degasser, borax, etc.). 
First, the commercially used aluminum pistons were 
melted in a clay-graphite crucible (which was used as the 
master alloy). Two heats were taken for developing an Al-
12Si-1Mg-1Cu base alloy, and Al-12Si-1Mg-1Cu containing 
zirconium. Zr was taken in the form of a powder (99.98% 
purity) within a cover of aluminum foil and was then added 
by plunging. The final temperature of the melt was always 
maintained at 750±15°C. The casting was done in a cast 
iron metal mold preheated to 200°C. Mold sizes were 16 × 
150 × 300 millimeters. The alloy was simultaneously ana-
lyzed by the wet chemical and spectrochemical methods. 
The chemical composition of the alloy is given in Table 1.  
A portion of the cast alloys were homogenized in a Muffle 
furnace at 400°C for 18 hours and air cooled to relieve 
the internal stresses and for homogenization. The ho-
mogenized samples were solutionized at 530°C for 2 
hours followed by salt ice water quenching to get a su-
per-saturated single-phase region. The cast and solution-
ized alloys were cut to pieces of 15 × 15 × 5 mm. The 
samples were subjected to (i) natural aging for 58 days,  
(ii) isochronal aging for 60 minutes at different tem-
peratures up to 350°C, and (iii) isothermal aging at var-
ious temperatures up to 250°C for different periods of 
time (ranging from 15 to 360 minutes). The age-harden-
ing behavior was followed by hardness measurements.  
A Rockwell F scale (60 kg load, 1/16’’ steel ball indent-
er) was used, and an average of ten concordant readings 
were taken as the representative hardness of a sample. 
The electrical conductivity of the alloys in the as-cast and 
solutionized conditions were carried out with an electric 
conductivity meter (type 979). The 15 mm × 15 mm size 
finished surface samples produced by grinding and pol-
ishing were prepared for this measurement. The electric 
resistivity was calculated from the conductivity data. 
Specimens of the cast and heat-treated cast alloys were 
subjected to optical metallographic studies. The speci-
mens were polished with alumina, etched with Keller’s 

reagent, and observed under a Versamet-II Microscope. 
The SEM of the selected samples was carried out by a Jeol 
Scanning Electron Microscope (type JSM-5200). 

3. RESULTS AND DISCUSSION

3.1. Age-hardening behavior

Natural aging

Figure 1 shows the variation of hardness among cast  
Alloy 1(AC), cast trace-Zr-added Alloy 2(AC), solu-
tion-treated Alloy 1(ST), and trace-Zr-added solution- 
-treated Alloy 2(ST) under natural aging conditions. 

It is apparent that all of the alloys achieved some extent 
of age hardening. This is due to the formation of hexag-
onal Mg2Si. Clusters of solute atoms form in the matrix 
during natural aging, consuming both solute atoms and 
vacancies. However, solution-treated Alloy 1(ST) and  
Alloy 2(ST) initially showed higher hardness. During 
solution treatment at 530°C for two hours, some alloying 
elements are re-dissolved to produce a solute-rich sol-
id solution. This is to maximize the concentration of the 
hardening elements (including copper, zinc, magnesium, 
and silicon) in the solid solution. 

Table 1	  
Chemical composition of the experimental alloys (wt.%)

Si Mg Cu Ni Fe Mn Ti Zr Al

Alloy 1 12.280 0.919 1.120 1.306 0.521 0.038 0.061 0.001 Balance

Alloy 2 12.410 0.938 1.130 1.328 0.554 0.043 0.064 0.024 Balance

Remarks:
Alloy 1(AC) – Al-12Si-1Mg-1Cu (as-cast)		
Alloy 2(AC) – Al-12Si-1Mg-1Cu-0.024Zr (as-cast)
Alloy 1(ST) – Al-12Si-1Mg-1Cu (solution-treated) 	
Alloy 2(ST) – Al-12Si-1Mg-1Cu-0.024Zr (solution-treated) 

Fig. 1. Natural aging curves of alloys for 58 days
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The cast alloy is slowly cooled from an elevated tem-
perature, alloying the elements to precipitate and diffuse 
from the solid solution to concentrate at the grain bound-
aries, at the small voids, on the undissolved particles, at 
the dislocations, and on the other imperfections in the 
aluminum lattice [2]. The trace-Zr-added alloys (both 
the cast and solution-treated alloys) are delayed to attain 
age hardening. The addition of Zr leads to the forma-
tion of L12-orderd Al3Zr trialuminide particles from the 
melt and hinder to dislocation movement. Consequently, 
these precipitates are very effective in pinning the grain 
and sub-grain boundaries during all of the thermal and 
mechanical processing of the aluminum alloys [9].

Isochronal aging

Figure 2 shows the hardness variation in the isochronal 
aging conditions of cast Alloy 1(AC), trace-Zr-added  
Alloy 2(AC), solution-treated Alloy 1(ST), and trace-Zr-
added solution-treated Alloy 2(ST) at different tempera-
tures for 60 minutes. It can be seen that the pattern with 
two aging peaks is clear for all of the alloys (as reported 
earlier) [10–12]. The increase in hardness at the initial 
stage of the aging process continues until it reaches the 
first peak. Then, a little decrease in the hardness of each 
is shown, and the hardness increases again to reach the 
second peak. At the last stage of aging, they each follow 
a sharp decrease in hardness due to over-aging effects.

In the age-hardening process of the alloys, the GP zones 
and metastable phases can effectively strengthen the alloys 
and lead to the aging peak. In the early stages of aging, 
fine and profuse GP zones homogeneously distribute in 
the matrix; then, their effects on strengthening are signif-
icant. On the other hand, the metastable phases formed at 
the intermediate stage of aging and kept semi-coherence 
with the matrix are effectively resistant to the movement 
of dislocation; thus, have a certain strengthening effect 
[13]. However, these GP zones remarkably dissolve before 
metastable-phase formation in the precipitation sequence 

of the alloys. It has been reported that the θ phase had 
been observed to have nucleated on dislocation [12].  
In the stage of transition from GP zones to metastable 
phases, the number of GP zones decreases significantly 
for dissolution, while the metastable precipitates have not 
grown; their size is too small to effectively resist the move-
ment of dislocation. Therefore, the age-hardening effect of 
the alloy must be low at this stage, and it can be presumed 
that the stage of GP-zone dissolution should be respon-
sible for the aging value between the two aging peaks of 
the alloys. The softening of the alloys at higher tempera-
tures may be due to the particle coarsening effect as well 
as recrystallization. In both the as-cast and solution-treat-
ed alloys, the trace-Zr-added alloys show relatively higher 
strengths at higher aging temperatures. The addition of Zr 
leads to the formation of the L12-orderd Al3Zr phase during 
the solution heat treatment as well as from the melt. These 
particles are coherent and thermally stable because of their 
high melting points (as compared to that of the Al matrix). 
Also, the Al3Zr particles provide strong obstacles for the 
dislocation movement. As a result, these precipitates are 
very effective in pinning the grain and sub-grain boundaries 
during all thermal and mechanical processing of the alumi-
num alloys [9]. 

Figure 3 shows the electrical resistivity of the alloys 
and their derivative with respect to the temperature for 
one hour. The initial drop in resistivity is due to the stress 
relieving in the alloys during aging. Transition metals are 
known to strongly bind the vacancies [14]. For this reason, 
the number density of the scattering centers is reduced; this 
causes a fall in resistivity. The subsequent increase in resis-
tivity is due to the appearance of fine precipitates. The steep 
drop in the resistivity of the alloys is considered to be due 
to the recovery of the strain or dissolution of the metastable 
phases already present in the matrix. From the resistivity 
curve, the initial resistivity of the solution-treated alloys 
shows a higher value than that of the cast alloys, and the 
resistivity of the solutionized alloys decreases more due to 
the higher concentration of elements in the solid solution. 
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Fig. 2. Isochronal aging curves of alloys aged for one hour

Fig. 3. Variation of resistivity of alloys isochronally aged for  
one hour
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The trace-Zr-added alloys delayed due to the precipita-
tion of Al3Zr, which are very stable against the coarsening 
and re-dissolution of the precipitates [9].

Isothermal aging

Figures 4–7 show the variations of hardness of the cast 
Alloy 1(AC), trace-Zr-added Alloy 2(AC), solution-treat-
ed Alloy 1(ST), and solution-treated trace-Zr-added  
Alloy 2(ST) isothermally aged at 175, 200, 225, and 250°C 
for different times, respectively. It can be found that the 
double aging peaks are present for all of the alloys, and 
higher hardness was attained. The age-hardening peaks 
are correlated to their precipitation sequences. The first 
hardness peak is attained depending on the high-density 
GP zones, while the second one is acquired in terms of the 
metastable particles. An obvious interval during the tran-
sition from the GP zone to the metastable phase (which 
is caused by dissolution of the GP zone and nucleation of 
the metastable phase on dislocation) may be the main rea-
son for the formation of double aging peaks [10]. At the 
final stage of aging at higher temperatures, the hardness 
decreases due to over-aging as well as precipitation coars-
ening. From the isothermal age-hardening curves, it is 
shown that the Zr-free alloys attained the maximum hard-
ness at relatively low aging temperatures and less time. 
On the other hand, the trace-Zr-added alloys attained the 
maximum hardness when aged at 225°C for 90 minutes. 
Both the trace-Zr-added and solution-treated alloys are 
most effective in suppressing the softening effect during 
prolonged aging treatment. The zirconium additions form 
Al3Zr; they have low solubilities and a low diffusion coef-
ficient in the aluminum matrix. They maintain a small lat-
tice mismatch with the matrix, reducing the interfacial en-
ergy between the matrix and the precipitates. As a result, 
the precipitates present a large coarsening resistance in 
the matrix and, additionally, increased thermal stability 
because of their high melting points (as compared to that 
of the aluminum matrix) [6].

Fig. 4. Isothermal aging curves of alloys aged at 175°C
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Fig. 5. Isothermal aging curves of alloys aged at 200°C
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Fig. 6. Isothermal aging curves of alloys aged at 225°C
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Fig. 7.  Isothermal aging curves of alloys aged at 250°C
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The resistivity values of the alloys isothermally aged at 
different temperatures show a general trend of their de- 
crease (Figs. 8–11). The rate of decreasing resistivity depends 
on increasing temperatures. However, a small increase in 
the resistivity of the alloys is noted within 60–90 minutes  
of aging. Then, the resistivity remains more or less con-
stant. The resistivity curves for isothermal aging at higher 
temperatures show a steep drop in the initial period, fol-
lowed by a peak. This observation is general for all of the 
alloys (although the magnitude of variation is noted to be 
different for the as-cast and solution-treated alloys). The 
steeper drop in resistivity at the initial period of isother-
mal aging may be attributed to the formation of a solute 
atom vacancy complex. For this reason, the number densi-
ty of the scattering centers is reduced. This causes a sharp 
fall in resistivity. The subsequent increase in resistivity is 
due to the appearance of fine precipitates. When the aging 
temperature is low, the resistivity continues to increase 
beyond the peak because the precipitation formation and 
reordering of atoms continues. The steep drop in resistiv-
ity is considered to be due to the recovery of the strain or 
dissolution of the metastable phase already present in the 
matrix. This reasons out the dissolution of the b precipitate; 
hence, strain recovery is supposedly the responsible factor 
for the above drop in resistivity. From the resistivity curves, 
the initial resistivity of solution-treated Alloy 1(ST) and  
Alloy 2(ST) show higher values than that of cast Alloy 1(AC) 
and Alloy 2(AC). Solution treatment produces a supersatu-
rated solid solution and refines the grains, which affects the 
resistivity. The sharp decrease in resistivity is found to be 
much higher in solution-treated Alloy 1(ST) and Alloy 2(ST) 
than in cast Alloy 1(AC) and Alloy 2(AC). The resistivity of 
the cast alloy remains fairly unaltered over the entire period 
of aging. At the final stage of aging, resistivity decreases due 
to the coarsening of the precipitates and recrystallization. 
The trace-Zr-added alloys delayed this process due to the 
formation of Al3Zr trialuminide particles (which are resis-
tant to coarsening), giving rise to some good thermal stabil-
ity of the microstructure [15].

Fig. 8. Variation of resistivity of alloys with time isothermally aged 
at 175°C
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Fig. 9. Variation of resistivity of alloys with time isothermally aged 
at 200°C
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Fig. 10. Variation of resistivity of alloys with time isothermally 
aged at 225°C
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Fig. 11. Variation of resistivity of alloys with time isothermally 
aged at 250°C
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Optical microscopy

Figures 12a and 12b show the optical microstructure of 
as-cast Alloy 1(AC) and trace-Zr-added cast Alloy 2(AC), 
which consisted of the eutectic Si, Ni3Al, Mg2Si, and Fe-rich 
intermetallic phases on the α-Al matrix. It should be not-
ed that the sample was produced by the non-modification 
and rapid solidification in the cast iron mold. It can be 
seen that the eutectic Si phase is flake-like and has acic-
ular morphologies. After two hours of solution treatment 
at 530°C, the eutectic silicon was clearly fragmented and 

more spherical (as shown in Figures 12c and 12d). The sil-
icon particle became coarser, and the inter-particle spac-
ing was increased. However, the uniform distribution of 
particles can be clearly observed from the solution-treat-
ment samples. Moreover, it was found that the NiAl3 phase 
was also dissolved by the solution-treatment time. Trace-
-Zr-added Alloy 2(AC) and Alloy 2(ST) showed relative-
ly finer grains because Zr refines the grain structure of 
the aluminum alloys [8]. If the alloys are aged at 350°C 
for 60 minutes, they is seen to be recrystallized almost  
fully (Fig. 13). 

Fig. 12. Microstructure of Al-12Si-1Mg-1Cu piston alloys: a) cast 
Alloy 1(AC); b) trace-Zr-added Alloy 2(AC); c) solution-treated Al-
loy 1(ST); and d) trace-Zr-added solution-treated Alloy 2(ST)

Fig. 13. Microstructure of Al-12Si-1Mg-1Cu piston alloys aged at 
350°C for 60 minutes: a) cast Alloy 1(AC); b) trace-Zr-added cast 
Alloy 2(AC); c) solution-treated Alloy 1(ST); and d) trace-Zr-added 
solution-treated Alloy 2(ST)
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At higher temperatures, recrystallization took place. 
The dendrites seem to be dissolved, and precipitation 
coarsening occurred. As a result, the microstructure con-
sisted of equi-axed grains [11].

 Scanning electron microscopy

Figure 14 shows the SEM microstructures of cast  
Alloy 1(AC), trace-Zr-added Alloy 2(AC), solution-tre-
ated Alloy 1(ST), and trace-Zr-added solution-treated  
Alloy 2(ST) after artificial aging at 225°C for 90 minutes. 
The microstructures consisted mainly of a primary Al den-
drite, eutectic Si, Al15(Fe, Mn)3Si2, Mg2Si, and a few num-
bers of Fe-rich intermetallic phases on the α-Al matrix in 
the inter-dendritic region. A number of voids and cavities 
can be seen in the microstructure of the alloys. Two types 
of Al3Ni phases are the plate-like and needlelike morpho-
logies [11]. The features of the microstructures of the al-
loy in T6 condition undergo changes upon heat treatment. 
Microstructural observation shows that the secondary arm 
spacing is reduced for the solution-treated alloys. Most of 
the intermetallic phases are partially dissolved and tend to 
spherodize; i.e., the sharp corners have become rounded. 
The morphology change of the eutectic Si is obvious after 
heat treatment. The changes in the size and morpholo-
gy of the discontinuous silicon phase are significant since 
they have a direct influence on the mechanical properties.  

After artificial aging treatment for all of the alloys at 225°C 
for 90 minutes, precipitation occurred within the matrix; 
however, the precipitates cannot be revealed by these types 
of images [16]. The trace-Zr-added alloys show a relatively 
finer grain because Zr acts as the nuclei for solidifying the 
alloys [8].

4.  CONCLUSIONS

Solution treatment of the Al-12%Si-1%Mg-1%Cu piston 
alloy has strong effects on both the morphology and par-
ticle distribution of the eutectic Si. In the age-hardening 
curve of the alloys, double aging peaks are present. The 
first hardness peak of the age-hardening curve is attained 
depending on the high-density GP zones, while the second 
one is acquired in terms of the metastable particles. During 
aging, electrical resistivity decreases due to stress reliev-
ing, dissolution of the metastable phase, and precipitation 
coarsening; it is found to be higher in the solution-treated 
alloys due to the higher volume fraction of the precipitates. 
Trace-added Zr refines the grain structure and hinders the 
softening due to the precipitation of Al3Zr, which is very sta-
ble against coarsening, re-dissolution, and pin-grain bound-
aries. The eutectic silicon was clearly fragmented and more 
spherical in the solution-treated alloys. Both the cast and 
solution-treated alloys are seen to be recrystallized almost 
fully after aging at 350°C for 60 minutes. 

Fig. 14. SEM images of Al-12Si-1Mg-1Cu piston alloys aged at 225°C for 90 minutes: a) cast Alloy 1(AC); b) trace-Zr-added Alloy 2(AC); c) solu-
tion-treated Alloy 1(ST); and d) trace-Zr-added solution-treated Alloy 2(ST)

a) b)

c) d)
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