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Mechanical Properties of FeCr-Based Composite Materials
Elaborated by Liquid Metal Dealloying towards

Bioapplication

Morgane Mokhtari, Christophe Le Bourlot,* Jannick Duchet-Rumeau,* Eugénie Godet,
Pierre-Antoine Geslin, Sylvain Dancette, Takeshi Wada, Hidemi Kato, and Eric Maire

Liquid metal dealloying (LMD) is a new technology to create porous materials.
From a (FeCr),-Niy_, precursor, it is possible to get a bicontinuous structure of
FeCr and Mg: a metal-metal composite. An etching step removes the Mg solid-
state solution phase to give a metal-air composite. The last step, polymer
infiltration, gives metal-polymer composites. Herein, metal-metal, metal-air,
and metal-polymer (rubbery or glassy polymers) with three different phase ratios
are elaborated by LMD from Ni-based precursors and their mechanical properties
are analyzed. A full polymer infiltration into the pores is obtained and the epoxy
polymer properties are not affected by the metallic foam presence. Concerning
control of the mechanical properties, the material’s second-phase selection is a
key factor. Herein, it is shown that the mechanical properties are easily designed
by optimizing phase ratio, ligament size, and second-phase type and that these
materials are promising materials for biomedical applications.

In contrast to conventional chemical or
electrochemical dealloying which may only
be applied on noble metals, liquid metal
dealloying (LMD) is a promising technique
for obtaining nanoporous common materi-
als."” The LMD method is a selective dis-
solution phenomenon of a solid alloy
precursor. One component (referred to as
the soluble component) is soluble in the
metallic melt whereas the other (referred
to as the targeted component) is not.
When the solid precursor is immersed in
the metallic melt, only atoms of the soluble
component dissolve into the melt inducing
a spontaneously organized bicontinuous
microstructure formed by the targeted

1. Introduction

Porous materials and nanoporous metals in particular have
attracted considerable attention for their excellent functional
properties including a high catalytic activity, sensing capabilities,
and surface-enhanced Raman scattering. This is due to their
interconnected structure and high specific surface!’™ or more
recently as biomaterials.’~"!

and sacrificial phases (solidified metallic

bath). After cooling down to room temper-

ature, the material is considered as a
metal-metal composite. The sacrificial phase can be removed
by subsequent selective chemical etching to obtain the final
porous material with the targeted composition. This porous
material is considered as a metal-air composite (it is indeed
an open-cell micro/nanofoam).

Porous materials show asymmetrical behavior between ten-
sile and compression tests. Because dealloyed samples are low-
density materials, when densification occurs in compression
testing, they present ductile behavior and a high strain to frac-
ture.'>'* At the nanoscale, dealloyed samples show plasticity
whereas at the macroscale the fracture behavior is rather brittle,
especially in tensile testing. For nanoporous gold dealloyed from
Au-Ag precursors, the fracture behavior depends on the resid-
ual Ag amount. For a low residual amount, the fracture is
smooth whereas for a high residual amount, the fracture follows
grain boundaries. Dealloying occurred quicker into the grain
boundary so the residual Ag is trapped into the ligaments, show-
ing that grain boundaries are more porous and weaker than lig-
aments and break easily, therefore leading to intergranular
fracture. It was also shown that increasing the residual amount
of Ag will also increase Young’s modulus.'*"*! Experiments and
simulations show a high dislocation activity that makes the
acquisition of a coherent and macroscopic plasticity somewhat
problematic.[*¢#!

The general mechanics of porous materials is described by
Gibson and Ashby where only the macroscopic behavior is taken
into account.!"” However, the nanoscale effects of the structure
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on the macroscopic material, such as the action of capillary
forces, the plastic behavior of the ligaments, and ligament
size, are not taken into account in such a simple analytical
approach.”® Many reports show an increasing yield stress with
decreasing ligament size.*""?? To take the ligament size effect
into account, a Hall-Petch relationship for the yield stress calcu-
lation was introduced.”?) However a similar scaling law for
Young’s modulus has not been established yet.

To improve the ductility of these porous materials, one
solution is to create composite materials either by not removing
the metal phase of the bicontinuous structure or by polymer
infiltration of inside the pores.®?*2*1 Polymer infiltration
appears to provide the most promising result; however, polymer
infiltration and polymer properties have yet to be properly
characterized.

FeCr alloys and more generally Fe-based alloys are widely used
industrially as structural and functional materials. They are read-
ily available, affordable, and abundant metals. In a recent study,
the mechanical properties of a Fe-Mg composite elaborated
by LMD was investigated. However, this study was limited to
one Fe/Mg ratio.*! In other previous studies, porous FeCr with
different densities were elaborated by LMD and the resulting
microstructure was characterized.””*° However, the mechani-
cal property measurements on FeCr-based composite materials
elaborated by LMD are yet to be investigated. Moreover, the pos-
sibilities and the advantages in terms of the mechanical proper-
ties of polymer infiltration have not been verified. This study will
characterize polymer infiltration present the experimental
mechanical results and open perspectives on the use and the
design of these new materials.

In this study we aim 1) to create metal-metal (FeCr-Mg),
metal-air (FeCr—air), and metal-polymer (FeCr—glassy polymer
and FeCr-rubbery polymer) composites by liquid metal
dealloying in the Mg bath from three FeCrNi precursors
((Feo.8Cro.2)xNijgo_x With x = 30, 50, 70) 2) to characterize poly-
mer infiltration 3) and measure the resulting mechanical prop-
erties by nanoindentation and compression tests.

2. Results and Discussion

2.1. Metal Phase Morphology

The morphology of the metallic phase was preserved along the
process; therefore, phase characteristic parameters were constant
for each composite. From the scanning electron microscope
(SEM) images, the characteristic lengths of the different compos-
ite materials and the phase ratios were measured. Results
are shown in Table 1. These values are consistent with those
obtained in a previous study from X-ray tomography acquisitions
with a similar elaboration process.?®! For more details about

Table 1. Materials characteristic lengths.

Precursor (FeCr)3oNizg (FeCr)soNisg (FeCr)7oNisg
%vol FeCr phase 28+3 52+3 78+3
FeCr phase thickness [pm] 4.7+0.2 4940.1 49+0.1
Second-phase thickness [um] 741 441 241

metal phase morphology, please refer to this previous study.*®

The FeCr phase thickness was independent of the amount
of Ni and was controlled by dealloying time and temperature.
The amount of Ni remaining in the Mg phase was too low to
be detected by SEM—EDX analysis in the FeCr phase.

In the rest of the manuscript, the materials after dealloying
will be referred to using their approximate volume phase fraction
and second phase, i.e., 30%FeCr-70%Mg corresponds to metal—
metal (FeCr/Mg) composite elaborated from (FeCr);oNiyg
precursor.

2.2. Polymer Infiltration

After polymer infiltration, measurements were carried out to
check the efficiency of the infiltration process. First thermogra-
vimetric analysis (TGA) measurements were carried out to mea-
sure the weight of the polymer inside the metal matrix. The
volume of air could be calculated from the material density
and weight. Then the mass of polymer was calculated consider-
ing that whole air was fully replaced by polymer. This value was
considered as the theoretical polymer mass. The filling ratio was
defined as the ratio of the calcined polymer mass divided by
theoretical polymer mass. The measured filling ratio by TGA
was 98 £3 %. To confirm this value, some SEM images were
acquired as shown in Figure 1a. This sample is a 30%FeCr-70%
rubbery polymer. The light gray corresponds to the FeCr phase,
the dark gray to the polymer, and some pores at the metal-
polymer interface are visible (one of them is highlighted by
a red circle). The filling ratio calculated from these surface
observations was about 96+5 %, consistent with TGA
measurements.

Two methods were used to check if the polymer is well
polymerized. A small piece of neat polymer and metal-polymer
composite was immersed in tetrahydrofuran for 10 min in an
ultrasonic cleaning bath. Their weight was measured before
and after immersion. The prepolymer epoxy, i.e., Diglycidyl
Ether of Bisphenol A, is soluble in tetrahydrofuran but after
thermal curing, the resulting epoxy—amine network is no longer
present.’% Therefore if the DGEBA prepolymer is still present, a
weight change before and after solubilization must be observed,
meaning that polymerization was not completed. However, in
our case, for both reactive systems, no weight change was
observed which suggests full polymerization.

The glass transition temperatures (Ty) were measured from
differential scanning calorimetry (DSC) curves to check the effect
of the metallic matrix presence on polymerization (cf. Figure 1b).
The results are shown in Table 2. The DSC capsule allows only a
5 mg sample; therefore, when the metallic foam was analyzed,
the amount of polymer was low (around 1 mg). The glass transi-
tion was less visible on the DSC curve for a metal-polymer
composite which induces larger errors on glass transition tem-
perature measurements. Glass transition values were consistent
with those in the previous literature for both systems which show
that the epoxy polymers were not affected by the metallic foam
presence.’*? This suggests the absence of interaction between
FeCr ligaments and polymer networks, contrary to what may be
observed, for instance, in some epoxy networks reinforced with
fibers or nanoparticles.>**


http://www.advancedsciencenews.com
http://www.aem-journal.com
Morgane
Tampon 

Morgane
Tampon 


o
)

Heat flow (W.g™1)
o e
S

0‘8|||||||||||| ]
neat glassy polymer ]

FeCrv-glassy polymer|

=7 hedt rublbtlsrly Ip(l)llyrlnlerl_g
== FeCr-rubbery polymes]

Heat flow (W.g™!)
|
o
o
-
LTI IR INTANET) AT

PN R B

&
[\~
ot
LA LALY AR RARENT AN AR

L P RN BRAE B

350 400 450 500 550
Temperature (K)

220 240 260 280 300
Temperature (K)

Figure 1. a) SEM image after rubbery polymer infiltration. The red circle highlights a pore at the metal-polymer interface. b) DSC curves of both systems
comparing neat polymers with metal-polymer glass transition temperature (highlighted by arrows), for both polymers.

Table 2. Influence of the metal matrix on polymer glass transition
temperature (Tj).

Rubbery polymer
network T [°C]

Glassy polymer
network T [°C]

4341 144 42

141 £4

Neat polymer

Metal-polymer composite —44+3

Polymerization inside the metallic foam was then successful
and the glass transition temperature was not affected by the
metallic foam.

2.3. Mechanical Properties

After the material’s morphology characterization, the resulting
mechanical properties are investigated in this section.

2.3.1. Nanoindentation Tests

Even though when using nanoindentation the interaction area
should be considered ten times the indentation depth and using
microfoam for increased accuracy, we decided to include several
ligaments under the indent.®* To check if the indentation depth
was sufficient to include several ligaments, SEM observations
were conducted after nanoindentation experiments. Some
images are shown in Figure 2a. Even for the lowest concentration
of FeCr phase (30%FeCr), the indent position, shown by red
dashed lines, includes more than one ligament. The measured
behavior was thus expected to be global for all samples.

Composite materials’ theoretical Young moduli are usually
bound by the Voigt and Reuss mixing law. In this study, liga-
ments are present an isotropic distribution. Therefore, to refine
the rule of mixture, experimental results will instead be com-
pared using the Hashin and Shtrikman (H&S) model, which
is more accurate in the case of isotropic material. Nevertheless,
this model was established for spherical inclusion in a matrix and
not for interpreting phase materials.

Figure 2b shows the evolution of the Young’s modulus as a
function of FeCr volume phase fraction for FeCr-Mg, FeCr-air,
and FeCr—glassy polymer composites. Dots correspond to exper-
imental points and dashed lines to H&S boundaries. In addition

to the comparison with an H&S model, Young moduli were
obtained with a spectral micromechanical approach to take into
account the fact that both phases are interpenetrating.”” The
numerical microstructure considered for these calculations are
dealloyed structures obtained from a phase field model by spino-
dal decomposition conducted with a phase field model.l*®
Results are represented by the continuous lines in Figure 2b.
Some measurements were also carried out on FeCr—rubbery
polymer composites. However, this epoxy network was very soft
with rubbery behavior at room temperature similar to elastomer,
and indentations were subsequently unsuccessful.

Considering the simulated values, the fixed point®*** used to
solve the mechanical equilibrium fails to converge if the contrast
between the different phases is high for low volume fractions,
which explains why the numerical results do not span the com-
position range. Moreover, the numerical results are found to be
close to the upper bound of Ha&S, which could be attributed to
the interfacial regions between both phases where the elastic con-
stants are interpolated.”® This interpolation is necessary to
ensure the numerical stability of the spectral method.

When considering the experimental results, all measured
Young moduli were included with boundary curves expressed
by H&S boundaries. The Young moduli increased when the
FeCr volume phase fraction increased as expected. In addition,
the stiffness was higher for metal-metal than metal-polymer
composites even if metal-polymers were stiffer than porous
samples. This proves that it is possible to reinforce the porous
phase by polymer infiltration, as it was already observed with
infiltration by nanoporous gold and porous Ti-based alloys
polymers. 102425

However, our experimental Young moduli (cf. Figure 2b) were
lower than the simulated values. In the simulation, perfect inter-
faces were considered. Due to mechanical polishing, the experi-
mental interfaces were far from perfect ((cf. Figure 2a) 70%
FeCr—30%glassy polymer) and this could explain a portion of
the difference. The FeCr phase is similar for 50%FeCr-50%
Mg and 50%FeCr-50%glassy polymers; however, simulated val-
ues for 50%FeCr-50%Mg are included in the errors bars of the
experimental values. This is not the case for 50%FeCr—50%glassy
polymers that show the effects of pore presence at the metal-
polymer interface (cf. Figure 1la). In this study we measured
the Young’s modulus for 30%FeCr-70%Mg of 70+ 10 GPa
which is consistent with the value obtained by Okulov and

[39,40
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Figure 2. a) SEM image after nanoindantation test. Indents positions are highlighted by red dashed lines. b) Experimental Young moduli for metal-metal,
metal-air, and metal—glassy polymer composites with various phase ratios. Dashed lines correspond to boundaries of the Hashin and Shtrikman model
(H&S) and continuous lines to values obtained by simulation. c) Experimental Young moduli of different density porous FeCr compared with different

models from the literature 93338l

coworkers on Fe-Mg composites prepared by liquid metal
dealloying from a FesNiyo precursor.

FeCr-Mg values present a large standard deviation which can
be partially explained by the effect of surface preparation.
Nanoindentation is very sensitive to surface preparation, and
composites are very difficult to polish.*" In addition, the local
composition, especially Ni-rich regions in the Mg phase (the
presence of eutectic structure in the Mg phase, cf. Figure 2a),
can affect the nanoindentation results.”!

As explained in the introduction, the theoretical Young mod-
ulus and yield stress established by Gibson and Ashby are not
valid for dealloyed materials. A scaling law to calculate theoretical
yield stress was established. Yet, there is actually no reference
model to predict the Young’s modulus of nanoporous materials
produced by dealloying.

In Figure 2c, the experimental values of metal-air composites
are compared with existing models. The dots are experimental
data. In the following equations, E, corresponds to the Young’s
modulus of porous materials, E to that of bulk materials and p to
the relative density.

The [Ashby] referred curve corresponds to the standard
Gibson and Ashby model for porous materials.!* This law val-
idates up to 30% porosity. C and n from Equation (1) are constant
and usually C=1 and n=2 for open-cell materials."”’

Ep=Cp"E (1)

Curves plotted from previous studies!"™! correspond to vari-
ous fittings of the Gibson and Ashby law with the case of
C=0.86 and n=28% C=037 and n=2"" and C=12
and n=3, respectively.’® The curve plotted from a previous
study' corresponds to a generalization of Gibson and Ashby’s
law for pure bending behavior, as shown in Equation (2)

Ep = (Cip* + Cyp)E (2)

where C; and C, correspond to the bending and tensile deforma-
tion modes of ligaments, respectively, and were estimated to be
equal to 0.14 and 0.97 for nanoporous gold.!*”]

In previous literatures, most experimental results show those
lower than expected. This is due to the ligament lower structure
interconnectivity and the noncontribution of some to mechanical
properties. To take this contribution into account, some studies
suggest the use of an apparent density instead of the real
one.*™ The curve plotted from a previous study® on Figure 2
corresponds to Gibson and Ashby’s law, where instead of taking
the real density of the foam, they took the apparent density which
was estimated at 4p° when the real density is below 50%.*"!

Gibson and Ashby’s law was not valid for our materials even
for low density (cf. Figure 2b). Scaling laws established for nano-
porous metals were closer to the experimental values than
Gibson and Ashby’s law but none of them were a perfect fit
for the present values. Most of these predictions were established
with tensile tests, with lower-density nanoporous gold and
smaller ligaments. Recent studies show that the elastic modulus
in tensile/compression should be very close; however, the mate-
rial’s density and ligament size are important parameters, which
is why all the models overestimate our experimental results.**
However, the one which takes into account the apparent density
rather than the real density fits well with our lower-density mate-
rials, which is consistent with the low connectivity measured for
these materials.[25*%

The continuous black line corresponds to the fit of our results
by Equation (3), corresponding to a generalization of Gibson and
Ashby’s law for a nonpure bending behavior.

Ep = (Cyp" + Cyp)E (3)

We found C; =0 and C; = 0.33 and n = 2.5 were good param-
eters to best fit our results. The value C, =0 corresponds to a
pure bending behavior.
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2.3.2. Compression Tests

To gain a better understanding of the mechanical behavior,
compression tests were conducted. The compression test curves
conducted on samples with a phase ratio of 50%FeCr are found
in Figure 3a. For comparison, curves for neat polymers are also
plotted.

The hierarchy of mechanical resistance was the same as
that for Young’s modulus. As expected, the stress—strain
curves corresponding to FeCr—Mg are above the other samples.
FeCr-glassy composite curves are above the porous one. The
reinforcing effect of a rubbery polymer addition is indeed negli-
gible. Comparable results were obtained for other phase ratios.
Glassy and rubbery polymers can be seen as having two extreme
behaviors. By tuning the polymer properties, one can in principle
adjust the composite properties that may be ruled anywhere
between the two curves.

Figure 3b shows the compression curves of all porous samples
with a continuous line. In the case of 50%FeCr-50%air and 70%
FeCr-30%air, the elastic deformation before the yield strength
was visible even if not very extended, whereas for 30FeCr, only
a plastic deformation was visible. Such a low yield strength was
also observed for nanoporous gold with large ligaments and sim-
ilar densities.!?"**%%!

Metal-metal and metal-polymers showed a very different
plastic behavior. Compared with metal-glassy polymer compo-
sites, the metal-metal composite had a higher yield stress, but
the maximum stress of the metal-metal composite was close
to the yield stress and samples after experiments exhibited con-
siderable damage (crack) due to the brittle Mg phase. On the
other hand, metal-glassy polymer composites had a low yield
stress but stress continued to increase due to significant
work hardening after yielding during the compression test.
This hardening is so important that it overcomes the strength

Young’s modulus measured during the same experiment and
was plotted with dots. In the case of 70%FeCr-30%air, a small
densification occurred leading to a small increase in the modulus
whereas for 30%FeCr—70%air and 50%FeCr-50%air, a large
densification occurred. During densification, the mechanical
properties increase. The same phenomena were also observed
with other nanoporous metals made by dealloying.!'>*"

From compression curves, when it was possible, the yield
stress was extracted and the values are shown in Table 3. The
same evolution as for Young’s modulus was observed: mechani-
cal properties increase when the amount of FeCr phase increases
and when we replace air by glassy polymers or glassy polymers
by metal.

2.3.3. Comparison with Literature

To compare the materials of this study with other materials and
more specifically materials made by dealloying, mechanical
results can be presented on an Ashby map: Young’s modulus
versus yield stress, Ashby maps are shown in Figure 3c.
Materials from this study are represented by small colored dots,
experimental results on dealloyed-based materials from literature
studies are represented with gray circles.'%'"?* The yield stress
is very sensitive to the ligament size; therefore, only materials
with the same range of ligament size are displayed here.*
The influence of Cr addition to the mechanical properties is weak
because our experimental point 30%FeCr-70%FeCr is close to
that obtained from a Feg3Nig; precursor.”®! All FeCr-Mg and
70%FeCr—30%glassy polymers are located close to the metal

Table 3. Materials yield stress extracted from compression curves.

Yield stress [MPa] 30%FeCr-70%X 50%FeCr-509%X 70%FeCr-30%X

X=Mg 190+ 10 380£30 600 £ 30
of metal-metal composites for strains larger than .0.3. X air / 704+ 30 150 4+ 20
For each load-unload cycle of each curve of Figure 3b, the ol | 25490 180 £ 20
Young’s modulus was extracted and divided by the maximum —gassy poymer f
(a) (b) (©)
i~ T T T L— —_ TTT T[T T I T I T T T[T T I T TITTTTTT T T T 1]
£ 700 ‘ ‘ ' 1 = 600f 1 = - F Steel 1
é _— —_ 2 500 [ : 8‘ § F I ‘ ———— -
0 — = ~ B — c - -
£ ok A % a0k 18 3% K
@ ool 1 & r 1 2 = [ Mg —— ]
2 300¢ 1 w3001 | 5 % f . ]
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Figure 3. a) Compression stress—strain curves for metal-metal, metal/air, metal-polymer with a metal phase volume ratio of 50% and for neat polymers.
b) Compression stress—strain curves for metal-air composites with load/unload cycle. For each cycle, Young's modulus was measured and divided by the
highest one and is represented by dots. c) Comparison of different materials using Ashby’s map: Young’s modulus versus Yield stress. Materials from this
study are represented by small colored dots, experimental results on dealloyed-based materials from literature studies are represented with gray
circles.'%112] | arge ellipses correspond to regions on Asbhy’s maps for steel, Mg, bone and glassy epoxy networks for dark blue, red, black, and green

respectively.
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area. However, metal-air composites and metal-polymer compo-
sites with a low amount of metal are very close to other dealloyed-
based materials and even to bone.

3. Conclusion

In this paper, metal-metal, metal-air, and metal-polymers with
three different phase ratios and two different polymer types were
elaborated by LMD from Ni-based precursors. Full polymer
pore infiltration was successful using two different epoxy—amine
networks (rubbery and glassy networks). Polymer properties
were not affected by the metallic foam. Then, the mechanical
properties of different composites were investigated by nanoin-
dentation and compression. Metal-metal and metal-glassy poly-
mers’ Young moduli were included in Hashin and Shtrikman
boundaries but were lower than simulated values due to the
presence of imperfect interfaces and damage.

Measured metal-air Young moduli were also lower compared
with those predicted by different models. The hypothesis of a
pure bending behavior was made and a more relevant fitting
expression to this loading mode was suggested. The experimen-
tal results fit considerably better. The mechanical behaviors of
porous metal-metal composites and metal-polymer composites
with a high metal phase fraction were somewhere in between
those of steel and Mg alloys on Ashby maps. The Young’s mod-
ulus of the porous sample could reach the value of 30 GPa for
a density of 70%. The mechanical behavior of the metal-air
and metal-polymer was consistent with other dealloyed-based
materials and are close to bone mechanical properties, possibly
leading to bioapplications.

The choice of the polymer was important for mechanical prop-
erties. In the worst case scenario, polymer filling just helped
manipulate the samples (which become less brittle when infil-
trated); in the best case scenario, the mechanical properties
are improved.

It is thus demonstrated that the mechanical properties can
be easily optimized and designed by optimizing phase ratio,
ligament size, and second-phase type.

4. Experimental Section

Sample Elaboration: A Fe—Cr—Ni alloy (the precursor) and a Mg molten
bath were used in this study. The strategy for selecting the precursor and
molten bath element is described in a previous study."? (Feq sCro.2)30Nio,
(Fe0.8cr0.2)50Niso and (reo.8cr0.2)70Ni30 ingots were prepared using arc
melting as described previously.?”?®) The resulting precursors of around
1 cm thickness were cold rolled until reaching 1 mm thickness. For LMD,
cold-rolled precursors in the form of T mm-thick sheets were directly cut
without further heat treatment into 30 x 20 mm? rectangular samples and
immersed for 1h at 1093 K into a Mg high-purity melt bath. He atmo-
sphere was used to give FeCr—Mg a bicontinuous structure (metal-metal
composites).

To create a metal-air composite, the Mg-based phase was selectively
etched using highly concentrated nitric acid. This etching resulted in
microporous Feg gCrq, with different porosities.

To obtain the metal-polymer composites, porous samples were rinsed
in ultrapure water, dried and heated at 393 K for 10 min, and then kept
under vacuum before polymer infiltration. Then, porous samples were
immersed for 20 min under vacuum into a liquid prepolymer/hardener
mixture with the reactive system introduced in stochiometric proportions.

Two types of amine hardeners were used: Jeffamine D2000 and
IsoPhorone Diamine to polymerize Diglycidyl Ether of Bisphenol A
(DGEBA). These gave a rubbery and glassy polymer, respectively.
Curing cycles were conducted for 4 h at 353 K followed by 3 h at 398 K
or 2h at 353K followed by 2h at 433 K. Neat polymers were also
polymerized.

Infiltration Characterization: TGA was carried out using a Q500 ther-
mogravimeter analyzer (TA instruments) from 293 to 973 K in nitrogen
atmosphere with a heating rate of 20 K.min™' on around 20 mg samples,
corresponding to a tiny part of the whole sample. To check if infiltration
was homogeneous, the reproducibility was checked on several infiltrated
samples.

DSC was operated on a Q20 (TA instrument) at a nitrogen flow of
50mL.min~' with 5 mg samples encapsulated in Al hermetic capsules
and air as a reference sample. Glassy polymer systems were heated from
room temperature to 253 K and rubbery polymer systems were heated
from 200 to 433 K with a T0Kmin~" rate. The glass transition tempera-
tures were determined by the “tangents” method on the second heating
ramp to measure the glass transition temperature after conducting curing.

The sample morphology was investigated with an SEM (Tescan
VEGA 3, Czech Republic) and images were analyzed by using Fiji image
analysis software.[*”] Cross-section observations were prepared using llion
Il (Gatan, USA).

Experimental Mechanical Characterization: Nanoindentation tests were
conducted using a Nanoindenter Agilent G200 device (Agilent
Technologies, USA). On each type of samples at least two batches of nine
indents were conducted with a continuous stiffness measurement mode
(CSM) using a Berkovich diamond tip for a maximum depth of 5 pm on
composite samples and 10 pm on porous samples. The results were ana-
lyzed using Nanosuite software and the Berkovitch tip was calibrated by
indentation on a fused silica sample. Samples were mechanically polished
up to 2000 abrasive papers and then finished with a 3 um diameter and
then a 1 pm polycrystalline diamond abrasive.

Compression tests were conducted at room temperature on a standard
tensile/compressive machine (Instron 5967, High Wycombe,UK), with a
load sensor of 30 kN on a 9 mm? surface area and 1 mm height sample at
a deformation rate of 3.107* s™' The deformation measurement was car-
ried out with a digital video extensor system. At least two curves for each
sample were recorded but for the sake of conciseness only one is shown.
In the case of porous samples, a load—unload cycle was conducted after
every 100 um displacements. Tests were stopped far from failure after a
displacement of the cross head of 0.7 mm. The yield stress was measured
at the knee between the elastic and plastic part.

Numerical Mechanical Characterization: The Hashin and Shtrikman
model boundaries and simulated values were calculated using parameters
shown in Table 4. For the Hashin and Shtrikman model, boundary equa-
tions (4.1 to 4.4) were exploited.® The simulated values were calculated
using a micromechanical approach. The spectral micromechanical
approach is a well-established numerical method, allowing to compute
strain and stress fields in multiphase materials. It relies on a description
of the multiphase material in the Fourier space where the equations of
linear elasticity can be solved analytically if the elastic constants are homo-
geneous in space.l*”>% In the present situation, the elastic constants
depend on the phase and are therefore inhomogeneous. In this situation,
the equations of elasticity can be solved numerically following the method
proposed by Moulinec and Suquet, consisting of using an iterative fixed
point method converging to the elastic equilibrium.?%! More recently, this
method has been extended to allow for applied stress in a self-consistent

Table 4. Mechanical properties taken to calculate theoretical values.

Bulk modulus [GPa] Shear modulus [GPa] Poisson ratio

FeCr phase 160 82 0.29
Mg phase 35 17 0.29
Glassy polymer phase 6.2 1.2 0.4
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Figure 4. Schematic of the simulated method.

manner.[*” Based on this method, we used the following steps to compute
elastic constants (cf. Figure 4): 1) Connected bincontinuous microstruc-
tures are generated by a spinodal decomposition model. These artificial
microstructures are known to share a lot of similarities with those obtained
by dealloying. 2) Attribute an elastic constant to the different phases. We
assume that the different phases are elastically isotropic. 3) Apply a finite
stress to the structure and solve the stress and strain fields using the algo-
rithm described by Gaubert et al.l*” 4) Young’s modulus is then simply
obtained by the ratio between the stress and average strain.

We note that spectral methods hold a numerical advantage over finite
element methods due to the inferior scaling of the latter with respect to the
size of the microstructure.?® On the other hand, because they rely on
Fourier transform, spectral methods are limited to periodic structures.
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