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ALUMINUM-SILICON ALLOYS are noted 
for their unique combination of desirable charac- 
teristics, including excellent castability and low 
density combined with good mechanical proper- 
ties. Interestingly, there is no mention of wear 
resistance in the many published tabulations of 
the attributes of this class of alloys (see, for 
example, Ref 1 and 2). In a comprehensive re- 
view of the wear characteristics of aluminum 
alloys, Eyre (Ref 3) remarks on the dearth of 
published information about the wear resistance 
of aluminum-silicon alloys, while acknowledg- 
ing their increased application in environments 
demanding this physical characteristic. 

in the late 1950s, die cast aluminum-silicon 
alloy cylinder blocks were manufactured for the 
automotive industry to take advantage of the 
light weight and good thermal conductivity of_ 
fered by hypoeutectic alloys such as A356 and 
A380 (Ref 4). However, because these alloys 
exhibited only modest wear resistance, the early 
engine blocks (for example, those produced for 
the American Motors Corporation Rambler) had 
a cast-in steel cylinder liner. In Europe, automo- 
tive engine blocks were also being die cast in 
aluminum-silicon alloys (such as LM24 and 
LM26), but these blocks had liners that were 
shrink-fitted in place. A major boost was given 
to the use of lightweight aluminum alloys in 
automobiles when the energy crisis in the early 
1970s resulted in the government mandating im- 
proved fuel consumption in automobiles. Be- 
cause fuel consumption can be directly related to 
vehicle weight (Ref 5), the use of aluminum in 
place of cast iron in engine components became 
highly desirable. However, the use of die cast 
aluminum engine blocks with a cast iron cylin- 
der liner proved to be too costly in production, 
paving the way for the development of hypereu- 
tectic aluminum-silicon alloys with greater wear 
resistance that could be used without liners. 

One such alloy that has been developed spe- 
cifically for its high wear resistance is the hyper- 
eutectic aluminum-silicon alloy A390 (A390.0), 
which has been used in engine blocks without a 
liner. An electrochemical surface treatment is 
used to etch away some of the matrix aluminum 
so that the eutectic and primary silicon particles 

provide the bearing surface, resulting in im- 
proved wear resistance. Jorstad (Ref 6) has sug- 
gested the use of this alloy for other weight- 
saving applications where good wear resistance 
is required (for example, brake drums and disk 
brake rotors). 

A powder metallurgy (P/M) production route 
for the manufacture of cylinder liners from hy- 
pereutectic aluminum-silicon alloys has also 
been explored (Ref 4). Using this method, the 
size of the primary silicon particles may be opti- 
mized and solid graphite can be added to the 
matrix to serve as a lubricant. The liners are then 
inserted into the engine block, which is pro- 
duced from conventional aluminum-base alloys. 

While applications for aluminum-silicon al- 
loys are currently centered in the automotive 
industry (which accounts for greater than 50% of 
the market), other applications in communica- 
tions equipment, instrumentation, and small en- 
gines appear likely. The hypereutectic alloys are 
likely to dominate because their wear resistance, 
combined with low coefficient of thermal expan- 
sion (CTE) and fluidity properties, allows thin- 
ner wall castings to be manufactured. 

Both the Aluminum Association (AA) and the 
Society of Automotive Engineers (SAE) desig- 
nations are commonly used to classify alumi- 
num-silicon alloys in the United States. 

M e t a l l u r g y  o f  

A l u m i n u m - S i l i c o n  A l l o y s  

Aluminum alloys for wear resistance applica- 
tions are based on the aluminum-silicon alloy 
system. This binary system is a simple eutectic 
alloy system with the eutectic composition at 
12.5% Si (Fig 1). Standard alloys, of course, 
contain a number of alloying ingredients. Se- 
lected commercial alloy compositions are shown 
in Table 1. Table 2 cross references United 
States aluminum-silicon compositions with 
compositions of European and Japanese sources. 

At room temperature, the hypoeutectic alloys 
consist of the soft, ductile primary aluminum 
phase and the very hard, brittle silicon phase 
associated with eutectic reaction. It is this sili- 
con phase that contributes to the very good wear 

resistance of these alloys. The silicon phase is 
diamond cubic with a density of --2.6 g/cm 3 
(0.094 lb/in. 3) and a Vickers hardness of ap- 
proximately 10 GPa (1.5 × l06 psi). Silicon is 
essentially insoluble in aluminum (Ref 10). Fig- 
ure 2 illustrates the typical microstructurc of a 
common hypoeutectic alloy, A357.0. Hypereu- 
tectic alloys, the most commonly used wear- 
resistant alloys, contain coarse, angular, pri- 
mary silicon particles as well as eutectic silicon. 
These primary silicon particles impart excellent 
wear resistance to these alloys. A typical micro- 
structure of an unrefined hypereutectic alloy 
(A390-type) is shown in Fig 3. 

Commercial aluminum-silicon alloys (Table 
1) generally contain other alloying elements to 
further enhance or modify the wear resistance or 
impart additional properties to these alloys. 

I r o n .  The most common alh)ying clement is 
iron, which can be tolerated up to levels of 1.5 to 
2.0% Fe. The presence of iron modifies the sili- 
con phase by introducing several AI-Fe-Si 
phases. The most common of these are the c~ and 
13 phases. The a phase has a cubic crystal struc- 
ture and appears in the microstructure as a "'Chi- 
nese script" eutectic. The less common [3 phases 
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Table 1 Nominal compositions of selected commercial alloys 
recommended for wear applications 

Composition, w t %  

Alloy SI F e  C u  M g  M n  Other 

Hypereutectic alloys 
390.0 16-18 1.3 4-5 0.45 -0.65 0.1 • • • 
A390.0 16-18 0.5 4-5 0.45-0.65 0.1 • • - 
B390.0 16-18 1.3 4-5 0.45 -0.65 0.5 1.5 Zn 
392.0 18-20 1.5 0.4-0.8 0.8-1.2 0.2-0.6 0.5 Ni, 0.5 Zn, 0.3 Sn 
393.0 21-23 1.3 0.7-1.1 0.7-1.3 0.1 2-2.5 Ni 

Eutectic alloys 
384.0 10.5-12 1.3 3-4.5 0.1 0.5 0.5 Ni, 3 Zn, 0.35 Sn 
336.0 11-13 1.2 0.5-1.5 0.7-1.3 0.35 2-3 Ni, 0.35 Zn 
339.0 11-13 1.2 1.5-3 0.5-1.5 0.5 0.5-1.5 Ni, 1 Zn 
413.0 11-13 2 1 0.1 0.35 0.5 Ni, 0.5 Zn 
4032 11-13.5 1 0.5-1.3 0.8-1.3 • • • 0.5-1.3 Ni 

Hypoeutectic alloys 
319.0 5.5-6.5 1 3-4 0.1 0.5 0.35 Ni, 1 Zn 
356.0 6.5-7.5 0.6 0.25 0.2-0.45 0.35 0.35 Zn 
364.0 7.5-9.5 1.5 0.2 0.2-0.4 0.1 0.25-0.5 Cr, 0.15 Ni, 0.15 Sn 
380.0 7.5-9.5 2 3-4 0.1 0.5 0.5 Ni, 3 Zn, 0.35 Sn 
333.0 8-10 1 3-4 0.05-0.5 0.5 0.5 Ni, 1 Zn 
332.0 8.5-10.5 1.2 2-4 0.5-1.5 0.5 0.5 Ni, 1 Zn 
360.0 9-10 2 0.6 0.4-0.6 0.35 0.5 Ni, 0.5 Zn 
383.0 9.5-11.5 1.3 2-3 0.1 0.5 0.3 Ni, 3 Zn, 0.15 Sn 

Source:  R e f  8, 9 

generally appear as needles and/or platelets in 
the structure. Other iron-bearing phases such as 
AI6Fe and FeAI 3 can also be found in these al- 
loys. Aluminum-silicon alloys intended for die 
castings typically have higher minimum iron 
levels to reduce sticking between the mold and 
the casting. 

Magnes ium is added to provide strengthening 
through precipitation of Mg2Si in the matrix. In 
an A1-Fe-Si-Mg alloy, the AI-Si-Fe phases will 
not be affected by the addition of magnesium. 
However, magnesium can combine with insolu- 
ble aluminum-iron phases, resulting in a loss of 
strengthening potential (Ref 12). 

Copper. The most common aluminum wear- 
resistant alloys also contain copper. Copper ad- 
ditions impart additional strengthening of the 
matrix through the aging or precipitation-hard- 
ening process (AICu 2 or Q phase) or through 
modification of the hard, brittle AI-Fe-Si phases 
by substitution in these intermetallic phases. As 
the strength of these alloys increases through 

Table 2 Cross-reference to equivalent 
wear-resistant aluminum-silicon alloys 
Specific composition limits may vary from United States 
limits. 

Foreign alloy equivalent 
United 
States U n i t e d  

alloy Kingdom France Japan Germany 

3 9 0  L M 2 8  A - S I 8 U N G  . . .  G - A I S i I 7 C u 4  

3 9 2  . . . . . .  A C 9 B  ' - • 

4 1 3  . . . . . . . . .  G - A I S i I 2 ( C u )  

3 3 6  L M I 3  A - S I 2 U N G  A C 8 A  . . .  

3 3 2  L M 2 6  A - S I O U G  A C 8 C  ' ' " 

3 3 3  L M 2  • • • A C 8 B  . ' • 

3 6 0  • - • A - 9 G  • .  - G - A I S i l O M g ( C u )  

3 8 0  L M 2 4  . . . . . .  G - A I S i 8 C u 3  

3 5 6  • .  • A - S 7 G  A C 4 C  • • • 

Source:  R e f  8, 9 

magnesium and copper additions, some sacrifice 
in ductility and corrosion resistance occurs. 

Manganese.  Many of the important alumi- 
num-silicon alloys also contain low ( <  1 wt%), 
but significant, amounts of manganese. The 
presence of manganese can reduce the solubility 
of iron and silicon in aluminum and alter the 
composition and morphology of the A1-Fe-Si 
primary constituent phases. For example, man- 
ganese additions can favor the formation of con- 
stituents such as AI]2(Fe,Mn)3Si rather than the 

Typical microstructure of type A357.0 hypoeu- 
Fig 2 tectic alloy. Source: Ref 11 

Al9Fe2Si2-type constituents. The manganese- 
bearing constituents are typically less needlelike 
or platelike than the manganese-free iron- or 
(iron/silicon)-bearing primary constituents. Man- 
ganese additions also improve elevated-temper- 
ature properties of the aluminum-sil icon alloys. 

Cumulative Effect of Alloying Elements. In 
summary, aluminum wear-resistant alloys are 
based on alloys containing the hard, brittle sili- 
con phase. Alloying element's such as iron, man- 
ganese, and copper increase the volume fraction 
of the intermetallic silicon-bearing phases, con- 
tributing to increased wear resistance compared 
to binary aluminum-silicon alloys. In addition, 
magnesium and copper also provide additional 
strengthening by producing submicroscopic pre- 
cipitates within the matrix through an age-hard- 
ening process. 

Properties and Structure 
Alloying aluminum with silicon at levels be- 

tween about 5 and 20% imparts a significant 
improvement in the casting characteristics rela- 
tive to other aluminum alloys. As a result, these 
high-silicon alloys are generally utilized as cast- 
ing alloys rather than for the manufacture of  
wrought products. Aluminum-si l icon alloys also 
possess excellent corrosion resistance, machin- 
ability, and weldability (Table 3). 

(a) 

(b) 
Microstructure of type A390.0 hypereutectic 

Fig 3 alloy. (a) Unrefined (Graff-Sargent etch). Dark 
regions contain coarse primary silicon particles in ad- 
dition to eutectic silica. (b) Refined (as polished). 120x 



Friction and Wear of Aluminum-Silicon Alloys / 787 

Table 3 Relative ratings of aluminum-silicon sand casting and permanent mold casting 
alloys in terms of castability, corrosion-resistance, machinability, and weldability properties 

Property(a) 
Aluminum 
Association Resistance Resistance 
number to hot Pressure Shrinkage to 
of alloy cracking(b) tightness Fluidity(c) tendency(d) corrosion(e) Machinahility(f) Weldabltity(g) 

Sand  cas t ing  a l loys  

319.0 2 
354.0 1 
355.0 1 
A356.0 1 
357.0 1 
359.0 1 
A390.0 3 
A443.0 I 
444.0 1 

P e r m a n e n t  m o l d  cast ing  a l loys  

308.0 
319.0 
332.0 
333.0 
336.0 
354.0 
355.0 
C355.0  
356.0 
A356.0 
357.0 
A357.0 
359.0 
A390.0 
443.0 
A444.0 

2 2 2 3 3 2 
1 1 1 3 3 2 
1 1 1 3 3 2 
1 1 1 2 3 2 
1 1 1 2 3 2 
1 1 1 2 3 1 
3 3 3 2 4 2 
I I 1 2 4 4 
I I 1 2 4 1 

2 2 
2 2 
2 1 
1 2 
2 

2 4 3 3 
2 3 3 2 
2 3 4 2 
2 3 3 3 
3 3 4 2 
1 3 3 2 
2 3 3 2 
2 3 3 2 
1 2 3 2 
1 2 3 2 
1 2 3 2 
1 2 3 2 
1 2 3 I 
3 2 4 2 
1 2 5 1 
1 2 3 1 

(a) For ratings of characteristics I s the bes and 5 s he poorest of the alloys listed. Individual alloys may have different ratings for other castin~ 
processes. (b) Ability of alloy to withstand stresses from cuntracfi,,m while cooling through hot-short or brittle temperature range. (c) Ability or 
molten alloy to flow readily in motd and fill thin sections. (d) Decrease in wdume accompanying freezing of alluy and measure of amount nf 
compensa ing feed metal required in form of risers. (e) Based on resistance of alloy in standard salt spray test. (f) Composite rati ng, based on ease of 
cat ng chip characteristics quality of finish and t(ml life. In the case of heat-treatable alloys, rating is based on T6 temper. Other tempers. 
particularly the annealed temper, may have lower ratings. (g) Based on ability of material to be fusion welded with filler rod ol same alloy. Source: 
Ref 13 

Binary hypoeutectic alloys are too soft to have 
a good machinability rating. However, the ma- 
chinability of aluminum-silicon alloys is gener- 
ally very good in terms of surface finish and chip 
characteristics. Tool life can be short with con- 
ventional carbide tools, particularly in the case 
of the hypereutectic alloys. With the recent in- 
troduction of diamond cutting tools, tool life has 
been significantly increased, making the ma- 
chining of the hypereutectic alloys practical. 

Corrosion resistance of these alloys is gener- 
ally considered excellent. Alloys containing in- 
creasing amounts of copper have a somewhat 
lower corrosion resistance than the copper-free 
alloys as measured in standard salt spray tests. 

Because of their high fluidity and good cast- 
ing characteristics, these alloys are highly weld- 
able with conventional welding techniques. For 
joining purposes, brazing alloys and filler wire 
alloys (for example, alloys 4043 and 4047) (Ref 
14) are also based on the aluminum-silicon alloy 
system. 

For wear applications, the important physical 
properties of these alloys include thermal expan- 
sion, thermal conductivity, electrical conductiv- 
ity, and Young's modulus. Data for these prop- 
erties are available in standard references (Ref 
13-18). Because silicon is generally in precipi- 
tate form, the rule of mixtures is applicable 
when calculating the properties. 

Heat Treatment. Depending on the applica- 
tion, thermal treatments can be employed to: 

• Increase strength 
• Control thermal growth 
• Improve ductility 

Aluminum-silicon alloys containing copper and 
magnesium can be heat treated and aged in the 
same manner as wrought precipitation-hardened 
alloys. Depending on the strength level re- 
quired, room-temperature aging (T4 temper) or 
elevated-temperature aging (<205 °C, or 400 
°F) (T6 temper) may be required after heat treat- 
ment to obtain the necessary properties. As the 
strength of the alloy increases from the T4 to T6 
temper, reductions in ductility will occur as the 
strength increases. 

In addition, aluminum-silicon and AI-Si-X al- 
loys can be given a higher temperature (205 to 
260 °C, or 400 to 500 °F) aging treatment from 
the as-cast condition to improve their strength 
and thermal stability. This is particularly impor- 
tant for applications where dimensional toler- 
ances are critical (for example, when the alloy is 
operated at elevated temperatures as a piston 
component in an engine). Generally, such an 
aging practice is designated by the T5 temper. 

High-temperature (480 to 540 °C, or 900 to 
1000 °F) treatments can also be given to alumi- 

num-silicon and AI-Si-X alloys to improve their 
ductility. These thermal treatments modify the 
angular primary silicon particles to a more 
rounded shape. This rounded shape reduces the 
tendency for crack initiation beginning at the 
sharp edges of the particles. Such treatments are 
particularly effective on the hypereutectic al- 
loys. Other means of modifying the shape for 
improved ductility are discussed in the sections 
"Modification" and "Refinement" in this article. 

Principles of Microstructural Control. The 
three categories of aluminum-silicon alloys are 
based on the silicon level (Table 1). These alloy 
categories are hypoeutectic, eutectic, and hyper- 
eutectic. The hypoeutectic alloys solidify with 
a-aluminum as the primary phase followed by 
aluminum-silicon eutectic. Other solutes (for ex- 
ample, iron, magnesium, and copper) form 
phases that separate in the freezing range of the 
alloy in the interdendritic locations (Fig 2). 

Hypereutectic alloys solidify in a similar man- 
ner, but in these alloys silicon is the primary 
phase rather than a-aluminum (Fig 3a). The eu- 
tectic alloys solidify principally with an alumi- 
num-silicon eutectic structure; either aluminum 
or silicon is present as a primary phase depend- 
ing on which side of the eutectic composition 
(12.7% Si) the alloy lies. A brief description of 
microstructural control is given below; addi- 
tional information is available in Ref 2 and 12. 

Grain Structure. The grain size of the primary 
aluminum is controlled through the addition of 
heterogeneous nuclei to the melt in the form of 
master alloy inoculants such as A1-6Ti or AI- 
Ti-B (in the latter, the titanium can range from 3 
to 5% and the Ti:B ratio from 3:1 to 25:1 ). Grain 
sizes vary from - 1 0 0  to 500 }xm ( -0 .004  to 
0.020 in.). An example of the effect of grain 
refinement by an AI-Ti-B refiner is shown in 
Fig 4. 

Cell Size. The interdendritic arm spacing (or 
cell size) is controlled by the cooling rate (Ref 
19), which is in turn a function of the casting 
process and section thickness. The smallest cell 
size is achieved with thin-wall high-pressure die 
casting. At the other extreme, thick-wall sand 
castings exhibit the largest dendrite cell size. 
Casting processes such as low-pressure die cast- 
ing and permanent mold casting provide inter- 
mediate solidification rates and consequently 
cell sizes that lie between the two extremes. In a 

(a) (b) 

Effect of grain refinement by the addition of an 
Fig 4 AI-5Ti-0.2B master alloy to type A356.0. (a) 
Without titanium addition. (b) With 0.04% Ti addition. 
Etched with Poulton's reagent. 0.85x 
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similar fashion to the cell size, the constituent 
phase size is largely controlled by the freezing 
rate. 

Modification• The term modification refers to 
the change in morphology and spacing of the 
aluminum-silicon eutectic phase induced by the 
addition of a chemical agent such as sodium or 
strontium. There is a change from large divorced 
silicon particles to a fine coupled aluminum- 
silicon eutectic structure with an addition of ap- 
proximately 0.001% Na or 0.005% Sr to the 
melt. Varying degrees of modification (Fig 5) 
are obtained with lower levels of addition. For 
details of the mechanism and practice of modifi- 
cation, see Granger and Elliott (Ref 12). 

Antimony is also used to modify (more accu- 
rately, refine) the eutectic structure in hypoeu- 
tectic and eutectic alloys, particularly in Europe 
and Japan. Like sodium and strontium, it in- 
creases the fluidity of the alloys and improves 
mechanical properties. Furthermore, it is perma- 
nent, allowing melts to be more effectively de- 
gassed, which, in turn, provides sounder cast- 
ings. The great disadvantage of antimony is that 
it poisons (or negates) the effect of sodium and 
strontium, and it also creates a problem in recy- 
cling. An additional serious drawback is the po- 
tential for the formation of stibine gas, which is 
highly toxic. Unlike sodium and strontium, 
which can be used to effectively modify eutectic 
structures over a wide range of freezing rates, 
antimony provides eutectic refinement only at 
the relatively high rates experienced in die cast- 
ings and some thin-wall permanent mold cast- 
ings. 

Refinement. In hypereutectic alloys, the pri- 
mary phase is silicon. In order to provide the 
desired small well-dispersed silicon particles, 
phosphorus is added to the level of about 0. 1% P 

- i " ' %  

. ~ i I  " %, . '~ '  " ~ t'"'.:" :,l"'t';~'.~,~" s'' " . ~" 
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Variation m microstructure as a function of the 
Fig 5 degree of modification. The modification level 
increases from A to F; thus microstructure F is highly 
modified. Source: Ref 2, 12 

through the addition of a master alloy such as 
Cu-10P. The phosphorus combines with alumi- 
num to form aluminum phosphide, AlP, which 
provides effective nuclei for the silicon phase 
much the same as TiB2-type particles are effec- 
tive nuclei for o~-aluminum (Fig 3b). However, 
phosphorus also negates the effectiveness of so- 
dium and strontium• It does so by combining 
with them to form phosphides, which do not 
modify the eutectic structure. Similarly, sodium 
and strontium reduce the effectiveness of phos- 
phorus additions by refining the primary silicon 
phase. 

Gas Porosity. Hydrogen porosity can be con- 
trolled by maintaining gas levels at <0 .10  cm3/ 
100 g. This is not readily accomplished, particu- 
larly when modification of the melt is being 
sought with the addition of sodium or strontium• 
However, gas fluxing methods are available 
(Ref 20) that provide the means of reducing hy- 
drogen levels to the desired range• 

Also deleterious to casting soundness is the 
presence of nonmetallic inclusions that act as 
nuclei for gas pores. Various molten metal filtra- 
tion systems are available for inclusion removal 
(Ref 20). 

Sludge. A problem experienced with alumi- 
num-silicon alloys is the formation of hard inter- 
metallic phases of the Al(FeM)Si-type, which 
settle out under gravity from the melt (Fig 6). 
The conditions that favor the formation of these 
phases arc low holding temperaturcs (which are 
often employed in the die-casting industry); a 
quiescent melt; and relatively high lcvels of 
iron, manganese, and chromium. The relative 
tendency to form sludge in the holding furnace is 
given by a segregation factor (SF): 

SF = (%Fe) + 2 (%Mn) + 3 (%Cr) (Eq 1) 

The relationship among the segregation factor, 
holding temperature, and sludging tendency is 
given for alloy AA 339 and several other alumi- 
num-silicon alloys in Ref 21. 

Wear  Behavior 

The two major types of wear relevant to in- 
dustrial applications of aluminum-silicon alloys 

are "abrasive" and "sliding" wear. These have 
also been identified by Eyre (Ref 3) as the most 
common types of wear. Wear mechanisms, 
though, can be thought of as involving more 
specific descriptions of local processes occur- 
ring in the metal and countersurface of the wear 
system during the wear process. Wear mecha- 
nisms are discussed in detail in this Volume in 
the Sections "Wear by Particles or Fluids," 
"Wear by Rolling, Sliding, or Impact," and 
"Chemically Assisted Wear." The purpose of 
this discussion is to focus on the interaction be- 
tween microstructure and wear mechanisms. 
This is important for aluminum-silicon alloys 
because of the variety of microstructures that 
can be achieved as the alloys are processed for 
particular applications. The relative effects of 
silicon particles, matrix hardness, and interme- 
tallic constituents on the wear resistance of alu- 
minum-silicon alloys are summarized below. 

S i l i c o n  P a r t i c l e s .  Under relatively light load 
conditions, which are normally associated with 
low (< 10- ii m3/m) losses, wear resistance is 
not a strong function of silicon content (Ref 22- 
25). In general, however, silicon additions to 
aluminum will increase the wear resistance. The 
principal mechanism appears to be the influence 
of the hard silicon panicles, which lead to higher 
overall levels of hardness. The fact that the hard 
silicon particles are surrounded by a softer and 
relatively tough matrix improves the overall 
toughness of the material and can contribute to 
wear resistance by favoring more plastic behav- 
ior. The eutectic and hypereutectic silicon al- 
loys, with increased volume fractions of hard 
primary silicon particles relative to the hypoeu- 
tectic alloys, might be expected to have the best 
wear resistance of the aluminum-silicon alloys. 
Andrews et al. (Ref 26, 27), for example, found 
that increasing the silicon content in hypereutec- 
tic alloys reduced wear. However, binary alloy 
data (Ref 22, 28) indicate that the hypereutectic 
alloys are not necessarily the most wear resis- 
tant. Clarke and Sarkar (Ref 28) found that there 
was a relative minimum in wear for binary alu- 
minum-silicon alloys at about the eutectic level, 
as did Jasim et al. (Ref 22), especially at applied 
pressures <100 kPa (<15 psi). Clarke and 

(a) (b) 

Coarse intermetallic AI12(Fe,Mn,Cr)3Si 2 phase constituent generated by entrapped sludge in alloy 339. (a) 
Fig 6 130x. (b)265x 
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Sarkar attribute the effects of silicon in part to its 
effect on metal transfer mechanisms between the 
pin and countersurface (Ref 29). There is also 
evidence for increased wear resistance with re- 
finement of the silicon particle morphology (Ref 
30, 31). 

It is clear, therefore, that microstructure- 
based explanations are needed to account for the 
variation in wear rates with silicon content. 
Moreover, there is a need to account for the 
reduction in strength that occurs with increased 
silicon content (Ref 32, 33). The complex ef- 
fects of composition on wear behavior suggest 
that wear resistance depends on other material 
properties (for example, fracture toughness) 
(Ref 34). Thus lower fracture toughness at 
higher levels of silicon could lead to higher wear 
rates if larger pieces of debris are created during 
the wear process. Variations in toughness and 
strength with composition might also account 
for the apparent ability of the near-eutectic com- 
positions to have a greater load-bearing capabil- 
ity at a given wear rate than either higher or 
lower silicon levels. 

Matrix Hardness. Increased matrix hardness 
is typically achieved through the heat treatment 
response produced by copper and magnesium 
additions. Most commercial applications of alu- 
minum-silicon alloys, in fact, depend on the in- 
creased strength achieved by heat treatment. The 
improved wear resistance of precipitation- 
strengthened material compared to solid solution 
strengthened material under low wear conditions 
was also noted by Soderberg et al. (Ref 35) 
using aluminum alloy 6061, which is strength- 
ened primarily by Mg2Si precipitates. This is 
also the strengthening mechanism in the heat- 
treatable magnesium-bearing aluminum-silicon 
alloys. Although heat treatment has a beneficial 
effect (Ref 26, 27, 32), variations in matrix 
hardness may be less important than the effects 
of silicon content (Ref 27). 

Intermetallic Constituents. In addition, 
there are important "other" hard phases present 
in commercial aluminum-silicon alloys that pro- 
vide enhanced wear resistance. These constitu- 
ents (for example, AI-Fe-Si, AI-Fe-Mn, AI-Ni, 
AI-Ni-Fe, AI-Cu-Mg) have varying degrees of 
hardness (Ref 36-38). Despite the apparent scat- 
ter, these constituents are all much harder than 
the aluminum matrix. Some examples of the 
hardness values of these intermetallic com- 
pounds are shown in "Fable 4. 

Typical room-temperature hardness values for 
the aluminum alloy matrices would be <1000 
MPa (<  100 kgf/mm2). The hardness values of 
the intermetallics decrease with increasing tem- 
perature (Ref 36), albeit at slower rates than the 
matrix hardness. 

The addition of "hard" phases in the form of 
particles or fibers to reduce wear is also utilized 
to create metal-matrix composites (MMC) mate- 
rials (Ref 39). These materials utilize hard inter- 
metallic, cermet, or ceramic phases to provide 
the high hardness material for wear resistance. 
Hornbogen (Ref 40) and Zum Gahr (Ref 41) 
have described in quantitative terms how the 
contribution of these hard phases to wear resis- 

Table 4 Typical hardness values of 
selected intermetallic constituents of 
aluminum-silicon alloys 

Hardness 

Phase MPa kgf/mm 2 

CuAI 2 3900 400 
3800-7600 390-780 

FeAI 3 7200 730 
6400-9400 650-960 
5160-7110 526-725 

3500 360 
NiAI 3 6000-7600 610-770 

7100 720 
4500 460 

Ni2AI3 9800-11,000 1000-1120 
Si 7000-14,200 715-1450 

11,880 1211 
Mg2Si 4480 457 
AI2CuMg 3700-3900 380-400 
AIgFeNi 8400-9680 860-987 
AII2Fe3Si 10,760 1097 

Table 5 Automotive engine 
applications of aluminum-silicon alloys 

Type of 
SAE alloy casting(a) Typical application 

319.0 S General purpose alloy 
Ref" 332.0 PM Compressor pistons 

36, 37 333.0 PM General purpose 
36 336.0 PM Piston alloy (low expansion) 
36, 37 339.0 PM Piston alloy 
37 355.0 S, PM Pump bodies, cylinder heads 
36 390.0 D Cylinder blocks, transmission pump 
38 and air compressor housings, 
36 small engine crankcase, air con- 
37 ditioner pistons 
38 A390.0 S, PM Cylinder blocks, transmission pump 
36, 37 and air compressor housings, 
36 small engine crankcase, air con- 
37 ditioner pistons 

37 (a) S, sand cast; D, die cast; PM, permanent mold. Source: Ref43 
37 
37 
37 

tance can be modeled in terms of their volume 
fraction and morphology. This composite ap- 
proach has been effectively used to develop new 
piston materials (see the section "Metal-Matrix 
Composites" in this article). 

Finally, the use of "softer" constituents (for 
example, graphite) should also be noted as an 
active area for development of wear-resistant 
aluminum-silicon MMC materials (Ref 32, 39, 
42). In these materials, ranking may depend on 
whether volumetric wear rates (in units of m~/m) 
or seizure resistance is being considered. The 
presence of the softer phase may lead to greater 
volumetric wear in some cases but greater resis- 
tance to seizure (higher load at seizure) in other 
cases .  

To summarize, the results of wear studies us- 
ing aluminum-silicon alloys illustrate a variety 
of mechanisms. The effect of variations in sili- 
con particle morphology is often not clear cut, 
although heat treatment is beneficial to the slid- 
ing wear resistance. Therefore, selection of an 
optimum microstructure is often difficult in 
practical situations where several wear types or 
mechanisms could occur. In general, either eu- 
tectic or hypereutectic alloys offer the greatest 
wear resistance under a wide range of wear con- 
ditions. Selection may then hinge on the depen- 
dence of in-service performance on other alloy 
characteristics or cost. Overall, the aluminum- 
silicon alloy system provides a good basis for 
developing lightweight, strong, wear-resistant 
materials. Examples of these applications will 
be discussed in the following sections. 

Aluminum-Silicon 
Alloy Applications 

Aluminum-silicon alloys are used in a variety 
of automotive, aerospace, and consumer product 
applications. 

Automotive Components 
Table 5 lists typical automotive components 

made from aluminum-silicon casting alloys (Ref 
43). The eutectic or nearly eutectic alloys (for 
example, 332, 336, and 339) (Ref 44), are per- 

haps the most widely used. Equivalent versions 
of these alloys are used for similar applications 
by European and Japanese automakers (Ref 45- 
47). 

Pistons. Typical applications for aluminum- 
silicon alloys in the French automotive industry 
are shown in Table 6 (Ref 45). In addition to 
being cast, the A-S12UN (eutectic) alloy can 
also be forged (Ref 48). Similarly, AA 4032, 
somewhat similar in composition to 336, is also 
widely used as a piston alloy (for example, for 
high-performance forged pistons). Hypereutec- 
tic alloys are also used for cast pistons, espe- 
cially in diesel engines (Ref 45, 49). The poten- 
tial benefit from composites that combine the 
strength reinforcement of ceramics with an alu- 
minum-silicon alloy matrix has also been evalu- 
ated (Ref 45, 47, 48). 

Engine Blocks and Cylinder Liners. The ev- 
olution of lightweight power plants has de- 
pended not only on lightweight pistons but also 
on the availability of wear-resistant cylinder lin- 
ers and engine blocks. Hypereutectic liners were 
described by Mazodier (Ref 50) and El Haik 
(Ref 51). It was also known that hypereutectic 
aluminum-silicon alloys had excellent properties 
for engine blocks (Ref 52-54). This led to the 
development and application, in both the United 
States and Europe, of the A390 (A-SI7U4) al- 
loys for die cast engines (Ref 55-60). An impor- 
tant aspect of the A390 success is the use of a 
"system" (Ref 60) that includes the engine alloy, 
the piston materials (electroplated cast F332[AA 
332.0] alloy), and the cylinder bore finishing 
process. Fine honing to a 0.075 to 0.15 ~m (3 to 
6 p, in.) surface finish, followed by controlled 
etching/polishing to leave silicon particles stand- 
ing slightly above the alloy surface, was deemed 
necessary for optimum wear resistance. 

Efforts to simplify the 390-type technology by 
finding a more wear-resistant alloy for the cylin- 
der or reducing the difficulties of finishing the 
bore have led to substitute alloys. One approach 
has been the use of a lower silicon alloy contain- 
ing more nickel and manganese (for example, 
the Australian-3HA alloy, with a nominal com- 
position of Al-13.5Si-0.5Fe-0.45Mn-0.5Mg- 
2Ni) (Ref 61). 
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Table 6 Selected aluminum-silicon alloy applications in automobiles produced 
in France according to engine type and specific automobile manufacturer 

Manufacturer 

Engine type Citroen Peugot Renault Talbot 

Gas A-SI2UN A-S10UN(F)(a) A-SI 2UN A-S10.5UN 
. • • A-S 12 UN(A)(b) - - - A-S 11 UN 
. . . . . . . . .  A-SI2UN 

Diesel A-SI 8UN A-SI 2UN A-SI 8UN . - - 
• •. A-S13UN . . . . . .  

(a) F, cast iron liner. (b) A, aluminum block. Source: Ref 45 

Con t inu ing  interest  in the use  o f  more  h igh ly  
wear- res is tant  mater ia ls  in o ther  engine- re la ted  
parts has  led to recent  appl icat ions  such  as roller- 
type va lve  rocker  a rms  (Ref  62) and valve  lifters 
for the Toyo ta  Lexus  (Ref  63-64).  The  rocker  
a rm alloy used  in the M a z d a  929 is a nomina l  
A l - 1 0 S i - 2 . 7 C u - 0 . 8 M g - 0 . 4 5 M n  alloy s o m e w h a t  
s imilar  to the A A  383 alloy. The  valve  lifter, on  
the o ther  hand ,  is a s t ron t ium-modi f i ed  AI-Si -Cu 
alloy des igna ted  4T 12 (compos i t ion ,  AI- 10.5Si-  
4 . 5 C u - 0 . 6 M g - 0 . 2 M n ) .  

Typical  e x a m p l e s  f rom a more  detai led com-  
pilation o f  a l u m i n u m  alloys used  in wear- res is -  
tant appl icat ions  in U.S .  autos  are s h o w n  in Ta-  
ble 7. 

Bearing Al loy  C o mpo nent s .  A l u m i n u m  al- 
loys  have  been uti l ized for bear ing  appl ica t ions  
for m a n y  years .  The  m a n y  uses  range  f rom die- 
sel and internal combus t i on  eng ines  to a variety 
o f  tool ing appl icat ions  (for e x a m p l e ,  p resses ,  
lathes,  and mi l l ing  mach ines )  (Ref  66). Impor-  
tant cast  bear ing  al loys were based  on a lumi-  

Table 7 Wear-resistant aluminum-silicon alloys used in automotive piston components 
produced for United States automotive manufacturers in 1978 to 1985 model years 
Application Manufacturer Model/make Model year(s) 

Internal combustion engine components 

Pistons 

Brake system components 

W h e e l  c y l i n d e r  p i s t o n s  

Master cylinder pistons 

Transmission components 

Intermediate band servo pistons 
Rear band servo pistons 

Source: Ref 65 

American Motors All 1978-85 
Ford Mercury 1978-81, 83-85 
General Motors Buick 1978-81, 84-85 

Others 1978-81, 83-85 

American Motors All 1983-85 
Chrysler All 1983-85 
Ford All 1978-85 
General Motors All (except for 1984-85 

Cadillac) 
Cadillac 1985 

American Motors All 1984-85 
Chrysler All 1984-85 
Ford All 1983 -85 
Ford Mercury 1978-81, 
General Motors All 1984-85 

Ford Some 1983-85 
Chrysler Some 1984-85 
Ford Some 1983-85 

84-85 

num-s i l i con  or AI -Sn -Cu  a l loys ,  whe reas  
wrough t  bear ing a l loys  hav e  inc luded  the 8xxx 
types  (for e x a m p l e ,  A A  8081 and  A A  8020) 
(Ref  66,  67).  C o m p o s i t i o n s  o f  var ious  a lumi-  
n u m  bear ing  al loys are l isted in Table  8. 

Improved  s t rength  and  fa t igue  pe r fo rmance ,  
as well as s o m e  increased  wear  res i s tance ,  has  
been achieved  with s i l icon addi t ions .  T h u s ,  al- 
loys  S A E  780 and  S A E  781 have  b e c o m e  widely  
used  for au tomot ive  appl ica t ions  su ch  as m a in  
and connec t ing  rod bea r ings  (Re f  68,  69).  Th e  
h igher  si l icon al loy,  781,  is also u sed  in bush -  
ings and thrust  bear ings .  Its im p ro v ed  wear  per-  
fo rmance  has  been at t r ibuted to the  increased  
si l icon content  o f  the wear  sur face  (Ref  70).  
These  a l u m i n u m - s i l i c o n  a l loys  are readi ly  used  
with steel back ing  in h igh- load  s i tuat ions .  

Advanced Aluminum Bearing Alloys. Th e  
nomina l  compos i t i ons  o f  im p ro v ed  bear ing  al- 
loys  with si l icon addi t ions  are l isted in Table  9. 

A l t h o u g h  a soft  phase  (for e x a m p l e ,  tin) is 
normal ly  cons idered  des i rable  for avoid ing  sei- 
zure,  the  compat ib i l i ty  o f  an A I - 1 1 S i - l C u  al loy 
was  better than  that o f  the  tradit ional  a l u m i n u m -  
tin al loy (SAE 783) (Re f  71).  The  s i l i con-copper  
alloy also had m u c h  better  fa t igue res is tance .  
The  improved  propert ies  resul ted  in appl icat ions  
such  as diesel  c rankshaf t  and  connec t ing  rod 
bear ings .  Never the less ,  in line with the concerns  
expressed  by Davies  (Ref  72) ,  the harder  sili- 
con-con ta in ing  al loy was  more  sens i t ive  to mis -  
a l ignment - induced  seizure.  

The  addit ion o f  si l icon to a l u m i n u m - t i n  al loys 
conta in ing  lower tin levels than  that o f  the 783 
alloy provided a c o m p r o m i s e  be tween  the con-  
formabi l i ty  o f  the so f t -phase  material  and  the 
benefi ts  o f  the harder  si l icon phase  for improved  
wear  and fat igue res is tance  (Ref  73).  This  alloy 
could  apparent ly be used  wi thout  the c o m m o n  
lead alloy over lays  emp loyed  for se izure  resis-  
tance.  The  impor tance  o f  fa t igue res is tance  was  
also emphas i zed  in the improved  A1-Sn-Si al loys 
reported by Ogi ta  et al. (Ref  74). As  s h o w n  in 
Table  9, these al loys are s o m e w h a t  s imilar  to 
those o f  Fukuoka  et al. (Ref  73).  

As  another  al ternat ive to the lead- or  t in-con-  
taining al loys,  a g raph i te -con ta in ing  AI-12Si  al- 
loy has  been success fu l ly  eva lua ted  for bear ings  
(Ref  75). The  use  o f  a mod i f i ed  lead plus  ind ium 
addit ion to an AI-I  lS i -Pb  bear ing al loy has  also 
been reported (Ref  76).  

Table 8 Nominal compositions of standard 
aluminum-silicon alloys used in bearing applications 

Alloy 

Aluminum 
Association SAE 
designation designation 

Composition, wt% 

Si Sn Cu Fe Ni Cd 

850 770 0.7 5.5-7 0.7-1.3 0.7 0.7- t .3 ' " " 
8280 780 1-2 5.5-7 0.7-1.3 0.7 0.2-0.7 . . . 

851 " " " 2-3 5.5-7 0.7-1.3 0.7 0.3-0.7 " " - 
852 ' ' ' 0.4 5.5-7 1.7-2.3 0.7 0.9-1.5 . . - 

" " " 781 3.5-4.5 " ' ' 0.05-0.15 0.35 " - - 0.8-1.4 
8081 " "  0.7 18-22 0.7-1.3 0.7 . . . . . .  
• " " 782 0.3 - ' - 0.7-1.3 0.3 0.7-1.3 2.7-3.5 
" . " 783 0.5 17.5-22.5 0.7-1.3 0.5 0.1 • • . 

Source: Ref 66-68 

Table 9 Nominal compositions 
of advanced aluminum-silicon 
alloys used in bearing applications 

Composition, wt% 

Alloy(a) Si Sn Cu Mg Pb Other Ref 

D 
E 
F 
G 
H 

11  - - -  1 . . . . . .  

3 1 0  0 . 4  • • - 1 . 8  

1 2  ' " • 1 1 . 5  . • - 

. . . . . .  4 . 5  . . . . . .  

1 1  . . . . . . . . .  2 0  

2 . 5  1 2  1 . . . . . .  

6 • • • 1 . 2  0 . 5  1 

4 0 . 5  0 . 1  0 . 1  6 

(a) Arbitrary designations 

' ' "  6 
0.3 Cr 8 
3C,  
1 Ni 9 
3C - . .  
1.4 In 10 
0.25 Mn 11 
4 Zn 12 
0.3 Mn 13 
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Japanese concerns with the pollution and tox- 
icity aspects of cadmium-containing alloys have 
led to improved aluminum-zinc bearing alloys 
(Ref 77). These have also been improved with 
silicon additions. The additional matrix wear be- 
tween the silicon particles is believed to create 
lubricant reservoirs that enhance seizure resis- 
tance. However, overlays (lead-tin alloys) are 
still required for best conformability. 

Finally, the combined effect of silicon and 
refinement of the silicon- and lead-bearing 
phases by rapid solidification processing has re- 
sulted in an improved AI-6Pb-4Si bearing alloy 
(Ref 78). This alloy has grown in usage recently 
and is projected to be used in 78% of the cars 
built in the United States during 1991. 

Because of the increasing understanding of 
the balance among wear, fatigue, and seizure 
resistance of bearing materials, silicon alloys 
have been used to develop new and improved 
bearing materials. Further improvements will 
undoubtedly be necessary as engine operating 
conditions evolve toward higher temperatures 
and operating speeds. 

Consumer Electronics Components 
The growth of this market, which encom- 

passes video cassette recorders (VCRs), video 
tape recorders (VTRs), digital audio tape (DAT) 
applications, and other devices (for example, 
personal computers), has created numerous op- 
portunities for the use of lightweight, relatively 
corrosion-resistant and wear-resistant alumi- 
num-silicon alloys. VTR cylinders arc specifi- 
cally cited by various Japanese authors (Ref 79- 
81) because the eutectic-type silicon alloys have 
low coefficients of friction against the tape. 

Aerospace Components 
A nonautomotive engine application of alumi- 

num-silicon alloys is the use of the 390-type 
alloys in an aircraft engine (the Thunder engine) 
(Ref 82). 

Breakthroughs in Aluminum- 
Silicon Wear-Resistant Materials 

Metal-Matrix Composites. Composite pis- 
tons were recognized early as a potentially via- 
ble application of MMC technology. While 
some composite approaches, especially for the 
severe operating conditions of diesel pistons, 
recommended the addition of specific metallic 
inserts to achieve improved performance (Ref 
83), the bulk of development efforts have gone 
into the incorporation of ceramic fibers. 

The use of ceramic fiber aluminum-silicon 
MMC materials for pistons is described in a va- 
riety of publications (Ref 47, 48, 84-88). There 
are clear benefits to strength at elevated temper- 
atures and reduction of the thermal expansion 
coefficient. These materials appear to be espe- 
cially applicable in critical areas such as the top 
piston rings and top land (a high-temperature 
area). The castability of the aluminum-silicon 
alloys is a favorable factor in their use as matri- 
ces, particularly because squeeze casting is one 

of the preferred fabrication routes for composite 
pistons. 

The property improvements at elevated tem- 
peratures have encouraged ongoing develop- 
ment of the MMC technology for automotive 
engine applications, including engine blocks. 
The ability of the MMC approach to allow selec- 
tive strengthening of the cylinder region was 
taken advantage of by Honda engineers (Ref 
89), who utilized composite reinforcement of 
alloy ADC 12 (a Japanese alloy similar to 383) in 
the manufacture of a die cast engine block. 

Powder Metallurgy. The combined benefits 
of high silicon content and refined silicon parti- 
cle size on wear resistance are strong driving 
lbrces behind the use of P/M techniques for 
making aluminum-silicon alloy parts. The P/M 
approach has been of special benefit to the hy- 
pereutectic silicon alloys. One example of this is 
the use of P/M A-SI7U4 alloy to make cylinder 
liners (Ref 90, 91). The properties of these al- 
loys exceed those of standard alloys (Ref 92). In 
addition, high levels of additional elements can 
be utilized to obtain good strength and wear- 
resistant properties at elevated temperatures (Ref 
93-95). 

The refined microstructures available from 
the P/M fabrication of hypereutectic alloys have 
a beneficial effect on fatigue characteristics as 
well. This attribute has been utilized in the pro- 
duction of rotors and vanes for rotary automo- 
tive air conditioners (Ref 96). For this applica- 
tion, P/M alloys with high levels of iron or 
nickel are blended with P/M 2024-type alloys to 
create alloys containing 17 to 20% Si and 5 to 
8% Fe or Ni. 

Spray casting, as exemplified by Osprey proc- 
essing, has been shown to offer benefits similar 
to powder metallurgy (Rcf 97, 98). This has the 
potential for even greater cost savings, which is 
an important factor if the aluminum industry is 
to compete successfully in the automotive mar- 
ket. In a comparison of the structure in an AI- 
20Si alloy, Kahl and Leupp (Ref 97) showed 
that there was practically no difference in silicon 
particle size between the P/M and Osprey proc- 
essing routes. Furthermore, they claimed that 
the fine and uniform silicon particle size resulted 
in improved wear behavior compared with that 
of conventionally produced material, although 
details of their test procedure are not known. 
Earlier work at Delft University (Ref 99) com- 
pared the rate of mass loss of an AI-20Si-3Cu- 
1.3Mg alloy rubbing against cast iron at a pres- 
sure level of 5.5 MPa (800 psi). In this test, the 
Osprey material showed better resistance to 
wear than e~ther the ingot metallurgy (I/M) or 
P/M samples. The reason for the better perform- 
ance of the Osprey product compared with the 
P/M material was not clear, but it was hypothe- 
sized that the slightly larger silicon particles of 
the Osprey product helped reduce the fretting 
wear. 

Coatings/Surface Treatments. Other ap- 
proaches to the wear (adhesion) problems of alu- 
minum pistons moving in aluminum cylinders 
have taken the path of coating or surface treat- 
ment of the piston rings and cylinder bore to 

minimize wear problems (Ref 100). The selec- 
tive fiber strengthening noted above is related to 
this problem also. One widely used treatmentqs 
the so-called Nikasil treatment (Ref 101), an 
electrochemical treatment utilizing a dispersion 
of silicon carbide particles, preferably <4 txm 
(<160 txin.) in size, in a nickel matrix. 

Efforts to take advantage of both the P/M and 
surface treatment approach are exemplified by 
the emerging surface treatment technologies of 
surface alloying via ion implantation (Ref 102- 
105), thermal spraying (Ref 106-108), and sur- 
face treating or alloying using laser treatments 
(Ref 109-111). Ion implantation is recognized 
for its ability to impart wear-resistant surfaces, 
but principal applications have been to protect 
tool surfaces in critical processing operations. 
Laser hardening can be achieved through laser 
cladding to produce a chemically different sur- 
face or through the effective heat treatment (or 
remelting and rapid solidification) brought about 
by laser heating. The work by Blank et al. (Ref 
111) using 7 and 12% Si alloys, however, indi- 
cated that surface alloying (for example, with 
iron or iron plus vanadium) was more effective 
for increased wear than surface heat treatment 
effects alone. In any case, the ability to tailor 
surface properties to a technological need will 
enable engineers to obtain further enhancement 
of the wear resistance of the aluminum-silicon 
base alloys without sacrificing their other advan- 
tages. 
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