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Abstract  

 

A uniform, fine -phase microstructure enhances the mechanical properties of Al-Si alloys, 

however, it is an open question how the  phase affects the crack-growth behavior. This paper 

addresses the effects of the morphology and distribution of  phase on the fracture behavior in a 

model dual-phase Al-7%Si alloy with different microstructures. The influences of microstructural 

factors on crack-growth behavior are examined using in-situ experiments. The results show that a 

globular -phase microstructure produces a straight crack-growth path, whereas a dendritic, 

orientational -phase microstructure leads to a deflected crack profile. Finite-element modeling is 

performed to simulate the fracture behavior, and to rationalize the observed phenomena. The 

near-tip J-integral based fracture criterion is used to predict the fracture path. Numerical results 

indicate that a variation in the morphology and distribution of  phase changes the symmetry and 

intensity of the near-tip stress, strain and displacement fields due to the strong mismatch in 

elastic-plastic properties of the  phase and eutectic phase, which have major influences on both 

crack-growth direction and crack-tip driving force.  
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1. Introduction 

 

Due to the increasingly widespread applications of cast Al-Si alloys in automotive and aircraft 

industries, a large volume of research has been conducted to investigate the 

microstructure-property relationships in such alloys [1-8]. In those studies, the Al-Si alloys were 

generally produced by mould casting coupled with different cooling rates. A mould-cast 

hypoeutectic Al-Si alloy is of a dual-phase microstructure, composed of a primary dendrite  phase 

and an interdendritic eutectic (EU) phase. The  phase is an Al-based solid solution, while the EU 

phase is an Al matrix dispersed with eutectic Si particles and various kinds of intermetallics. 

However, the Al-Si alloys produced by a rheocasting technique, one of the presently available 

casting approaches, show a globular cell -phase structure other than a dendritic cell 

microstructure. Such a globular -phase microstructure provides improved properties such as 

enhanced ductility, as compared to a dendritic microstructure [9-11]. In contrast to the large volume 

of research into the damage evolution of Si particles and its deteriorating effects on the deformation 

behavior and fracture properties mainly in dendrite-structure Al-Si alloys, relatively few studies 

have been devoted to the effects of the size and shape of  phase on the crack-growth behavior in 

Al-Si alloys manufactured by different casting techniques.  

Indeed, a strong interaction exists between a crack and individual phases in a hypoeutectic Al-Si 

alloy because of the strong mismatch in elastic and plastic properties between the  phase and the 

eutectic phase, the spatial distribution of which is believed to affect the symmetry and the intensity 

of near-tip fields. In the literature [12-20], the effects of the elasticity and plasticity mismatch on 

fracture behaviors have been extensively investigated in multi-layered materials. The experiments 

of crack growth in layered materials [12,13] have shown that cracks in the ceramics nearby the 

interface with the metal were attracted towards the metal layer in systems such as Al2O3/Al due to 

the higher compliance of aluminum, and the cracks were deflected away from the metal layer in 

systems such as glass/copper since glass was more compliant than copper. In such bimaterial 

systems, for a crack in a weaker material nearby the interface with a harder material, the crack-tip 

driving force in terms of the near-tip J-integral was reduced, whereas the crack-tip driving force 

was amplified for a crack in a harder material nearby the interface with a softer material.[16,17]   

The specifics of the layered structures are that they have a clear, straight interface or boundary 

between neighboring constituents with different elastic and plastic properties, while layered 

materials are just one example of various inhomogeneous materials. The size, shape and 

distribution of individual constituents with differing elastic and plastic properties are arbitrary and 
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random in many other engineering materials. In non-layered inhomogeneous materials, crack 

propagation is not that straightforward. Numerical simulations [21] of the effects of a single -Al 

phase in a simplified analytical model demonstrate that both the fracture path and crack driving 

force are significantly influenced by the presence of  phase, and especially, by the spatial location 

of the  phase with respect to the crack tip, owing to the fact that a change in the relative location 

between the -phase and crack tip varies the near-tip stress-strain fields.     

The present work, motivated by the aforementioned experimental and numerical findings, is to 

investigate and identify the features of fracture behavior in three practical microstructures made of 

a model Al-7%Si alloy, with different morphologies of  phase and eutectic phase produced by 

mould casting and by rheocasting. As is known, the effects of individual microstructural features 

on the damage and fracture of a material are not independent, and the interaction of various 

structural factors tends to complicate each other; therefore, the damage of Si particles in the 

eutectic region will be examined as well, since they may directly and significantly affect the 

fracture properties although it is not the main purpose of this work. First, in-situ observations of 

crack growth in the three materials are conducted on precracked samples, and the crack-growth 

trajectories with different features are recognized. Then, typical microstructural features of 

phases are extracted and incorporated into finite-element models (FEM) to simulate the fracture 

behavior, and the local stress, strain and displacement fields are examined to understand the 

observed behavior micromechanically. This simulation not only helps in identifying and 

understanding the effects of the spatial distribution of  phase on fracture behavior in hypoeutectic 

Al-Si alloys, but can be extended to analyze the fracture phenomena in other multiphase materials.    

 

2. Approaches 

 

2.1. Material and experiment 

 

Specimens were cut from the central parts of the ingots of a model Al-7%Si binary alloy, 

followed by a T6 heat treatment, i.e., solutionized at 535℃ for 4 hours, water quenched, and aged 

at 180℃ for 3 hours. Two of the ingots were produced by gravity die casting with two types of 

permanent moulds: cylindrical and ship-shape moulds. The ingot produced by the former mould 

experienced a low cooling rate, while the latter one was subjected to a high cooling rate, hereafter 

referred to as materials LC and HC, respectively. The third ingot (hereafter material RE) was 

prepared by rheocasting. The microstructure of each material after heat treatment was characterized 
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using an optical microscopy and a scanning electron microscopy. The morphologies of  phase and 

eutectic Si particles were quantified by examining over 20 view fields at a magnification of 500 ×. 

The microstructures of the three materials are shown in Fig. 1, and quantitative measurements 

are summarized in Table 1. In materials LC and HC, the primary  phase shows a typical dendritic 

structure. The interdendritic region is filled with the eutectic phase. The size and aspect ratio of Si 

particles within the eutectic phase, and the size of  phase are significantly larger in LC than in HC. 

In material RE, the primary  phase takes well-developed sphereodized shape, and the eutectic 

phase, in which the phase is embedded, shows a network structure.  

Uniaxial tensile properties were measured, and the basic mechanical parameters are shown in 

Table 2. The basic parameters for Al-12.6Si% alloy and pure aluminum are also included in the 

table, which were taken from refers [21] and [22], respectively, and will be used as input data for 

simulation.    

Three-point-bend (3PB) specimens with a span of 30 mm, height of 10 mm and width of 2 mm, 

satisfying the elastic-plastic J-integral controlled condition, were adopted for observing 

crack-growth behavior. A narrow notch was cut, and a fatigue precrack up to the half of the 

specimen height was produced. The sample surfaces were well polished. The in-situ 3PB 

experiments were conducted under displacement control on a mini testing stage assembled within 

the chamber of a SEM. For each material, a pretest was made to record a load-displacement curve 

during bending. The in-situ tests were then conducted on new specimens. At different loading 

levels, the loading was interrupted and kept at corresponding displacements, according to the 

pre-measured load-displacement curve. The surfaces of the samples were examined, crack 

evolution and the damage of Si particles were evaluated, and the crack paths were identified. The 

numbers of both intact and damaged particles vs. the distance from the crack tip along the precrack 

line were counted, and each count was made within a square area of 50×50 m
2
 every 100 m 

away from the crack tip along the crack line.   

 

2.2. Simulation methodology 

 

Numerical simulations were conducted using the ANSYS finite-element code. The same 

geometry of 3PB specimen (Fig. 2) as for the experiment was employed. As we will observe in 

section 3, the crack-growth path and fracture behavior in material LC are understandable, mainly 

associated with the damage of Si particles. However, the obvious difference in fracture behavior 

between HC and RE is not explainable by considering the damage of Si particles only, since Si 
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particles are quite round and small, and very close in morphology in both materials (Fig. 1 and 

Table1) and, thus, the extent of the damage of Si particles in HC and LC is similar, as will be 

evidenced in section 3. As already noticed, the significant difference in the microstructure of the 

two materials is the morphologies of  phase and EU phase. It is, therefore, quite probable that the 

morphologies of  phase and EU phase play an important role in controlling crack-growth behavior. 

Consequently, in this research, we intended to simulate only the fracture behavior in HC and RE 

for the sake of investigating the effects of the aforementioned two phases. Typical morphologies of 

 phase and EU phase were sampled, while the existence of specific Si particles was not 

considered for simplicity. A subdomain of 1000640 m
2
 was embedded near the crack tip 

surrounded by a homogeneous region in each model (Fig. 2(a)). The subdomain was composed of 

 phase and EU phase. The homogeneous region consisted of a uniform Al-7%Si alloy. The 

interface-oriented problems were ignored, since there is no distinguishable boundary existent 

between  phase and EU phase in real alloys. The shape of  phase was idealized to be quadratic 

with a width of ~ 80 m for HC (Fig. 2(b)), and to be nearly circular with a diameter of ~ 80 m 

for RE (Fig. 2(c)). It should be pointed out that the size of  phase in model HC was intentionally 

designed to be larger than that in the real microstructure (Fig. 1(b)), for the purpose of reducing the 

total number of elements and shortening the computation time. This is because a tinier 

microstructure requires finer meshes in the model. Fortunately, this approximation does not affect 

the prediction of the trends of crack propagation in material HC as demonstrated in Section 4.  

Multiple data points of true stresses and logarithmic strains of the uniform Al-7%Si alloy and its 

two constituting phases were input into FEM code. The basic data for the uniform Al-7%Si alloy 

were taken from material HC. Note that the EU phase in the Al-7%Si alloy is equivalent to an 

Al-12.6%Si alloy, while the  phase consists of Al plus 1% Si in solution. The stress-strain data for 

the EU phase were thus taken from the Al-12%Si alloy, which was cast using the same processing 

route as material HC [21]; and the data of 99.99% Al, taken from refer [22], were used to 

approximate that of the  phase. Assume that the above approximation has only a minor effect on 

the general behavior of the simulated materials. 

An incremental plasticity theory was used to simulate the elastic-plastic behavior. The materials 

were assumed to deform plastically, obeying von Mises yielding surface. An isotropic hardening 

was presumed, and the plastic-strain increments were governed by the Prandtl-Reuss associated 

flow rule. Two-dimensional, plane-strain, elastic-plastic finite elements were used, with about 

11200 elements in each model. The mesh was gradually decreased from the outer to the tip region 

of the crack, with a minimum size of 3m near the tip. Both lower supporting points of the 
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specimen were fixed. The load was applied at the upper midpoint under displacement control. For 

each step of crack advance, the displacement was increased incrementally up to an applied 

displacement of ~ 0.4 mm, which is close to the crack-initiation point. A Newton-Raphson iteration 

algorithm was implemented to solve the nonlinear finite-element equations. The convergence of the 

solutions was checked after each loading increment during computation.  

One important issue involved with crack-growth simulation is how to predict crack-growth 

direction. It is known that the crack growth in elastic-plastic multiphase materials is not in a 

self-similar style, but in a mixed mode.[23,24] Various criteria have been proposed for predicting 

the critical state of crack growth and crack-growth direction under mixed-mode loading. Among 

these criteria are the maximum hoop stress criterion, [25] the minimum strain energy density 

criterion, [26] and the maximum strain energy release rate criterion [27]. However, there is no a 

single criterion applicable to all materials or to all loading conditions. As discussed and verified 

in [21], the J-integral-based criterion is more applicable to the present materials. Based on this 

criterion, the crack-growth angle is determined by [28,29] 

                    )/(t a n1

xy JJ ,                             (1) 

where Jx and Jy are the components in the directions parallel and perpendicular to the mode-I crack, 

respectively, and evaluated numerically along a contour path Γ surrounding the crack tip as 

follows: [30] 
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The origin of the coordinate system is set at the crack tip, x axis is on the crack line, and y axis is 

vertical to the crack line. The term w  is the strain energy density, in  is the Cartesian component 

of the unit outward normal vector to the contour, 
ij and 

ju are the Cartesian components of the 

stress tensor and the displacement vector. As required by the J-integral-based fracture mechanics, 

the J-integral path should be chosen to pass through a uniform region and, thus, the calculated 

J-integral value shows path independence. In multiphase materials, however, J-integral is path 

dependent on the whole. Nevertheless, when an inner path is taken and when it passes through a 

single phase only, an almost identical J-integral value can be obtained regardless of the path 

selection, which gives the crack-tip driving force (hereafter Jtip), and reflects the effect of second 

phases on the driving force [15-17,21,31,32]. On the other hand, the J-integral path cannot be too 

near the crack tip when considering the calculation accuracy. In the present specific models, the 

integral path was taken along a circular contour of r = 20 m centered at the crack tip, which has 

been confirmed to be reasonable [21]. The crack-growth direction was, thus, predicted according to 
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Eq. 1. The distance of one-step crack growth was taken to be 25 m (as substantiated to be 

appropriate in [21]), but occasionally adjusted to be more or less than this value, in order that the 

new crack tip was not located at or so close to the boundary between  phase and EU phase and, 

thus, the J-integral path always passed through a uniform region. The continuous crack-growth 

behavior was, hence, simulated by repeating the aforementioned processes using a step-by-step 

procedure [21].  

 

3. Observed fracture behavior 

 

The observed crack paths and near-tip damaged microstructures after a longer crack extension 

for each material are shown in Figs. 3 and 4. In LC, the plastic deformation is confined in the  

phase very close to the crack-tip region (Fig. 3a), Si particles in EU phase near in front of the 

precrack tip are severely damaged mainly in the form of breakage, and microcracks are generated 

at the damaged particles (Fig. 4a). These microcracks easily grow into the matrix and connect with 

other microcracks. With further increasing the load, the microcracks generated in one EU phase 

link to those in neighboring EU phases, leading to the fracture of  phase between two adjacent EU 

phases. The connected microcracks join to the main crack, leading to the intermittent crack 

extension. In HC and RE, plastic deformation occurs in both the phase and EU phase, however, 

there are apparently more and coarser slip bands in the -phase (Fig. 4b and c); Si particles in the 

EU phase are damaged mainly by particle/matrix debonding, which leads to void initiation, 

although cracking of particles are also visible in the two materials. Both the plastic zone and 

particles’ damage zone span a much larger area in front of the crack tip in either HC or RE than in 

LC. Unlike in LC, in which the extension of the main crack is caused by the connection of the 

damage in neighboring EU phases before fracturing the  phase between them, in HC and RE, 

however, the crack penetrates one  phase followed by passing through one EU phase 

consecutively, and vice versa. It is particularly note worthy that the crack morphology in HC is 

different from that in RE. In the former material, the crack frequently deflects, and at times, 

deviates largely from the mode-I crack direction (Fig. 3b), whereas in RE the crack extends almost 

in a straight-line fashion, passing through both the EU phase and  phase continuously whichever 

the crack encounters (Fig. 3c).  

The accumulated damage ratios of Si particles, determined as the number of all the damaged 

particles divided by the number of all the intact and damaged particles, are plotted in Fig. 5(a) and 

(b), as a function of distance from the crack tip r, and normalized distance r0/J, respectively. Note 
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that the particles’ damage zone sizes, rd, of HC and RE, ~ 1 mm, are much larger that that of LC, ~ 

0.2 mm (Fig. 5a). However, the damage ratios of Si particles in all the three materials fall almost 

within the normalized distance of about 0.9, i.e., rd  0.9 J/0, which is about three times the 

crack-tip opening displacement (CTOD), t, when 0/ Jdt n   is applied. Here, 0 is the yield 

stress, J is the applied J-integral, and nd  is a dimensionless constant, which is ~ 0.3 for the three 

materials with a hardening exponent of n  5 according to Shin [33]. These results are not 

unreasonable. According to [34, 35], the stress reaches a peak at approximately two times CTOD 

when yielding occurs and, thus, microcrack initiation typically occurs at the particles of rd  2t 

from the crack tip. However, the damage zone size of particles is more or less larger than 2t, 

depending on the in-situ fracture strength of particles or the particle/matrix interfacial strength, and 

the yielding behavior of the matrix surrounding the particles. 

When the in-situ fracture strength f is exceeded by the internal stress of Si particles p, the 

cracking of particles will occur. f depends on various factors, such as the size, aspect ratio and 

volume fraction of the particles.[36] Particles with larger size or larger aspect ratio will fracture at 

smaller f. For an approximate estimation of f, Si particles are assumed to be spherical with an 

average diameter, D, as determined in Table 1. Thus, f can be approximated by [37,38] 

                DE sf                             (3) 

where s is the specific surface energy for Si, 1.0 J/m
2
, and E is the Young’s modulus for Si, 161 

GPa.[39]. The estimated mean value of f for LC is 178 MPa, much lower than those for HC and 

RE, 360 and 397 MPa, respectively. Considering the larger aspect ratio of Si in LC, the f value 

should be even lower. Therefore, the particles in LC are broken much easily and severely, and the 

crack tends to follow the cracked particles. Conversely, since the mean f values for HC and RE 

are much higher, fracturing of particles becomes difficult. The probability of particle fracturing will 

be increased only when the internal stress of particles is raised by further applying the load; 

however, debonding of the particle/matrix interface will occur when the particle stress is able to 

exceed the interfacial strength int at a higher load.[40] Concurrently, a larger crack opening, 

plastic zone and particles’ damage zone take place in front of the crack tip; and the crack paths in 

HC and RE do not necessarily follow the damaged particles since the damage of particles in the 

two materials is not so severe as in LC.         

 

4. Simulated fracture behavior 

 



 10 

As we have identified that the fracture behavior of material LC is mainly affected by the damage 

of Si particles, associated with their larger size and aspect ratio. However, the observed difference 

in fracture path and crack-growth behavior between HC and RE is not accountable by considering 

the damage of Si particles solely, since Si particles are damaged to a similarly less extent in both 

HC and RE. According to the following analyses, we believe that the difference in the spatial 

distribution of  phase (and EU phase as well) should be responsible for the different fracture 

behavior in the two materials.  

 

4.1. Crack growth path 

 

Fig. 6(a) and (b) shows the simulated fracture path and deflection angles, respectively, in model 

HC. The fracture path is superimposed upon the microstructure, to illustrate its relationship with 

different phases. The deflection angle,  as exemplified in the inset in Fig. 6(b), is plotted as a 

function of distance from the precrack tip on the precrack line. There are two colonies (colonies A 

and B) of dendritic cells in HC, each having a different secondary dendrite arm orientation with 

respect to the precrack line. The initial crack tip is located in the slanted quadratic phase in 

colony A. At the very beginning, the crack at location 1 grows downwards, with a deflection angle 

of about -10
0
. Then, the crack deviates more away from the mode-I crack direction with deflection 

angles between -20 ~ -40
0
, until it reaches colony B. Afterwards, the crack returns to near mode-I 

direction at location 11. Interestingly, after a short mode-I crack growth, the crack rotates upwards 

at location 13, and penetrates the  phase and EU phase at deflection angles of 15 ~ 20
0
 through 

the remaining propagation steps.  

Fig. 7 (a) and (b) shows the simulated fracture path and deflection angles, respectively, in model 

RE. A completely different crack path is observable, when compared with that in model HC. The 

deflection angles at various crack locations are almost within -10 ~ 6
0
 from the precrack line. The 

overall crack profile shows a nearly straight line, approximating the precrack line, regardless of 

passing through either  phase or EU phase. 

 

4.2. Symmetry of near-tip fields 

 

By comparison with the observed fracture paths in section 3, we can see similarities between the 

simulations and the experiments. These results, hence, indicate that the different crack profiles 

observed in HC and RE are, to a larger extent, attributed to the difference in the morphology and 
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distribution of phase in the two materials. As has been recognized in the literature [16-20], 

non-symmetrical stress-strain fields exist near the crack tip in inhomogeneous materials due to the 

mismatch in elastic and plastic properties, which cause the near-tip mixed-mode loading; and the 

magnitude and sign of the mode-II loading component determine the crack deflection and fracture 

path. We examined the angular distributions of various fields along a circular contour close to the 

crack tip with r = 20 m, which would provide a direct picture of such symmetry of fields in each 

model. The near-tip angular variations of stresses (yy and xy), and plastic strains (
p

yy and 
p

xy) at 

several representative crack tip locations are shown in Figs. 8 and 9, respectively. The 

symmetrically distributed fields of the uniform Al-7%Si alloy are also shown for a comparative 

purpose. We can see a much higher degree of symmetry of the near-tip fields in model RE than in 

model HC, quite resembling that of the uniform material. This is especially apparent by examining 

the shear stress and shear strain fields.  

The contour patterns of the stress-strain fields ahead of the crack tip, as typically shown in Figs. 

10 and 11, would assist in further understanding the relationship among the microstructure, near-tip 

fields and fracture behavior. Note that that high stresses are concentrated to the EU-phase region, 

and high strains are confined to the soft -phase region in both models, due to the large difference 

in the yield strength between the  phase and EU phase; and the contour patterns are completely 

different between the two models. In RE, the contour patterns are uniformly distributed, which is 

closely related to the uniform globular -phase microstructure. As a result, a high degree of 

symmetry of the near-tip fields occurs on both sides of the crack tip. It follows that the crack tends 

to be attracted or repelled by the two phases on one side of the crack, and to be nearly equally 

attracted or repelled by the two phases on the other side. That is, the offsetting effect of the 

uniformly and symmetrically distributed network microstructure leads to a straight crack path. In 

HC, however, the contour patterns show obvious directional distribution, which is closely related to 

the quadratic, dendritic -phase microstructure. Such directional plastic flow along the quadratic 

-phase brings about a low degree of symmetry of the near-tip fields. It follows that the crack tends 

to be attracted/repelled by the  phases/EU phases on one side of the crack, but to be unevenly 

attracted/repelled by the two phases on the other side. Hence, a deflected crack profile results from 

such asymmetrical near-tip fields.  

 

4.3. Crack driving force 

 

The crack driving force was evaluated by examining the normalized contour J-integral, Jtip/Jfar, 
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versus the crack tip location. The near-tip J-integral, Jtip, is evaluated along a contour lying in a 

single phase within the crack-tip region; the far-field J-integral, Jfar, is calculated along a contour in 

the region far outside the subdomain in the models. The difference between the J-integrals Jtip and 

Jfar reflects the microstructural effects on the driving force [15-17, 21]. The ratio Jtip/Jfar > 1 implies 

an amplification of the driving force, while the ratio < 1 implies a shielding effect. The results are 

shown in Fig. 6(c) and 7(c) for models HC and RE, respectively, under a given applied 

displacement of 0.4 mm. Note that the normalized driving force changes frequently from position 

to position, surrounding the line of Jtip/Jfar = 1. Both amplification and shielding effects occur in the 

two models, depending on the crack tip location. In the EU phase, the driving force can be 

amplified (as circled by solid lines) and can be shielded as well (as circled by dashed lines); in the 

 phase, both amplification and shielding effects can occur, too. These results indicate that the 

amplification or shielding effect depends on the crack-tip material environment, i.e., the phase 

distribution around the crack tip regardless of whether the crack tip is located in the  phase or in 

the EU phase.  

 

4.4. Intensity of near-tip fields 

 

To better understand the variations of near-tip fields and their effects on the driving force with 

crack tip locations, we re-examined the near-tip fields in both models (Figs. 8 and 9). By 

comparing different crack-tip locations, we note that the magnitude of driving force is not 

separately dictated by the intensity of either near-tip stress fields or near-tip strain fields. This is 

due to the fact that the driving force in terms of the J-integral is a function of near-tip stress, strain 

and displacement fields along the integral contour according to Eq. (1), unlike either in the 

stress-controlled fracture where an amplification of driving force is owing to the increase in the 

intensity of stress fields, or in the strain-controlled fracture where an enhanced driving force is a 

result of the increased intensity of strain fields. We can further note that, with the variation of 

crack-tip location in each model, the spatial distribution of individual phases near the crack tip is 

different (though the difference does not appear to be so large in some cases), accordingly, the 

intensity of near-tip fields of stresses, strains or displacement varies with the crack-tip location, 

which causes the alteration in driving force.  

The above analyses were based on two typical cases of  phase arrangement only, though there 

exist other complicated spatial distributions of such phases in real materials in a statistical point of 

view, especially when 3D microstructures are considered. [23,24,41-43] In addition, the damage of 
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Si particles was not considered in the models, although it does affect directly the fracture behavior. 

Thus, more systematic investigations are needed for a complete interpretation of fracture problems, 

for example, including the damage of Si particles, statistical considerations of local fracture events 

and 3D microstructural information in the models. However, the present work does not lose its 

implications in enabling us to recognize and understand micromechanically the effects of the 

spatial distribution of  phase (and EU phase as well) on the fracture behavior not only in 

hypoeutectic Al-Si alloys but also in other multiphase materials.  

 

5. Conclusions 

 

The damage and fracture behavior in a model Al-7%Si alloy have been investigated using in-situ 

experiments and finite-element modeling. In materials LC and HC, which were produced by mould 

casting with a low cooling rate and a high cooling rate, respectively, the microstructures consist of 

dendritic  phase and interdendritic eutectic (EU) phase dispersed with Si particles; the size and 

aspect ratio of eutectic Si particles are significantly larger, and the secondary dendrite arm spacing 

is also appreciably larger in LC than in HC. In material RE, which was prepared by rheocasting, 

the microstructure consists of uniformly-distributed globular  phase embedded in the network of 

eutectic phase; the Si particles are small, almost of the same size as in HC. The following 

conclusions are reached.  

 

1. In material LC, crack path seems to be mainly associated with the damage of Si particles, 

since the particles are large in both size and aspect ratio, and easy to break. Microcracks are first 

initiated at the severely damaged Si particles, then link to those in neighboring EU phases, which 

leads to the fracture of the  phase between adjacent EU phases, and finally join to the main crack. 

In materials HC and RE, Si particles are small, and the fracture behavior of the two materials is, to 

a similarly less extent, influenced by the damage of Si particles. However, the crack in HC takes a 

deflected morphology, whereas in RE it grows almost in a straight-line fashion, passing through 

both the  phase and EU phase continuously. The difference in crack path between HC and RE 

cannot be interpreted by considering only the extent of the damage of Si particles, but is believed to 

be due to the different morphology and distribution of  phase in the two materials.  

2. Numerical simulations based on the elastic-plastic finite element modeling and the near-tip 

J-integral criterion have reproduced a deflected crack profile in the model with quadratic phases, 

and a nearly straight crack path in the model with globular  phases. The simulated crack profiles 
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resemble the experimentally observed crack paths in materials HC and RE, respectively, 

confirming the significant role of the spatial distribution of  phase in controlling crack-growth 

behavior in Al-Si alloys.  

3. Examination of the near-tip fields indicates that the morphology and distribution of  phase 

affect the symmetry and intensity of the near-tip fields due to the large mismatch in elastic-plastic 

properties of the  phase and EU phase, therefore influencing the crack-growth behavior. A high 

degree of symmetry of the near-tip fields occurs in model RE, leading to a straight crack-growth 

path. However, a low degree of symmetry of the near-tip fields takes place in model HC, leading to 

a deflected crack profile. 

4. The driving force in terms of the J-integral is not governed by a single mechanical quantity 

but by a combination of the near-tip fields of stress, strain and displacement. The magnitude of 

near-tip fields varies with the crack tip location, due to the variation of near-tip material 

environment (orientation and distance of the individual constituents with respect to the crack tip), 

which causes the alteration of crack driving force.  
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Fig.1 Optical microstructures of  materials LC (a and b); HC (c and d); and RE 

(e and f).  
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Figure 2 

Fig.2 (a) Specimen configuration; (b) and (c) element meshes around 

the precrack tip within the subdomain indicated in (a) for models HC 

and RE, respectively. The a phases are quadratic in HC, and nearly 

circular in RE. 
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Fig.3 Crack profiles after a long crack extension for materials (a) LC, (b) HC 

and (c) RE.  
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Figure 4 

Fig.4 Near-tip damaged microstructures for materials (a) LC, (b) HC and (c) 

RE, showing severe plastic deformation in a phase and particles’ damage in EU 

phase.  
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Fig.5 Damage ratios of Si particles as a function of distance from crack tip r (a), 

and normalized distance rJ/s0 (b) for materials LC, HC and RE. 
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Figure 6 

Fig.6 (a) Simulated crack-growth path in relation to the constituting phases, 

(b) crack-deflection angle q, and (c) normalized driving force Jtip/Jfar vs. 

crack-tip location for model HC. The circles indicate that the crack tip is 

located in EU region. 
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Figure 7 

Fig.7 (a) Simulated crack-growth path in relation to the constituting phases, 

(b) crack-deflection angle q, and (c) normalized driving force Jtip/Jfar vs. 

crack-tip location for model RE. The circles indicate that the crack tip is 

located in EU region. 
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Figure 8 

Fig.8 Circumferential variations of stresses sxy and syy for models HC (a 

and b) and RE (c and d). The crack-tip fields of the uniform Al-7%Si alloy 

are also shown. The numbers correspond to the crack-tip locations 

indicated in Figs. 5 and 6. 
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Fig.9 Circumferential variations of plastic strains p
xy and p

yy for models HC 

(a and b) and RE (c and d). The crack-tip fields of the uniform Al-7%Si alloy 

are also shown. The numbers correspond to the crack-tip locations 

indicated in Figs. 5 and 6,  
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Figure 10 
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Fig.10 Simulated crack growth paths at two crack lengths, 

superimposed on equivalent stress contours for models HC (a and b); 

and RE (c and d). 
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Figure 11 

Fig.11 Simulated crack growth paths at two crack lengths, 

superimposed on equivalent plastic strain contours for models HC (a 

and b); and RE (c and d). These crack paths corresponds to those 

paths in Fig. 9.  
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