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Abstract: The effect of iron content on wear behavior of hypereutectic Al−17Si−2Cu−1Ni alloy produced by rheocasting process 

was investigated. The dry sliding wear tests were carried out with a pin-on-disk wear tester. The results show that the wear rate of the 

rheocast alloy is lower than that of the alloy produced by conventional casting process under the same applied load. The fine 

particle-like δ-Al4(Fe,Mn)Si2 and polygonal α-Al15(Fe,Mn)3Si2 phases help to improve the wear resistance of rheocast alloys. As the 

volume fraction of fine Fe-bearing compounds increases, the wear rate of the rheocast alloy decreases. Moreover, the wear rate of 

rheocast alloy increases with the increase of applied load from 50 to 200 N. For the rheocast alloy with 3% Fe, oxidation wear is the 

main mechanism at low applied load (50 N). At higher applied loads, a combination of delamination and oxidation wear is the 

dominant wear mechanism. 
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1 Introduction 
 

Hypereutectic Al−Si alloys are widely applied in 

automotive industries due to their excellent wear 

resistance, low thermal expansion coefficient and high 

heat resistance [1,2]. Iron is a desirable element that can 

enhance the elevated temperature properties of the 

hypereutectic Al−Si alloys [3]. But the equilibrium solid 

solubility of Fe in aluminum is very low (max. 0.05%) 

[4], almost all Fe in Al alloys segregates during 

solidification and tends to form intermetallic compounds. 

The coarse needle-like or plate-like Fe-bearing 

compounds are detrimental to the room temperature 

mechanical properties [5]. 

The deleterious effects of iron on the mechanical 

properties can be minimized by various techniques. 

These include manganese addition [6], rapid 

solidification [7], melt superheating [8] and rheocasting 

process assisted with ultrasonic vibration (USV) [9,10]. 

Among these processes, rheocasting process is an 

attractive technique due to its uncomplicated process and 

low cost [11,12]. It has been proved that the Fe-bearing 

compounds of the hypereutectic Al−Si alloys with high 

Fe content can be effectively modified by rheocasting 

process, and the ultimate tensile strengths of the rheocast 

alloys at room temperature and 350 °C are improved 

significantly [4,13]. These alloys are often used as piston 

materials which require excellent wear resistance. It is 

therefore interesting to find out whether rheocast alloy is 

more wear resistant than the alloy produced by 

conventional casting process. 

The wear behavior of the Al−Si alloys with Fe has 

caught the attention of researchers in recent years. 

TAGHIABADI et al [14] studied the effect of Fe-rich 

intermetallics on the wear behavior of hypoeutectic 

Al−Si alloy (SAE F332). The results showed that high 

cooling rate and Sr modification could be used to refine 

the needle-like β phase, and these treatments improved 

the wear resistance of the alloy with 1.2% Fe. ABOUEI 

et al [15] investigated the effect of Fe-rich intermetallics 

on the wear behavior of eutectic Al−Si alloy (LM13) 

with 1.2% Fe. They found that high cooling rate and  

Mn addition could refine the Fe-rich intermetallics and 
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improve the wear resistance of the alloy. NAKATA and 

USHIO [16] studied the effect of Fe content on wear 

resistance of thermal-sprayed Al−17Si−XFe (X=5, 10, 15, 

20, 30, mass fraction, %) alloys coating on A6063 Al 

alloy substrate. They concluded that the most beneficial 

coating with good wear resistance and low friction 

coefficient could be obtained with Al−17Si−(10−15)Fe 

alloy powders. Recently, ALSHMRI et al [17] have 

investigated the dry sliding wear of aluminium−high 

silicon hypereutectic alloys formed by melt spinning and 

ribbon compaction. They found that the higher amounts 

of intermetallic-forming elements (Fe, Cu, Ni) were 

thought to be contributing to the wear resistance. 

However, reports on the effect of iron content on wear 

behavior of rheocast hypereutectic alloy are not 

available. 

Based on the above considerations, this study was 

conducted to investigate the dry sliding wear properties 

of rheocast hypereutectic Al−17Si−2Cu−1Ni alloys with 

different Fe contents. The sliding wear mechanisms were 

also discussed based on observations of the worn surface, 

worn subsurface and wear debris. 

 

2 Experimental 
 

The alloys investigated had the compositions shown 

in Table 1 and were prepared with raw materials of 

Al−25.8%Si (mass fraction, the same in the following) 

and Al−10%Mn master alloys, commercial pure Al  

(99.8%), pure Fe (99.9%), pure Cu (99.99%), pure Ni 

(99.99%) and pure Mg (99.9%). The materials were 

melted in a resistance furnace, and then the tensile 

samples of these alloys with diameter of 8 mm were 

produced using rheocasting process assisted with   

USV [4,18]. The applied ultrasonic power was 1.6 kW, 

and the frequency of USV was 20 kHz. The USV 

treatment time was 1.5 min. For comparison, 

conventional gravity casting samples were also made 

using the same permanent mold without USV treatment 

under a pouring temperature of 750 °C. The samples 

were then heat-treated with T6 process (solution 

treatment at 510 °C for 7 h, followed by water quenching, 

then artificial aged at 190 °C for 10 h). 

 

Table 1 Chemical compositions of hypereutectic Al−Si alloys 

(mass fraction, %) 

Allloy Si Fe Cu Ni Mg Mn Al 

A0 17 0.23 2 1 0.4 0.4 Bal. 

A1 17 2 2 1 0.4 0.8 Bal. 

A2 17 3 2 1 0.4 0.8 Bal. 

 

The dry sliding wear tests were carried out on a 

pin-on-disk wear tester to evaluate room temperature (i.e., 

25 °C) wear behavior of Al−17Si−2Cu−1Ni alloys with 

different Fe contents. The pins, 6 mm in diameter and  

12 mm in length, were machined from the rheocast or 

conventional casting samples. The disc, with a diameter 

of 70 mm and a thickness of 10 mm, was made of AISI 

52100 steel. The hardness of the disk was approximately 

HRC 58. Before the wear test, the surfaces of the Al−Si 

alloys pins and the counterface of the disc were polished 

to a surface roughness (Ra) of 0.8 μm. 

The pins in horizontal orientation were loaded 

against the rotating steel disk through a dead weight 

loading system. The radius of the work formed on the 

disk by the pins was 28 mm. The tests were conducted at 

four different loads of 50, 100, 150 and 200 N. Sliding 

speed and distance were kept constant at 0.75 m/s and 

1000 m, respectively. 

The mass loss during wear test was measured using 

an electronic balance with a resolution of 0.1 mg. The 

pins were thoroughly cleaned with acetone in ultrasonic 

cleaner before and after the wear test. The wear rates 

were determined from the measured mass loss and 

expressed in terms of volume loss per unit sliding 

distance (m
3
/m). Each wear rate was averaged from the 

data obtained on at least three wearing pins. 

After each test, the wear debris was collected and 

stored for further analysis. The worn surfaces and wear 

debris after sliding at different loads were examined 

using a Quanta 200 environmental scanning electron 

microscope (SEM) fitted with an energy dispersive X-ray 

spectroscopy (EDX). Subsurface microstructures were 

also investigated at the cross-sections perpendicular to 

the worn surface. In order to highlight the differences in 

phase hardness, nano-indentation measurements (TI750, 

Hysitron) of different phases were also carried out. 

Indentations with a Berkovich type indenter were 

performed normally on the polished cross-sections by 

using a maximum load of 8 mN. An average of 5 

indentations on one particle of different phases was 

analyzed. 

 

3 Results and discussion 
 

3.1 Microstructures of alloys with and without USV 

treatment 

Figures 1 and 2 present the as-cast microstructures 

of the alloys produced by different processes. As can be 

seen from Fig. 1, the addition of Fe to the hypereutectic 

Al−Si alloy leads to the precipitation of long needle-like 

β-Al5(Fe,Mn)Si and coarse plate-like δ-Al4(Fe,Mn)Si2 

phases in the matrix [4,18]. The average length of long 

needle-like β and coarse plate-like δ phases are about 

100 μm and 150 μm, respectively. The average grain size 

of primary Si in Fig. 1(a) is about 47 μm. After USV 

treatment, the coarse plate-like δ and the coarse primary 
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Si phases were transformed into fine particles, as shown 

in Fig. 2. The average grain size of fine δ phase is about 

19 μm. Besides, the amount and length of needle-like β 

phase are decreased greatly. 

 

 

Fig. 1 Microstructures of as-cast Al−Si alloys with different Fe 

contents produced by conventional casting process: (a) A0 

alloy; (b) A1 alloy; (c) A2 alloy 

 

3.2 Wear behavior of alloys with and without USV 

treatment 

Figure 3 represents the variation of wear rate as a 

function of applied load for the alloys with and without 

USV treatment. The wear rates of the conventional 

casting alloys are distinctly higher than those of the 

rheocast alloys at all loads. Thus, USV treatment offers 

the alloys better wear resistance than the conventional 

one. The wear behavior of Al−Si alloys is closely related 

to their microstructural features [14,19]. Hence, the 

superior wear resistance of the rheocast alloys could be 

attributed to the refinement of the Fe-bearing compounds 

and primary Si particles. 

 

 

Fig. 2 Microstructures of as-cast Al−Si alloys with different Fe 

contents produced by rheocasting process assisted with USV: 

(a) A0 alloy; (b) A1 alloy; (c) A2 alloy 

 

Figure 4 shows the SEM images of the subsurfaces 

of the alloys with and without USV treatment at the load 

of 200 N. As can be seen, the microstructure clearly 

reveals a mechanical mixing layer (MML), which is the 

outermost layer in all these micrographs. The MML 

commonly forms on the sliding surface of Al−Si    

alloy when it slides against a steel counterpart [20,21].  
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Fig. 3 Wear rates of alloys produced by different processes as a 

function of applied load: (a) A0 alloy; (b) A1 alloy; (c) A2 

alloy 

 

Furthermore, a deformation zone beneath the MML with 

material flow lines can also be seen, and the flow lines 

progressively bend towards the sliding direction. Finally, 

the undeformed material is beneath the deformation  

zone. Consequently, including the undeformed material, 

three distinct layers have been identified in the pins 

sliding against the steel disc. A schematic of these layers 

is illustrated in Fig. 5. 

A high plastic shear strain is induced in the 

subsurface region during the sliding process [22,23]. 

This shear strain tends to cause plastic deformation in the 

subsurface region. As shown in Fig. 5, this region is 

classified as the deformation zone. Moreover, the closer 

the position to the worn surface is, the larger the shear 

strain is [24]. As a result, extensive fracture and 

fragmentation of the Fe-bearing compounds, primary Si 

and eutectic structure in the subsurface region occur. 

These ultrafine particles of the fragmented phases are 

redistributed and piled up near the surface region, which 

lead to the formation of MML. 

Obviously, the MML thicknesses of the alloys 

without USV are larger than those of the alloys with 

USV. This can be attributed to the difference of the size 

and morphology of Fe-bearing compounds and primary 

Si phase. The long needle-like β and coarse plate-like δ 

phases, which are hard and brittle, have relatively low 

bond strength with the matrix [18]. Hence, cracks can 

initiate easily in these brittle phases during sliding. In 

addition, the primary Si phase in the microstructure 

exists as discrete grains. As a result, the interfacial 

regions between the Si grains and the matrix are prone to 

microcracking. The larger the sizes of the Si grains are, 

the greater the microcracking tendency becomes [19]. As 

can be seen from Fig. 4(a), some coarse primary Si 

grains in the deformation zone are broken toward the 

direction of sliding. At the mean time, long needle-like β 

and coarse plate-like δ phases are fractured and align 

along the sliding direction, as shown in Figs. 4(c) and (e). 

Due to the poor bonding of the fragmented Fe-bearing 

compounds with the MML, the strength of the MML is 

weakened, thereby the initiation and propagation of 

microcracks are facilitated. However, the fine Fe-bearing 

compounds and primary Si phase can act as effective 

barriers for dislocation motion in the subsurface region 

during sliding, as illustrated in Figs. 4(b), (d) and (f). 

Investigations [4,18] have shown that the alloys treated 

by USV have a higher hardness than their counterparts 

without USV. The larger hardness values of the USV- 

treated alloys are most likely due to the strengthening of 

fine Fe-bearing compounds and primary Si phase to the 

matrix. For aluminum alloys in general, a harder material 

usually means higher strength. For this reason, the MML 

thicknesses of the USV-treated alloys are smaller than 

those of the alloys without USV treatment. 

Based on the above analyses, it can be concluded 

that the small wear rate corresponds to the thin MML. An 

earlier study on the sliding wear behavior of Al−SiC 

composites has obtained similar result that the wear rate 

increases with increasing thickness of MML [25]. Thus, 

the wear rate of the conventional casting alloys is higher 

than that of the rheocast alloys. 

 

3.3 Effect of Fe content on wear behavior of rheocast 

alloys 

Figure 6 shows the effect of applied load on     

the wear rate of the rheocast alloys with different Fe 

app:ds:pile
app:ds:up
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Fig. 4 SEM images of subsurfaces of alloys with (b, d, f) and without (a, c, e) USV treatment at 200 N: (a, b) A0 alloy; (c, d) A1 

alloy; (e, f) A2 alloy 

 

 

Fig. 5 Schematic diagram of MML and deformation zone 

beneath worn surface 
 

contents. As can be seen, when the load increases from 

50 to 200 N, the wear rate of each sample increases. The 

order of the wear rate of the alloys is: A0>A1>A2. 

The reason why the wear rate of rheocast A1 alloy 

is lower than that of the rheocast A0 alloy is as follows. 

As shown in Fig. 2(b), the coarse plate-like δ phase is 

refined into fine particles in rheocast A1 alloy, and only 

few needle-like β phases remain. As a result, the 

deleterious effect of β phase on the wear resistance is 

almost eliminated. Furthermore, the addition of 0.8% Mn 

leads to the precipitation of the polygonal 

α-Al15(Fe,Mn)3Si2 phase in A1 alloy [4]. The average 

grain size of α phase is about 25 μm, which is much 

smaller than that of the long needle-like β phase, as 

shown in Fig. 1(b). Besides, α phase has a better bonding 

with the matrix due to its polygonal morphology. 

Therefore, the possibility of crack formation in the 

interfacial regions between this phase and the matrix is 

declined during the sliding process. In particular, as can 

be seen from Table 2, the hardness of α-Al15(Fe,Mn)3Si2 

app:lj:%E6%9C%89%E5%AE%B3%E4%BD%9C%E7%94%A8?ljtype=blng&ljblngcont=0&ljtran=deleterious%20effect
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Fig. 6 Variation of wear rate versus applied load for rheocast 

alloys with different Fe contents 

 

Table 2 Nano-indentation measurements of hardness and 

elastic properties of microstructure constituents present in 

rheocast A1 alloy in T6 condition 

Phase 
Average hardness/ 

GPa 

Elastic 

modulus/GPa 

α(Al) 1.45 100 

Primary Si 9.54 181 

δ-Al4(Fe,Mn)Si2 8.12 165 

α-Al15(Fe,Mn)3Si2 9.90 193 

β-Al5(Fe,Mn)Si 8.49 156 
 

 
phase is 9.90 GPa, which is higher than that of   

primary Si (9.54 GPa) and δ (8.12 GPa) phases. Thus, 

apart from the fine particle-like δ phase, polygonal 

α-Al15(Fe,Mn)3Si2 phase also helps to improve the wear 

resistance of rheocast A1 alloy. 

In addition, as shown in Fig. 6, the wear rate of 

rheocast A2 alloy is lower than that of rheocast A1 alloy. 

This is because the volume fraction of the fine 

Fe-bearing compounds increases with the increase of Fe 

content. The calculation shows that the volume fractions 

of fine Fe-bearing compounds in A1 and A2 alloys are 

3.6% and 5.3%, respectively. 

 

3.4 Wear mechanism of A2 alloy with USV treatment 

As discussed in Sections 3.2 and 3.3, the variation 

of the wear rates of rheocast alloys with the applied loads 

shows similar trends. Moreover, at the load of 200 N, the 

characteristics of subsurfaces of rheocast alloys are 

almost the same. In particular, the wear rate of rheocast 

A2 alloy is the lowest among all the alloys studied. 

Therefore, the A2 alloy was choosen as the most 

representative of them to investigate the wear mechanism. 

The worn subsurface, worn surface and wear debris of 

this alloy under different applied loads were examined. 

Figure 7 shows SEM images of the subsurface of 

pins of rheocast A2 alloy tested at different loads. The 

MML can be seen in the subsurface of rheocast A2 alloy 

at all loads, and the thickness of which increases with 

 

 

Fig. 7 SEM images of subsurface of rheocast A2 alloy at different loads: (a) 50 N; (b) 100 N; (c) 150 N; (d) 200 N 
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increasing the applied load. Some fine particle-like 

Fe-bearing compounds, which act as load supporting 

elements, can also be found in MML. Meanwhile, the 

wear rate of the rheocast A2 alloy increases with the 

increase of the applied load, as illustrated in Fig. 6. 

EDX analyses of the MML of the rheocast A2 alloy 

at different loads are shown in Table 3. As can be seen, 

apart from Al, Si and Fe, O also presents in the MML. 

Moreover, Fig. 8 shows the subsurface SEM image and 

EDX mapping images for Al, Si, O and Fe elements of 

the rheocast A2 alloy at 200 N. The reason why the 

MML contains oxygen is that the frictional heating 

during sliding causes the formation of oxides. During the 

sliding process, these oxides, together with other 

particles mainly containing Al, Si and Fe, were 

compacted into the MML due to the repeated movement 

between the pin and the disc. 

 

Table 3 EDX analyses (mole fraction, %) of MML of rheocast 

A2 alloy at different loads 

Load/ 

N 
Al Si O Fe Cu Ni Mn Mg 

50 49.96 12.86 22.44 12.29 00.95 00.65 00.39 00.46 

100 49.58 17.35 19.10 11.70 00.83 00.42 00.32 00.70 

150 45.37 16.02 19.43 16.27 01.13 00.58 00.50 00.71 

200 47.38 13.42 19.49 17.21 00.78 00.61 00.36 00.75 

 

Figure 9 shows typical worn surfaces of rheocast A2 

alloy at the applied loads of 50, 100, 150, and 200 N, 

respectively. At a low load of 50 N, the surface appears 

smooth with very fine scratches, as shown in Fig. 9(a).  

 

 

Fig. 8 SEM image and EDX mapping of subsurface of rheocast A2 alloy at 200 N showing distribution of Al, Si, O and Fe within it: 

(a) SEM image; (b) Al; (c) Si; (d) O; (e) Fe 
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Fig. 9 SEM images of worn surfaces of rheocast A2 alloy at different loads: (a) 50 N; (b) 100 N; (c) 150 N; (d) 200 N 

 

The long parallel grooves along the sliding direction, 

which are caused by the abrasion of entrapped particles, 

are clearly visible on the worn surface at 100 N     

(Fig. 9(b)). In addition, few small dimples can also be 

observed on the worn surface. With the increase of the 

applied load, the grooves become wider and deeper, and 

the size of the dimples is enlarged, as illustrated in   

Figs. 9(c) and (d). 

The observation and analysis of the wear debris are 

a key factor to understand the wear mechanism. Figure 

10 depicts the backscattered electron images of wear 

debris obtained from the sliding of rheocast A2 alloy at 

different loads. The EDX analyses of the debris 

generated at different loads are shown in Table 4. As can 

be seen, the chemical composition of the debris is similar 

to that of the MML shown in Table 3. Hence, it is 

suggested that the debris is mainly detached from the 

MML. 

Comparing Fig. 9 with Fig. 7, it can be observed 

that the change in morphology of the wear debris is 

consistent with the change in worn surface appearance. 

When the load is 50 N, the wear debris is dark and is 

mainly in the form of fine particles, as shown in     

Fig. 10(a). The smooth worn surface and fine 

particle-like debris containing a large amount of  

oxygen suggest that oxidativon wear is the main wear 

Table 4 EDX analyses (mole fraction, %) of debris of rheocast 

A2 alloy generated at different loads 

Load/ 

N 
Al Si O Fe Cu Ni Mn Mg Cr 

50 57.70 12.16 15.65 12.43 00.85 00.60 − 00.62 − 

100 54.88 12.36 14.84 15.20 01.26 00.77 − 00.70 − 

150 54.86 13.46 12.39 16.93 01.15 00.76 00.43 − − 

200 49.76 12.58 13.52 22.32 − − 00.41 00.87 00.54 

 

mechanism at low applied load (50 N). At the load of 

100 N, some irregular flakes appear in the wear debris, 

and the amount and size of the flakes increase with 

increasing load. When the applied load increases to   

200 N, the wear debris consists of irregular flakes and 

fine particles. The appearance of irregular flake in the 

debris is indicative of delamination wear. As the load 

increases, the shear strain induced in the deformation 

zone increases. The large shear strain leads to pile-ups of 

dislocations in a finite distance from the surface, and this 

gives rise to the nucleation of voids [26]. These voids 

grow and coalesce, which leads to the subsurface crack 

propagation at last, as shown in Figs. 7(b)−(d). When the 

crack reaches a critical length, the material between the 

crack and the surface will shear, yielding a flake-like 

debris. Hence, at higher applied loads, the flake-like 
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Fig. 10 SEM images of wear debris of rheocast A2 alloy at different loads: (a) 50 N; (b) 100 N; (c) 150 N; (d) 200 N 

 

debris is generated by a process of subsurface 

delamination [27]. At the mean time, as shown in    

Figs. 10(b)−(d), apart from the irregular plate-like flakes 

and fine equiaxed particles, some white particles also 

present in the debris as the load increases. EDX analysis 

reveals that they are rich in Fe and emanate from the 

steel counterpart during the wear process, as shown in 

Fig. 11. The Fe particles in the debris are most likely 

produced by the abrasion between the steel counterface 

 

 

Fig. 11 EDX spectrum of white particles in Fig. 10 

and the hard Fe-bearing compounds or primary Si 

particles dislodged from the alloy. Therefore, at higher 

applied loads, a combination of delamination and 

oxidation wear is the dominant wear mechanism, and 

abrasion wear is the assistant wear mechanism. As 

shown in Fig. 6, increasing the applied load causes an 

increase in the wear rate. This obviously can be 

attributed to the change of the wear mechanism at 

different loads. 

 

4 Conclusions 
 

1) The coarse plate-like δ-Al4(Fe,Mn)Si2 and 

primary Si phases are refined in the rheocast Al−17Si− 

2Cu−1Ni−(2,3)Fe alloys. The wear rate of the rheocast 

alloy is lower than that of the alloy produced by 

conventional casting process under the same applied 

load. 

2) The fine particle-like δ-Al4(Fe,Mn)Si2 and 

polygonal α-Al15(Fe,Mn)3Si2 phases help to improve the 

wear resistance of rheocast alloys. As the volume 

fraction of fine Fe-bearing compounds increases, the 

wear rate of the rheocast alloy decreases. 

3) As the applied load increases from 50 to 200 N, 
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the wear rate of rheocast alloy increases. 

4) At the applied load of 50 N, oxidation wear is the 

main mechanism during the wear process of rheocast 

Al−17Si−2Cu−1Ni−3Fe alloy. At higher applied loads, a 

combination of delamination and oxidation wear is the 

dominant wear mechanism. 
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流变铸造不同铁含量过共晶 Al−Si 合金 

在干摩擦条件下的磨损行为 
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摘  要：研究铁含量对流变铸造过共晶 Al−17Si−2Cu−1Ni 合金在干摩擦条件下磨损行为的影响。磨损测试是在销

−盘式摩擦磨损试验机上进行的。结果表明，在同等载荷下，流变铸造合金试样比传统重力金属型铸造试样的磨

损率小。细小颗粒状 δ-Al4(Fe,Mn)Si2 相和多边形状 α-Al15(Fe,Mn)3Si2 相有助于提高流变铸造合金的耐磨性。随着

细小富铁相体积分数的增加，流变铸造合金试样的磨损率减小。此外，随着载荷从 50 增大至 200 N，流变铸造合

金试样的磨损率增大。对于含 3% Fe 的流变铸造合金，在低载荷(50 N)时，磨损机制以氧化磨损为主；在高载荷

时，磨损机制以氧化磨损和剥层磨损的联合作用为主。 

关键词：干摩擦；过共晶 Al−Si 合金；流变铸造；富铁相；磨损机理 
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