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Abstract

Microstructures of cast aluminum alloys used in automotive engine applications often consist of
intermetallic particles that can impact the tensile elongation of these alloys. Here, we investigate
the effect of intermetallic grain boundary particles on tensile elongation by fabricating a series of
alloys with Cu content varying between 6.0 - 9.0 wt.% in cast Al-Cu-Mn-Zr (ACMZ) type
compositions. The tensile elongation of as-aged ACMZ alloys decreases monotonically with
increase in Cu content. While the microstructure within the grains and yield stress of the alloy
remains invariant with Cu content, the decrease in tensile elongation correlates well with increase
in the size and volume fraction of grain boundary particles. Microstructural observations are
combined with finite element simulations to explain the trend in tensile elongation with changing
Cu content. Crack initiation is found to occur by brittle fracture of the grain boundary particles.
Increase in particle size promotes crack initiation by reduction in size dependent particle fracture
strength. Lower inter-particle spacing at higher particle volume fraction further facilitates crack
initiation by increasing stress within the particles caused by the interaction between stress fields
of neighboring particles. Increase in particle volume fraction also accelerates crack propagation
through the formation of macro shear zones in the microstructure. The increase in Cu content of
cast ACMZ alloys, therefore, decreases tensile elongation by promoting both crack initiation and

crack propagation.
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1. Introduction

Cast aluminum alloys with improved elevated temperature microstructural stability have
the potential to increase the efficiency of internal combustion engines (ICEs) [1]. For example, a
new class of aluminum alloys named ACMZ (Al-Cu-Mn-Zr) have recently been developed (for
ICE cylinder head application) that demonstrate microstructural stability up to 350 °C [2-7], well
beyond the limit of commercial Al-Cu alloys. Apart from high temperature stability, ductility and

low cycle fatigue resistance (LCF) are two essential requirements in engine cylinder head alloys

[1].

It has been shown that hot tear resistance improves with increase in the Cu content of
ACMZ alloys [8]. Excess Cu beyond the maximum solid solubility of 5.7 wt.% in the Al, however,
precipitates as intermetallic 6 (Al,Cu) particles, primarily along the grain boundaries. Unlike
intragranular strengthening 0’ (Al,Cu) precipitates, the grain boundary particles do not contribute
to strengthening of the alloy. The grain boundary particles are potential crack initiation sites due
to their brittle nature and affect the overall fracture strain under tensile loading [9-12]. These
particles cause stress concentration in the matrix that can lead to particle-matrix interface
decohesion [13-15]. The shapes [16] and distributions [16, 17] of the particles also influence

tensile elongation in Al alloys.

The influence of particles on tensile elongation of wrought Al alloys has been reported
[18-23]. The particles fracture or decohere from the matrix during processing and act as crack
initiation sites. As a result, the tensile elongation of wrought alloys is determined by propagation
and linking of the cracks formed at particles through the matrix. Analytical models have been

successfully developed to predict tensile elongation of such systems with pre-fractured particles



[20, 24]. These models assume a specific arrangement and morphology of particles to calculate
tensile elongation. Particle size and spacing are the primary determinants of tensile elongation
according to these models. Furthermore, these models of wrought alloys calculate relative tensile

elongation with respect to a reference microstructure [20, 24].

The assumption of pre-fractured particles might be valid for wrought alloys but not for cast
Al alloys. The tensile elongation of cast alloys, therefore, may result from both initiation and
propagation of cracks. Porosity in cast alloys can also be competing features responsible for crack
initiation [25]. Elementary analytical models predict the crack initiation strain by performing an
energy balance between release of elastic energy of the particle upon fracture and energy penalty
to create new surfaces [20, 22]. The crack initiation strain, calculated using the analytical approach
is a small fraction of the total tensile elongation [22]. Micromechanical finite element models
based on nucleation, growth and coalescence of voids at particles have also been developed to
predict their effect on tensile elongation [11, 26-29]. Similar to analytical approach, these models
have been applied to idealized particle morphologies and arrangement [11, 26]. The response of
such idealized microstructure can be inaccurate. In addition, idealized microstructures do not

account for the effect of particle distribution on tensile elongation [30, 31].

In this work, microstructure and room temperature tensile properties of five gravity cast
ACMZ alloys with Cu content ranging between 6.0 - 9.0 wt. % are examined. The Cu content in
all the alloys is above the maximum solubility limit in Al. Consequently, the Al grains in the alloys
are saturated with Cu and the excess Cu precipitates as grain boundary intermetallic particles. The
ACMZ alloy system with higher Cu content allows a systematic investigation of the role of

intermetallic particles on tensile elongation of Al-Cu alloys. Micromechanical finite element



simulations are applied to the captured microstructures to identify the mechanisms of tensile

fracture.

2. Materials and Methods

2.1.  Alloy casting and heat treatment

ACMZ alloys with different Cu content were prepared by gravity die wedge casting into molds.
The alloys were molten at temperatures higher than 800 °C and grain refiners were added prior to
casting. The compositions of all five alloys were determined using inductively coupled plasma-
optical emission spectroscopy (ICP-OES) as listed in Table 1. Blocks of size 165 mm x 19 mm x
19 mm closest to the chill were machined from the castings for heat treatments. The blocks were
first solution treated at 540 °C for 5 hr followed by quenching in water at 80 °C. The solution
treated blocks were then aged at 240 °C for 5 hr followed by air cooling. The alloys are identified

by their Cu content as shown in Table 1.

Table 1 Compositions of the five ACMZ alloys in wt. %.

Alloy Name Cu Mn Zr Fe Si Al
6.0 Cu 59 0.46 0.20 0.07 0.07 Bal.
6.6 Cu 6.7 0.44 0.19 0.07 0.03 Bal.
7.3 Cu 7.3 0.46 0.19 0.07 0.05 Bal.
8.0 Cu 8.1 0.45 0.19 0.08 0.04 Bal.
9.0 Cu 8.9 0.43 0.20 0.08 0.08 Bal.




2.2. Microstructural characterization

Microstructural characterization was performed using scanning electron microscopy (SEM,
Hitachi S4800). Specimens were prepared with standard metallography techniques and etched for
10 s in Keller’s reagent (1.5 % HCIL, 1% HF and 2.5% HNO; by volume in water). Particle area
and morphology were quantified with ImageJ software [32]. A minimum of 75 precipitates were

analyzed for each alloy.

2.3. Mechanical characterization

Tensile tests were performed at room temperature to determine the strength and elongation of
as-aged alloys. Cylindrical tensile specimens were prepared according to the ASTM ES8 standard.
Tensile tests were performed at an initial strain rate of 1.17 x 10* s! until fracture. An
extensometer measured strain throughout the duration of the tests. Two specimens were used per
alloy and the corresponding mean value and standard deviation of strength and elongation are
reported. SEM (TM 3030 Plus, Hitachi) was performed to analyze fracture surfaces of the tensile

specimens.

3. Results

3.1. Microstructure of as-aged alloys

Fig. 1 shows low and high magnification SEM micrographs of the five ACMZ alloys (with
6.0 Cu, 6.6 Cu, 7.3 Cu, 8.0 Cuand 9.0 Cu) in the as-aged condition. The grains of a-Al are equiaxed
with similar average grain size in the five alloys as listed in Table 2. The grain boundary particles

that appear white in Fig. 1a-e are a compositional variant of equilibrium 6 (Al,Cu) phase formed



in Al-Cu alloys. Since the Cu content in the five alloys is above the maximum solid solubility limit
in Al, the excess Cu precipitates as particles primarily along the grain boundaries. Hereafter, the

term ‘particle’ in ACMZ alloys will exclusively refer to the grain boundary phase.

The low magnification micrographs (Fig. la-e) illustrate the volume fraction, size,
morphology and distribution of particles. An increase in Cu content increases the number of
particles along the grain boundaries. Mean values of area, circularity and volume fraction of the
particles determined using Imagel] are listed in Table 2 for all five alloys. Mean and standard
deviation (S.D.) for the particle area are calculated using the log-normal distribution. A particle
area cut-off of 5 um? is set to quantify only the large particles. Circularity of a particle is given by
4mt(Area/Perimeter?). A value of circularity equal to 1 indicates a circle and below 1 indicates
deviations from circular geometry. Circularity is an alternative to aspect ratio when particle shapes
deviate significantly from ellipses, as in the present case. Several particles present at grain

boundary triple junctions have branched morphology.

The mean particle area and volume fraction both monotonically increase with Cu content in
the alloys (Table 2). The circularity of the particles is observed to be similar in the five alloys
(Table 2). The particle distribution is spatially heterogeneous as the particles tend to form clusters
in all the alloys. Fig.1f shows high magnification microstructure of the representative 8.0 Cu alloy.
The Al grains consist of a uniform dispersion of fine strengthening 0’ precipitates. Two out of the
total three orthogonal variants of 8’ can be seen nearly edge on in Fig. 1f. The brighter contrast in
the background is plausibly the third 6’ variant with its broad face nearly parallel to the surface.
Hereafter, the term ‘matrix’ will exclusively refer to Al + 8’ precipitates as a single entity. SEM
observations indicate that the microstructure of the matrix is similar in the five alloys due to similar
Cu content after solutionizing and equal to the maximum solid solubility limit.
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Figure 1 Low magnification SEM micrographs of the as-aged alloys showing particles in (a) 6.0
Cu, (b) 6.6 Cu, (c) 7.3 Cu, (d) 8.0 Cu, (e) 9.0 Cu alloys. (f) Higher magnification SEM micrograph
of 8.0 Cu alloy showing ©' precipitates.

Table 2 Quantification of grain size, particle area, particle circularity and particle volume
fraction in the as-aged ACMZ alloys. Area equivalent particle radius and inter-particle spacing
in alloys calculated assuming spherical morphology and cubic arrangement, respectively, are also
listed.

Grain size Particle Particle Mean Meztn area Mean
(pm) area (um?) | circularity volume equivalent inter-
Alloy (Mean . particle particle
+S.D.) g:l\é[(;;")l S\é[(;';“)l fr?:/tl)on radius, r spacing, A
o o ° (m) (um)
6.0 Cu 67+6 11+£2 0.23+0.11 0.3 1.9 18
6.6 Cu 49 +7 20+2 0.30+£0.16 0.6 2.5 17
7.3 Cu 48+ 6 26+2 0.32+0.17 23 2.9 11
8.0 Cu 48 +3 32+3 0.29+0.15 3.2 3.2 10
9.0 Cu 60+ 6 37+3 0.21+0.14 4.8 3.4 8

3.2. Mechanical properties of as-aged alloys

Fig. 2a summarizes engineering stress-strain curves for the five ACMZ alloys in the as-aged

condition. It is noted in Fig. 2b that yield strength of the alloys in the as-aged state is independent

of Cu content within the 6.0 - 9.0 wt.% range. This observation agrees with the microstructural




observation that the matrix is comparable in the five alloys. The strain hardening behavior for all
the alloys is also similar due to matrix dominated response. On the other hand, the tensile
elongation in these alloys monotonically decreases with increase in Cu content (Fig. 2b). It is
further noted that as the Cu content increases, the alloys fracture without fully exhausting the strain

hardening capacity of the matrix.
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Figure 2 (a) Engineering stress-strain curves of the as-aged alloys and (b) Comparison of yield
strength, ultimate tensile strength and tensile elongation of the as-aged alloys.

10



Fig. 3 presents the fracture surfaces of the five alloys after tensile loading. These
fractographs were captured in backscattered electron mode with enhanced compositional contrast
instead of conventional secondary electron mode with enhanced topographical contrast. The
brighter regions correspond to particles with higher atomic number. The fracture surfaces of these
particles are smooth indicating brittle fracture. The grey regions correspond to the matrix. The
fracture surface of the matrix consists of dimples implying a locally ductile failure (indicated by
red arrow in Fig. 3f). The area fraction of the fracture surface covered by particles increases with
Cu content. The increase is, in part, a consequence of increasing volume fraction of particles with
Cu content. However, the area fraction of fracture surface covered with particles, for example in
the 9.0 Cu alloy (Fig. 3e), is far higher than the area fraction in a random cross-sectional

microstructure (Fig. 1e). This observation signifies that the particles offer a preferred path for crack

propagation.

Figure 3 Low magnification fractographs of the as-aged fractured tensile specimens in (a) 6.0 Cu,
(b) 6.6 Cu. (c) 7.3 Cu, (d) 8.0 Cu, (e) 9.0 Cu alloys. (f) Higher magnification fractograph of 7.3
Cu alloy showing intact particle-matrix interface.
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3.3. Microstructure after tensile test

Fig. 4 shows SEM micrographs of gage regions of the fractured tensile specimens taken ~2
mm below the fracture surface. The particles fracture under tensile loading and the resulting cracks
are nearly perpendicular to the loading direction. The fractured particles suggest that particles are
potential sites of crack initiation in these alloys. The cracks in the particles are not an artifact of
metallographic preparation as they are absent in the unstressed alloys as shown in Fig. 1.
Furthermore, several particles undergo multiple fracture events as shown in Fig. 4. As such, the
particles do not relax after the first fracture event but are loaded again to their fracture strength and
the process may repeat multiple times. It is also noted that crack initiation by the competing
mechanism of interfacial decohesion does not occur in these microstructures, as also shown in the

fractograph of Fig. 3f.

Figure 4 SEM micrographs of the metallographically prepared gage region of the as-aged
fractured tensile specimens at a distance ~ 2 mm below the fracture surface of (a) 6.0 Cu, (b) 6.6
Cu, (c) 7.3 Cu, (d) 8.0 Cu and (e) 9.0 Cu alloys. Loading axis is vertical in the micrographs.
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The crack free or unfractured particle population is compared to the entire particle
population in Fig. 5. The mean area of the unfractured particles is smaller than the mean area of
the entire population for all the alloys except 6.0 Cu alloy (Fig. 5a). This observation implies that
smaller particles have higher resistance to fracture. Fig. 5b shows that the total and unfractured
particle populations have similar circularities. Thus, particle size and not morphology is the
primary determinant of the fracture propensity of the particles. This argument is further supported

by calculating the percentage of particle volume fractured (F) using the following equation:

Viotal — Vunfractued (1)
F = * 100
Vtotal

where, V.1 1s the volume fraction of total particle population and V yfactured 18 the volume fraction
of unfractured particle population. Fig. 5S¢ shows that F first increases with increase in Cu content
from 6.0 % to 7.3 % and then saturates with further increase in Cu content. The decrease in the
absolute value of F with increase in Cu content from 8.0 % to 9.0 % is marginal and not considered
significant. The saturation in F can be possibly attributed to the opposing effects of increase in
particle size and reduction in tensile elongation with Cu content. The F initially increases with Cu
content due to increase in particle size. With further increase in Cu content, the corresponding
decrease in tensile elongation reduces the possibility of fracture in smaller particles that would

have occurred at higher strains. As a result, F saturates at higher Cu contents.
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Figure 5 Mean (a) area and (b) circularity of particles in the entire population and unfractured
population after tensile testing. (c) Percentage of particle volume fractured (F) in the tensile tested
alloys.

4. Finite Element Simulations

4.1.  Model description

To better understand the mechanism by which Cu content influences tensile elongation of the
ACMZ alloys through the particles, a microstructure-based finite element model for tension was
constructed. The Abaqus/Explicit finite element package [33] is used in the current work and the
model is based on the stitched SEM montage of the ACMZ alloys. Stitching is performed by using

a plugin available in ImagelJ [34]. Similar to Hu et al. [35] and Cheng et al. [36], the micrographs
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are directly mapped into the finite element model with each pixel of the micrograph represented
by a single square element in a 2-dimensional (2-D) model. A MATLAB code is created to group
elements in the SEM image into element sets which is then used into a fully parametrized Abaqus
input file. The models contain 1494 x 946 2D plane strain elements with reduced integration
(CPE4R), representing an actual dimension of 1.15 x 0.73 mm? and consisting of approximately
200 grains. Fig. 6 shows an example of this model for the 9.0 Cu alloy. Additional details of the

model are described below.

Loading Direction

Figure 6 Construction of finite element model of 9.0 Cu alloy. (a) Stitched SEM micrograph and
(b) Corresponding binarized micrograph with particles and matrix colored in dark and light
green, respectively.

As can be seen from the experimental engineering stress-strain curves for different Cu contents

(Fig. 2), the curves are similar in yielding and strain hardening but failed at different tensile
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elongations. Little or no load drop is observed before fracture, indicating no sample scale necking
during tensile testing, with sample fracture in a region of homogeneous deformation. The absence
of necking before fracture indicates that a unit cell representative volume element (RVE) model is
suitable for modeling the material elongation. A 3-dimensional (3D) model would be ideal, but
such a model, which represents the particles with both geometrical complexity and statistical
significance, is computationally expensive. Therefore, a 2D plane strain RVE model is utilized in
the simulation. As shown in Fig. 6, tensile deformation is applied in the vertical direction on the
top edge of the model, while keeping the bottom fixed along this direction. A multi-point constraint
(MPC) is applied to the right and left edge, so that the two edges will remain straight during
simulations. This RVE model will ensure that no necking will happen along the width (diffuse
necking) and thickness (localized necking) directions for sheet samples [37, 38]. To ensure the
RVE is more representative of the microstructure, a large view stitched micrograph for each alloy
is used in the model as shown in Fig. 6.

In the RVE model, the matrix is assumed to be isotropic elasto-plastic with the experimentally

measured Young’s modulus of 65 GPa. The effect of 0’ precipitates is not considered separately

since they are included in the matrix. The flow behavior follows a power law,
=677e0178 (2)

where, o is the flow stress, while € is the equivalent plastic strain. The parameters in Equation 2
are determined by fitting to the stress-strain curve of 6.0 Cu alloy. The critical value of strain for
local matrix fracture was calibrated by extensive parametric studies and determined to be 0.18.
The true value of the critical local matrix fracture strain should be lower than this value, due to
fact that the 2D model currently adopted would overestimate the deformation heterogeneity caused

by the particles and their distribution. However, experimental determination of critical local matrix
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fracture strain is challenging as the elongation of these cast alloys will always be affected by
particles and porosity.

The particles are assumed to be pure elastic with a Young’s modulus (E) of 120 GPa, which is
the reported E value for equilibrium 6 phase [39]. Brittle fracture is considered for the particles as
determined experimentally (Fig. 4) and the element removal is determined by the criterion of
whether the hydrostatic tensile stress (oy,) reached a critical value (o). This simple brittle fracture
criterion has been proven to be able to correctly predict the cracking behavior, e.g. the crack
direction and volume fraction, in the rolling of U-10%Mo alloy [40]. The value of o, has been
chosen to be 710 MPa after some parametric studies. This value is also quite close to particle
strength for 8 phase obtained by Kobayashi [41]. Simulations are run until compete fracture of the
model, i.e. there is at least one crack extending completely from one edge to the other. The total

elongation after fracture is recorded at the end of simulation for comparison with experiments.

4.2. Simulation results

The tensile elongation values determined from simulations are plotted and compared to the
corresponding experimental values in Fig. 7. The simulation successfully captures the trend of
decreasing tensile elongation with increasing Cu content in the alloys. The simulated values of
elongation are in close agreement with the experimental values for all the alloys except 9.0 Cu
alloy. The simulated elongation decreases marginally from 8.0 Cu to 9.0 Cu in contrast to a
significant decrease in the experimental elongation. This saturation in simulated elongation leads
to a larger mismatch between simulated and experimental elongation in 9.0 Cu alloy. The
saturation in simulated elongation suggests that even the large area of input microstructure (1.15

x 0.73 mm?) for simulations might not be sufficiently representative to capture the decrease in
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elongation between 8.0 and 9.0 Cu alloy. The crack initiation strain determined from the simulation
is also shown in Fig. 7. A crack is considered as initiated when the first fracture event occurs in a
particle, which transforms into the primary crack. Other particles that fracture at lower strains but
do not transform into the primary crack are neglected. The crack initiation strain decreases from
2.8 % in 6.0 Cu alloy to 1.7 % in 9.0 Cu alloy. The crack propagation strain is calculated as the
difference between simulated tensile elongation and the crack initiation strain. Like the crack
initiation strain, the crack propagation strain also decreases with increased Cu. Thus, the overall

decrease in tensile elongation with increased Cu is a consequence of both early crack initiation and

accelerated crack propagation.
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Figure 7 Comparison between tensile elongation values determined by finite element simulation
and experiment. Finite element simulation derived crack initiation strain and crack propagation
strain are also plotted.
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Fig. 8 shows the maximum in-plane principal strain for 6.0 Cu alloy at a far-field strain
equal to 2.5 % along the tensile direction. Strain in the plastically deforming matrix concentrates
around the elastically deforming particles thus forming micro shear zones. Interaction among
micro shear zones of the particles and plastic zone of the crack tip facilitates the formation of
macro shear zones. Therefore, increase in particle volume fraction with Cu content advances the
formation of macro shear zones to lower strain values. Fig. 9 shows formation of macro shear
zones in 8.0 Cu alloy (white dotted rectangle) that are absent in 6.0 Cu alloy at 3.0 % far-field
strain due to lower particle volume fraction in the latter. Macro shear zones act as easy paths for

crack propagation.
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Figure 8 (a) Simulated maximum in-plane principal strain map of 6.0 Cu alloy at 2.5 % strain. (b)
Binarized microstructure with particles and matrix colored in dark and light green, respectively,
corresponding to the strain map in (a). Loading axis is vertical in the strain map.
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Figure 9 Simulated maximum in-plane principal strain map of (a) 6.0 Cu and (b) 8.0 Cu alloys at
3.0 % strain. Loading axis is vertical in the strain maps. White dotted rectangle in (b) highlights
a macro shear zone.

5. Discussion

The results described above demonstrate that tensile elongation of ACMZ alloys is a
function of Cu content. Excess Cu beyond the maximum solid solubility limit in Al precipitates in
the form of grain boundary intermetallic particles. The particles affect both initiation and
propagation of cracks under tensile loading thus, regulating tensile elongation as discussed in the

following sections.

5.1.  Crack initiation by particle fracture

A crack can initiate at a particle either by particle-matrix interfacial decohesion or by
particle fracture. Particle fracture is the dominant mechanism of crack initiation in the alloy
microstructures investigated here (Fig. 4). This observation implies that the particle-matrix
interfacial strength is higher than the particle fracture strength in the examined microstructures.

Simulations (Fig. 7) reveal a continuous decrease in crack initiation strain with increase in Cu
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content. As the Cu content increases, the inter-particle spacing decreases due to increase in the
volume fraction of particles. The stress fields of neighboring particles begin to overlap with
decrease in the inter-particle spacing that consequently increases the stress within the particles
[42]. Particle fracture is designed to occur in the finite element simulation when a critical value of
stress is reached. Thus, an increase in the particle stress due to decrease in the inter-particle spacing
with Cu content can lead to reduction in the crack initiation strain. Particle clusters as observed in
the alloy microstructures (Fig. 1) could amplify the stress rise in particles as they are local regions

of high particle volume fraction [31].

Finite element simulations assumed a fixed particle fracture strength. The fracture strength
of a particle, however, may not be a fixed value but, can vary with size of the particle [26, 30]. As
a result, the crack initiation strain can vary in the alloys due to different particle sizes that is not
captured in the present finite element simulation. The size dependence of particle fracture strength
can be rationalized by a simple argument based on energy balance between release of stored elastic
strain energy and creation of new surfaces of brittle particle (adapted from ref. [26]) as represented

by the following relation:

€)

o? (ATR3 ) )
SE 3 | 2v(mRY)

where, ¢ = particle fracture strength, R = particle radius, E = particle elastic modulus, y = particle

surface energy. Equation 3 can be rearranged to arrive at the following relationship,

UOCV% “4)

1.e. larger particles have a lower fracture strength. The dependence of fracture strength on particle

size according to Equation 4 implies that crack initiation by particle fracture will occur at lower
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strain with increase in Cu due to increase in size of particles. This argument is experimentally
supported in Fig. 5a in qualitative terms where the mean area of unfractured particles is lower than
the mean area of total particle distribution. Thus, increase in Cu content reduces crack initiation
strain due to increase in particle size and volume fraction led decrease in inter-particle spacing.
Deconvoluting the effects of particle size and volume fraction on crack initiation is difficult. Such
a deconvolution experimentally would require alloys to have similar particles sizes but different
particle volume fractions. Simulations can deconvolute the effect of particle size and volume
fraction by considering a size dependent particle fracture strength that will be the focus of future
investigations. It is be noted that although particle morphology can affect crack initiation, it does

not vary with Cu content as quantified using circularity (Table 2 and Fig. 5b).

5.2. Crack propagation by macro shear zone formation

Crack propagation in the current ACMZ alloy microstructures, is the process of growth
and coalescence of cracks initiated at various fractured particles. The crack propagation strain
decreases with increasing Cu content (Fig. 7). The matrix properties remain invariant with Cu
content and, therefore, cannot account for the observed reduction in crack propagation strain at
higher Cu levels. Reduction in crack propagation strain with Cu content, therefore, is also primarily
governed by the particles present in the alloys. It was shown in Fig. 9 that macro shear zones
evolve by interaction of micro shear zones around particles and crack tip plastic zone. The
formation of similar macro shear zones by interaction of micro shear zones around strings of
particles has been reported earlier in literature [37]. Increase in particle volume fraction with Cu
content advances the formation of macro shear zones to lower strain levels (Fig. 9). Since macro
shear zones are easy paths for crack propagation, crack propagation strain decreases with Cu

content. In addition, macro shear zones can accelerate the fracture of yet unfractured particles
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present within them. The progressive fracturing of particles will further intensify deformation in
the macro shear zones thus, producing a cascading effect on crack propagation. Particle
morphology can affect the formation of micro shear zones around individual particles. However,
the formation of macro shear zones by interaction of micro shear zones is not a function of

morphology as the mean particle circularities are similar for all the alloys in the present case.

The effect of particle volume fraction on crack propagation strain can be determined
analytically [20, 24]. Assuming that all the particles have fractured, strain fields of cracks initiated
at neighboring particles overlap with decrease in the inter-particle spacing. As a result, strain in
the matrix ligament between the fractured particles increases. Unstable crack propagation leading
to final fracture occurs when a critical local strain to cause matrix failure is reached. The crack
propagation strain of a material consisting of a cubic array of fractured particles with spherical
morphology can be calculated using the following equation:

1 I 1/(n+1) A 1/(n+1)é. (5)

€= 55(9) 0.4057h) B~ 1 2

where, A = interparticle spacing, r = particle radius, n = strain hardening exponent, & = critical local
strain to cause matrix failure, I and h are functions of n, and &z(¢) is effective value for normalized
coefficient &;(¢) in Hutchinson-Rice-Rosengren (HRR) field whose value is constant for ¢ = 0.
For the model, area equivalent particle radius is calculated based on the average value of particle
area mentioned in Table 2. The inter-particle spacing is derived based on the cubic arrangement as

per the following equation:

4 3 , (6)
3Vtotal) B ]

A=r((
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where, V. 1s same as in Equation 1 i.e. the volume fraction of total particle population (Table 2).
The computed values of r and A are listed in Table 2. Equation 5 can be used to determine relative
crack propagation strain with respect to a reference state, since £g(¢) and & are unknown. The 6.0
Cu alloy 1s taken as the reference to calculate relative crack propagation strain. The relative crack
propagation strain calculated using the finite element simulation (Fig. 7) and the analytical model

(Equation 5) are compared in Fig. 10.

Finite element simulation and analytical model describe the same trend of a reduction in
crack propagation strain with increase in Cu content. The concurrence between finite element
simulation and analytical model affirms the negative effect of increase in particle volume fraction
on crack propagation strain. However, the analytical model predicts a sharper decline in the strain
as compared to the finite element simulation, since the former assumes the entire population of
particles has fractured before the propagation stage commences. The finite element simulations,
on the other hand, show that particle fracture and crack propagation are overlapping processes

rather than discrete stages of failure.
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Figure 10 Comparison between relative crack propagation strain calculated using finite element
simulation and analytical model with 6.0 Cu alloy as the reference.

6. Conclusions

This work describes the mechanism by which Cu content ranging between 6.0 - 9.0 wt.%
affects tensile elongation of cast ACMZ alloys. Following are the salient conclusions drawn from

this investigation:

1) Excess Cu above the maximum solid solubility limit in aluminum, precipitates at the grain
boundaries in the form of intermetallic particles. The size and volume fraction of these particles

increases with Cu content.

2) The particles fracture under tensile loading and in the process act as initiation sites for a
crack. Increase in size and volume fraction of particles with Cu content promotes crack initiation.

The propensity of particle fracture increases with size due to reduction in size dependent particle
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fracture strength. Lower inter-particle spacing at higher particle volume fraction promotes crack
initiation by increasing stress within the particles caused by the interaction between stress fields

of neighboring particles.

3) Micro shear zones develop in the matrix surrounding particles. Micro shear zones interact
with crack tip plastic zone to form macro shear zones, which are easy paths for crack propagation.
Increase in particle volume fraction with Cu content advances the formation of macro shear zones

to lower strain values thereby reducing the crack propagation strain.

The increase in Cu content reduces tensile elongation of ACMZ alloys by promoting both
crack initiation and propagation. The mechanism by which brittle intermetallic particles affect

tensile elongation in ACMZ alloys can also be extended to other cast alloy systems.
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