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Widespread application of magnesium (Mg) has been prevented by its low strength and poor corrosion resistance. Core of this
limitation is Mg’s low electrochemical potential and low solubility for most elements, favoring secondary phase precipitation acting
as effective micro-galvanic elements. Mg-based metal–metal composites, while beneﬁting strength, are similarly active galvanic
couples. We show that related detrimental corrosion susceptibility is overcome by nanoscale composite architecture design.
Nanoscale phase spacings enable high-strength Mg–Fe composites with degradation rates as low as ultra-high purity Mg. Our
concept thus fundamentally changes today’s understanding of Mg’s corrosion and signiﬁcantly widens the property space of Mgbased materials.
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INTRODUCTION
Magnesium (Mg) and iron (Fe) are largely different materials. On
the one hand, Fe’s strength and allotropic phase transformations
along with the possibility to form corrosion resistant alloys, i.e.,
stainless steels, makes it the most important structural material.
On the other hand, Mg has the lowest density of all structural
metals, making it a prosperous aspirant for energy-efﬁcient
lightweight structures in the mobility sector. Additionally, Mg’s
excellent biocompatibility combined with low corrosion resistance
enabling biodegradability can be utilized for temporary medical
implants, such as bone-fracture ﬁxations in orthopedics and
trauma surgery1–3. However, a widespread use of Mg in these
ﬁelds has been prevented so far by the limited strength and high
corrosion susceptibility in aqueous environments for technically
pure Mg. Fe, a natural impurity element in Mg, presents a main
source for Mg’s low degradation resistance. The Fe content, in fact,
directly relates to the degradation rate, with an increase in Fe
resulting in faster degradation4–7.
The detrimental role of Fe in Mg is multifold: Because of the
large standard potential difference between Mg and Fe (ΔE =
1.9 V), and Fe’s high exchange current density for the hydrogen
reduction reaction (Fe: i0,H2/H+ = 1.0 × 10−6 A cm−2, for comparison Zn has a i0,H2/H+ = 3.2 × 10−11 A cm−2)8, the contact of Mg
with Fe entails a massive driving force for dissolution of the less
noble Mg phase (with −2.7 V against SHE) through galvaniccoupling induced corrosion. Moreover, Fe-rich phases acting as
effective cathodic sites can easily form, either through precipitation owing to its extremely low solubility in Mg (<10 ppm for
wrought Mg5,9) or through electrochemical redeposition and
accumulation on the corroding Mg surface10. In either case, Fe
provokes a localized corrosion attack around Fe-rich areas through
micro-galvanic corrosion and induces accelerated dissolution. This

also holds true for other more noble trace elements in Mg, such as
nickel, copper or cobalt, which likewise form cathodic sites in the
Mg-matrix, though their effectiveness in facilitating the cathodic
reaction is less severe than for Fe6,11,12. The importance of
impurity elements and their distribution on the corrosion rate of
Mg has been recognized almost 80 years ago12. In fact, Fe has
been identiﬁed as one of the most detrimental elements to the
corrosion resistance of Mg5,9.
While the development of vacuum-distilled ultra-high purity
(UHP) Mg could successfully address this impurity-related shortcoming and offers extremely low degradation rates13,14, the
strength of UHP Mg is too low to be used in structural
applications. Alloying or strengthening with lattice defects such
as grain boundaries or stacking faults are hence necessary to
strengthen Mg15–17. However, achieving simultaneously high
strength and high corrosion resistance remains a challenge –
particularly in the biomedical application ﬁeld, where the choice
of alloying elements is severely limited to ensure biological safety.
Two aspects contribute to the problem of designing slowly
degrading Mg-alloys: Passivation through alloying, comparable to
the effect that chromium has on Fe to form stainless steels, is
challenging for Mg2,18,19 because (i) Mg typically forms non-dense,
readily dissolvable oxides and (ii) Mg has a low solubility for most
elements at typical forming temperatures (~523–623 K). The
associated ease in precipitation of secondary phases possibly
favors strength but, in most cases, accelerates (local) corrosive
attack. New strategies to signiﬁcantly expand the property space
of Mg-based materials are thus required to combine simultaneously high strength and high corrosion resistance.
An attractive answer are composites, which hold the potential
to combine the beneﬁts of the individual material components
they are made of. Traditional metal‒metal composites, however,
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are generally not considered because of the aforementioned
effective galvanic couple that Mg forms with most other metals2.
Here, we scrutinize a deliberate manipulation of the composite
architecture (e.g., phase fraction, distributions, phase size and
spacings), hypothesizing that phase architecture at the nanoscale
may provide the necessary lever to subdue this detrimental effect.
Our assumptions are built on recent studies on Mg-alloys that
indicate a signiﬁcant impact of the size and distribution of second
phase particles (i.e., micro-galvanic elements) on the corrosion
rates20–22. We expect similar size effects for Mg-based metal-metal
composites, if the phase spacing is sufﬁciently reﬁned, possibly
facilitated through a conﬁnement of the active corrosion
mechanisms at the nanoscale. If proven successful, nanostructured Mg-composites would ﬁnally unlock the highly demanded
property combination in lightweight and biodegradable Mg-alloys
by exhibiting exceptional strength and corrosion resistance.
Nanostructured Mg–Fe composites with largely improved
corrosion resistance
As a proof of concept for the raised hypothesis, we focus in the
following on Mg–Fe composites. Fe was chosen as composite
constituent, because of its large difference in the electrochemical
potential, as stated above. Mg–Fe composites are hence ideal to
answer if targeted nanoscale design of the composite architecture
can indeed be utilized to lower the detrimental effects of galvanic
coupling. To this end, Mg–Fe composites with different phase
spacings were fabricated and the effects of composite architecture
on the degradation rate investigated. High pressure torsion (HPT)
processing, a method allowing to apply severe shear strains to a
material, was chosen for bulk composite synthesis, because (i) it
overcomes the limitations of conventional metallurgical methods
in synthesizing such composites (namely Mg boils way before Fe
melts23) through the use of metallic powder blends of arbitrary
composition, and (ii) it allows for control of the phase spacings
over up to four orders of magnitude through adjustment of the
applied strain24.
Two different architectures were produced for this proof of
concept using monotonic and cyclic high pressure torsion (HPT
and CHPT) to fabricate a nanostructured Mg–Fe composite and a
composite with micrometer-sized phase spacing, respectively. For
both composites, a phase fraction of 50 vol.% was chosen.
Representative micrographs of the composites’ architecture are
displayed in Fig. 1. Severe cyclic strains (CHPT) consolidate the
powder blend into a bulk piece while preserving its original shape
and phase dimensions of ~20 µm. The slight elongation in
tangential direction results from the initial compression step
preceding the cyclic deformation. Accumulation of cyclic strain
resulted in the formation of grains and subgrains within the
phases, evident from the backscattered electron (BSE) images

(Fig. 1a), in which an Fe particle is outlined with a white dashed
line and some subgrains within the particle are highlighted by
yellow dotted lines. This composite is referred to as the coarse
Mg–Fe composite hereinafter. In contrast, severe monotonic
strains (HPT) signiﬁcantly reﬁne the composite structure
(Fig. 1b). In fact, the phase spacing was substantially reduced to
<300 nm for most lamellae (Fig. 1b), yielding a nanostructured
Mg–Fe composite. Despite the substantially different mechanical
properties of Mg and Fe, a fairly homogeneous composite
architecture was obtained, without obvious signs of severe strain
localization (e.g., in shear bands which would misalign the
lamellae with respect to the principle shear direction). Overall,
Mg–Fe composites of identical phase fraction but structural scales
differing by two orders of magnitude could thus be successfully
produced. Moreover, as the applied strain in HPT and CHPT
increases linearly with the radius, the Mg–Fe composites possess
an inherent structural gradient. However, as the applied cyclic
strains do not manipulate the phase spacing considerably, this
gradient is most prominent for the composites processed by
monotonic HPT, which consist of nanostructured phase spacings
(Fig. 1b) at the outermost radii, while coarser spacings prevail
towards the center of the disk. As such, these two types of
composites are ideally suited to study length scale effects on
corrosion mechanisms and rates.
Our corrosion behavior investigation of the composites is
summarized in Fig. 2a. The hydrogen gas (H2) evolution is taken as
a measure for the Mg-degradation rate25. Given the known
dependence of Mg’s corrosion rate on the electrolyte, we analyzed
the composites upon immersion in either (i) phosphate buffered
saline (PBS, pH value of 7.4), (ii) unbuffered 3.5% NaCl solution or
(iii) Hanks balanced salt solution (HBSS) without glucose26.
Detailed compositions of the three solutions can be found in
the Methods section (Table 1). Degradation rates of UHP Mg were
measured in comparison. For the Mg–Fe composites, the
degradation rates were observed to be largely independent of
the electrolyte with slightly slower degradation rates in HBSS. For
the UHP Mg, the differences are larger and, as expected, the
slowest rates are measured for the unbuffered NaCl solution,
which can be rationalized by the pronounced increase of the pH
value establishing in surface-near regions.
As expected, the coarse composite corroded rapidly upon
immersion. Within only 40–60 min, the measured amount of
evolved H2 saturated and the composite completely disintegrated,
indicative of complete Mg dissolution. In contrast, the composite
processed by monotonic HPT, consisting of a gradient from coarse
(center) to nanostructured (rim) phase spacings, degraded
considerably slower. In fact, the measured H2 volume suggests
presence of the Mg phase up to ~24 hours, a reduction in
degradation rate by a factor of ~24 compared to the coarse
composite. Notably, microscopic inspection of this composite

Fig. 1 Microstructure of the two types of Mg–Fe composites. SEM images in BSE contrast acquired in radial direction of the disk-shaped
samples. a Coarse Mg–Fe processed by CHPT. The dashed white line outlines an Fe particle with subgrains developed within (marked by
dotted yellow lines); b Nanostructured Mg–Fe processed by monotonic HPT.
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Fig. 2 Microstructure-dependent degradation rate of the Mg phase. a Time-resolved degradation, measured by H2 evolution, of the coarse
and nanostructured Mg–Fe composites compared to UHP Mg reference in three different electrolytes. For decreasing composite phase
spacing, the degradation rates slow down signiﬁcantly. b Cross-sectional SEM images of the nanostructured Mg–Fe composite after nine days
of immersion in PBS. Triangles denote the interface with solution contact, arrows show exemplary ingress of solution (dark contrast, ﬁlled with
embedding resin) causing lamellae exfoliation and structural bulging (stars). Pentagon marks the intact composite.

Table 1.

Chemical composition of the three solutions used in this study (g/l).
NaCl

KCl

PO3
4

PBS

8.182

0.201

0.950

NaCl

35

Hanks

8

0.4

–

CaCl2

MgSO4·7H2O

MgCl2·6H2O

Na2HPO4·2H2O

KH2PO4

NaHCO3

0.14

0.1

0.1

0.06

0.06

0.35

sample following immersion revealed larger corrosion attack
towards the center of the HPT disk, corresponding to lower strain
and hence larger phase spacings. This observation provides strong
indication that the phase spacing plays a crucial role in governing
the degradation rate. For conﬁrmation, the nanostructured
composite was tested without the low-strained center part,
removed by slow-advance drilling of a 2.5 mm hole. The resulting
sample consisted of ﬁne and largely homogeneous phase
spacings only (Fig. 1b). Indeed, this drastically reduced degradation rates judged from small H2 evolution (Fig. 2a), thus conﬁrming
that the nanoscale architecture induces only minor degradation
rates. In fact, the H2 data suggests, even after nine days only ~10%
of the Mg phase has degraded, corresponding to a >2000-fold
reduction of the degradation rate compared to a coarse
microstructure of the same composite composition. Importantly,
dissolution even slowed down further with times. Our observations suggest that nanoscale engineering of the Mg–Fe composite
architecture modiﬁes the active corrosion mechanisms, which
origin in corrosion-hindering structures and result in H2-evolution
rates close to those of UHP Mg. Potential mechanisms enabling
this superior performance are discussed in the following.
Interplay of processes underlying the stronlgy enhanced
corrosion resistance of nanostructured Mg–Fe
To make use of the composite’s enhanced corrosion resistance in
functional material solutions for engineering or biomedical
applications, a profound understanding of the underlying reaction
kinetics and mechanistic principles must be established. Aiming at
Published in partnership with CSCP and USTB

stimulating their in-depth study, we here outline possible solidstate and interface phenomena acting on the nanostructured Mg‒
Fe composites, Fig. 3a. The processes described are not limited to
those leading to reduced degradation rates, but those that lead to
changes in the underlying degradation mechanisms when
composites with nanoscale instead of coarse phase spacing are
considered:
Mechanical intermixing. The severe strains applied in monotonic
HPT do not only induce a substantial reﬁnement of the phase
spacing (Fig. 1b), but for sufﬁciently large strains probably
cause a breakdown of the lamellar structure or at least an
incorporation of fragments into the other phase. This can result
in mechanical alloying even in systems having zero solubility in
thermodynamic equilibrium (e.g., refs. 27–29), such as the Mg–Fe
system. Mechanical alloying has already been reported for the
Mg–Fe system, with alloying occurring potentially in both
phases depending on the concentration and treatment
applied30–32. Depending on the applied strain and degree of
intermixing, two scenarios may occur. First, if Fe-particles from
lamella fragmentation are incorporated into the Mg matrix and
are sub-critical sized (i.e., ‘Fe-nanosheets’), the effective
catalytical activity for the hydrogen-molecule formation on
Mg is virtually ‘deactivated’ by the fast hydrogen diffusion into
the Fe nanoscale phase33. Second, if Fe is not only dispersed
but mechanically forced into solid solution within the Mg
phase, Mg's dissolution rate would decrease due to elevated
electrochemical potential of the Mg phase and due to Fe
surface enrichment, reducing the potential difference to the
npj Materials Degradation (2022) 47
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Fig. 3 Processes controlling the corrosion behavior of nanostructured Mg–Fe composites and material properties of Mg–Fe
combinations at different length scales. a Schematic of discussed corrosion processes active for the nanostructured Mg‒Fe composite.
b Left: Property space of Mg and Fe combinations at different length scales (from macroscopic at the top to nanostructured at the bottom)
and, right: their technological use. Top: Mg’s low corrosion resistance is used as sacriﬁcial anodes in shipbuilding or offshore protection.
Center: microscopic Fe particles in Mg as impurities do not have any technological use but are detrimental to Mg’s corrosion resistance.
Technical pure Mg corrodes signiﬁcantly faster than high purity Mg (photographs after 2 h in 0.15 M NaCl). Bottom: nanostructured Mg–Fe
composites have low corrosion rate and high mechanical strength. Photograph is a screw fabricated from the nanostructured Mg–Fe
composite, intended to be used in orthopedics and trauma.

cathodically active Fe phase, and ultimately decreasing the
driving force for galvanic coupling-assisted dissolution.
Fe redeposition. Fe constituting the electrochemically more
noble element in these composites can redeposit through
electrochemical reduction on the dissolving Mg surface10,34,
similar to the well-known redeposition phenomenon of Cu
during aluminum-alloy corrosion35. This phenomenon is particularly likely when Fe presents a solute in the Mg phase, such as
favored through mechanical intermixing. While microscopic
noble-element redeposits on Mg act as efﬁcient cathodes for
the hydrogen reduction reaction (micro-galvanic-coupling
assisted corrosion) and as such are detrimental to its corrosion
resistance10,34,36–39, the effect can reverse when noble-element
contents are sufﬁciently high as to allow coalescence of
redeposits40. The high Fe content in the Mg–Fe composites
and its potential mechanical mixing in the Mg phase might
enable, through dissolution and redeposition processes, the
formation of a continuous – presumably dense – Fe layer. A
continuous Fe layer would act as a quasi-protective ﬁlm and
thus ultimately slow down further Mg dissolution. It should be
noted, that even defects in this Fe layer would not result in
dramatic localized Mg dissolution, because of the alkaline pH
created locally, see description below.
Near-surface solution alkalization. Mg dissolution with its low
level of hydrolysis and the concomitant hydrogen reduction on
the surface generate an increased pH of the surface-near liquid.
Alkalization stabilizes hydroxides formed in aqueous solutions41
and favors precipitation of insoluble carbonates or phosphates
in biological ﬂuids42,43. The presence of effective reduction on
Fe cathodes will even amplify this phenomenon. Common
corrosion products forming on Mg surfaces in aqueous solutions
are ﬁlamentous or porous44, and present a quasi-protective ﬁlm
that can slow down the dissolution rates.
Conﬁned phase volumes. The nanoscale phase spacings may
further retard the corrosion attack through solution conﬁning
geometric factors. Near-surface Mg dissolves preferentially in an
npj Materials Degradation (2022) 47

aqueous solution, leading to a progressively increasing exposed
Fe phase at the surface. Fe – with an intrinsically lower reactivity
compared to Mg – will then dictate the further dissolution rates.
Moreover, the preferential dissolution of submicron-sized Mg
lamellae will create narrow channels enclosed by catalytically
active Fe, which limits ﬂuid ﬂow and element diffusion, and in
turn hinders equilibration with the bulk solution. Consequently,
local solution alkalization and corrosion-product stabilization are
expected to be particularly pronounced for conﬁned Mg
volumes, which slow down or annihilate their continuous
corrosion attack45.
Material exfoliation. The conﬁned lamellar geometry and
concomitant eased formation of voluminous corrosion products
can give raise to separation of the Fe lamellae, referred to as
exfoliation corrosion. Exfoliation occurs for anisotropic microstructures and elongated grain structures, characteristic for
wrought processes, such as extrusion, rolling or HPT46,47. In all
cases, the separation occurs parallel to the elongated grain or
phase structure, and was also observed for the slowly degrading
Mg–Fe composites in this study (Fig. 2b). While classically
deﬁned as a type of intergranular attack, exfoliation can occur in
lamellar nanostructured Mg‒Fe composites due to the conﬁned
phase geometry. Exfoliation is particularly favored in environments that stabilize corrosion products of larger volume
compared to metallic Mg, provoking exfoliation through volume
expansion46,48. While the Fe phase in the composite is (partially
or fully) cathodically protected, its dissolution once electrically
decoupled through exfoliation will be independent from Mg.
Thus, Fe will establish its own free corrosion potential, whose
dissolution rate is a function of the prevalent environment. The
large surface-to-volume ratio and the high defect densities
within the exposed or disintegrated nanometric Fe phase are
assumed to foster dissolution rates larger than those of bulk
Fe49,50. The nanoscale architecture is hence not only beneﬁcial
to retard Mg dissolution, but also to accelerate the one of Fe.
This is particularly relevant for biomedical applications, for which
Published in partnership with CSCP and USTB
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Fig. 4 Mechanical and degradation performance of Mg–Fe composites. a Hardness of the two composite types as a function of the applied
(accumulated) strain. Data points of the monotonically deformed Mg–Fe composite for strains larger than ~140 correspond to the
nanostructured spacing in Fig. 2. Data of UHP Mg and an annealed coarse composite are shown for comparison. The Young’s modulus of the
nanostructured composite (best-performing condition, circled in blue) is given in its pristine state and after 9 days immersion in PBS. b Yield
strength and degradation rate of various biodegradable alloys prepared by conventional methods and severe plastic deformation (cyclic
extrusion and compression) compared to the new Mg–Fe composites3,14,70–72. Note that for this comparison, yield strength includes data
measured in tension, compression as well as from a conversion of hardness. Slight deviations for the same test method may thus occur. Please
note the inverted scaling in second (upper) x-axis in (a) and second (right) y-axis in (b).

Fe alloys show overly low degradation rate in vivo51. By
nanoscale composite architectures, dissolution in physiological
environments seems ﬁnally possible.
Hydrogen trapping. Atomic hydrogen formed on the corroding
surface upon its contact to humid air or aqueous solution (H2O
+ e− → OH− + H) may diffuse into the metal to form hydrides.
This originates from Mg’s large afﬁnity to form hydrides and Fe’s
high diffusivity for hydrogen52. The assembly of hydride-forming
and hydrogen-diffusing solid has been recognized as potential
hydrogen storage units33,53. Although MgH2 is not stable in
contact with water and reacts to form gaseous hydrogen54, it
can be stabilized in a multi-layered assembly of Mg with Fe33.
Additionally, as microstructural defects are efﬁcient trapping
sites for hydrogen55, their high density in the composites
brought in through the HPT process, makes the nanostructured
Mg‒Fe composites potentially effective for hydrogen traps. As
such, they may reduce the effective amount of evolving
hydrogen. The potential formation of brittle hydrides or
occurring hydrogen embrittlement of the Fe-phase may – if
sufﬁciently slow – indeed be beneﬁcial for applications aiming
at complete biodegradability. Presence of trapped hydrogen
could support complete dissolution via mechanical-assisted
disintegration of the Fe lamellae, enabling it to occur under the
absence of hydrogen-gas formation. Contrary, if the process of
hydrogen embrittlement occurs too fast, the bcc Fe phase could
be easily replaced by an fcc Fe phase (e.g., an Fe–Mn alloy) that
is characterized by a signiﬁcantly reduced hydrogen diffusivity56.
Further in-depth analysis is required to answer which role these
individual processes play in the overall Mg‒Fe composite
performance. However, it seems safe to assume that multiple
solid-state and solid-liquid interface phenomena contribute
simultaneously to the unexpected composite corrosion resistance.
Any of the processes proposed above are facilitated by an
increased structural conﬁnement, in line with our observation of
reduced H2 evolution for decreasing phase spacings. We further
expect that their effectiveness in controlling the composites
dissolution is additionally affected by the composite composition,
i.e., Mg:Fe ratio, stimulating further investigations to optimize it.
Notably, we conﬁdently exclude the role of insulating oxide layers
Published in partnership with CSCP and USTB

along the phase boundaries decoupling the galvanic element,
because the native oxide layer on the powder-particles surfaces
was found to fracture or even to dissolve during the HPT
process57,58.
Beneﬁtting from simultaneously reduced degradation and
higher strength
Besides the strongly efﬁcient lever to tailor degradation rates, the
composite architecture further allows to tailor mechanical properties, which are effectively controlled by the phase fraction,
geometry and spacing. As such, the Mg–Fe composites allow to
access a much wider property space than what can be achieved
with traditional Mg-alloys. For illustration, we measured the
microhardness of the Mg–Fe composites as a function of the
applied (accumulated cyclic) strain in HPT (Fig. 4a). Data of the
UHP Mg and a well-annealed, i.e. defect-scarce, coarse Mg–Fe
composite are shown for comparison. A reduction of the phase
spacing to the nanoscale gives rise to exceptional strength levels
(based on a conversion of hardness to strength >450 MPa can be
expected59), as the free path for dislocation gliding is drastically
shortened. For both composite types, hardness increases with the
applied (accumulated) strain. This behavior is less pronounced for
the coarse composite, rationalized by the accumulation and
rearrangement of dislocations into grains and subgrains as the
main strength contributor. Because the grain or subgrain size that
evolves upon cyclic straining mainly depends on the applied strain
amplitude rather than the number of cycles60, the effect of
accumulated strain is apparent as an initial sharp increase but
vanishes after a few cycles. With about 1.1 GPa hardness
(~300 MPa strength), even the coarse Mg–Fe composite is
substantially stronger than UHP Mg (~0.3 GPa) and many
biocompatible Mg alloys61, compare Fig. 4b.
Similarly, the monotonically deformed composites, showed a
signiﬁcant strengthening at low strains (ε < 20, Fig. 4a), which
continuously increased with applied strain. With 1.4 GPa hardness
obtained for the largest strains applied here, strength levels of up
to 450 MPa can be expected for the nanostructured composite
according to the Tabor relation59. This conversion is known to give
reasonable predictions for severely deformed metals or
npj Materials Degradation (2022) 47
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Fig. 5 Schematic of an ideal bone-fracture ﬁxation, accessible with the developed Mg–Fe nanocomposites. Immediately following the
material’s implantation, the surﬁcial Mg starts to dissolve, leading to Mg2+ release and near-surface solution alkalization, as well as formation
of voluminous corrosion products, which lead to bulging and exfoliation. With ongoing degradation and formation of larger pores, bone
ingrowth is facilitated. New bone replaces the site of the implant within a targeted time of two years. The grayscale image on top represents
the Kikuchi pattern contrast from electron backscatter diffraction, showing the remaining Fe skeleton of a partially degraded composite
structure.

nanocomposites, and even underestimates the maximum
strength in the latter case62. With that, the nanostructured
composite signiﬁcantly outperforms the to-date strongest rareearth element free (REE) Mg alloys17,61, see Fig. 4b. Notably, further
optimization of either HPT strains and/or Fe to Mg ratios may yield
even higher strength levels.
Prospects and potential avenues enabled through
nanostructured Mg–Fe composites
The wider property space of the Mg–Fe composites compared to
Mg-based alloys (Fig. 4b) leverages the use of low-density and
biodegradable Mg in so far inaccessible applications. Mg–Fe
composites are an ideal aspirant for load-bearing degradable
biomedical applications and thus a serious alternative to the
monopoly of REE-based Mg-alloys to achieve the highest strength
levels without compromising degradation rates63,64. This replacement is important as REE alloys are considered risky. In fact, REE
were found to accumulate in organs, with thus far unknown longterm effects65. Moreover, the stepwise degradation of the
nanostructured Mg–Fe composites with initial dissolution of Mg
followed by that of Fe, would allow for close-to-ideal material
properties for load-bearing bone-fracture ﬁxation, Fig. 5: (i) Its
strength exceeds the requirements for the initial healing phase
(400 MPa17). (ii) Preferential Mg dissolution results in a less rigid
Fe-rich skeleton (compare nanoindentation data in Fig. 4a). The
Young’s modulus reduced signiﬁcantly between the pristine
(94.7 ± 6 GPa) and degraded samples (59.8 ± 7 GPa after 9 days
immersion). Different from state-of-the-art titanium implants, this
progressive reduction of strength and modulus enables a
continuous load-transfer back to the bone as it heals – a prerequisite for healthy bone regrowth and remodeling. (iii) The
npj Materials Degradation (2022) 47

release of Mg2+ ions stimulates new bone formation66. (iv) The
limitation of insufﬁcient in vivo degradation rates for bulk Fealloys51 may be overcome by the nanoscale phase geometry,
facilitating the desired complete dissolution within a reasonable
time (<2 years). The extended property space, tailorable by the
composite architecture (Fig. 4b), may even enable more customized solutions (‘personalized medicine’).
Certainly, prior to any product development, the composite’s
properties and their scaling with architecture need to be
established. This involves not only in-depth studies of the
corrosion processes at play but also understanding of deformation, fracture, strength, and efﬁcient synthesis of the Mg–Fe
composites. The promising ﬁnding that the detrimental effects of
galvanic corrosion can be mitigated by deliberate manipulation of
the composite architecture is thus expected to stimulate a wealth
of interdisciplinary research efforts. Finally, one should note, that
apart from the investigated Mg–Fe composites with the suggested
use in biomedical applications, new avenues for other highperformance composites might arise, as the proposed concept is
expected to be generally applicable to any combinations of nobleactive metal matrix composites.
METHODS
Materials
Metallic powders of Fe (MaTecK, 99.9%, 70 µm particle size) and
Mg (Alfa Aesar, 99.8%, 40 µm particle size) were blended in a 50:50
volume ratio and served as a precursor for the synthesis of the
Mg–Fe composites. Distilled ultra-high purity (UHP, 99.999%) Mg13
with a total impurity content of only 19 wt. ppm was used as a
reference for the lowest accessible Mg degradation rate14.
Published in partnership with CSCP and USTB
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The UHP Mg was tested in an undeformed condition to avoid
potential accelerating effects of lattice defects on corrosion. To
provide a reference for the hardness of a coarse, defect scarce
Mg–Fe composite (Fig. 4), an as-prepared coarse Mg–Fe composite sample was additionally annealed at 773 K for 30 min to
widely remove the defects induced during the cyclic HPT process.
Sample synthesis
The Mg–Fe powder blends were pressed into disks (8 mm
diameter, 0.8 mm thickness) at 7.8 GPa nominal pressure and
subsequently deformed using high pressure torsion (HPT). Two
different HPT protocols were used to synthesize Mg–Fe composites with different average phase spacing. Coarse Mg–Fe
composites were fabricated using cyclic HPT for 20 cycles at a
twist angle of 10 degrees at room temperature, while the
nanostructured Mg–Fe composites were prepared by conventional monotonic HPT at 573 K (15 rotations at a speed of 0.6 rot
min−1) using a device described in detail in ref. 67. Elevated
temperatures in case of monotonic HPT were chosen to ensure
better co-deformation of the two different phases.
The applied equivalent von Mises strain in Fig. 4a, ε,
(corresponding to the accumulated strain, εacc, in case of CHPT)
can be calculated according to Eqs. (1) and (2)68 and yield
maximum values of ε = 272 and εacc = 40, both calculated at the
disk edge (i.e., disk radius of 4 mm). These strains are sufﬁcient to
achieve seamless bonding of the powder particles. In Eqs. (1) and
(2), r denotes the disk radius, t the disk thickness, N the number of
rotations applied in case of monotonic HPT or the number of
cycles in case of CHPT and θ the twist angle.
2πrN
ε ¼ pﬃﬃﬃ
3t
εacc

2πr θ
ﬃ
¼ 4N pﬃﬃ360
3t

(1)

(2)

Microstructural characterization
Composite architectures were examined in radial direction of the
HPT disks (at disk radius ~3.5 mm) using a scanning electron
microscope (SEM, Zeiss Leo 1525; JEOL 7200 F). The samples were
mechanically ground and polished (water free) followed by a
gentle mechanochemical polishing step using colloidal silica.
Images were obtained at 20 kV and using a backscattered-electron
(BSE) detector. The pattern contrast map of the immersed sample
was obtained at 20 kV and a sample pre-tilt of 70° using the
electron backscatter diffraction detector Nordlys Nano from
Oxford Instruments. The step size was set to 40 nm and Fe (bcc)
and Mg (hcp) were loaded as options for orientation solutions. The
areas of the remaining skeleton were to 98% indexed as Fe with a
high certainty of the solutions (average mean angular deviation
0.58°, average band contrast 125––both from the indexed areas).
Mechanical characterization
Vickers microhardness (0.3 gf load, 15 s dwell time) was determined along the disk radius to provide an estimate for the
composite strength and its evolution with strain.
Hardness and Young’s moduli of an as-prepared and partially
degraded (9 days in PBS) nanostructured composite sample were
measured using an instrumented ultra-micro indentation system
(UMIS, Fischer-Cripps) equipped with a diamond Berkovich tip. 15
individual quasi-static indents were taken on each sample (50 mN
load), with the standard deviation reported as the error bar. The
resulting indent depth and width (~1 µm and 5 µm, respectively)
are considered sufﬁcient to probe a representative volume of the
selected nanocomposite structure. The obtained data was
Published in partnership with CSCP and USTB

evaluated according to Oliver and Pharr69. Sample preparation
followed the same routine as for the microstructural analysis and
the sample was indented in tangential direction.
Evaluation of corrosion rates
The Mg-phase degradation was assessed with the hydrogen
evolution method25, which relies on the formation of hydrogen
gas (H2) according to Mg + 2H2O→Mg2+ + 2OH− + H2. Quarters
of the HPT disks were prepared such that they had a comparable
surface area exposed to the corrosive environment, however, the
absolute sample mass varied by about 20%. The burr was
removed, and the disks ﬁnally ultrasonically cleaned using
isopropanol. Each sample was immersed separately at 298 K in
either (i) phosphate buffered saline (PBS, pH value of 7.4, Roth,
Germany), (ii) unbuffered 3.5% NaCl solution or (iii) Hanks
balanced salt solution without Glucose26, and the time-resolved
H2 evolution was monitored. Compositions of the three solutions
are summarized in Table 1. Additionally, the H2 volume evolving
from UHP Mg was measured as a slowly degrading reference14.
DATA AVAILABILITY
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