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. This is
A B S T R A C T

As in situ natural composites with silicon phase acting as the reinforcing phase, Al-Si alloys
are among most commonly used aluminum alloys in automotive applications (i.e. engine
component). Silicon contributes to the strength of Al-Si alloys through load transfer from
the Al matrix to the hard (rigid) Si phase in the microstructure (load-carrying capacity).
Casting parameters (i.e. solidification rate, elemental segregation, secondary dendrite
spacing . . . ) as well as the size and distribution of themicrostructural constituents in Al-Si
alloys (i.e. morphology of Si particles, intermetallic compounds, secondary dendrite
spacing) contribute directly to themechanical response and failure (or fracture) behavior of
the alloywithin the service. In hyper-eutectic Al-Si alloys (i.e. B390.0), distribution of coarse
pre-eutectic Si particle mainly contribute to stress concentration, crack initiation and
propagation during the actual service condition. In the present paper, the parameters
contribution to the formation of the circumferential cracks in clutch housings made of die
cast hyper-eutectics B390.0 Al-Si alloys are assessed through optical microscopy and
scanning electron microscopy. Casting variable, cooling rate, their effect on the cracks as
well some of the possible causes are also discussed in detail.
© 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A combination of unique properties including high strength-to-weight ratio, high wear resistance, low thermal
expansion, good machinability, good castability, and good vibration dampening is required in the transmission clutch
housings to meet the functional requirements as expected in the new generation of vehicles. Al-Si alloys and in particular
hypereutectic aluminum-silicon alloys are among top promising alternative materials for improving the tribological
characteristics of connecting rods, clutch housings, brake drum and cylinder blocks [1–5]. Silicon is added to aluminum to
increase stiffness, improve wear resistance and to maintain melt fluidity during casting. The microstructures of the
hypereutectic Al-Si alloys could be considered as metal-matrix composites (MMC) reinforced by hard particles. In
hypereutectic Al-Si alloys, a higher extent of Si increases the overall hardness of the alloy and therefore makes it more
resistive to wear [6]. The Si content in the cast Al-Si alloys varies between 5 to 23wt% depending on the composition of the
alloys including hypo-eutectic, hyper-eutectic or eutectic according to the equilibrium binary diagram (Fig. 1). Properties of
specific alloys depend upon the chemical composition (i.e. volume fraction of aluminum solid solution and silicon phase) of
edu (M. Haghshenas).
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Fig. 1. Al-Si phase diagram showing hypo- and hyper-eutectic alloys.
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the alloy as well as other parameters that act during solidification stage including cooling rate and liquid-solid temperature
gradient [7,8].

Among Al-Si alloys, hyper-eutectic family (>12.6% Si) has been used in applications where high wear and strength
resistance aswell as low thermal expansion are needed [9,10]. Themore Si an Al-Si alloy contains (i.e. high volume fraction of
Si embedded in the aluminummatrix), the lower its thermal expansion coefficient will be; this characteristic and excellent
wear resistance of hyper-eutectic Al-Si has made this family of Al-Si alloys as number one choice for vehicle engine
applications, i.e. cylinder head, clutch housing and, blocks. Beside this, it is reported that high cycle fatigue strength of
hypereutectic Al-Si alloys is 50% higher than hypoeutectic Al-Si alloys [11].

B390.0 is a hypereutectic Al-Si alloy which is over saturated with silicon (16–18% Si). During the formation of the alloy,
silicon particles dissolve in the molten aluminum, while temperature rises, and become inseparable. However, below the
eutectic point (12.6wt% Si), while temperature decreases, silicon will not dissolve but rather precipitate out in crystalline
form. Commercial grade hypereutectic Al-Si alloys range from 12.6wt% to 20wt% or more in silicon concentration. Primary
crystalline Si particles enhance the hardness of the alloy and provide the required surface characteristic. Both volume and
uniform distribution of primary Si particles play significant roles in wear resistance of hypereutectic Al-Si alloys for engine
components [12]. Beyond 20% silicon concentration the alloys hardness reaches a level where it can no longer be machined
using traditionalmachinery. Therefore in terms ofminimizing casting costs for producing cylinder blocks, it is important that
the material is machinable using standard tooling.

When a hypereutectic Al-Si alloy is chosen as the clutch housing material, the optimummicro structure for the casting is
to have uniformly distributed primary silicon crystals in a eutectic Al-Si matrix. The uniformly distributed primary silicon
particles are the key material characteristic for the clutch housing surface. Alloy 390 (ANSI/AA B390.0) was developed for
automotive engine blocks; its resistance to wear is excellent but, its ductility is low. It is used for die cast valve bodies and
sleeveless piston housings. Poormechanical properties of B390.0 alloys in the actual service are attributed to the presence of
coarse-faceted and brittle silicon particles (pro-eutectic silicon) and the resulting stress concentration in the microstructure
[1,13].



Table 1
The nominal chemical composition of B390.0 alloy, wt%.

Si Fe Cu Mn Mg Ni Zn Ti Al

B390.0 16–18 1.3 4.0–5.0 0.50 0.45–0.65 0.50 1.50 0.10 Bal.
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It has been reported that the mechanical properties can be improved by changing the morphology and size of coarse
lamellar silicon particles into small and finely distributed particles [14]. Beside chemical modifications and mechanical
processing, silicon particle size and distribution can be controlled by changing the cooling rate during solidification; since Si
particles are formed as the primary product of the eutectic reaction, increasing the cooling rate results in decreasing the Si
particles size [15,16].

The present paper aims at describing a case study on assessment of circumferential cracks in a clutch housing found
during the manufacturing stage. The material of the clutch housing part was a hypereutectic Al-Si alloy in as-cast condition.
Microstructural examination of the failed part was done through optical and scanning electron microscopy. To this end,
[(Fig._2)TD$FIG]

Fig. 2. The location of cracks on both sides; a) inside view of the crack, b) outside view of the crack. Red arrows show the crack path. Surface revealing crack
is machined which made it possible to actually see the crack during the manufacturing process. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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microstructural and mechanical assessments were performed through optical microscopy, scanning electron microscopy
and hardness testing, respectively.

2. Experimental procedure

The starting cracked component is a die cast part of transmission out of B390.0 aluminum cast. Table 1 shows the nominal
chemical composition of B390.0 which is a hyper-eutectic Al-Si alloy (Fig. 1).

Samples for optical microscopy were prepared from cracked specimens using a low-speed diamond saw. Using silica
sandpapers, the transverse sections of the sampleswere coarse andfine polished using a 0.03–0.06m colloidal silica solution.
After polishing, samples were etched with a 0.5 percent HF solution. Micrographs were taken using an optical microscope
(OLYMPUS GX71) equipped with a digital camera and accompanying software on a PC. To assess the microstructure and
identify different phases a scanning electron microscope (Quanta FEG 650) equipped with energy dispersive spectrometer
(EDS) was employed. Vickers hardness testing (200 g) was used to record variation in the strength of the part around cracked
region.

3. Results and discussion

3.1. Characteristics of the crack

The failed part contains a single, wide crack running through the entire circumference of the part (Fig. 2). No sign of
deformation is visible in the plate indicating that the failure occurred in a brittle mode. Fig. 3 shows the SEMmicrostructure
and EDS analysis of different spots of the failed part which consists of aluminummatrix with silicon particles as reinforcing
phase. The primary Si is those light gray regions while white phases are different types of iron-rich intermetallic compounds
[(Fig._3)TD$FIG]

Fig. 3. SEM image of the cracked Al-Si alloy including EDS analysis results of different spots in the structure, wt%.
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(i.e. Al5FeSi, Al15(Fe,Mn)3Si2 [17,18]). Solubility of Fe in Al is very little, therefore, it forms various intermetallic compounds
with Al and other elements.

Fig. 4 shows the optical micrograph of the failed (cracked) part near the fracture surface. As seen, the microstructure of
the alloy around the crack are quite different; in the left side, grains, Si particles, and intermetallic compounds are quite
coarse, however, in the right side fine structure is observed.

Fig. 5 shows the cracked region at higher magnification. From left to right themicrostructure can be divided to (i) coarse-
sized structure, (ii) crack, (iii) fine-grained structure, and (iv) medium-grained structure. Some gas porosities are also visible
in Fig. 5. These defects act, at a minimum, to decrease the load bearing cross section and as crack nucleation sites.

It is reported that achieving homogeneous and uniform properties through casting process of the hypereutectic Al-Si
alloys is quite challenging. Controlled casting of hypereutectic Al-Si alloys is very important because the tribological surface
characteristics of hypereutectic Al-Si cylinder bores greatly depend upon even dispersion of Si particles [12,19].
[(Fig._4)TD$FIG]

Fig. 4. Optical micrograph of the through-thickness crack showing the crack path and surrounding structures.
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Fig. 5. Higher magnification of the crack and the surrounding structures including course, fine, and medium grain size. Red line is the border between fine
and coarse grain sizes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Different grain sizes observed in Figs. 4 and 5, can be attributed to different cooling (and solidification) rates happened
inside the die during casting process. Finer grain area corresponds with the higher cooling rate which is typical for surface
solidification of metal. As the solidification time is shorter, less time will be available for the diffusion of the hydrogen into
the inter-dendritic regions resulting in lower volume fraction of pores near the surface. Also, increasing the solidification rate
reduces the time during which solid state diffusion state may take place which results in a lower concentration of Si in solid
solution. These effects result in refinement of grains and phases (i.e. Fe-Si intermetallic compounds), modification of acicular
eutectic Si, and suppression of detrimental precipitates [20]. It is reported that increasing the cooling rate causes a change in
the morphology and magnitude of Fe-rich intermetallic (i.e. Al4FeSi2, Al5FeSi) compounds.

The left side of the crack includes large Fe-intermetallic compounds and coarse pro-eutectic Si phase revealing that the
rate of cooling is quite slow. These coarse phases, formed at a slowcooling rate, are detrimental to themechanical properties.
However, on the right side with higher cooling rate, the solubility of Si in Al-matrix increases and density and distribution of
pro-eutectic Si gradually decreases. Higher dissolution of Si content in Al-matrix results in the fragility of the alloy promoting
the crack susceptibility.

3.2. Casting parameters

The rate of advance of the solidification interface in Al-Si alloys depends on two parameters [21]: (i) the balance between
the rate of heat flow from the liquid to the solid through the interface and (ii) the latent heat of fusion released during
solidification. Latent heat of fusion of Si (1411 J/g) ismore than 3.5 times of aluminum (396 J/g)while its thermal conductivity
is just 40% of aluminum thermal conductivity. This results in faster solidification rate in Al comparedwith Si. As seen cooling
rate possesses a significant effect on the microstructure (i.e. grain size) and in particular characteristics of Si particles
(i.e. size,morphology, distribution). Increasing cooling rate results in finer grains and intermetallic compounds size aswell as
smaller eutectic Si particles size [22]. Poor ductility was found inmicrostructures solidified at lowcooling rates (>1 �C/s) that
showed an overgrowth of primary Si in the Al matrix, as well as a large fraction of coarse acicular eutectic Si. On the other
hand, rapid cooling may produce fragility in thin-section castings.

Beside a primary through crack, some secondary cracks in siliconparticles and Fe-rich intermetallics are also visible along
with the principal crack and aremostly confined along the silicon particles (Fig. 6a). These cracks are shownwith a red arrow
in Fig. 6a. Under applied external stresses during manufacturing (i.e. machining) or service, Al matrix experiences plastic
deformation around Si platelets (and Fe-rich particles) resulting large stress mismatch and stress concentration which
reduces the toughness and crack resistance of the component. Indeed, tips and terminals of these hard (and brittle) phases
act as stress riser points upon which crack nucleates in the Al matrix and propagate through hard and stiff phases (Si and



[(Fig._6)TD$FIG]

Fig. 6. a) cracked Si particles and Fe-rich phases along with the principal crack, b) Schematic illustration of the fracture mechanism including starting
microstructure of Al-Si alloy and propagation stage of crack along Al–Si interfaces and breakup of blocking intermetallic particles [25].
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Fe-rich) upon loading (Fig. 6b) [6,23]. It worth noting that the presence of these secondary cracks weakens matrix
(de-bonding of the silicon/Fe-rich particles from the matrix and propagation (coalescence) of cracks through cleavage of
these brittle phases) and thus more tight control of solidification rates is extremely important.

During actual service, cracks are initiated in the silicon particles or at the interface of Si particle and aluminum matrix,
then the damage grows and micro-cracks are formed. These micro-cracks then link to each other and crack propagates [2_TD$DIFF]

(Fig. 7). In Al-Si alloys, crack initiationmainly occurs due to stress incompatibility and low bonding strength between ductile
aluminummatrix and brittle Si particles. Due to de-bonding between Al and Si, micro-voids are formed at the Al/Si interface;
then these micro-voids may interconnect to each other within actual service under applied stresses/strains and form the
principal macro-crack [24]. Sometimes the fracture is dominated by the iron-rich intermetallics, and Si particles. In hyper-
eutectic Al-Si alloys, the fracture seems of an intergranular failure mode where coarse pro-eutectic Si particles and Fe-rich
intermetallic compounds are present. Iron possesses very low solubility in aluminum and this results in the formation of
various Fe-rich phases (i.e. spots 2, 3, 5) which are hard and brittle. Therefore, these phases tend to have a relatively low bond
strength to thematrix resulting in co-participation of these iron-rich intermetallics and the Si particles in the damage events.
For engineering applications (where ductility and toughness are critical), the Fe-content of the alloys should be kept at a
minimum level Fig. 7.[3_TD$DIFF]

3.3. Mechanical properties

In general, the impact strength of Al-Si alloys is quite low which makes them a fragile alloy in impact applications. For
instance, the impact energy of hypereutectic Al-Si alloys varies between 4 and 12 J/cm2 [25,26]. The main reason for such
small impact energy in hypereutectic Al-Si alloys is the presence of hard and brittle Si particles and intermetallic compounds
embedded in a ductile (aluminum)matrix. These particles can act as stress concentration (and crack initiation) sites through
which crack can propagate even upon applying small impacts. One way to improve crack resistance of these alloys is silicon
spheroidization though chemical modifications, heat treatment and thermomechanical processing. By spheroidization,
sharp tips and terminals of Si particles (and intermetallic compounds) are eliminated thus improving impact strength and
other mechanical properties [17].

To measure the hardness variations in the cracked region Vickers hardness testing with 200 g f load was used. Fig. 8a
shows the indentation prints around the cracked region and Fig. 8b shows the corresponding variation in hardness (hatched
area corresponds to crack path). As seen, on the left side of the crack inwhich coarse particles are present, large variations in
[(Fig._7)TD$FIG]

Fig. 7. The crack and the structure around it. On the left hand side the surface of the solidifiedmelt is smooth (green arrow). This is an indication of absence
of fusion. Crack formation usually results in a rough surface on opening. This is because of the way crack propagates. The smooth surface, in this case, can
only come frommoltenmetal and it will be representative of solidified surface of themelt. It is always smooth – surface tension of melt. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. a) Vickers indenter prints on the cracked face, b) corresponding variations in hardness (the distance is measured from the crack).
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hardness points exist; however, less scatter in hardness points is seen on the right side of the principal crack path where
particles are finer and more evenly distributed.

By doing point analysis through EDS different phases in the microstructure were individually analyzed. The
corresponding compositions of the major elements are presented in Fig. 3. Dark colored phase in the microstructure
corresponds to primary silicon particle while the composition of bright-colored phase is closely related to the Fe-rich
intermetallic phase (i.e. Al5FeSi).
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4. Conclusions and remedial actions

The microstructure of the studied Al–Si alloy was mainly composed of primary and eutectic silicon particles along with
iron-rich intermetallic compounds. During manufacturing and subsequent finishing (i.e. machining), the part showed a
typically brittle fracture mode.
1.
 Differences in morphology between two sides of the crack are indicative of different solidification and, probably, cooling
rates of two streams of metal in the cavity that met each other in the point where fracture observed.
2.
 Control of solidification rate is very important for preventing material failure under load. Solidification rate of metal is
directly related to pouring temperature, and chemical composition of the alloy being used. Inaccurate controlling of these
parameters may result in hot tearing phenomenonwhich is very probable in this alloy because of its large mushy (solid &
liquid) zone as well as large thermal/mechanical stresses during the actual service.
3.
 Differenced in solidification rates are probably resulted from either non-uniform cooling of cavity, issues with overflow
cavities, or cavity preheating.
4.
 Brittle silicon and iron-rich intermetallic phases act as easy crack paths, linking the particle fractures together and leading
to an uncontrolled fracture of the material.
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