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Abstract

The mechanisms which occur during damage initiation, evolution and crack growth in A1Si7Mg0.3 cast aloys are studied
by in-situ tensile testing in a scanning electron microscope. It is shown that microcracks in these alloys are predominantly
formed in the S particles. Shear bands are seen to precede the breaking of the Si particles and the dislocation pile-up
mechanism can thus be confirmed as the dominant damage initiating process in the matrix. Both micro- and macrocrack
coal escence have been observed in the course of the experiments. The effect of the microstructure of the A1Si7Mg cast alloys
on damage nucleation, crack formation and compliance reduction is analysed. @. 1999 Elsevier Science Ltd. All rights
reserved.

1. Introduction

A1Si7Mg cast aloys are now widely used as structural materials in industry and their production increased
remarkably during the last years [1]. The practical application of these materials is based on their strength and
fracture resistance. To further improve the strength of the material, it is necessary to have a good understanding of
the damage evolution and fracture of these aloys. The purpose of the paper is to clarify the mechanisms of
damage initiation, damage evolution, compliance reduction and fracture of two A1Si7Mg cast 0.3 aloys with
almost identical composition but very different microstructure.
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Severa investigations of the failure of A1Si cast alloys have been reported in the literature. Gurland and
Plateau [2] studied the ductile rupture of an A1Si13 aloy and obtained an expression for the particle cracking
stress and a relation between fracture strain and the fraction of broken particles. Yeh and Liu [3] have studied the
cracking of silicon particlesin
aged A1Si7Mg (A357) dloys. They analysed the mechanism responsible for the cracking of the Si particles and
the effects of strain and stress on the fraction of broken Si particles. Yeh and Liu have shown that the dislocation
pile-up mechanism is the most probable one among other theories of the failure of Si-particles. Honer and Grof3
[1] studied the fracture behaviour and tensile strength of A1Si aloys and its dependence on the microstructure,
which is determined in turn by the conditions of melt processing and casting.

The outline of this paper is as follows: in section 2 we briefly discuss the mechanisms and models of crack
initiation and crack growth in ductile materials. Section 3 gives a description of the experimental details. An
analysis and discussion of our resultsis given thereafter .

2. Failure mechanisms of ductile materials
The course of failure in ductile materialsis generally divided into three stages [1,4-6]:

1. Nucleation of microcracks/microvoids at random positions in the loaded body independent of their location
relative to the other microcracks. The growth rate of the microcrack density usually increases with increasing
density of microcracks[7]. This nucleation stageis followed by:

2. The link-up and coal escence of microcracks and the formation of the 'macro-cracks, which leads to:

3. The growth of the macrocracks until one of the cracks reaches a critical size and begins to grow
autocatalytically. Thisfinally resultsin the complete failure of the body.

All these processes proceed not only successively, but also simultaneously. For instance, growth of a crack can
proceed simultaneously with the increase in the microcrack density.

2.1. Microcrack nucleation

The mechanisms of microcrack initiation are discussed in detail by Knott [8] and Tetelman and McEvily [4].
Tetelman and McEvily have shown that large tensile stresses as well as shear stresses develop at the tip of a glide
band if the band is blocked by a strong obstacle. They determined the conditions of crack nucleation, and showed
that the tensile stresses are less important during the nucleation process than the shear stresses. Knott [8]
described and analysed several micro-mechanisms of fracture. Among them are microcrack nucleation by
squeezing together of dislocations at the head of the dlip band (Stroh model) or by the interaction of a pile-up with
a carbide particle (Smith model). The model developed by Yeh and Liu to describe the failure of Si-particlesiil
their A1Si7Mg alloys is similar to the Smith model and explains the microcrack initiation as a result of particle
failure caused by stress concentrations originating from dislocation pile-ups at these particles.
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2.2. Void and microcrack coal escence

Thomason [9] describes void coalescence with a mathematical model for the coalescence of sguare holes
arranged into a square array in arigid-plastic matrix under tension. The voids are elongating in the direction of the
tensile load and approach each other in the direction normal to the tensile load. When the voids get close, necking
OCCU!S between them and they coalesce rapidly. The deformation of the material between the voids therefore
controls void coalescence and necking. Finkel [5] has studied experimentally the necking between microcracks. He
showed that the failure of the necks between microcracks is caused by shear stresses. Seidenfuss [10] recognised
three possible mechanisms of void coalescence: loca plastic constriction of material between voids, failure of the
layer between voids caused by shear bands and failure by formation of secondary smaller voids on very small
inclusions in the material between available voids. He noted that the joining of voids proceeds in a stepwise
manner. The first mechanism dominates when the density of voidsis high, the third prevails at relatively low void
densities. Seidenfuss concluded that the main mechanism of void coalescence is the formation of shear bands in
which small secondary voids can sometimes be observed. Shear bands causing the failure of the layers between
coalescing voids have also been observed by Roberts et al. [11]. With regard to the interaction of macrocracks, it is
known that: ‘originally collinear mode | cracks seem to avoid each other’ [12]. On the basis of the analysis of the
stability of straight crack paths, Melin has shown that the tip to tip coalescence of cracks does not occur for two
collinear cracks[12].

2.3. Formation and growth of macrocracks

Crack growth as a result of the superposition of stress fields from a large crack and from a pile- Up of
didocations in the vicinity of the crack tip has been modeled by Y okobori [13]. In this model the dislocation pile-
up acts as a stress concentrator similar to a microcrack. The stress required for macrocrack growth is much higher
than the stress required for microcrack formation from a pile-up of dislocations. As a consequence, ductile fracture
is usually determined by the formation of a microcrack in the vicinity of alarge crack, and not by crack growth
itself. Ebrahimi and Seo [14] have shown that crack propagation in ductile materials may also involve the
cleavage of favourably oriented grains ahead of the main crack tip followed by ductile tearing of remaining
ligaments. The formation of river patterns on the fracture surface has been attributed [4] to the joining of the main
crack with secondary new cracks nucleated ahead of the main crack. Joining can occur by tearing (tongue
formation) or secondary cleavage.

From the above considerations, it follows that although the main models of fracture are based on the
assumption that the crack grows in a continuous materia (or, as a version, in continuous material with a plastic
zone in the vicinity of the crack tip) [8], the real physical mechanisms of fracture can differ significantly from this
assumption.

3. Experimental procedure

The course of damage evolution in AlSi7TMg cast alloys was observed by in-situ tensile testing in a scanning
€electron microscope (SEM). Fig. 1 gives the geometry and the dimensions
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of the notched C T -specimens used in our experiments. The notches in the specimens were sawn with a saw blade
with a defined radius of the saw teeth equal to the required radius of the notch. Such notching ensures high quality
of the notch surface. The side surface of the C T - specimens was ground and subsequently polished with diamond
paste down to the 3 ~m grade. The specimens were taken from cast components.

The heat treatment of the components included a solution annealing in an air circulation kiln for 12 h at 540°C
and the artificial ageing in an air circulation kiln for 12 hat 170°C.

The specimens were loaded in an in-situ tensile stage (Fa. Raith, Dortmund, Germany) in

Gbserved reaion\_b)

Fig. 1. Shape and size of the CT-specimen (a) and the small area in the notch root (b) which was observed during the tests. Dimensions are
givenin mm.
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the SEM. A constant crosshead speed or 0.3 ~m/s was used. The specimens were loaded until a large crack was
visible on the surface or the specimens. During loading, the highly deformed region in the notch root (about 100 x
100 ~m) or the C T -specimens was monitored.

The experiments were conducted on AlSi cast aloys or the type A1Si7Mg0O.3 with both lamellar and globular
microstructure or the Si-particles. In the lamellar structure, the Si

o8 PL VL % ‘

Fig. 2. Micrographs of the two microstructures: Ca) globular and Cb) lamellar Ca scale isthe same).
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inclusions had an aspect ratio (length to width) of about 4...20 and the small dimension of the particles was
between 2.5 and 5 um. The Si particles can be transformed into a more rounded shape by the addition of Sh. The
particles in the globular microstructure were approximately circular with a diameter of about 3-6 um. The
diameter of the Al grains was between 50 and 130 um. The Si-particles in the alloys were located preferentially
(but not exclusively) on the Al grain boundaries corresponding to the fact that the growth of Al grains during the
formation of the aloy is inhibited by the available Si-particles. Fig. 2 shows micrographs of the two different
(globular and lamellar) microstructures. Even in the aloy with globular microstructure the Si-particles form a
network and each cell of the network correspondsto agrain of the Al-matrix.

Simultaneoudly with the loading of the specimens, the externally applied displacement of the crosshead and
corresponding load were recorded. The displacements reached 0.5 mm for the specimens with the lamellar
microstructure and 0.9 mm for those with the globular microstructure.

In Fig. 3 typical load-displacement curves are shown for both microstructures. Both have the characteristic
signatures of |oad-displacement curves for softening materials[15]. At first, the
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applied force increases almost linearly with increasing displacement and then reaches a peak. The following
decease was most pronounced in the alloy with lamellar microstructure. The macrocracks formed later and grew
when the curve was already descending considerably. These processes will be detailed in the following section.

4, Microcrack initiation and evolution

At the initial stages of loading, the formation of shear bands was observed in the ground notch region near the
surface. Then, several microcracks appeared at some distance from the notch surface. This stage is indicated with
label A in Fig. 3 and corresponds to the displacement of 0.13 and 0.16 mm for the alloys with lamellar and
globular structures, respectively. The applied force was approximately 500 N for both microstructures.

The microcracks initiated exclusively in the Si-particles. The amount of broken Si-particles in relation to the
total number of particles in the observed area of the aloy with lamellar structure was about 4%. A similar
calculation for the globular structure was not possible since the cluster arrangement of the Si-particles on the
boundaries of the Al-grains did not alow to distinguish individual broken particles. Thereafter, additional matrix
shear bands formed and the density of microcracks increased.

Figs. 4 and 5 show the microcracks formed at the initial stage of damage evolution. The

Fig. 4. Areain the vicinity of the notch root (globular microstructure; magnification x350; displacement 0.185 mm).
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Fig. 6. Crack formation in the vicinity of notch root and crack initiation at some distance from the notch root (globular microstructure;
magnification x 100; displacement 0.55 mm).
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micrographs represent small areas rather close to the notch surface, and correspond to the alloys with the globular
and lamellar microstructure, respectively. The microcracks are more or less randomly distributed up to a distance
of about 300 !Im from the notch surface (0.6 notch radii). The microcracks thus are oriented mostly along the lines
of maximum shear stress. Upon further increasing the applied load, the nucleation and accumulation of
microcracks at some distance from the notch is accompanied by nucleation and growth of cracks from the notch
surface.

In summary, during the initial stages of damage evolution in the AISi7Mg cast alloys the destruction of the Si-
particles was the prevailing mechanism of microcrack nucleation. Microcracks formed predominantly at random’
sites throughout the stressed area and not at the root of the notch.

5. Crack growth and coalescence

At the next stage of damage evolution, relatively large cracks formed from initially small surface cracks.
Simultaneoudly, the density of microcracks at some distance from the notch surface increased and several small
cracks formed there. Figs. 6 and 7 show the large crack which starts at the notch surface and the smaller cracks
and microcracks formed at some distance from the notch surface. The micrographs shown on Figs. 6 and 7
correspond to the points marked with the letter B on the force-displacement curve (Fig. 3).

B

Fig. 7. Crack formation in the vicinity of notch ground (lamellar microstructure). The microcracks set the crack path (magnification x 115;
displacement 0.20 mm),
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Fig. 8. Crack coalescence in the alloy with globular microstructure. Two cracks (a) before and (b) after coalescence (magnification x 100;
displacement (8) 0.76 and (b) 0.89 mm).
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Fig. 9. Crack coalescence in the alloy with lamellar microstructure. Two cracks (a) before and (b) after coal escence (magnification x200;
displacement (8) 0.35 and (b) 0.43 mm).
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Comparing Figs. 6 and 7, it is seen that the direction of the cracks is the same for both microstructures. The
angle between the crack direction and the axis of symmetry of the CT - specimen was about 30°. Shear bands are
apparent between the large cracks and the small cracks (cf. Fig. 7). The large crack then grew and joined with the
small cracks in front. The path of the large crack corresponds to the direction from the crack tip to the available
microcracks and shear bands. The small cracks and microcracks then joined and formed a second large crack
located about 0.4-0.5 mm away from the notch surface (about 0.9 notch radii). The formation of the second large
crack was observed at a load point displacement of about 0.24 mm and at an applied force of 100 N for the
lamellar microstructure and at about 0.7 mm and 180 N for the globular microstructure.

Upon further loading, the large crack from the notch surface and the second crack join. Figs. 8 and 9 show this
coalescence for the globular and the lamellar microstructure, respectively. Figs. 8a and 9a depict the earlier stages
when there are till two separate large cracks in the materials. This stage corresponds to the points marked with
the letter C in Fig. 3. Figs. 8b and 9b present the later stage when the cracks coalesced and formed one single
large crack, labeled with the letter D in Fig. 3.

It is of interest to note that almost the same crack patterns formed in both materials, although the structures of
the materials differ significantly. The crack paths followed the location of the microcracks in front of the tip only
until a second large crack was available at close distance. Then the interaction between the stress fields of the
cracks determined their paths.

6. Analysis of results

6.1. Microcrack nucleation

The prevailing mechanisms of microcrack initiation in the AlISi7Mg cast alloys investigated in this study can be
clarified by comparison and correlation with the results of other authors. The first step is to identify the
mechanisms and the criteria controlling the breaking of the Si- particles.

One may assume that the Si-particle failure is caused by a critical level of the maximal tensile stress. In this
case, one would expect that the first microcracks initiate directly at the center of the notch. This is clearly
inconsistent with our observations that the microcracks are formed mostly in random sites at some distance from
the notch surface. Therefore, it follows that local fluctuations of the stress field caused by dislocation pile-ups and
Si-particles influence the microcrack nucleation much more than the overall stress distribution.

Following Yeh and Liu [3], the critical length of a dislocation pile-up which causes the breaking of the particles
can be calculated. They derived the following formula for the externally applied stress (1e required for particle
failure due to a one-plane pile-up of dislocations:

_ EGb
g ¢ = 2 2
2(1 - v)LM m




L.L. Mishnaevsky, Jr et al. / Engineering Fracture Mechanics 63 ( 1999) 395-411 407

where E is the Young's modulus, G is the shear modulus, b is the Burgers vector, v is the Poisson ratio, M is the
Schmid factor and L is the length of the pile-up. In our experiments, the first broken Si-particles were observed in
the notch region at an externally applied load of about 500 N (see Figs. 4 and 5). At this load the Al matrix in the
notch ground starts yielding, which for this specific matrix alloy has been shown to begin at 218 MPa[16]. Taking
the angle at which particle cracking first occurs from the micrographs (Figs. 4,5; () ~ 30°), one calculates a
Schmid factor of

M =sin 0 cos 0 ~ 0.43. (2)

Substituting the values E= 100 GPa, v=0.33, G=40 GPa [3], b=0.286 nm [17] and the local stress (ce=218 MPa
into Eq. (1), one obtains: L=9.9 um. This value is rather close to the pile- up length calculated by Yeh and Liu for
the as-quenched conditions (L= 14.4 um [3]). This length corresponds to

_(@A-v)mL
Gh (3)

n

dislocations in the pile-up, where 1 -shear stress. If T is again taken to be of the order of the yield stress (218
MPa), Eq. (3) gives n ~ 250 dislocations in the pile-up. Our results differ here from the results of Yeh and Liu,
who have used the value of the external stress (17.2 MPa). Since our in-situ observations show that the aluminum
matrix already deformed plastically we claim that the local stress level must be larger than the externally applied
stress and of the order of the yield stress of the matrix. This value for the length of the pile-up is very reasonable
since it is about 5-10 times lower than the linear size of Al-grains.

Together with the direct observation that the microcracks are located mostly along the lines of maximum shear
stress and always appear together with the first shear bands, our data strongly support the dislocation pile-up
mechanism as the origin of particle failure.

Our in-situ observations (Figs. 4 and 5) linked with the load-displacement diagram (Fig. 3) confirm that the
microcracks are responsible for the compliance reduction of the material. It is apparent that the microcracks are
formed just before the peak load is reached and macroscopic compliance reduction starts after the density of
microcracks reached a reasonable value. The rate at which the compliance reduction proceeds, however, is
determined by the microcrack coalescence.

6.2. Crack growth and coal escence

The formation of (small) cracks through the coalescence of microcracks as described above complies rather
with the descriptions of microcrack coalescence given by Finkel [5], Seidenfuss [10] and Roberts et a. [11] than
that by Thomason [9]. Microcrack coalescence was observed only after shear bands were formed between them,
and not due to their expansion or growth.

It was also observed that the macrocracks are initiated on and propagate from the notch surface, although the
microcracks are nucleated at some distance from the surface. Again, shear bands are responsible for the crack
initiation there.

Thefinal destruction of the material viathe initiation and growth of the surface crack, the
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formation of the second crack from random | y distributed microcracks at some distance from the surface and the
coalescence of the macrocracks bears many similarities with the mechanisms described in the literature [5,14]. A
few aspects, however, are very different: the microcracks in the material were not on | y formed in the vicinity of
the crack tip as a result of the stress field from the crack, but also in 'random’ sites throughout the stressed volume
consistent with the dislocation pile-up model for their nucleation. Both microstructures showed the same behavior
in this respect, which means that the following steps of damage evolution, the growth of the macrocracks and their
coalescence, is determined by the global stress distribution in the loaded specimen (which is the same in both
cases) rather than by the microstructure of the material.

In modelling the fracture processes in this aloy, one should therefore take into account not on | y microcracks
which are formed in front of the growing crack and are absorbed by the crack, but aso the distributed
microcracks, which are formed simultaneously with the formation of the large crack and influence its path. The
evolution of these distributed microcracks may lead to the formation of other large cracks, which interact with the
existing ones.

6.3. Alloy microstructure, compliance reduction and fracture

Table | gives the consumed energies corresponding to the points marked on Fig. 3. The energy was calculated
as the area under the curves of Fig. 3. Evidently, for the globular microstructure the energy needed to reach the
descending .branch of the force-displacement curve is almost four times larger than for the lamellar structure.

Comparing Figs. 6 and 7 with the data from Table 1, ,the relation between the fracture energies of both alloys
can be estimated, since the cracksin Figs. 6 and 7 are approximately of equal size. The energies differ by amost a
factor of 4: 0.23 and 0.058 J, for globular and lamellar alloys, respectively. Therefore the energy needed to form
the crack and to create a unit crack area of the alloy with the globular structure is about 4 times larger than that of
the alloy with the lamellar structure.

The question now arises, what determines the differences in fracture characteristics (cf. Fig. 3) between the
two different alloys investigated here and whether there is potential for

Tablel
Consumed energy J corresponding to the points marked on the force-displacement curves (Fig. 3)

Points on curves of Fig. 3 Lamellar microstructure Globular microstructure
Appearance of first, randomly 0.03 0.046
distributed microcracks (points A)

Peak |oad 0.042 0.119
Formation of alarge crack (points B) 0.058 0.236
Formation of two large cracks .083 0.292

(points C)

Coalescence of large cracks (points 0.086 0.312

D)
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improvement. Up to this point many similarities between the two alloys have been discussed and no difference in
failure mechanisms has been identified. Nevertheless, the descending branch in the load-displacement curves in
Fig. 3 starts much earlier and compliance reduction is more pronounced in the aloy with the lamellar
microstructure. The difference in reduction of stiffness of the material as a function of displacement is most
pronounced at theinitial stages of compliance reduction. In the lamellar structure, the load drops by a factor of ten
when the displacement is increased from 0.15 to 0.3 mm. In contrast, the load only drops by a factor of 6 when the
displacement is increased from 0.28 to 0.8 mm in the globular structure.

Having identified the necking along the shear bands formed between the microcracks as the main mechanism
for their coalescence and the microcrack coalescence as the origin of the reduction of compliance, the different
degree of the compliance reduction of the two alloys can be rationalized to some extent. The aloys differ mostly
in the size of the Si-particles. The larger particles in the lamellar structure prohibit homogeneous dlip transmittal
and plastic deformation is concentrated on the few places at these particles where they are broken. This leads to
less homogeneoudly distributed plastic deformation and microcrack distribution. A signature of this less even
distribution is that the microcracks in the lamellar structure (Fig. 5) are opened much more clearly than those in
the globular structure (Fig. 4) at similar strains. Consequently, the plastic strain in one individual slip band of the
lamellar structure is significantly larger than in the globular structure and necking along these shear bands
happens more readily.

The peak loads reached in the two alloys can be interpreted in a similar way. The peak load of the globular
material is reached at a displacement which is approximately twice that of the lamellar material (0.281 and 0.144
mm, respectively). The peak load of the alloy with globular microstructure itself, however, is only 20% larger than
that of the alloy with the lamellar structure (627 and 522 N, respectively). Again, if the coalescence of the
microcracks is the decisive step for the compliance reduction and if coalescence is controlled by a critical plastic
strain in the shear bands between the microcracks, the globular structure permits larger plastic strain since there
are more paths for plastic deformation than in the lamellar structure and each of them has to carry comparatively
less plastic strain. However, the corresponding stresses are only marginally higher since their level is mostly
determined by the level at which yielding and microcrack initiation begin and this is similar for both aloys,
irrespective of their microstructure.

Potential benefits for alloy development in this class of A1Si aloys are seen in two aspects, both are related to
the microstructure refinement. Firstly, the reduction of the size of the Al- matrix grains should reduce the mean
free path for dislocation pile-ups and might therefore prolong the initiation of the first microcracks to somewhat
higher loads. Secondly, the size of the Si-particles and their shape should be pushed towards more rounded and
more evenly distributed particles to avoid strain localization in shear bands and to prolong the compliance
reduction of the material to higher total strains.

7. Conclusion

The course of crack initiation and growth in two AlSI7Mg cast alloys which are
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distinguished by their globular and lamellar microstructure was investigated in-situ in a scanning electron
microscope and can be described as follows:

* Nucleation of microcracks. microcracks are initiated predominantly by failure of Si-particles caused by
dislocation pile-ups. This occurs at 'random’ positions throughout the strained volume. The microcracks are
oriented mainly along the lines of maximum shear stress.

* Formation of an initial crack: the initial crack starts to grow from the notch root; simultaneoudly, the
microcrack density at some distance from the notch surface increases. This stage of damage evolution
corresponds to the beginning of the descending branch on the force-displacement curve. The necking along
the shear bands between the microcracks is identified as the mechanism controlling the coalescence of the
microcracks.

*  Crack growth: the direction of crack growth coincides initially with the shear band formed at the initial stage
of deformation. Simultaneously with the growth of the first crack, the density of microcracks inside the
specimen increases further. Thisis followed by the formation of the second large crack at some distance from
the notch ground surface.

* Macrocrack coalescence: the large crack which starts from the notch surface joins with the second crack
formed in the material due to the coalescence of microcracks far apart from the notch ground surface. The
coalescence of these cracks leadsto the formation of alarge crack and finally to failure of the specimen.

The two macrocracks coalesce, although the microcrack distributions in front of each of them would direct them
in different directions. The effect of the interaction of the cracks on their trajectories appears to be more powerful
than the effect of the distributed microcracks and shear bands in front of the crack tips for both lamellar and
globular alloys.

Although the mechanisms of failure are the same in both alloys, they differ significantly in their overall
mechanical response. Due to the more homogeneous distribution of plastic strain in the alloy with the globular
microstructure, the coalescence of the microcracks is prolonged to larger total plastic strains and the overal
response is significantly more ductile. Further alloy development should therefore aim at the reduction of matrix
grain size aswell as Si- particle size to achieve a more even distribution of the particles and of the plastic strain.
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