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Abstract: The metallic implant materials for load-bearing applications typically possess a significantly
higher stiffness when compared with that of human bone. In some cases, this stiffness mismatch leads
to a stress-shielding effect and eventual loosing of the implant. Porous metallic materials are suitable
candidates to overcome this problem. In this study, we synthesized low modulus open porous
TiFe alloy by liquid metal dealloying of the precursor Ti47.5Fe2.5Cu50 (at.%) material in liquid Mg.
Upon liquid metal dealloying, Cu was selectively dissolved from the precursor, and the remaining
Ti and Fe elements were reorganized into a bicontinous porous structure. The synthesized TiFe
alloy is composed of α-titanium and β-titanium phases. The average measured ligament size is in
the micrometer range. It was found that a higher dealloying temperature leads to a pronounced
coarsening of the microstructure. The open porous TiFe alloy possesses a low elastic modulus of
about 6.4–6.9 GPa. At the same time, its yield strength value reaches about 185 MPa due to the α + β
microstructure. Its attractive mechanical properties for biomedical applications, together with its
open porous structure, indicate the potential of porous TiFe alloys to be used as implants.

Keywords: liquid metal dealloying; porous material; titanium alloy; biomedical material; mechani-
cal behavior

1. Introduction

Among metallic materials applied for biomedical implants, titanium-based materials
are one of the most prominent candidates. This is due to the combination of their outstand-
ing characteristics, such as a high strength, low density, high corrosion resistance, complete
inertness to the body’s environment, high biocompatibility, low Young’s modulus and high
ability to osseointegrate with bone and other tissues [1–5]. Despite the above favorable
characteristics of titanium alloys, their stiffness value still exceeds that of human corti-
cal bone [3,6]. In some cases, this discrepancy can lead to the so-called “stress-shielding”
effect [3,4,6]. This effect provokes bone resorption and leads to a loosening or even complete
rejection of the implant from the bone. The development of low modulus titanium-based
materials remains the subject of intensive research [7]. Specifically, porous and composite
titanium-based materials are promising candidates [8,9]. The porous titanium alloys can
be synthesized by additive manufacturing [10–12], sintering [13] and dealloying [14–16].
The infiltration of a polymer into porous titanium alloys typically improves their strength
values while keeping elastic modulus values low [16–19]. Different dealloying methods
can be used to synthesize porous titanium materials, and liquid metal dealloying is one of
the most efficient approaches leading to materials with moderate strength values, which
are required for biomedical applications [15,18].
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Liquid metal dealloying is a metallurgical process for the production of porous materi-
als using selective corrosion in a liquid metal [7,14–16,18–34]. This method relies on the
diffusion of liquid metal into a precursor material, accompanied by the selective dissolution
of one or more of its components (Figure 1). Upon dealloying, an interpenetrating-phase
or 3D interconnected structure is formed [21,22]. In a following chemical etching step,
one of the phases can be chemically removed to obtain a porous structure. The size and
morphology of the microstructural features (so called ligaments) of the dealloyed porous
materials can be effectively tuned by controlling the dealloying conditions as well as the
microstructure of the precursor material [29]. The liquid metal dealloying method enables
the synthesis of composite materials [31] possessing physical properties beyond expecta-
tions (e.g., based on the rule of mixtures) due to their unique bicontinuous microstructure
as well as porous materials ranging from very reactive ones, such as magnesium [32], to
advanced ones, such as high-entropy alloys [29,30] as well as titanium alloys.

Several types of porous titanium alloys synthesized by liquid metal dealloying have
been reported, namely α (hexagonal close-packed or hcp) [15,19,33], α + β [7] and β (body
center cubic or bcc) titanium alloys [34]. The thermodynamic conditions required for the
synthesis of porous titanium alloys by liquid metal dealloying are shown below in Figure 1.
For example, the precursor alloy can be composed of Ti(M) (M is an alloying element
possessing a high positive enthalpy of mixing with Mg) and Cu possessing a high negative
enthalpy of mixing with Mg. In this case, the Cu element will be dissolved into liquid
Mg upon dealloying. The different phase composition of the dealloyed porous titanium
alloys can be achieved by the usage of different types of alloying elements (Figure 1). It
is known that depending on the influence of alloying elements on the temperature of
the polymorphic transformation α→ β of titanium, these are divided into three groups:
α-stabilizers, β-stabilizers and neutral hardeners [35] (Figure 1). Alloying elements that
increase the temperature of the polymorphic transformation of titanium are called α-
stabilizers. These elements are typically divided into two subgroups, namely ones forming
solid substitutional solutions (e.g., Al, Ga, In) and ones forming interstitial solutions (e.g.,
C, N, O). The opposite effect on the polymorphic transformation temperature demonstrates
β-stabilizers. There are two types of β-stabilizers: β-isomorphic and β-eutectoid ones.
The β-isomorphic stabilizers, such as V, Mo, Nb, and Ta, completely dissolve in the β-
phase [7]. The β-eutectoid elements, such as Fe, Mn, Cr, Co, Ni, Cu, and Si, have limited
solubility in titanium and form intermetallic phases through eutectoid decomposition.
Neutral hardeners, such as Zr, Hf, and Sn, are soluble in both the α- and β-phases. These
have a low effect on the temperature of the polymorphic transformation of titanium [35,36].
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Figure 1. Selection of system for liquid metal dealloying. Relationship of the values of enthalpy
of mixing between elements required for the liquid metal dealloying (right panel). The values
of enthalpy of mixing calculated by Miedema’s model for atomic pairs between Mg and alloying
elements for titanium alloys (left panel) [35,37].
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The study goal is to investigate the influence of a β-stabilizing element on the phase
formation, microstructure and mechanical behavior of a liquid metal dealloyed porous
alloy. Fe was chosen for this investigation as a strong β-stabilizing element. Two dealloying
temperatures were selected, namely below (800 ◦C) and above (900 ◦C) the polymorphic
transformation temperature. The synthesis and structure–property relationship of the TiFe
open porous alloy synthesized by dealloying of the Ti47.5Fe2.5Cu50 (at.%) precursor alloy in
liquid magnesium are discussed in detail.

2. Materials and Methods

Rods of 1 mm diameter were fabricated from the precursor Ti47.5Fe2.5Cu50 (at.%) alloy
by an arc-melting device in combination with a vacuum suction casting machine (Mini
Arc Melter MAM-1, Edmund Bühler, Bodelshausen, Germany) under Ar atmosphere. The
precursor alloy for the rods was prepared from the pure metals, namely titanium granule
(99.99%), copper foil 1 mm (99.99%) and iron wire 1 mm (99.99%) supplied by Alfa Aesar
GmbH & Co. KG (Karlsruhe, Germany) and Chempur (Piekary Śląskie, Poland). The alloy
was remelted at least 20 times to achieve homogeneity. Then, the rods were cut into 2 mm
pieces by a wire saw (Model 3032, Well Diamantssäger, Mannheim, Germany), and these
pieces were dealloyed in liquid Mg (magnesium granules with a purity of 99.98% supplied
by Alfa Aesar GmbH, Karlsruhe, Germany). These 2-mm-long rods were then systemati-
cally heated for various times and temperatures together with ~120–140 mg magnesium
(Mg) (−12 + 50 mesh) in a glassy carbon crucible under Ar flow using an infrared furnace
(IRF 10, Behr, Düsseldorf, Germany). The precursor Ti47.5Fe2.5Cu50 samples were dealloyed
using several dealloying parameters, namely 800 ◦C for 10 min and 900 ◦C for 5 min. In
order to obtain porous samples, the dealloyed rods were chemically etched in 3M HNO3
for 24 h to remove the Mg-rich phase. The microstructure and chemical composition of
the porous TiFe samples were investigated by scanning electron microscopy (SEM, Supra
55VP, Carl Zeiss AG, Jena, Germany) coupled with energy-dispersive X-ray (EDX) analysis
(Bruker, Mannheim, Germany). The reflections in the X-ray diffractograms were identi-
fied using X’Pert HighScore Plus Software 3.0.5 (Malvern Panalytical, Malvern, UK). The
average sizes of pores and ligaments were measured through the use of ImageJ Software
1.8.0 (National Institutes of Health, Bethesda, MD, USA). The mechanical behavior of
the porous samples was probed under compression loading at room temperature (293 K)
and with a strain rate of 10−4 s−1 using a universal testing device (Z010 TN, Zwick-Roell,
Ulm, Germany). The compression tests were designed based on the norm ISO 13314:2011
“Compression test for porous and cellular Metals”. The strain was measured by a laser
extensometer (LaserXtens, Zwick, Germany).

3. Results

The phase composition of the obtained porous TiFe alloys was determined by X-ray
diffraction analysis. The resulting XRD diffractograms of the TiFe samples synthesized
using two dealloying parameters, namely 800 ◦C for 10 min and 900 ◦C for 5 min, are
displayed in Figure 2. Both samples are composed of the α- and β-Ti phases. The formation
of the α + β structure occurs due to the fact that Fe is a β-stabilizing element for the titanium
alloys [35]. According to Ilyin et al. [36], about 3.3–4.3 at.% of Fe is required to stabilize the β
phase in Ti-based alloys. In the current TiFe alloy, the expected concentration of Fe is about
5 at.%, which is higher than the critical concentration for the stabilization of the β phase.
Moreover, the obtained XRD data are in agreement with [38,39], where the stabilization of
β-phases at room temperature is also due to the Fe addition. It is important to note that
the width of the α and β peaks increases at a higher dealloying temperature. This might
indicate chemical heterogeneities, a finer size or a higher concentration of defects. In the
case of the broad β-phase peaks, it seems that this is due to the presence of a nanoscale
ω phase in the β grains. The ω-phase peaks are similar to those of the β phase. Further
analysis, e.g., transmission electron microscopy, is required to prove this assumption.
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Figure 2. X-ray diffractograms of the porous Ti95Fe5 (at.%) samples obtained using several dealloying
parameters, namely 800 ◦C for 10 min and 900 ◦C for 5 min.

The EDX elemental analysis indicates that the chemical composition of the porous
TiFe samples is consistent with the expected composition. The chemical compositions of
the porous TiFe samples are summarized in Table 1. The insignificant deviation of the
measured composition compared with the expected ones is probably due to the surface
effects, namely the porosity and roughness. It is highly important to emphasize that
biologically harmful Cu was undetected in the porous TiFe samples, although it is present
in the precursor alloy used for dealloying. This suggests that the porous titanium alloys
consisting of biocompatible elements can be synthesized by LMD process from the Cu-rich
precursor alloys.

Table 1. Measured composition of the porous TiFe samples. Note: the deviation in the chemical
composition is likely related to the surface quality of the measured samples, namely the roughness
and porosity.

Samples Ti Fraction [at.%] Fe Fraction [at.%]

Ti47.5Fe2.5 (800 ◦C and 10 min) 95.2 4.8
Ti47.5Fe2.5 (900 ◦C and 5 min) 94.6 5.4

The microstructure of the porous TiFe sample dealloyed at 800 ◦C for 10 min is shown
in Figure 3. There are several macroscopic cracks detected on the surface of the TiFe
samples. The porous structure depicted in Figure 3c,d is similar to that observed for the
sintered samples. The average pore size is 0.57 ± 0.24 µm. The ligaments are faceted and
sintered with each other. The average ligament size measured by ImageJ software is about
1.5 ± 0.1 µm.
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The microstructure of the porous TiFe sample dealloyed at 900 ◦C for 5 min is shown
in Figure 4. Similar to the other sample, there are several macroscopic cracks detected on
the surface of the TiFe samples. The porous structure depicted in Figure 4 is similar to
that observed for the sintered samples. However, the concentration of pores is lower when
compared with the samples dealloyed at 800 ◦C. The average pore size is 0.55 ± 0.20 µm.
The ligaments are faceted and sintered with each other. The average ligament size measured
by ImageJ software is about 2.0± 0.1 µm. Detailed microstructural analysis reveals a needle-
shape phase. This phase has a typical morphology reported for the α and α′ phases in
titanium alloys [35].
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The observed morphology of ligaments is untypical for porous titanium and its alloys
synthesized by liquid metal dealloying. This is likely due to a combined effect of a relatively
low concentration of Cu in the precursor and Fe as an alloying element. It is known that
the addition of Fe enhances the sintering kinetics of titanium alloys because the mobility
of titanium atoms is accelerated by the rapid diffusion of Fe [40]. A higher concentration
of Cu in the precursor typically leads to a larger pore spacing [16]. The macrocracks are a
typical phenomenon for dealloying materials. In the case of liquid metal dealloying, such
cracks are due to inhomogeneous dealloying along grain boundaries.

The mechanical behavior of the porous samples was probed under compression load-
ing. The stress–strain curves are presented in Figure 5. It can be seen that the mechanical
behavior of samples dealloyed under different conditions is very similar. The values of the
yield strength and elastic modulus are summarized in Table 2. The yield strength values
for both samples reach about 180 MPa. The elastic modulus values are about 6–7 GPa. The
deviations of the mechanical characteristics’ values of the samples dealloyed at different
conditions are within the standard deviation limits (Table 2). The yield strength values of
the porous TiFe samples are more than two times higher when compared with the porous
titanium synthesized by liquid metal dealloying from the Ti40Cu60 (at.%) precursor. Such a
significant increase in strength is partially due to the alloying by β-stabilizing Fe element
leading to the formation of an α + β phase structure.
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Table 2. Mechanical properties of the porous titanium alloys synthesized by LMD.

Porous Alloy
[at.%]

Phase
Composition

Precursor
Alloy [at.%] TLMD [◦C] tLMD [min]

Yield
Strength

[MPa]

Young’s
Modulus

[GPa]
Reference

Ti95Fe5 α + β Ti47.5Fe2.5Cu50 800 10 185 ± 62 6.9 ± 0.2 this study
Ti95Fe5 α + β Ti47.5Fe2.5Cu50 900 5 173 ± 31 6.4 ± 2.3 this study
Ti95Mo5 α + β Ti47.5Mo2.5Cu50 800 10 172 ± 28 8.2 ± 1.0 [7]
Ti95Mo5 α + β Ti47.5Mo2.5Cu50 900 5 180 ± 66 9.5 ± 1.1 [7]

Ti88.2Fe11.8 β Ti29.2Fe3.9Cu66.9 850 10 89 ± 10 3.9 ± 0.3 [16]
Ti88.2Fe11.8 β Ti29.2Fe3.9Cu66.9 900 5 151 ± 12 4.5 ± 0.4 [16]

Ti α Ti40Cu60 750 6 72± 5 6.0± 0.3 [18]
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Table 2. Cont.

Porous Alloy
[at.%]

Phase
Composition

Precursor
Alloy [at.%] TLMD [◦C] tLMD [min]

Yield
Strength

[MPa]

Young’s
Modulus

[GPa]
Reference

Ti50Hf50 α Ti20Hf20Cu60 750 10 121 ± 12 8.5 ± 1.3 [19]
Ti62.5Hf37.5 α Ti25Hf15Cu60 750 10 100 ± 8 5.6 ± 1.0 [19]

Ti75Hf25 α Ti30Hf10Cu60 750 10 120 ± 6 6.4 ± 0.5 [19]
Ti75Zr25 α Ti30Zr10Cu60 750 10 136 ± 10 6.2 ± 0.7 [15]
Ti50Zr50 α Ti15Zr15Cu70 750 10 110 ± 10 3.2 ± 0.2 [15]

4. Discussion

The ligament size is a common microstructural parameter used to describe the relation-
ship between the microstructure and mechanical properties in porous metals obtained by
dealloying. Porous metals with a smaller ligament size typically possess a higher strength
at the nanoscale regime. This is related to the concentration of defects in these ligaments.
Specifically, ligaments measuring a few nanoscales possess a significantly lower defects’
concentration when compared to their coarser counterparts. There are studies reporting
the strength of ligaments approaching the theoretical strength of the material [30]. The
kinetics of coarsening during dealloying can be described by an Arrhenius-type equation
that is determined by diffusion coefficients. In the case of liquid metal dealloying, the
process-induced coarsening is associated with the surface diffusion of elements and defines
the size of the ligaments [30]. The melting point of the material can be a good indicator
of its influence on the surface diffusion during liquid metal dealloying. It was found that
alloying elements possessing a higher melting point led to a smaller ligament size, and
vice versa, under given dealloying conditions (time and temperature). In this actual case,
the melting point of the alloying element Fe (1538 ◦C) is lower than that of Ti (1668 ◦C).
Therefore, a larger size of the ligaments in the porous TiFe alloy is to be expected when
compared with the porous Ti synthesized by liquid metal dealloying. Moreover, it is known
that the alloying of Ti by Fe enhances the sintering kinetics of titanium alloys because
the mobility of titanium atoms is accelerated by the rapid diffusion of Fe [41]. Indeed,
the ligaments of porous TiFe are sintered together (Figure 4c,d). However, the average
size of the TiFe ligaments is comparable with that found for the porous Ti synthesized by
dealloying of Ti50Cu50 (at.%) [33].

The current porous TiFe alloy samples possess an α + β-phase structure due to the
alloying effect of Fe. In our previous studies, it was found that the dealloying temperature
can affect the phase composition of porous Ti-based alloys [16]. However, in the current
case, the same α + β-phase structure forms independently of the dealloying conditions.
The observed α + β-phase structure is consistent with previous studies and was reported
for other TiFe alloys with a similar Fe content [41,42].

The alloying by Fe is an effective approach to improve the strength of porous titanium
materials obtained by liquid metal dealloying (Table 2). Among porous Ti-based alloys, the
current porous TiFe alloy demonstrates one of the highest strength values (Figure 6). The
relatively high strength is probably due to its α + β-phase structure as well as a relatively
low fraction of pores compared to other porous Ti-based alloys obtained by liquid metal
dealloying [16]. The strength can be further improved by polymer impregnation, as was
shown elsewhere for porous dealloyed Ti-based alloys [16,18,19]. Despite relatively high
strength values, porous TiFe demonstrates low values of Young’s modulus. These values
are comparable with other open porous Ti-based alloys (Table 2) and are in the range found
for human bone [43]. This suggests perspectives for the application of this material as a
biomedical material.
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