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The interpenetrating-phase composites (IPCs) consist of at least two
different phases each forming an interconnected network. In addition to
their ability to combine several properties at once (e.g. electrical, ther-
mal conductivity, magnetic properties, etc.), IPCs can achieve improved
mechanical properties by combining soft ductile and hard phases [1,2].
In the case of isotropic microstructures, IPCs can exhibit a significant de-
viation of their Young's modulus from the ideal composite properties
estimated from the Hashin-Shtrikman bounds [3]. This phenomenon
was observed for various IPCs cases, such as for the 420 stainless/bronze
IPC [4], the high-strength Mg-based metallic glass/Iron IPC [5] and the
high-damping Mg/TiNi IPC [6]. The modulus reduction in the 420 stain-
less/bronze IPCs was associated with the presence of pores and the sig-
nificant residual thermal stresses arising from the mismatch of thermal
expansion coefficients of both phases. For the Mg/TiNi IPC possible rea-
sons for the significant modulus reduction have not been discussed. The
aforementioned IPCs were fabricated by different methods, i.e., metal
infiltration into a porous scaffold [1,6] and additive manufacturing [4].
So, the phenomenon seems to be ubiquitous and independent on the
fabrication method.
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Germany.
E-mail address: okulovilya@yandex.ru (LV. Okulov).
! LV. Okulov is currently researcher at the University of Bremen, Badgasteiner Str. 3,
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Recently, Wada et al. demonstrated that the metal/metal IPCs with
micro or even nano-scale microstructure can be fabricated by liquid
metal dealloying (LMD) [7-10]. This recently developed metallurgical
technique enables the fabrication of the non-noble porous materials
and IPCs. Successful application of LMD has been reported for the fabri-
cations of many porous materials including Mg [11], Fe [12], stainless
steel [12,13], Ti [14,15], Ti alloys [16] (namely, TiZr [17], TiNb [15,18],
TiHf [19], and TiFe [18]), Si [20], Cr [12], and C [21]. The dealloying-
based IPCs exhibit a unique bicontinuous microstructure, which is diffi-
cult (or even impossible) to achieve using classical metallurgical tech-
niques. The unique microstructure of the dealloying-based IPCs leads
to attractive mechanical behavior such high and tunable strength as in
the Cu-Ta composites [22,23].

Strong attention has been brought to the mechanical properties of
these dealloying-based IPCs. Recent examples include the development
of Cu-Ta composites presenting tunable yield stress controlled by the
microstructure size [22] and metal/polymer composites for biomedical
applications [15,18,19]. In this work, we focus on the particularly curi-
ous case of a dealloying-based IPC consisting of interpenetrating Fe
and Mg/rich phases. Interestingly, the Young's modulus values of the
composite extracted from a standard compression test are anomalously
low. Moreover, other estimates obtained from more precise methods
are still significantly lower than the Hashin-Shtrikman lower bounds.
These issues are discussed in the manuscript.

The design of precursor alloys for the liquid metal dealloying is
based on the enthalpy of mixture between dissolvent (in our case Mg)
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and the considered alloying element (AH(Mg_element’Ti"). Elements with
a negative value of AH(Mg,e,ementT"", like Ni, are miscible and will be dis-
solved in Mg during dealloying while elements with a positive AHpg
,e,emen[’)”i", like Fe, are immiscible in Mg leading to formation of IPCs.
The Fe3gNizg (at.%) alloy was designed and dealloyed in liquid Mg in
order to form the Fe-Mg interpenetrating-phase composite.

The samples of Fe3gNiq (plates of 1 mm in thickness) for liquid
metal dealloying were prepared from pure metals (99.99%) by arc-
melting under argon atmosphere followed by rolling. The plates were
dealloyed at 1023 K for 30 min in liquid Mg (about 100 g liquid metal
bath was used). Upon dealloying, Ni dissolves selectively in liquid Mg
while Fe reorganizes at the Fe/Mg interface, and form a porous struc-
ture; liquid Mg further penetrates into the open porosity, pursuing the
dealloying process and eventually forming an interpenetrating-phase
composite consisting of Mg-rich and Fe-rich phases forms [7,9].

Structural investigation of the Fe-Mg composites was performed by
X-ray diffraction in Bragg-Brentano geometry with Cu-Ko radiation
(SmartLab, Regaku, Japan). Scanning electron microscopy (SEM, Gemini
Ultra 55, Karl Zeiss, Germany) coupled with energy-dispersive X-ray
analysis (Bruker, Germany) explored microstructure and composition.
The samples for the SEM analysis as well as for the nanoindentation
tests were polished using lon Beam Cross Section Polisher (JEOL CP,
JEOL, Japan). The samples with square cross-section (1 mm) and length
2 mm were tested in compression at room temperature and a strain rate
of 107 s, using a universal testing device (Z010 TN, Zwick-Roell,
Germany). The strain was computed from the relative displacement of
the load surfaces, as measured by a laser extensometer (LaserXtens,
Zwick). The yield strength of the porous metals and composites was de-
termined at the 0.002 offset strain.

The modulus and hardness of the Fe-Mg composite was additionally
measured with nanoindentation tests. These tests were performed with
the continuous stiffness measurement (CSM) module of a Nanoindenter
XP (Agilent GmbH, Germany) equipped with a Berkovich indenter to a
depth of 5um at a constant strain rate of 0.05/s. The ultrasonic measure-
ments of the Young's modulus were performed using an in-house de-
signed device.

Fig. 1 a illustrates the X-ray diffraction patterns of the Fe-Mg com-
posite. The composite consists mainly of two phases, Mg and Fe, as
well as a minor amount of Mg,Ni. The SEM analysis also proves the pres-
ence of all three phases detected by X-ray analysis. Fig. 1 b shows the el-
emental distribution in the composite. According to EDX analysis, the
bright phase on the SEM image consists of Fe while the darker matrix
phase consists mostly of Mg. Additionally, there are regions enriched
in Ni, which are overlapping with Mg-rich regions (Fig. 1 b). The
Mg,Ni phase as a part of the eutectic structure is visible on the SEM mi-
crograph (Fig. 1 c¢). The volume fraction of the Fe phase estimated from
the SEM micrographs is about 38 vol%.

Mechanical properties of the Fe-Mg composite are presented in
Fig. 2. Particularly, the quasi-static mechanical tests of the porous and
the composite materials are shown in Fig. 2 a. The composite exhibits
a good compressive deformability and moderate yield strength of
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about 100 MPa. Consistent with this good plastic deformability is the
pronounced strain-hardening of the composite, which promotes uni-
form plastic flow.

Unexpectedly for a metallic material, the Young's modulus of the
composite obtained from the compressive stress-strain curve (Fig. 2
a) is about 20 + 3 GPa, which is lower than the values for pure iron
and magnesium, namely, 210.5 GPa [24] and 45 GPa [25], respectively.
In particular, the value is drastically lower than the lower bound ob-
tained from the Hashin-Shtrikman estimates. To investigate the origin
of this unexpected result, complementary tests, using different ap-
proaches, including the load-unload response of the materials along
the compression test, nanoindentation, and ultrasonic measurements.

The Young's modulus obtained for higher strains during the com-
pression test (reported in Fig. 2.b) are ranging from 40 GPa to 50 GPa,
i.e., more than two times higher than in the unstrained case. This large
increase occurs at small strains with a value of 40 GPa obtained after
only 3% of strain. The ultrasonic measurement yields a notably higher
value of Young's modulus as compared with the results of the
prestrained compression samples, namely, 75 + 5 GPa.

A plot of average nanoindentation modulus and hardness of the
composite and the associated standard deviation, computed from an
array of 7 indents are shown in Fig. 2 c. Although the sample was
Argon ion-milled in a cross section polisher, the top surface was still un-
even because of the preferential milling of the Mg phase. In order to
minimize the effect of the surface roughness and to capture a truly uni-
form response, only data between 3 and 5 pm were analyzed. The mod-
ulus and hardness values thus calculated are 63 £ 9 GPa and 0.99 +
0.08 GPa, respectively.

In addition, to go beyond the Hashin-Shtrikman bounds and assess
the influence of the complex bicontinuous microstructure of the sam-
ples on the Young's modulus, the elastic properties of a model
bicontinuous structure (Fig. 3) have been estimated using a numerical
micromechanics approach. The microstructure considered here
(Fig. 3) is obtained from a simple phase-field model for spinodal decom-
position of a binary mixture [26]. This approach is commonly used to
produce numerical microstructures sharing similar properties
(bicontinuity, topological and morphological characteristics, etc.) with
the ones obtained experimentally from dealloying [27,28]. Isotropic
elastic constants of pure Fe (shear modulus G = 82 GPa and Poisson
ratio v = 0.29) and Mg (G = 17 GPa, v = 0.29) are then attributed to
both phases and the Young's modulus of the composite is computed
by means of a micro-mechanics approach: an external stress is applied
to the microstructure and we use a spectral method relying on linear
elasticity [29,30] to solve for the strain and stress distribution in the ma-
terial. The Young's modulus of the structure is then computed from vol-
ume average of stresses and strains. The average Young's modulus
obtained by our simulation is reported in Fig. 3 and fall in between the
lower and upper Hashin-Shtrikman bounds.

The low value of the Young's modulus measured by the different ex-
perimental techniques can results from defected interfaces in the com-
posite materials. Indeed, Hashin-Shtrikman bounds and our numerical

Fig. 1. X-Ray diffraction pattern (a) and secondary electron micrographs together with elemental mapping (b and c) of the Fe-Mg composite fabricated from Fe;oNi;o precursor alloy (at. %)

by dealloying in liquid Mg at 1023 K for 30 min.
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Fig. 2. Young's modulus extracted from the load-unloading stress-strain curve probed under compression and plotted as function of strain; (¢) Young's modulus and hardness probed by

nanoindentation.

micromechanics approach assume perfect interfaces between Mg and
Fe phases that fully transmit stresses from one phase to another. How-
ever, the severe thermal treatment occurring during the LMD process
and the dissimilar nature of Mg and Fe could lead to the formation of in-
terface defects such as pores and cavities. First, the dealloying tempera-
ture is above the melting point of pure Mg leading to the liquid-solid
transformation of the Mg phase upon cooling. The volume change asso-
ciated with the solidification of Mg is 4.2 vol% [25]. Second, the thermal
expansion coefficients between both phases (35.4 10~° K~ [24] for Fe
and 78 10~ K~ [25] for Mg) differ by about 2.2 times. Both thermal ef-
fects lead to significant residual stresses in the different phases. A part of
these stresses can be relaxed by the plastic deformation of both phases
but it is highly probable that residual thermal stresses cause
debounding of Mg/Fe interfaces or the formation of porosity at the in-
terface, as observed in other IPC [1,2]. An upper bound estimate of this
porosity volume can be obtained by considering that all the residual
stresses are released by the formation of pores, leading to a volume frac-
tion of pores

Cpores = (Mg —0tvre) x AT + AVjig 501

where ayyg and oy are volumetric coefficients of thermal expansion of
Mg and Fe, respectively; AT is the difference between Mg melting point
and room temperature; and AVjyso; is the volume change due to solid-
ification of Mg. This estimate yields a total porosity volume 7.4 vol%. As
shown in previous work [1,4], such porosity could significantly affect
the Young's modulus value of the composite. In addition, the increasing
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of the Young's modulus value during prestraining of the composite
could indirectly indicate the porosity closure. However, such porosity
should affect the nano-compression measurement in the same way
than the ultrasonic estimate of the Young's modulus, which is not the
case in our results. In addition, no pores could be clearly observed on
the dealloyed sample by SEM analysis indicating nanoscale size of
those pores. Therefore, we presume that the formation of nanoscopic
cavities (difficult to observe with SEM) can contribute to the underesti-
mation of Young's modulus by ultra-sonic measurement in respect to
theoretical values derived from Hashin-Shtrikman but fails to explain
the low values obtained in compression testing.

Another explanation is based on the weak bounding between Mg
and Fe phases. The dissimilar nature of the metals can lead to weak in-
terfacial boundaries, promoting sliding of the Fe and Mg phases during
the deformation. Finally, the sliding of the phase boundaries yields an
anomalously low effective Young's modulus probed in mechanical test-
ing. Due to the micro-meter size of the composite microstructure, the
surface area of Fe-Mg interfaces is very large making the influence of
this interfacial boundary very important.

The lowering of the Young's modulus value due to the grain bound-
ary sliding effect is supported by our results. The Fe-Mg composite with
the perfect interfaces considered in our micromechanics approach
yields the highest Young's modulus. The ultrasonic measurement,
which should be largely insensitive to the interfacial boundaries sliding,
yields the Young's modulus value very similar to the modelled one and
between the Hashin-Shtrikman bounds (Fig. 3). In contrast, the com-
pression test is very sensitive to the sliding effect and demonstrates

Fig. 3. The microstructure of the Fe-Mg composite (blue contrast - Fe phase and red contrast — Mg phase) used for the phase field modelling (right panel) and summary of Young's modulus
values of the Fe-Mg composite obtain by different methods (left panel). Note: Solid line in right panel is an upper Hashin-Shtrikman bond and dashed line is a lower Hashin-Shtrikman

bond.
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Fig. 4. Ex-situ SEM micrographs of the Fe-Mg composite after strain of 0.1. (a) Slip bands passing through the Mg phase, marked by arrows; (b) Detachment of the Mg,Ni and Fe as well as
Mg and Fe phases, marked by arrows; (c) Slip bands passing through the Fe phase, marked by arrows.

the lowest Young's modulus. In addition, the weak interfaces between
constituent phases were observed by SEM on the polished surface of a
deformed sample.

The ex-situ microstructural analysis of the deformed Fe-Mg compos-
ite at a low strain value, but already in the plastic regime has not reveal
significant phase detachment. However, important microstructural
changes have been observed after strain of 0.1 (Fig. 4). The plastic defor-
mation and detachment of the phases are clearly visible on these SEM
images. Both Fe and Mg phases are plastically deformed. Particularly,
the Fig. 4 a reflects the plastic deformation of the Mg matrix by slip
while the Fig. 4 ¢ exemplifies the plastic deformation of the Fe phase
by slip. The most compelling observation is the detachment of Fe and
Mg phases shown in Fig. 4 b. The observed detachments are located
near the Mg,Ni phase.

In summary, the bulk interpenetrating-phase composite consisting
of immiscible Fe and Mg metals was fabricated by liquid metal
dealloying from the precursor FesoNi;q alloy. The composite exhibits
an unusual mechanical behavior. Particularly, the Young's modulus
value of the composite probed by the compression test is 20 4+ 3 GPa
what is significantly below those values of the composing metals as in-
dividuals. The complementary methods used for the alternative mea-
surements of Young's modulus yields higher values of Young's
modulus that are still lower than the Hasin-Shtrikman bounds. The
quality of interfaces between Fe and Mg phases seems to be a reason
for such an anomalous behavior. The weak bonding between Fe and
Mg metals (that are highly immiscible) leads to the phase boundary
sliding and, therefore, lowering Young's modulus probed under me-
chanical loading. In contrast, the ultrasonic measurement being insensi-
tive to this grain boundary sliding yields a Young's modulus value
relatively close to the theoretical estimates. This slight discrepancy can
be attributed to possible Mg/Fe interface debounding from residual
stresses originating from the solidification of the Mg phase and the
cooling of the sample.

Composites consisting of immiscible metals, such as in this study,
can be produced using powder-based additive manufacturing technolo-
gies. Therefore, we strongly believe that our findings will have a strong
implication for the design of composite materials, especially, for the ad-
ditive manufacturing technology, in the nearest future.
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