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Abstract—Experimental and numerical studies were conducted on AlSil2 alloy fabricated by wire-feed
electron beam additive manufacturing to examine the structure, thermomechanical behavior and fracture of a
eutectic microvolume at the scale of several microns. Dynamic boundary value problems were solved under
plane strain conditions. The composite structure of the eutectic phase consisting of an aluminum matrix and
silicon particles was taken into account explicitly in the calculations. Isotropic models of the thermoelasto-
plastic matrix and elastic-brittle particles were implemented in ABAQUS/Explicit. Composite deformation
was calculated both with and without allowance for residual stresses caused by cooling of the composite after
its fabrication. It was shown that after the cooling of the eutectic, silicon particles are compressed, and the
aluminum matrix is under both bulk compressive and tensile as well as under pure shear stresses. It was
found that residual stresses play a negative role at the stages of intense deformation of the composite. The
fracture strain of the eutectic strongly depends on the yield point of the matrix, while the ultimate fracture
stress varies but only slightly. Favorable morphology of silicon particles was determined which prevents ear-
ly fracture of the eutectic.

Keywords: electron beam additive manufacturing, AlSil2 alloy, numerical simulation, residual stresses, plas-

tic strain localization, fracture
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1. INTRODUCTION

Aluminum alloys combine low density and relati-
vely high strength, which make them attractive for
various industrial applications. Aluminum-silicon al-
loys AlSil2, also called silumins, are promising ma-
terials for the manufacture of components and struc-
tures due to low thermal expansion, good corrosion
resistance and wear resistance [1-3]. Conventionally,
AlSil2 alloys are characterized by good castability
and machinability. The eutectic of an aluminum-sili-
con alloy consists of a hard brittle Si phase in a softer
matrix of pure Al. That is why most of the mechani-
cal properties of the material, especially elongation to
failure, are determined by the eutectic microstructure.
One of the ways to improve the mechanical proper-
ties of Al-Si cast alloys is their modification by the
addition of alloying elements to the aluminum melt
in order to form a fine fibrous eutectic silicon struc-
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ture during solidification. The Al-Si eutectic can be
modified either by the addition of certain elements
(chemical modification) or by high cooling rates (qu-
ench modification) [4]. The refinement of the Si
phase, including by adding strontium or sodium to
the Al-Si melt before casting, has been studied in de-
tail by many authors [5, 6]. A low cooling rate during
casting promotes the nucleation of needle-like or co-
arse eutectic Si, which greatly reduces the mechani-
cal properties of the alloy and its service life in ag-
gressive environments [7]. Thus, modified and refin-
ed eutectic (a+Si) phases improve the mechanical
properties of aluminum-silicon alloys and expand
their application range. This alloy is most commonly
used in the production of pistons and engine blocks.
The growing needs of the automotive and aero-
space industries for highly loaded complex-shape
parts and components have led to great advances in
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additive manufacturing. These technologies have ob-
vious advantages over conventional methods, includ-
ing virtually waste-free production and resulting pro-
ducts without welds and other joints. Rapid solidifi-
cation and high cooling rates lead to the formation of
a finer microstructure compared to casting [8, 9]. The
most common additive manufacturing technology for
the production of aluminum-silicon alloys is selective
laser melting [10, 11]. The use of a pulsed laser in-
stead of a continuous-wave source allowed greater
control over heat input and silicon grain refinement
to less than 200 nm [10]. The effect of specific laser
energy on microstructure evolution in an additively
manufactured alloy was studied in [11]. The mecha-
nical properties of AISi12 produced by selective laser
melting are not inferior to those of the cast alloy [12].
In [13], AlSil2 alloy samples were tested at high
temperatures. The results showed that AlSil2 alloy
fabricated by selective laser melting is well suited for
the automotive industry to produce pistons and cylin-
der heads. The use of wire feedstock for laser melting

Sum spectrum

saves more than 80% of energy compared to other la-
ser technologies [14]. Laser beam deposition of Al
5087 alloy wire was investigated in [15] by produc-
ing single tracks and multi-track walls to select opti-
mal conditions for stable deposition. Most of the re-
sulting samples were characterized by low porosity.
Among the existing 3D printing technologies, elect-
ron beam additive manufacturing (EBAM) shows
much promise for producing high-quality products
with low-defect structure. It provides easier control
over the composition of a complex-shape part due to
the possibility to adjust the printing process parame-
ters, such as wire feeding speed and heat input [16].
The eutectic of the AlSil2 alloy considered in this
work is a composite material consisting of an alumi-
num matrix with silicon particles. Earlier we investi-
gated some aspects of the deformation and fracture of
particle-reinforced metal matrix composites [17-19].
We studied the effect of the volume fraction and spa-
tial distribution of reinforcement particles, strength
and ductility of the matrix and particle materials on
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Fig. 1. Dendritic structure and eutectic network (a), fragment of the eutectic (b), elemental analysis (c), and model structure of

printed AlSil12 alloy (d) (color online).
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the macroscopic response of the composite. Special
attention was paid to residual stresses that arise in the
composites during manufacture and affect the mecha-
nical behavior of the material in a future service envi-
ronment [20].

This work investigates the thermomechanical be-
havior of a representative microvolume of the eutec-
tic formed in AlSil2 alloy produced by wire-feed
electron beam additive manufacturing.

2. PROBLEM FORMULATION

The structure of AlSil2 alloy was studied experi-
mentally. EBAM samples were printed using select-
ed electron beam melting parameters and ESAB OK
Autrod 4047 wire (1.2 mm). The setup for wire-feed
electron beam additive manufacturing was designed
and constructed at the Institute of Strength Physics
and Materials Science SB RAS (Tomsk, Russia). The
following printing parameters were used: chamber
pressure ~5x 107~ Pa, accelerating voltage 30kV,
table travel speed 540 mm/min, beam sweep diameter
~4 mm, circular sweep mode. The total number of
deposited layers was 40. The beam current decreased
exponentially from 38 (layer 1) to 24 mA (layers 15—
40). Sections for SEM and TEM microstructural stu-
dies were cut from the middle of the samples. The
experimental results are presented in Fig. 1. The im-
age in Fig. la was obtained on a Tescan Mira 3 LMU
SEM microscope with an EDS detector.

TEM foils were prepared by mechanical grinding
of plates to 150 um thickness followed by ion milling
at 6kV for 12 hours. The images in Figs. 1b and Ic
were obtained on a JEM-2100 TEM microscope with
an EDS detector. Energy dispersive X-ray analysis
revealed the formation of a dendritic structure during
melt crystallization: there are individual aluminum
dendrites of the order of tens of micrometers sur-
rounded by the eutectic network (Fig. 1a). On a lower
scale of the order of a few micrometers, submicron
silicon particles in the aluminum matrix are clearly
visible in the eutectic (Figs. 1b and 1c¢).

By graphically processing (binarizing) the expe-
rimental image of a eutectic microvolume, we ob-
tained a model composite structure with the spatial
domain dimensions of the order of 2.5%2.5um
(Fig. 1d), which was discretized by a regular rectili-
near mesh with 480 x 480 square finite elements.
Two-dimensional dynamic boundary value problems
of loading the composite were solved for plane stress
in ABAQUS/Explicit. The significant difference in
the thermal expansion coefficients of silicon and alu-

minum can cause high residual stresses in the eutec-
tic during cooling of the dendritic structure. The in-
fluence of residual stresses on the behavior of the
composite was studied through calculations of the
thermomechanical loading of the eutectic. The ther-
moelastoplastic behavior of the matrix was described
using the Duhamel-Neumann relations:

S, = —PSij + SU
= Ky —3aT)d, +20(, — 845, /3-80), (1)

where o, and §; are the stress tensor and deviatoric
stress tensor components, P is the pressure, €; and sg-
are the components of the total strain tensor and plas-
tic strain tensor, §; is the Kronecker delta, K and p
are the bulk compression and shear moduli, a is the
coefficient of thermal expansion, 7 is temperature,
and the dot means the time derivative.

The plastic flow rule & =7LS,-j associated with
the yield criterion o, —Y;(gg,) =0 is used. Here X is
a scalar factor that is identically equal to zero in the
elastic region. The matrix is assumed to strain-
harden; the isotropic hardening function has the form

Yy(ely) =0, ~(o, ~op)exp(~eby [el),  (2)
where o and o, are the ultimate strength and yield
point, and €! is the strain hardening parameter. In
the general case, expressions for the equivalent stress
and accumulated equivalent plastic strain read

1
Oeq :T[(Gn _622)2 +(op _533)2

+(033— c511) +6(012+523+531)]1/2 (3)
§q=£[(s —eh,)? + (el —ef))’
+ (R, —el)? + 6 +eRZ +eP)] 2 (4)

The thermoelastic response of silicon particles is
described by Eq. (1), where sp =0. Fracture of alu-
minum is assumed to occur upon reaching a critical
value of the accumulated equivalent plastic strain

€by = &h- %)

Silicon is assumed to be elastic-brittle. Fracture of
particles is taken into account using a Huber criterion
of maximum equivalent stress that accounts for the
type of stress:

Geg = Ciens if £4g > 0. (6)

Criteria (5) and (6) operate on the following princi-
ple. If the accumulated equivalent plastic strain in
any region of the matrix exceeds &f, or when the
equivalent stress in a local region of a particle sub-
jected to bulk tension exceeds the silicon tensile

PHYSICAL MESOMECHANICS Vol.26 No.6 2023
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Table 1. Physical and mechanical properties of aluminum and silicon
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Material | p, g/em® | K, GPa | p, GPa | o, MPa | 6o, MPa | £, % €0,% | Cien, MPa | @, 107%C!
Matrix
Al30 82 30
Al45 2.7 66 26 97 45 10 35 - 22
Al60 112 60
Particles
sii | 233 | 8 | 60 | - - | -] -] m | s

strength Ci,, this region is considered failed. Then, if
this region is under bulk tension, the stress tensor
components in it become equal to zero: 6;=0, while
if the region is under bulk compression, only the de-
viatoric stress tensor components are zero: S;=0.
Thus, the failed region does not resist shear and bulk
tension, but continues to resist bulk compression.

Equations (1)—(6) were implemented in ABAQUS/
Explicit through a VUMAT subroutine written in
Fortran.

The mechanical properties of aluminum and sili-
con are well known and can be easily found in the li-
terature, e.g., in [21]. The plasticity characteristics of
pure aluminum can vary depending on the defect
structure formed by different manufacturing and pro-
cessing techniques [22]. Due to rapid solidification in
additive manufacturing, aluminum formed in the
eutectic network between silicon nanoparticles may
have a nanodefect structure. The plastic properties of
such a material are unknown and may vary depend-
ing on melting and heat treatment conditions; their
determination requires separate experimental and nu-
merical studies, which are beyond the scope of the
present paper. However, it seems appropriate to stu-
dy how the strength, deformation and fracture beha-
vior of the composite depend on the mechanical pro-
perties of the matrix material. Therefore, in this stu-
dy, the yield point of aluminum was varied within the
model range from 30 to 60 MPa. In order to evaluate
the influence of this parameter on the strength of the
composite, other conditions such as strain hardening
behavior and the ultimate fracture strain of aluminum
were assumed to remain unchanged. The correspond-
ing matrix materials are arbitrarily called AI30, Al45,
and Al60 (Table 1). The characteristics and experi-
mental constants used in the calculations are given in
Table 1.

Calculations were carried out for two types of
loading applied to composites. The first type of prob-
lems (without taking into account cooling-induced

PHYSICAL MESOMECHANICS Vol.26 No.6 2023

residual stresses (NRS)) describes the stretching of
the material along the X or Y axis (Fig. 1d) from the
initial unstrained state:

ui(x’y):()’ Gij(x’y)zoa p(x’y)ZPO(x’y)' (7)

The second type of problems (with taking into ac-
count cooling-induced residual stresses (RS)) descri-
bes a combined thermomechanical loading, in which
the eutectic is cooled in the first step from state (7)
from 350°C to room temperature 23°C. The tempera-
ture decreases linearly, while on all faces of the com-
putational domain (I'=; 4 in Fig. 1d) free surface
conditions are satisfied:
c;(x,y,0)n; =0. (8)
As a result of cooling, residual stresses arise in the
material due to the difference in the thermoelastic
properties of the particles and the matrix. In the se-
cond step, the cooled material is subjected to tension.
Uniaxial tension of the material in both cases
(NRS and RS) is modeled by the boundary condi-
tions: u(x,y,t)=—V and u,(x,y,f)=V on the left I,
and right I'; boundaries of the computational domain
under tension along X, u,(x,y,#)=-V and u,(x,y,?)=
V' on the upper I'; and lower I'y boundaries of the
computational domain under tension along Y, and
Gy(x,»,)=0. On the remaining domain boundaries,
i.e., on I'; and I’y under tension along X and on I'; and
I'; under tension along Y, free surface conditions (8)
are specified. The mass velocity V is equal to 5x
107 cm/ps. Although we use a dynamic formulation
of the problem, the constitutive equations take no ac-
count of the material sensitivity to strain rate and
temperature changes. When simulating quasi-static
tension, the mass velocity was gradually increased.
The temperature was also changed slowly enough to
minimize the dynamic effects associated with the ge-
neration and propagation of elastic waves at the ma-
trix—particle interface due to different elastic moduli
and thermal expansion coefficients of silicon and alu-
minum.
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Fig. 2. Characteristic stages of deformation and fracture of the eutectic. Averaged flow curves during cooling of composites with
different matrix yield points, cooling and subsequent stretching (a) and the accumulated equivalent plastic strains in the A160 ma-

trix (b) (color online).

3. SIMULATION RESULTS
3.1. Thermomechanical Deformation of the Eutectic

Let us consider the general deformation behavior
of the composite structure of the eutectic phase under
mechanical loading after precooling (RS) for an alu-
minum matrix with a yield point of 60 MPa. Fi-
gure 2a shows macroscopic flow curves during cool-
ing (orange curve with square symbols) and subsequ-
ent stretching along Y (red curve with square sym-
bols). Hereinafter the value of the equivalent stress
averaged over the computational domain (3) is plot-
ted along the ordinate axis:

> of,s*
)= k=1,N _
S
2

(o

b

where N is the number of cells in the computational
mesh, and S* is the local volume of the kth cell. The
strain plotted along the abscissa axis is the relative
elongation of the computational domain in the X or ¥
direction (Fig. 1d): e=(L—L¢)/Lo, where L, and L are
the initial and current length of the model sample.
The tensile flow curves for the RS case start at 0%
strain for ease of comparison with the curves for the
NRS case. In fact, the residual strain along X averag-
ed over all lines Y= const after cooling the composite
is about —0.5%. Therefore, the graphs in the RS case
are shifted to the right by 0.5%.

It was found that cooling-induced residual stresses
negatively affect the strength of the eutectic, leading
to premature fracture of particles. This corresponds
to a drop in the current flow stress in the initial por-

tion of the flow curve with further stretching. Initial-
ly, the flow curve is linear during cooling due to elas-
tic compression of the matrix at the beginning of
cooling (Fig.2a), caused by the absence of plastic
strains in the range £€=0.5-0.45% (Fig.2b). After
reaching the yield point of 60 MPa, nonuniform plas-
tic flow begins in the matrix, and the flow curve
shows a nonlinear strain dependence of stresses
(Fig.2a) and accumulated equivalent plastic strains
<8§q> averaged over the computational domain of the
matrix (Fig.2b). The stress and strain fields in the
particles and the matrix after cooling are shown in
Fig. 3 (state 4). Aluminum, which has a greater ther-
mal expansion coefficient than silicon particles, ex-
erts all-round compression on the particles. There-
fore, the particles after cooling experience only bulk
compression (blue color on the pressure scale). Bulk
residual tensile and compressive stresses arise in the
matrix (red and blue colors on the pressure scale).
Compressive stresses are concentrated around the
particles at the interface convexities, while at a dis-
tance from the particles there are circular bulk tensile
regions with maximum negative pressures near free
surfaces and between closely spaced particles (Fig. 3,
P distributions for state A4).

All-round compression of the eutectic during
cooling causes the concentration of equivalent stres-
ses in silicon particles near the curvilinear parts of
the interface and the formation of circular regions
with higher equivalent stresses around the particles in
the aluminum matrix (cf. P and &g, distributions for
state 4 in Fig. 3). Noteworthy is that the regions with
high values of 6., show areas where the pressure is

PHYSICAL MESOMECHANICS Vol.26 No.6 2023
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Fig. 3. Stress-strain state in Si particles (a, d) and Al60 matrix (b, c, e) after cooling. State 4 (color online).

zero (green color for P distributions for state 4). This
means that these areas are under pure shear.

Plastic flow is localized around particles in the
matrix, and the maximum plastic strains are observed
mainly in the regions of bulk compression and shear
(cf. P and s‘e’q distributions for state 4 in Fig. 3). The
described stress-strain state, which results from cool-
ing of the composite, completely determines the de-
formation stages of the composite during subsequent
uniaxial tension (Fig.2). It was found that plastic
flow localization and stress concentration at each
stage of deformation develop consistently in relation
to each other.

At stage 1, the stress-strain state gradually chan-
ges from multiaxial to uniaxial one. Immediately af-
ter cooling, at the start of tensile loading, the stresses
on the flow curve drop. After reaching a minimum
value, they begin to increase. The stress drop is due
to the fact that the particles are in a compressed state
after cooling. When the composite is stretched, the
particles also stretch, the compressive stresses de-
crease (cf. particle pressure for states 4 and B in
Figs. 3 and 4) and become zero. Next, tensile stresses
appear (states C and D in Fig. 4) with maximum va-
lues at the convex regions of the particles.

PHYSICAL MESOMECHANICS Vol.26 No.6 2023

Analysis of stresses separately in the particles and
the matrix revealed that the average stresses in the
matrix also decrease (Fig. 5a). This happens, firstly,
because the stress drop in the particles contributes to
unloading of the matrix. Secondly, a small number of
local compressed regions of the matrix are unloaded
independently: blue areas of the P distribution for
state 4 in Fig.3 reduce in size (state B) and finally
disappear (states C and D) in Fig.4. As a conse-
quence, the accumulation of plastic strains in these
regions stops at stage 1 and then starts again at
stage 2 when they begin to stretch and the equivalent
stresses in them exceed the yield point. This leads to
slower plastic strain accumulation in the matrix at
stage 1 than at stage 2 (Fig. 2b). Thus, the cooling-in-
duced compressive residual stresses both in the parti-
cle and in the matrix play a positive role, delaying
the formation of local tensile regions at the early
stages of subsequent stretching of the composite.

The particle pressure drops sharply with the appli-
cation of tension and continues to rapidly decrease,
slower or faster, at stage 1 in which the multiaxial
stress-strain state changes to uniaxial one. At stage 2
with fully-developed plastic flow in aluminum, the
drop in average particle pressure gradually slows
down (Fig. 5b). The average pressure level in the ma-
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Fig. 4. Stress-strain evolution in Si particles and Al60 matrix at stages 1 and 2 under tension. States B, C and D (color online).

trix is negative, which confirms the conclusion that
most of the matrix experiences tensile loads after
cooling.

3.2. Effect of Residual Stresses and the Yield Point
of the Matrix on the Strength of the Eutectic

With increasing yield point of aluminum, the ave-
rage level of residual stresses after cooling of the
eutectic increases (Fig.2a). Aluminum Al60 has the
highest yield point and deforms elastically during
cooling for a longer time than other alloys, as evi-
denced by a longer linear portion in Fig. 2a, which is

due to the absence of plastic strains in the range &=
0.5-0.4% (Fig.2b). Then, the flow stress increases
nonlinearly due to plastic shearing in the matrix aro-
und the particles.

The role of residual stresses is investigated by
comparing stretching from the initial unstrained state
(NRS) with stretching after cooling (RS). It is shown
that at the beginning of stage 1 (up to approximately
0.5% strain of Al60-Si composite), despite the higher
average stress level in the RS case than in the NRS
case (Fig. 6b), residual stresses play a positive role
because the particles are completely compressed
(Fig. 5b) and thus “protected” from fracture. The po-

PHYSICAL MESOMECHANICS Vol.26 No.6 2023
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Fig. 5. Averaged equivalent stress (a) and pressure (b) in silicon particles and aluminum matrix at stages 1 and 2 of composite
deformation (color online).

sitive role of residual stresses in the later part of
stage 1 (from 0.5 to 1.1% strain) is due to the lower
stress level in the particles in the RS case than in the
NRS case (Fig. 6b), regardless of whether the pres-
sure is positive or negative (Fig. 5b).
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With further loading at stage 2, tensile stresses ap-
pear in the particles, and the average equivalent
stress becomes greater in the RS case. This happens
because the rate of stress increase at stages 1 and 2 in
the RS case is greater than in the NRS case, which is
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Fig. 6. Averaged flow curves of a composite with different matrix yield point (a), effect of residual stresses on the average stress
level in silicon particles (b), dependence of strain &; (¢) and stress o (d) before the onset of eutectic fracture on the yield point of
the matrix (color online).
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Fig. 7. Stress patterns with fracture paths under tension along Y for composites with different matrix materials A130 (a), Al45 (b)
and Al60 (c) in the RS case and the corresponding plastic strain distributions at the prefracture stage (d—f) (color online).

due to preliminary plastic deformation of aluminum
at the cooling stage (cf. the slope of the cyan and
pink curves in Fig. 6b). As a result, the crack initiates
earlier in the RS case and the flow curve shows a de-
scending trend, while in the NRS case the composite
continues to deform elastoplastically. Thus, at later
stages of eutectic deformation, residual stresses play
a negative role, reducing the strength of the compo-
site. Calculations showed that this conclusion is valid
for all considered yield point values of the matrix (cf.
the blue curve for the NRS case and the red curve for
the RS case in Fig. 6a). The difference lies in the
length of stage 2, which precedes fracture and is as-
sociated with a monotonic stress increase in the en-
tire composite. Figure 6¢c shows the dependence of
the composite strain &; (see Fig. 6a), at which fracture
of the eutectic begins, on the yield point of the matrix
material. It should be noted that a sharp drop in stress
on the flow curves corresponds to the onset of silicon
fracture, and a smooth decrease is due to crack initia-
tion and growth in the aluminum matrix. The value
of & decreases exponentially with increasing matrix
yield point o, for both RS and NRS cases. This is be-
cause the higher oy, the greater the stress concentra-
tion in local regions of particles at the elastic stage of
material deformation and, accordingly, the less

stretching the composite requires in order for this
concentration to reach the critical value of the silicon
tensile strength of 175 MPa (Table 1). It was found
that with a 2-fold increase in the yield point, the
elongation to failure &; of the composite decreases by
a factor of 6 (from 3% for AI30 to 0.5% for Al60),
while the strength of the composite o changes slight-
ly by 20-25% (51 MPa for AI30 and 66 MPa for
Al160). For all matrices, g is greater in the NRS case
than in the RS case, which is due to a higher rate of
equivalent stress increase in particles under thermo-
mechanical loading than under mechanical loading.
At low values of the matrix yield point, the influence
of residual stresses on the strength of the composite
becomes minimal (Fig. 6d).

In all cases considered, cracks in the composite
initiate and grow by the following mechanism. First
cracks appear in brittle silicon particles. The crack tip
regions at the interface with the matrix are zones of
high local stress concentration, which causes rapid
accumulation of plastic strains in the adjacent regions
of the aluminum matrix. The strains increase rapidly
to a critical value and the matrix begins to crack. The
final appearance of the cracks is shown in Figs. 7a—
7c. The general fracture pattern is the same for all
matrix materials studied, showing a main crack ori-

PHYSICAL MESOMECHANICS Vol.26 No.6 2023
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Fig. 8. Averaged flow curves of a unit volume of the eutectic with particles of different shape under tension in different direc-
tions Y (a) and X (b) with account (RS) and without account for thermally induced residual stresses (NRS) (color online).

ented predominantly perpendicular to the tensile di-
rection. However, the location of the crack initiation
site is different at low and high yield points. At low
yield point of the matrix, fracture occurs later; there
is sufficient time for full plastic flow to develop in
the matrix (Fig. 7d). This leads to stress redistribution
in the particles compared to the cases with high yield
points, when the plastic flow is mostly localized
around the particles and the matrix regions sur-
rounded by the particles are slightly deformed or are
in the elastic state (Figs. 7e and 7f).

3.3. Effect of Silicon Particle Morphology on the
Fracture Behavior and Strength of the Eutectic

Experiments showed that silicon particles in the
eutectic have different shapes and orientations with
respect to the applied load direction (Fig. 1b). Let us
analyze the influence of the morphology of a single
silicon particle on the behavior of a unit volume of
the eutectic. Numerical calculations were carried out
for a composite with an elongated (Fig.1d, par-
ticle 7), needle-like (Fig. 1d, particle 2) and spherical
particle (Fig. 1d, particle 3). The matrix material was
aluminum with a yield point of 60 MPa. It was found
that the composite with a needle-like silicon particle
had the greatest strength under tension along X after
cooling (Fig. 8b, red curve with triangles). Depend-
ing on the stretching direction, the lowest strength
was observed for either an elongated particle (under
tension along Y) or a particle with a perfect spherical
shape (under tension along X).

The increase in the total strain to failure of the
composite with decreasing curvature of the matrix—
particle interface is associated with the absence of lo-
cal stress concentration at heterogeneities. For a
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needle-like particle, the eutectic strength increases
because the particle is oriented at an angle of 45° to
the applied load direction, i.e., in the direction of ma-
ximum tangential stresses. It was also found for such
particles that residual stresses arising after cooling of
the eutectic enhance the tensile strength of the com-
posite in both directions (cf. the red and blue curves
with triangular symbols in Figs. 8a and 8b). For sphe-
rical and ellipsoidal particles oriented in the applied
load directions, residual stresses play a negative role
(cf. the red and blue curves with round and square
symbols in Figs. 8a and 8b).

Analysis of the stress-strain and fracutre behavior
revealed the following. The closer the particle shape
is to spherical, the more likely fracture will occur
along the interface (Fig. 9, states G, M, H, N). Elon-
gated particles, whose axes are oriented parallel or
perpendicular to the applied load direction, tend to
split (Fig. 9, states E, K, F, L). When elongated par-
ticles are oriented in the direction of maximum shear
stresses, a mixed fracture mode is observed (Fig.9,
states J, R, I, P).

4. CONCLUSIONS

Experimental and numerical studies were per-
formed on AlSil2 alloy produced by wire-feed elec-
tron beam additive manufacturing to examine the
structure and the effect of cooling-induced residual
stresses on the mechanical properties of a eutectic
microvolume. Dynamic boundary value problems
were solved in a two-dimensional formulation using
the ABAQUS/Explicit finite element code. The ther-
momechanical response of the materials was describ-
ed using the Duhamel-Neumann relations. The simu-
lations were performed by taking into account the



688 ZEMLYANOV et al.

Along ¥

Along X

~

_ . Cracking
%
0 6

~ L.
Delamination

Along ¥ Along X

NRS

Fig. 9. Plastic strain distributions in the Al60 matrix and fracture patterns in Si particles of various shapes during tension of the

composite. States E—R are marked in Fig. 8 (color online).

fracture of both silicon particles and the aluminum
matrix. The influence of the matrix yield point and
particle morphology on the strength of the composite
was studied. The simulation results led to the follow-
ing conclusions.

Cooling the eutectic from a temperature of 350 to
23°C causes residual stresses and plastic strains due
to the difference in the thermoelastic properties of
aluminum and silicon. The particles experience bulk
compression, and the matrix is under both compres-
sion and tension. The flow curves of the eutectic un-
der tension can be divided into stages. The first stage
is associated with the change of the multiaxial stress
state induced by cooling of the composite to a uniaxi-
al stress state. The stress drop on the flow curve cor-
responds to the transition of silicon particles from a
compressed state to a stretched state. The second
stage is characterized by a monotonic increase in the
stress concentration in the particles and plastic strain
localization in the matrix. The third stage corre-
sponds to fracture of the eutectic.

The relative elongation to failure of the eutectic
phase increases exponentially with decreasing alumi-
num yield point, and the ultimate fracture stress
changes slightly. It was shown that cooling-induced
residual stresses negatively affect the strength of the
eutectic for all considered values of the matrix yield
point. This is because the rate of increase in tensile
stress concentration in particles is greater under ther-
momechanical loading than under mechanical loading.

The orientation of elongated particles in the direc-
tion of maximum tangential stresses has the most po-
sitive effect on the strength of the eutectic. With the
given particle morphology, residual stresses enhance
the strength of the composite. The closer the particle
shape is to spherical, the more likely fracture will oc-
cur along the matrix—particle interface.
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