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Abstract

Piston AI-Si alloys are widely used for high-temperature applications especially in automotive
industry. Copper is one of the most important elements for improving the strength at room and elevated
temperatures. Other effects of Cu addition need to be taken into account as well, i.e. the changes in
microstructure and the coefficient of thermal expansion (CTE). We studied the effects of Cu addition to
an AA4032 piston alloy on its structure and properties. Thermal analysis, metallography, thermodynamic
calculations, hardness, tensile and dilatometer tests were conducted. The results showed that increased Cu
addition promoted the formation of primary Si particles in this Al-Si alloy and enlarged its solidification
range. The increase of Cu concentration from 1 to 3.5 wt% improves hardness, tensile properties, and
CTE of the near-eutectic Al-Si alloys. This work contributes to deeper understanding the role of Cu in Al-

Si piston alloys.
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1. Introduction

Al-Si piston alloys are mostly used in production of car engine components by the hot forging
process because of good castability, lightweight, and wear resistance. However, their mechanical
properties and thermal stability at high temperature rapidly decrease due to the brittle particles (primary
Si particles) and unstable second phases as they can lead to premature cracking and failure [1, 2].
Alloying elements are typically added to improve the mechanical properties. For example, Cu additions in
an Al-Si alloy can improve its properties at high temperature, including dimensional stability, hardness
and tensile properties through the part lifetime [3, 4]. Other alloying elements such as Ni, Zr and Nd that
form thermally stable phases are added for high-temperature applications [5, 6]. Piston aluminum alloys
typically have near-eutectic composition in the Al-Si system, with multi-alloying elements that can form
complex phases such as Al,Cu, Mg,Si, y-Al;CusNi, 8-Al;CuNi and Q-AlsCu,MgsSie phase. These phases

enhance the mechanical properties at high temperature. Previous works found that the addition of alloying
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elements (i.e. Cu and Ni) also affected the amount of phases [7, 8]. As Cu is one of the essential additives,
it is important to understand its role.

To develop piston alloys for subsequent production and final applications at high temperature one
needs to take into account the microstructure development with regard to thermally stable phases.
Therefore, the objective of this research work is to study the effect of Cu addition to a piston Al-Si alloy
on the primary Si formation and phase composition using thermal analysis and Thermo-Calc calculation,
as well as the effects on mechanical properties at room and high temperature, and the coefficient of

thermal expansion.

2. Materials and methods

Experimental piston Al-Si alloys with different Cu concentrations were prepared using 99.99
wt% Al, high purity Si, Cu, Mg and Al-17 wt% Ni, Al-10 wt% Fe master alloys. The experimental alloys
had the Cu content as Al-Si-1Cu and Al-Si-3.5Cu. The chemical compositions of the alloys were
analyzed using emission spectrometry and given in Table 1. Each alloy was melted in a silicon carbide
crucible using an induction furnace. The melt was covered by the flux and was degassed by argon gas
purging. The impurities were then carefully removed before pouring. The melt was poured at 720 °C into
a DC caster and billet 60 mm in diameter, 400 mm in length were cast at a casting speed of 190 mm/min.
The microstructure was observed using optical microscopy (OM) after polishing the surface of the
samples and etching by Keller’s reagent (5 ml HNOs, 3 ml HCI and 2 ml HF in 190 ml distilled water) for
20 s to observe primary Si particles. The size and area fraction of primary Si particles in the aluminum
matrix were measured by I-Solutions DT image analysis software. Thermo-Calc software with the
TCAL4 database was used to calculate the isopleths of the Al-Si phase diagram and to determine the mass
fraction of primary Si particles and secondary phases at low and high Cu concentrations. To conduct
thermal analysis and record the cooling curve, each of the specimen was heated above the liquidus
temperature.The melt was then poured at 700 °C into a steel mold and the critical temperatures were
recorded according to the standard [9]. The coefficient of thermal expansion (CTE) of the alloys was
measured with a quench-deformation dilatometer DIL 805A/D in the temperature range 100-350 °C at a
rate of 10 °C/s for heating and cooling in an argon atmosphere. Hardness tests were conducted using a
Brinell hardness tester with 62.5 N load, 2.5 mm ball indenter, and 15 s dwell time. The tensile specimens
were prepared according to ASTM B557B standard [10] with 6-mm gage wide, 25-mm gage length and
6-mm gage thickness, then were tested by a universal testing machine (Instron model 5969) at a strain rate
of 0.01/s at different temperatures (25 °C, 250 °C, 350 °C).



Table 1 Chemical composition of Al-Si piston alloys as determined by emission spectrometry

Elements (wt%)

Alloys i i
Si Cu Mg Ni Fe Al
Al-Si-1Cu 12.8 1.2 1.0 0.9 0.8 Balance
Al-Si-3.5Cu 12.7 3.5 1.0 0.8 0.9 Balance

3. Results and Discussion

3.1 Effect of Cu on primary Si particles and phase formation in solidification

Fig. 1 gives the microstructures of studied Al-Si alloys with different Cu concentrations. The

results show that the addition of Cu in an Al-Si alloy increases the amount of the primary Si particles.
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Fig. 1 Optical micrographs showing primary Si particles in piston alloys at different Cu
contents; (a) Al-Si-1Cu (b) Al-Si-3.5Cu

Table 2 gives the amount of the primary Si particles measured by image analysis (the average size
and area fraction) as well as the calculated results by Thermo-Calc with the mass fraction of primary Si
particles. The results show that the average size of primary Si particles slightly decreases from 3019 to
231 pm. The area fraction of the primary Si particles increases from 0.2% to 1.9%, which corresponded
well to the calculated results that show an increase of mass fraction of the primary Si particles from 0.8%
to 1.4% with the addition of Cu.

Figure 2 gives the amount of phases formed in Al-Si piston alloy at different Cu concentration
during equilibrium solidification as calculated by Thermo-Cal software. It shows that the main possible
phases in the piston Al-Si alloy include primary Si, 6-Al,Cu, Mg,Si, &-Al3Ni, y-Al;,CusNi, 3-Al;CuNi,



AlgFe,Si,, and Q-AlsCu,MggSis. We also observed, with the 3.5 wt% Cu addition, that there are more Cu
rich phases such as 6-Al,Cu and y-Al;CusNi. Therefore, increase in the amount of Cu not only affects to
the amount of the primary Si particles but also contributes to an increase in the amount of the thermally
stably phases, i.e. 8-Al,Cu and y-Al;CusNi. Moreover, the calculated results also provide the information
about the temperature range at which the different phases precipitate during solidification. We observe
that the y-Al;CuyNi phase starts to form at above 500 °C (Fig. 2b), followed by e-Al3Ni, 6-Al,Cu and
other phase precipitates. This reaction corresponds to the experimental cooling curve that have peaks at
about 520 °C and 500 °C as indicated in Fig. 3b. Thus, the amount of Cu rich phases increases with
increasing Cu due to the 6-Al,Cu and y-Al;Cu,Ni phases formation at the expense of the e-AlsNi and -
Al3;CuNi phases. This agrees with the sequence of peritectic—eutectic reactions of L — (a-Al+Site), L+ €
— (0-Al+Si+ 8) and L+ 8 — (a-Al+Si+y) [11, 12].

Table 2 The quantitative results of size, area fraction and mass fraction of Primary Si particles

Amount of Primary Si particles
Size Area fraction (% Mass fraction (%
Alloys rea fraction (%) ass fraction (%)
m . . . .
(hm) (Image analysis by i-solution | (Calculation by Thermo-Calc)
DT)
Al-Si-1Cu 309 0.3 0.8
Al-Si-3.5Cu 23+1 1.9 1.4
0.13 0.13 ;
0.]2________&_1[502 _____ T (a) 0_[2________Eilic_oi1 ________ : (b)
0 0.11 bes % 0,11 L.
20.10 1 2010
5009 i 50,09 wrce B Lin
F 008 wFCC 1 Liquid =008 "N ] A
20.07 L S007 o arcy  TALCHN, !
5006 §oos| }
20.05 20,05 ‘
"EUO-‘ AlgFel&:\‘ \, ‘g 0.04 AlFe Si g \ ‘
@ 0.03[ Q- Al Me 57, v E 2003 S R
2002 i & ARCONS, ek 4! Brimary si 200 *™ R )
0.0/ ALCe W, ALCNN WSS 4 0.01) AN 5 ApcuNisie, o
0.00 eS| 0.00 A
T00 100 200 300 400 00 600 700 80 0 100 200 300 400 500 600 700 800
Temperature [°C] A Temperature [°C]

Fig. 2 Thermo-Calc results for the mass fraction development of constituent phases at different Cu
contents; (a) Al-Si-1Cu (b) Al-Si-3.5Cu



3.2 Thermal analysis

Figure 3 shows the cooling curves and first derivative curves taken from the experimental alloys
and compared with the calculated results of Al-Si phase diagram at low and high Cu concentrations,
which supplements the experimental work. The characteristic temperatures of solidification were
evaluated from the cooling curves to examine the nucleation and growth behavior of each phase, and
summarized in Table 3. The nucleation temperature of primary silicon (Ty, s;), the nucleation temperature
of eutectic Si (Ty gy), and the nucleation temperature of Cu rich phases (Ty, c,) are marked in Fig. 3a-b.
We observed that there are three characteristic points on the cooling curve of the low Cu alloy in Fig. 3a.,
the first point at 572 °C and the second point at 566 °C are due to the nucleation of primary Si and
eutectic Si phases, respectively. The third point at about 526 °C, we speculate that this point results from
the formation of Cu rich phases such as Q-AlsCu,MgsSis and y-Al,CusNi, which is consistent with
previous works [3, 10]. On the other hand, the high Cu alloy shows four characteristic point (Fig. 3b),
with the nucleation temperature of primary Si increasing to 581 °C and eutectic temperature decreasing to
562 °C. This shows that Cu addition to the Al-Si piston alloy enhances the nucleation of the primary Si
and decreases the onset of eutectic solidification with the primary Si solidification range enlarging to 581-
562 °C at 3.5 wt% Cu as compared to 572-566 °C at the 1 wt% Cu. Also the undercooling of eutectic
reaction increases from about 6 °C to 19 °C (Table 3). The larger primary solidification range of the high
Cu alloy results in the increase of the amount of primary Si particles and eutectic phases. In addition, it
can be clearly seen that there are two peaks of Cu-rich phase formation at temperatures about 520 and 500
°C. This is because Cu addition results in the formation of more Cu-rich phases (mostly y-Al,CuyNi and
0-Al,Cu), which correlates to the increased amount of Cu-rich phases as can be seen in Fig. 2. Moreover,
the calculations with Thermo-Calc show that the 3.5 wt% Cu addition to the Al-Si piston alloy moves the
eutectic point to a lower Si content as compared to the 1 wt% Cu alloy as shown in Fig. 3c. The results
agree with the cooling curves that show that the eutectic temperature of the high Cu alloy (562 °C) shifts
to a lower temperature than that of the low Cu alloy (566 °C).

Table 3 Solidification characteristics of the experimental alloys

Al-Si eutectic reaction
TN, cu rich ph
A||0yS TN, primary . e TN, Cu rich phases
TN, Eutectic Tundercooling ( L.c.v, Q .
Si (i.e. 6 phase)
phases)
Al-Si-1Cu 572 566 6 526 -
Al-Si-3.5Cu 581 562 19 520 500
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Fig. 3 The cooling curves and first derivative curves during solidification of piston Al-Si alloys; (a) Al-
Si-1Cu and (b) Al-Si-3.5Cu with measured the characteristic points (Ty, si, Tn, ev@nd Ty cy) at eutectic

reactions, and (c) the isopleth of the equilibrium phases diagram with different Cu concentrations

3.3 Mechanical properties at room and high temperature

In general, the hardness of as-cast alloys depends on the presence of hard particles and on the
solute-saturated solid solution. From the data given in Table 4, hardness of the Al-Si-3.5Cu alloy is about
138 HB, which is 16% higher compared to the Al-Si-1Cu alloy. Obviously, the Cu addition to Al-Si alloy
leads to an increase in the amount of hard primary Si particles. In addition, the other phases in the high
Cu alloy such as 6-Al,Cu and y-Al,CusNi contribute to the hardness increase. The average values of
tensile properties including ultimate tensile strength (UTS), yield strength (YS) and percentage elongation
(%ELI) of the experimental alloys at different temperatures are shown in Table 4 (standard deviations of
the averages shown in bracket below each values). At room temperature, the increased amount of Cu
somewhat improves UTS, which may reflect supersaturation of the aluminum solid solution with Cu upon

solidification. At the same time, the ductility decreases indicating the increased amount of excess phases
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such as Si, 8-Al,Cu and y-Al,CusNi (Fig. 2). At 250 °C, this advantage in the tensile strength disappears
(Table 4), apparently due to the decomposition of the aluminum solid solution and partial dissolution of
Al,Cu and Mg,Si phases. These phases usually start coarsen and dissolve at temperatures above 200 °C as
has been reported elsewhere [13-15]. The low-Cu alloy gains better tensile properties due to the lesser
amount of secondary brittle phases. When the testing temperature increases to 350 °C, the high-Cu alloy
equals the low-Cu alloy in strength but demonstrates significantly higher ductility (15.5.% as compared to
8.5%, Table 4). Although not completely understood, this effect may be due to a combination of
dissolving phases such as Al,Cu and Mg,Si [16] with the overall better stress distribution upon tensile
deformation due to a more heterogeneous structure with relatively fine particles of thermally stable phases
such as y-Al;.CuyNi and Q-AlsCu,MgsSis [17]. Therefore, the improvement in tensile properties at low
and high temperatures in the alloy with 3.5% Cu can be achieved due to the effects of solution hardening

(at low temperature) and more uniform deformation (at higher temperatures).

Table 4 Hardness and tensile properties of Al-Si piston alloys with low and high Cu concentration at

room elevated temperature with standard deviations in brackets

Temperatures
Hardness
25°C 250 °C 350 °C
Alloys (HB)
(25°C) UTS YS El UTS YS El UTS YS El

(MPa) (MPa) (%) (MPa) (MPa) (%) (MPa) (MPa) (%)
Al-Si- 115 274 140 0.91 241 128 2.5 113 70 8.5
1Cu [3.6] [26] [0.3] [3.1] [41] [0.2] [4.6] [5.3] [0.7]
Al-Si- 138 297 144 0.84 233 105 1.5 110 67 155
3.5Cu [6.5] [6.1] [0.2] [45] [10.1] [0.1] [6.8] [5.2] [1.5]

To clarify the failure behavior and fracture mode of piston Al-Si alloys with Cu additions,
longitudinal sections normal to the fracture surface of the tensile tested specimens at room and elevated
temperature were examined and shown in Fig. 4. The high-Cu alloy, at room temperature, mainly cracks
along the primary Si particles as compared to the Al-Si-1Cu alloy. When the temperature reaches 250 °C,
the fracture path of the low-Cu alloy is more transgranular. On the other hand, the high-Cu alloy shows
the fracture path going through the trans-dendritic regions as well as through the eutectic regions and
primary Si. This correlates with decreasing ductility. In addition, this alloy changes the fracture behavior
from brittle to ductile because of high-temperature effects, i.e. at 350 °C, such as secondary phases

(AlCu, Mg,Si) dissolution and the easier deformation of the ductile Al matrix, while other thermally
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stable phases still retained in the structure. The fracture path is transgranular, which agrees well with the

improved ductility.

Transgranular

¥ (Ductlie)

Fig. 4 Fracture surface of tensile tested of experimental alloys; (a) Al-Si-1Cu (b) Al-Si-3.5Cu,
and each alloys were conducted at different temperatures; (a, d) 25 °C, (b, ) 250 °C, (c, f) 350 °C

3.4 Coefficient of thermal expansion (CTE)

Thermal stability of piston Al-Si alloys with Cu additions was assessed by the coefficient of thermal
expansion (CTE). The results show that the CTE of the AI-Si-1Cu alloy tends to increase with
temperature, especially at above 300 °C. On the other hand, the CTE is constantly lower with the addition
of 3.5 % Cu. This advantage becomes even more pronounced at temperatures above 300 °C as
demonstrated in Table 5. This phenomenon can be attributed to the stability of secondary phases. At
temperatures above 200 °C, low melting secondary phases in the alloy, particularly Al,Cu and Mg,Si
phases, start to dissolve. However, the stability of other Cu rich phases such as y-Al,CuNi and Q-
AlsCu,MgsSig can be retained over 300 °C, which results in better stability of this alloy at high
temperature (300-350 °C).

Table 5 The variation of coefficient thermal expansion (CTE) with temperature for Al-Si piston alloys

with low and high Cu concentration

Coefficient Thermal Expansion, CTE (x10 °K)
Alloys

Temperature range




100 °C - 200 °C 200 °C - 300 °C 300 °C-350°C
Al-Si-1Cu 17.6 195 21.2
Al-Si-3.5Cu 16.5 18.5 19.5

4. Conclusions

Addition of Cu to near-eutectic piston Al-Si alloys significantly increases the amount of primary Si
particles and thermally stable phases due to the eutectic composition shift to lower Si and the
increased solidification range.

An addition of 3.5 wt% Cu to the Al-Si piston alloy results in the change from &-Al3Ni, 3-Al;CuNi to
0-Al,Cu and y-Al;Cu,Ni, with corresponding increase in the mass fraction of these phases. Increasing
amount of these phases is most effective in improving the dimensional stability in terms of the CTE at
high-temperature exposure.

With the increase of Cu content in the piston Al-Si alloy, hardness properties increased to 138 HB.
The room temperature tensile strength improved from 274 to 297 MPa with retained elongation. At
the elevated temperature the tensile strength of both alloys is similar at 110-113 MPa with almost
two-fold increase elongation at the higher Cu content. Primary Si particles dominantly contribute to
the mechanical properties at room temperature including hardness and tensile strength, while high
temperature properties are attributed to thermally stable phases.

Increased high-temperature ductility may facilitate forging of these alloys.
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