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The structural compliance of the spatially interconnected intermetallic net-
work in a squeeze-cast MRI230D alloy was determined using focused ion beam
(FIB) data and finite element (FE) modeling, and compared with data for a
high-pressure die-cast AZ91D and three binary Mg-RE alloys from the exist-
ing literature. The respective elastic responses were sorted out into two
characteristic behaviors: for eutectic volume fractions less than ~22% the
behavior was akin to that of highly compliant, bending-dominated structures,
whereas for larger fractions, it reproduced that of structurally efficient,
stretch-dominated microtruss structures. In all cases, the contribution from
the interconnected network added to the total strength of the alloy an amount
comparable with the strengthening expected from a similar volume fraction of
dispersed particles. Being more compliant, the bending-dominated structures
appeared less prone to developing damage by cracking at low strains than the

stretch dominated ones.

INTRODUCTION

A number of authors have concluded that the
profuse interconnection of the intergranular perco-
lating intermetallic/eutectic phases evident in two-
dimensional (2D) scanning electron microscopy
(SEM) images of high-pressure die cast (HPDC)
Mg-Al and Mg-RE* alloys should be considered as an
additional strengthening mechanism.'™ Compre-
hensive morphological characterization of the perco-
lating phases, obtained through focused ion beam
(FIB) three-dimensional (3D) tomography, of the
intermetallic phase in AZ91D® and of the eutectics in
Mg-Nd, Mg-La, and Mg-Ce allogs,6 combined with
finite-element (FE) modeling®™® supported those
assertions. Recent short anneal experiments® aimed
at breaking up the spatial interconnection on HPDC
Mg-Ce and Mg-La alloys showed that the 3D net-
works accounted for as much as between 20 MPa and
40 MPa of the alloy’s strengths, or over 20% of their

*RE denotes a Ce-rich misch-metal containing 51.7 mass% Ce,
23.1 mass% La, 18.6 mass% Nd, and 6.5 mass% Pr.
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total strength, in close agreement with the numerical
modeling. The modeling also showed that for a low
volume fraction, the degree of interconnection is re-
duced making the interconnected phases more com-
pliant, hence less prone to compromise the alloy’s
ductility. For large volume fractions of eutectic, the
reinforcement is more efficient due to the increased
interconnectivity but at the cost of early cracking of
the interconnected branches.

In the current work, newly acquired data for a
squeeze-cast MRI230 are used to model the elastic
deformation behavior of the alloy’s 3D intercon-
nected eutectic network and to estimate its rein-
forcing effects on the alloys overall strength. The
results are subsequently compared with the avail-
able data®® for HPDC alloys AZ91D, Mg-La, Mg-Ce,
and Mg-Nd. The set of alloys selected for comparison
represent extreme cases in terms of volume frac-
tion of the percolating intermetallic/eutectic, from
relatively low (5.9%) for AZ91 to relatively high
(30%) for the Mg-La alloys, whereas the inclusion of
the squeeze-cast alloy aimed at showing that a
similar type of interconnected microstructure, hence

(Published online September 17, 2014)
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Table I. Compositions and percolating phases of the alloys studied
Alloy Casting process Composition Intergranular® Percolating Phase/s References
AZ91D High-pressure 9 mass% Al Intermetallic Mgq7Al;2 5,8-10

die cast 1 mass% Zn
Binary Mg-La 3.44 mass% La Eutectic Mg-Mg;,La 4,6,7,11

Binary Mg-Ce

2.87 mass% Ce

3.53 mass% Nd
6.8 mass% Al
1.91 mass% Ca

Binary Mg-Nd

MRI230D Squeeze cast

Eutectic Mg-Mg;,Ce
Eutectic Mg-MgsNd

Eutectic Mg-Al,Ca 3,12 this work.

aThe relative coarseness of the divorced AZ91 alloy’s eutectic allowed the detection of the eutectic intermetallic separate from the eutectic
o-Mg in the FIB sectioning. For the other alloys, the whole eutectic was considered as the percolating phase. See Ref. 7 for further details.

Table II. Parameters of the FIB Tomography

Source Voltage Current Resolution

Slice thickness Number of slices

Ga™ ions 30 kV 1.0 nA 1024 x 884

0.25 um for AZ91D 100
0.2 um for the remaining alloys

Further details can be found in Ref. 5.

exhibiting similar behavior, can be expected even
when the solidification rate is not as extreme as in
the HPDC process. The overall goals of the work
were: (I) to show that squeeze-cast alloys exhibit the
same type of interconnected network and (II) that
predicting the effects of any 3D percolating inter-
metallic/eutectic network on both the strength and
the ductility of Mg cast alloys is possible using a
straightforward parameter, the volume fraction of
eutectic.

MATERIALS AND DATA FOR ANALYSIS
Alloys

Table I lists the alloys’ respective chemical com-
positions (obtained by Inductively coupled plasma
atomic emission spectroscopy (ICP-AES)) and the
relevant percolating phases.

3D FIB Sectioning and Reconstruction

For all alloys, a volume adjacent to the casting’s
surface was serially sectioned on a dual-beam FIB
machine and SEM secondary electron images col-
lected after each slice was removed. The images
were subsequently aligned and subjected to
sequential segmentation and reconstruction to ob-
tain the respective 3D microstructures. Table II
lists the relevant FIB parameters.

The squeeze-cast alloy specimen was obtained
from a 7-mm-thick plate. With reference to Fig. 1,
the sectioning was carried out normal to the plate
surface, i.e., along the Y-direction. For the HPDC
alloys, the selected volume represented the casting’s

surface layer, or skin, whereas for alloy AZ91 a
similar volume at the center of the casting’s cross
section, or core, was also studied. Further details for
the HPDC alloys can be found in Refs. 6-8.

Numerical Modeling

The meshing of the 3D eutectic network was car-
ried out with four-node tetrahedral elements (C3D4)
using built-in tools from the commercial package
Amira (version 5.3; FEI Company, Burlington, MA).
The deformation behavior was subsequently modeled
using the package ABAQUS (version 6.10).

For modeling, brittle fracture of the eutectic
intermetallic phases was assumed to occur at a
tensile strain of 0.7%. It was also assumed that
plastic relaxation of pileup stresses on the Mg alloy
matrix started at 0.7% plastic strain.**

Doing so imposed a lower bound for the (local)
stress/strain because of the onset of damage on the
interconnected branches orientated to take a load
larger than average and an upper bound to the
stress taken by the matrix. The simulations were
limited to a maximum uniform (elastic + plastic)
tensile strain of 1% in keeping with experiments
that indicate that unidirectionally solidified eutectic
composites fail in tension at a that strain value.'®*
The space-filling matrix was ignored in the modeling

**In more practical terms, the modeling assumes that the
eutectic intermetallic constrains the eutectic «-Mg in such a way
that both composite’s components remain elastic until the inter-
metallic cracks at 0.7% strain.
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Fig. 1. (a) Representative SEM image of a section from the center of 7-mm-thick squeeze-cast MRI230D plate. (The Y-axis indicates the casting
thickness direction.) (b) 3D microstructure of the percolating eutectic Mg-CaAl,. (c) Cubic volume of the squeeze-cast MRI230D examined using FIB.

of all alloys. A more detailed justification of the
model’s basic assumptions can be found in Ref. 8.

3D Characterization

The volume fraction of the percolating phase within
the sampled volume, denoted by f,,, was determined
using the built-in tools of the Amira software.'® The
respective volume fractions of eutectic -Mg and the
intermetallic CaAl; that comprise the whole eutectic,
denoted respectively by f * and f*, were calculated as
per the liquid projection of the Mg-Al-Ca ternary
system.'® The volume fraction of the intermetallic
within the sampled volumes is given by (f;, x f*).

RESULTS
3D Reconstruction

Figure 1la shows a representative SEM image of
the slice located at the center of 7-mm-thick
MRI230D plate. The dark and light regions repre-
sent, respectively, the «-Mg and eutectic Mg-CaAl,
phases. The reconstructed eutectic is shown in
Fig. 1b. The complete sampled volume is shown in
Fig. 1c, where the lighter (green) and darker (blue)
zones represent the proeutectic «-Mg and the eutectic
Mg-CaAl,, respectively. The structure exhibits some

top shell

Y

b

Fig. 2. FE model setup for alloy MRI230D.

bottom shell

directionality across the plate thickness consistent
with the expected directions of heat extraction. The
testing direction for the simulations was chosen
across the solidification direction, as described below.

FE Modeling

The configuration of the FE model is illustrated
by Fig. 2, where the eutectic Mg-CaAl; network was
bounded by two rigid shells. A force F' applied per-
pendicularly to the top shell results in a displace-
ment o parallel to the Y-axis. The average stress o
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and strain ¢ experienced by the 3D network, and its
effective elastic modulus Esp, are given by:

e=In(1+06/L), (1)
o= (1+0/L) xF/L? (2
E3Dp = 0/3 (3)

Four-node tetrahedral elements (C3D4)'7 were
used to discretize the spatial network. The element
size was ~0.25 um, in keeping with the prior studies
of the alloys of Table I and to maintain consistency
in the computed results.

Figure 3 shows the distributions of local strains
at an applied uniform strain of 1%. The black
regions indicate where cracking of the microtrusses
and plastic relaxation of the matrix are expected to
occur first. The elastic response of the reconstructed
structure is described in the next section jointly
with the other alloys.

DISCUSSION
Deformation Behavior

Table III lists the relevant microstructural
parameters for the alloys selected for comparison,
sorted to make evident the range of f -values, which
varies between about 6% and 30%.

Figure 4" compares the modulus of the interme-
tallic (Mg7Al12) of AZ91D alloy and those of the
whole eutectic for the rest of the alloys, determined
assuming that the intermetallic reinforces the whole
eutectic as long fibers do in a metal matrix composite:

E, =fE; +'E, (4)

where E; and E, represent, respectively, the moduli
of the eutectic intermetallic and o-Mg.

In the early stage of deformation, i.e., prior to 0.7%
strain, the intermetallic (alloy AZ91D) or the whole
eutectics (for the other alloys) deform elastically.'®
Past the strain of 0.7% (indicated by primed symbols),
cracking of the intermetallic leads to E;” = 0, whereas
plastic deformation of the eutectic «-Mg implies a
“plastic modulus” E,/ = 1.4 GPa.'® Numerical values
are listed in Table IV for all of the alloys.

The structural stiffness of the actual 3D micro-
structures is compared in Fig. 5, where the solid lines,

"Because the reinforcing intermetallic or the whole eutectics are
assumed either as a solid ceramic skeleton (AZ91D) or as a long
fiber composite (other alloys), microstructural parameters such
as grains size are not considered. There would be a grain size
effect in the case of the whole eutectics through a Hall-Petch
effect associated with the lamellar spacing® but only for plastic
strains, which are beyond those considered for the current mod-
eling.

Strain
(10%)

0.7
0.64
0.58
0.53
0.47
0.41
0.35
0.29
023
0.18
0.12 )
0.06 Y

0
«

Fig. 3. Distribution of cracked sites, represented by the black
regions (a few are arrowed), across the 3D structure of Fig. 1, loaded
along the direction Y, after an applied strain of 1%.

with slope Esp, as per Eq. 3, represent the elastic
behavior when no damage by cracking is allowed to
occur. The numerical values are summarized in
Table V, and the monotonic increase in Esp, with £, is
evident.

The dot-dashed lines show the cumulative effect
of cracking of the intermetallic microtrusses and the
onset of plastic deformation of the Mg matrix, both
assumed to occur at (local) strains of 0.7% and
above. The deviations from linearity, or damage
initiation strains &;,, are in the range 0.2% to 0.4%.
Such low values indicate that many microtrusses
are overloaded and crack very early in the test. The
&in values are listed in Table V.

Comparison with Model Structures

The use of standard structures, such as those illus-
trated by Table VI, allows using simple functional
expressions representing upper and lower bounds to
characterize the behavior of complex structures such as
the present ones.?® For the structural elastic modulus,
the following expression applies: 25729

E3Dp = Epf;)n (5)

where Esp,, E,, fp, and m represent, respectively,
the 3D structural modulus, the constituting phase
Young’s modulus, the solid phase volume fraction,
and a morphology factor (see Table VI).*

‘Because the modeling concentrates on the reinforcing by the
network, the differences in the alloys chemical composition are
reflected only in the elastic constants of the intermetallics, as
given by the E; values in Table IV and are made evident (through
Eq. 4) by the slope of the lines through the origin in Fig. 4. There
is some effect of E; (through Eq. 5) on the dispersion-hardening
component as well. Solid-solution effects on the overall strength
of the alloys are not considered, but it should be kept in mind that
they are solute specific and can be quite significant, see for
example Ref. 6.
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Table III. Dimensions of the sampled volume, the volume fraction of the percolating phase f;,, within the
sampled volume and of «-Mg, f*, and intermetallic f* within the respective eutectics

Alloy L (ym) fo (%)
AZ91D (core) ~13.5 59
Mg-3.53 mass% Nd 114 7.5
MRI230D 11.6 114
AZ91D (corner) ~13.4 12.5
Mg-2.87 mass% Ce 114 21.6
Mg-3.44 mass% La 11.6 29.9

(%) I (%) fp X [ (%) References
0 100 5.9 8
69.9 30.1 2.3 6

61.9 38.1 4.3 This work
0 100 12.5 8
44.2 55.8 12.1 7
55.8 44.2 13.2 6

(fp x ) is the volume fraction of the intermetallic with the sampled volume. The alloys are sorted as per their respective fo value.

Mg-Al,Ca

Mg-Mg,,Ce

Mg-Mg,,La
Mg-Mg;Nd

Stress (GPa)

Mg,,Al,,

T I T I T I T I T
0 0.002 0.004 0.006 0.008 0.01
Strain

Fig. 4. Stress/strain behavior of the intermetallic (AZ91D alloy,
labeled E)) or the whole eutectics (other alloys, calculated with Eq. 4)
assumed for the modeling. The corresponding numeric values are
given in Table 4. (For this graph, the materials are all assumed to be
long fiber composites.).

With f,,, E,, and Esp, values from Tables III, IV,
and V, m-values were determined for the current
structures and listed in Table V. They consistently
approximate 2 for the lower f,, values, as expected
for open-cell structures according to the model
structures of Table VI, dropping to about 1.65 for
22% and above, suggestinég a tendency to mimic long
fiber composites (m ~ 1).

For fiber composites,?® the lower and upper limits
to the elastic modulus are, respectively, represented
by the Reuss’ and Voigt’s bounds, labeled Erg and
EV'B:

B E,.E,
prm + (1 7fP)EP

Egp = O(Reuss’ bound) (6)

SRecent FEM modeling and experiments by Challis et al.>'on Ti
alloy scaffolds, created using selective laser melting, resulted in
stiffness values (see their Fig. 3) that closely match the current
alloys’ Esp,, values of Table V for comparable volume fractions.

Evg =fpEp + (1 —fp)En = foEp(Voigt’s bound) (7)

where E,, (=0) represents the open spaces of the 3D
percolating networks in Fig. 1.

For foamed solids, bending-dominated and
stretch-dominated structures’ manifest, respec-
tively, the lower and upper bounds of the structure
modulus, denoted by Egp and Egp:

Epp = [E, (8)
Egsp = I% 9)

To compare Evg, Egp, and Egp for all alloys in a
single graph, the three parameters have been nor-
malized by the corresponding Evyg value; i.e.,
Equations 7-9 take the form:

Evg=1 (7a)
Egp =1 (8a)
Egp = % (9a)

In practice, the normalizing produced a common
VB and SD behavior, but because of the stronger
dependence on f,, it differentiated the alloys by
their BD behavior.

Equations 6 and 7a—9a, plotted together in Fig. 6,
show that the networks with less than 22% in vol-
ume fraction closely match the behavior of BD

‘The Voigt’s bound assumes all microtrusses aligned parallel to
the stress axis (see diagrams in Table VI). In the SD configura-
tion, only 1/3 of the interconnected branches are loaded in ten-
sion, with the rest orientated across the tensile axis. In the BD
configuration, loads are transmitted exclusively through elastic
bending of the microtrusses.®?



Deformation Behavior of the Percolating Eutectic Intermetallic in HPDC and Squeeze-Cast Mg Alloys

2091

Table IV. Moduli, E; (E;), E, (E,)), and E, (E;’), respectively, for the intermetallic, -Mg, and the percolating

phases

Percolating Phase E; (GPa) E; (GPa) E, (GPa) E, (GPa) E, (GPa) E,’ (GPa) References
Mgi7Alo 57.3%0 0 Not applicable 57.3 0 8
Mg-MgsNd 70.3%* 4472 1.4% 51.9 0.98 6
Mg-CaAl, 105.0% 67.2 0.87 This work
Mg-Mg;2Ce 69.67 58.3 0.62 7
Mg-MgsLa 66.9%* 54.1 0.78 6

Primed values (within brackets) correspond to cracking of the intermetallic (E;") and/or the onset of plastic deformation of the o-Mg (E.)

within the eutectic, past the strain of 0.7%.

Mg-Ce

True Stress (MPa)

—{MRI230D

Mg-Nd
AZ91D
0 0.002 0.004 0.006 0.008 0.01
True Strain

Fig. 5. Stress/strain responses of the 3D percolating networks—the
solid and dot-dashed lines correspond, respectively, to purely elastic
behavior of the percolating phase and when damage by cracking of
the intermetallic is allowed to occur. The crosses (linked by a dashed
line) indicate the onset of damage.

structures, whereas the Mg-Mg;o,La network, with
30% of percolating phase, is stiffer than the corre-
sponding SD model structure.

Structural Efficiency and Damage Generation

A hard phase dispersed in a metallic matrix nor-
mally increases the latter’s elastic modulus and
strain-hardening rate in proportion to both the
volume fraction and the elastic modulus of the
reinforcement.?® Damage by cracking of reinforce-
ments decreases the intensity of both reinforcing
effects® 7 at large strains. The reinforcing effects
of a structurally efficient stretch-dominated ceramic
structure, (such as in long fiber unidirectional
composites) are the highest of all the configurations
but are limited to low strains because of the early
fracture of the reinforcement.®® Being very com-
pliant, low-efficiency bending-dominated structures
sacrifice the initial stiffening of the composite in
favor of a delayed onset of cracking, extending the

reinforcement into the plastic regime of the matrix
because of the lower rate of development of damage.
With reference to Fig. 6, the stretch-dominated
behavior of the Mg-MgisLa network is expected to
introduce the greatest strengthening of all of the
studied microstructures, but at the same time it
should have the highest rate of damage develop-
ment, imposing a limit onto the overall ductility of
the composite. By the same token, the opposite is
expected for the BD microstructures.®® The widely
different rates of damage generation are illustrated
by Figs. 3 and 7. The BD microstructure of alloy
AZ91 is an example of slow development of damage
in comparison with the SD Mg-Mg;,La network.
The MRI230D alloy (Fig. 3) represents an interme-
diate case. These conclusions regarding relative
stiffness and ductility were generally confirmed
through short annealing experiments aimed at
breaking up the spatial interconnection in HPDC
Mg-La and Mg-Nd alloys.®

Strengthening Effects

The contribution of the 3D network to the alloy’s
yield strength has been calculated in detail in ear-
lier studies®® in relation to AZ91, Mg-La, and Mg-
Ce alloys. The analysis is extended here to include
the MRI230 alloy. The network’s contribution to
yield strength (i.e., that due exclusively to the spa-
tial interconnection), denoted by osp,, was defined
as the stress at 0.6% total strain in the respective
stress/strain curves (allowing for damage effects) of
Fig. 5, which approximately corresponds to (0.2%
off-set) yield point of a dispersion reinforced alloy.
The values are shown in Fig. 8.

To calculate the total contribution to the alloy’s
strength, the dispersion hardening a4, i.e., arising
from the local interaction of the intermetallic with
the deforming Mg matrix in which it is embedded,
must be also be considered.?>36-3%

64 =E; x (f, x f') x 0.002 (10)
with (f, x f') values given in Table II.

The o4 values are also shown in Fig. 8 (the
numerical values are listed in Table VII). The
two contributions are roughly of the same order,
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Table V. Structural stiffness (Esp,) of the percolating intermetallic/eutectic networks Esp, and their
respective crack initiation strains ¢;,, defined by the point where the relevant curves in Fig. 5 differ by 2%

in true stress

Alloy Percolating Network fp(%) Esp, (MPa) &in (%) m-value References
AZ91D (core) Mg;7Al;5 (core) 5.9 149.4 0.40 2.1 8
Mg-3.53mass%Nd Mg-MgsNd 7.5 269 0.36 2.0 6
MRI230D Mg-CaAl, 114 603.1 0.20 2.2 This work
AZ91D (corner) Mg;7Al;5 (corner) 12.5 693.1 0.21 2.1 8
Mg-2.87Tmass%Ce Mg-Mg,2Ce 21.6 2987.9 0.22 1.9 7
Mg-3.44mass%La Mg-Mg,;La 29.9 7407.8 0.33 1.7 6
The m-values are the morphology factors determined as per Eq. 5.
Table VI. Model structures and their corresponding morphological factors, m
Structure type Configuration m-value Reference(s)
Unidirectional fibrous or multiple-layered structure 1 26

fibre or

layer

void
Open-cell cellular structure 2 27,28
Closed-cell cellular structure 3
=

Overlapping solid spheres 4 29,30

especially for the BD structures G.e., f, < 20%).
The ratio of osp, to the alloy’s strength, shown
in Table VII, increases monotonically with the
volume fraction of percolating phase f,, and is as

high as ~30% for the Mg-La alloy. In practical
terms, an upper bound to the total contribution

to the strength is twice the wvalue given by
Eq. 10.
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Fig. 6. The solid lines are the normalized stress/strain responses of
the 3D percolating networks (3Dp), compared with those of model
structures as per Eqgs. 6 and 7a—9a, namely: Voigt's bound (VB);
stretch-dominated (SD), bending-dominated (BD); and Reuss’ bound
(RB). The short-dashed lines represent the standard BD behavior as
per each alloy’s f,-value, identified by the numerals 1 through 6.

(a)

Strain
(10%)

0.7

0.64
0.58
0.53
0.47
0.41
0.35

0.29
0.23
0.18
0.12
0.06
[

cracking
expected

Fig. 7. (a) Damage by cracking in the Mg;7Al;> network in AZ91D
(corner) after an applied strain of ~0.2%; the black regions identify
local strains higher than 0.7%, and where cracking is expected to
occur. (b) Damage in Mg-Mg;,La network® at an applied strain of 1%
(the same as that for the MRI230D network in Fig. 3).
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Fig. 8. The strengthening resulting from spatial interconnection a3pp
and dispersion strengthening o4 at yield (0.2% off-set strain) for the
alloys of Fig. 5.

Table VII. Contributions through the spatial
interconnection o3p, and dispersion hardening o4
to the alloys (0.2% off-set) yield strength (YS)

YS

Percolating YS f, o3spp 6a osppy/ value

phase (MPa) (%) (MPa) (MPa)YS (%) from
Mgy7Al;5 (core) 103 59 0.8 6.8 1 2
Mg-MgsNd 127 75 14 3.2 1 11
Mg-CaAl, 176 114 3.1 9.0 2 39
Mg,7Al5 (corner) 103 12.5 3.4 14.3 3 2
Mg-Mg;2Ce 136 21.6 14.5 16.8 11 11
Mg-Mgi.La 141 299 36.7 17.7 26 11

CONCLUSIONS

e 3D FIB tomography showed that the squeeze-cast
MRI230D alloy developed an interconnected net-
work of the percolating intermetallic/eutectic
phases akin to that of cellular solids, morpholog-
ically similar to those of HPDC AZ91D, Mg-Nd,
Mg-Ce, and Mg-La alloys.

e A comparison of the FE modelled behavior of the 3D
interconnected microstructures showed that for
volume fractions below 22% the networks can be
expected to exhibit bending-dominated deformation
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behavior, hence limited initial strengthening of the
alloys, but should be less prone to develop damage
by cracking of the intermetallic. For volume frac-
tions 0of 22% and above, the strengthening increases
rapidly but the overall ductility can be compromised
by profuse early cracking.

At yield, all networks contribute to the alloy’s
strength an amount that is comparable with that
expected from a similar volume fraction of dis-
persed particles. The overall (maximum) contri-
bution to the strength stemming from a 3D
interconnected network can be estimated as twice
the value expected from the dispersion of a
similar volume fraction of the percolating phase.
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