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Structural characterisation 
and degradation of Mg–Li thin films 
for biodegradable implants
Lisa Hanke 1, Lea K. Jessen 1, Felix Weisheit 1, Krathika Bhat 2, Ulrike Westernströer 3, 
Dieter Garbe‑Schönberg 3, Regine Willumeit‑Römer 2 & Eckhard Quandt 1*

Freestanding thin films of Mg–Li (magnesium–lithium) alloys with a Li mass fraction between 1.6% 
(m/m) and 9.5% (m/m) were prepared and studied with respect to their structure and degradation 
properties. With increasing Li content, the microstructure deviates from hexagonal Mg–Li with 
strict columnar growth and preferred orientation, and additional cubic Mg–Li and  Li2CO3 occur. The 
corrosion rate was measured in Hanks’ balanced salt solution by potentiodynamic polarisation and 
weight loss measurements to investigate biodegradation. Influences of the orientation, phase and 
protective layer formation lead to an increase in corrosion from 1.6 to 5.5% (m/m) from 0.13 ± 0.03 to 
0.67 ± 0.29 mm/year when measured by potentiodynamic polarisation but a similar corrosion rate for 
9.5% (m/m) and 3% (m/m) of Li of 0.27 ± 0.07 mm/year and 0.26 ± 0.05 mm/year.

Magnesium and its alloys are widely studied as materials for applications in the medical field due to their bio-
degradability. Different elements such as, e.g., Ca, Zn or rare earth elements (REE) are included to improve 
mechanical properties or tailor the degradation rate to adjust them for applications as, e.g., stents or bone 
 implants1–4. Additional to the advantage of having an implant which degrades after it is no longer required, 
the possible therapeutic effects of the implants are explored by, e.g., loading stents with drug-eluting  layers5 or 
using the corrosion process and changes in the environment such as pH and hydrogen evolution directly for its 
antibacterial  properties6.

In line with the idea to use the implant itself as treatment, an alloy including the therapeutically active element 
lithium will be analysed in this study. Lithium is used in treatments for mood disorders, in particular bipolar 
disorder, and is also studied to have effects on Alzheimer’s and Parkinson’s  disease7–10. Magnesium itself shows 
also neurological  effects11. Therefore, the degradation and, thus, continuous release of both the magnesium 
and additional elements would allow a local treatment in the brain. If a controlled and local release is achieved 
by understanding the degradation of the material, side effects which can occur during the treatment with  Li12 
could be reduced.

For Mg–Li, the structure in bulk materials differs from pure Mg by a reduction of the distance in c-direction 
and a phase change to a body centred cubic (bcc) phase (β phase) for higher Li fractions (Mg–Li phase diagram, 
Fig. 1 13). This change leads to additional non-basal slip on the prismatic planes, twinning, and more ductile 
properties even in hcp Mg–Li alloys. For higher Li fractions, the addition of the second phase can significantly 
change the mechanical properties. Li et al. showed that cracks are preferably formed at the phase boundaries 
which is facilitated by the difference in the number of gliding systems present in both phases and, thus, a differ-
ence in stress  accumulation14. Additionally, the ageing of the second phase and change from bcc to hcp phase 
even at room temperature influences the properties over  time14,15.

The corrosion rate of Mg–Li alloys is influenced by several factors such as the high activity of Li, change of 
microstructure and surface films. The low electrochemical potential of Li leads to an increase in the cathodic 
kinetics and a more significant shift of the pH. Filiform corrosion is found to be one of the main corrosion pro-
cesses occurring for Mg–Li alloys in the α or α + β  materials16–18. For films with mixed phases, micro-galvanic 
coupling is found as a main factor for an increase in corrosion rate with preferred corrosion and pitting at the 
phase  boundaries19,20. However, the diversity of microstructure and protective layers formed during corrosion 
makes a clear indication of the influence of the different factors on the corrosion rate difficult. Li et al. showed 
that the corrosion rate decreases from α + β > α > β18. The lower corrosion rate of the bcc phase is assumed to be 
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due to the high density and stability of a formed protective layer. While for the Mg rich phase, mainly a porous 
Mg(OH)2 layer is expected to form during  corrosion21,22, the layer structures of surface films formed on Mg–Li 
including the bcc phase are complex. Xu et al., e.g., analysed the structure of the natural film formed in air as a 
 Li2CO3 film on the surface, Mg oxide and Li oxide film underneath and Mg-rich film before the bulk  material23. 
Other studies claim for films formed in air or during corrosion several compounds including carbonates, oxides 
and hydroxides of both Li and Mg, often separated in a layer  structure16,24,25. Previous studies assumed or sus-
pected that the formed  Li2CO3 has the main influence on the higher corrosion resistance of the bcc  phase23,26,27. 
The Pilling–Bedworth ratio (PBR), which is a measure for film stress and, thus, identifies a stable film for 
1 < PBR < 2, is > 1 for all Mg:Li ratios for  Li2CO3. Thus, it could already be formed for lower Li mass fractions in 
the hcp  phase18. Yan et al. suggest another possible influence as Li doping and therefore strengthening the MgO 
and hindering the formation of the more porous and less protective magnesium hydroxide. Since the critical 
Li fraction for forming a stable layer of MgO is calculated to be around 15–18 at. % (4.8–5.9%(m/m)), this is in 
agreement with the formation of the layer only on Mg–Li with β or α + β28. Therefore, with the assumption of 
the formation of a stable MgO layer by Li doping, the higher Li fractions leads to a decrease in corrosion rate 
by changing the film stress.

However, it has to be noted that the corrosion of Mg–Li with different phases is a complex system, leading to 
other studies showing the lowest corrosion rate for the hcp  phase19. The main influences on the actual corrosion 
rate are therefore not just Li content and phases but also the microstructure of the material.

For neurological implants, small freestanding films and structures in the sizes of a few µm–mm are needed. 
Previous to this paper, no extensive studies of Mg–Li thin films regarding the growth and properties are available 
to our knowledge. As found for thin films of other Mg alloys, significant influences on the properties in com-
parison to bulk materials are expected. For different Mg alloys such as Mg–Ag or Mg–REE, the structure of thin 
films was  studied29–33. For sputter-deposited films, the hexagonal close packed (hcp) magnesium phase (α phase) 
is strongly textured with a preferred growth direction of [001] and a columnar grain structure is  apparent31,33–35. 
The strong texture influences the deformation by, e.g., reducing work hardening and influences therefore the 
mechanical  properties33. The corrosion of thin films in comparison to bulk is shown to be more homogeneous 
with less effect of  pitting35,36. Additionally, the corrosion resistance and oxidation of different planes are different 
due to the packing and binding energies, thus, the corrosion rate is influenced by the texturing of the  films37. 
The (001) plane is found to show the lowest corrosion rate due to the densest packing, however, since the faster 
oxidation of other planes could lead to a protected surface, the actual influence on the corrosion rate cannot be 
directly  predicted38,39. Since the properties are highly dependent on structure and microstructure, they can be 
influenced for the same alloy by changing the sputtering parameters, leading to higher densities or differences 
in the film growth depending on the energy available for diffusion of the  atoms29,32,40–42.

In this study, Mg–Li thin films with a pure hcp or an α + β structure (Mg–Li phase diagram, Fig. 1) are pre-
pared via magnetron sputtering. To gain insight into the corrosion process dependent on the specific structure 
present in the thin films, studies with respect to their growth and microstructure are carried out to allow a cor-
relation with influences on the corrosion rate. Additionally, the possibilities to influence and tune those to meet 
specific requirements given for applications are discussed.

Figure 1.  Mg–Li phase diagram, adapted  from13. The region with a Li fraction from 0 to 50% (n/n) is 
depicted and the concentration of sample films (Li mass fraction of 1.6% (m/m), 3% (m/m), 5.5% (m/m) and 
9.5% (m/m)) are marked. Low Li concentrations lead to a Mg rich α-phase with a hcp structure and high Li 
concentrations to a β-phase with a bcc structure. In the mixed phase regions, α-phase and β-phase are formed.



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12572  | https://doi.org/10.1038/s41598-023-39493-9

www.nature.com/scientificreports/

Results
Composition and microstructure. The compositions of the prepared Mg–Li thin films are marked with 
red dashed lines at mass fractions of 1.6% (m/m), 3% (m/m), 5.5% (m/m) and 9.5% (m/m) in the phase diagram 
in Fig. 1 (fractions given in Supplementary Table 1). As shown, two sample types are prepared with Li mass frac-
tions leading to pure hexagonal phase, while the other two theoretically consist of α and β phase with approxi-
mately 89% (Mg–5.5Li) or 22% (Mg–9.5Li) α phase.

Very low iron contaminations are measured for all film compositions. Representative XRD diffractograms for 
all compositions are displayed in Fig. 2a in comparison to pure Mg prepared by the same procedure. While pure 
Mg exhibits a strong texture with a main peak of (002) at 34.3°, including 1.6% (m/m) Li leads to less preferred 
growth and for Mg–3Li, a random orientation is identified (Supplementary Fig. 1). For both materials in the α + β 
phase, the hexagonal phase shows a preferred orientation of (110). Additional bcc can be identified as small peaks 
in the diffractogram, and additional studies of the reciprocal space allow the identification of strong (110) peaks 
for Mg–9.5Li at an angle of χ = 32°–40°, indicating a strongly textured β-phase. While the lattice parameter a is 
only slightly decreased from Mg–1.6Li to higher Li mass fractions, c is reduced, especially for the increase of Li 
from 1.6% (m/m) to 3% (m/m) (peak shift in Fig. 2a, calculated lattice parameters in Supplementary Table 2). 
When the second phase is present, the parameters do not decrease further since the added Li is included in the 
additional phase. Of interest are as well the peaks at, e.g., 21.3°, 23.3°, 29.4° and 34.1° for Mg–5.5Li and Mg–9.5Li 
which indicate the existence of  Li2CO3 (Supplementary Table 3). Because of the formation of this additional 
phase, the amount of β-phase is reduced.

Investigations via EDX show a layer including carbon and oxygen on the surface of Mg–9.5Li, thus, the 
 Li2CO3 identified by XRD can mainly be assigned to a film formed on the surface of the samples when those are 
stored in air. The formation of  Li2CO3 in humid air for β-phase Li is also shown in previous  studies23,28. A layer 
of  Li2O is formed on the surface of alloys with high Li content and can react further to  Li2CO3 if  CO2 is present 
in the surrounding  atmosphere23. There is no significant compositional change over the layer thickness for, e.g., 
Mg–1.6Li (Fig. 2b). Cross-sectional images of the different Mg–Li alloy freestanding thin films with a thickness 
of 10 µm are given in Fig. 3a for analysis of the microstructure. Mg–1.6Li exhibits a columnar growth with a 
constant diameter of approximately 500 nm to 1 µm over the whole film thickness. This structure is also identified 
for pure Mg films with the strong (001) texture prepared via magnetron  sputtering30. For Mg–3Li, smaller grains 
are formed close to the substrate while columns start after a few 100 nm with increasing diameter up to 1.5 µm to 
2 µm with a few columns exhibiting a diameter of around 4 µm. Less columnar growth is visible for Mg–5.5Li and 
cannot be identified for the highest Li mass fraction. The surface, however, still exhibits a structure which leads 
to the identification of grain sizes of approximately 1.5–2 µm. The difference in the cross-sectional images can 
not only be assigned to a change of columns to a different microstructure because of additional phases but also 
to less preferred fracture at the grain boundaries during bending. This is influenced by, e.g., voids formed due to 
the self-shadowing of the columns. For Mg–9.5Li, oxidation of the samples also plays a major role in the visible 
structure since the samples are highly affected. While a thin oxide film is formed for all films and is apparent in 
the surface images in Fig. 3a, only for films with higher Li content (Mg–9.5Li) the oxide grows significantly until 
the film is completely oxidized (Fig. 2c).

To classify the microstructures further, they can be compared with the structure-zone  model41,43. The substrate 
temperature during the deposition was (49–54) °C for Mg–1.6Li, (54–66) °C for Mg–3Li and (60–66) °C for 

Figure 2.  Structure and composition of freestanding thin films (a) XRD diffractograms for Mg, Mg–1.6Li, 
Mg–3Li, Mg–5.5Li, Mg–9.5Li thin films. The positions of the hcp and bcc Mg–Li phases and  Li2CO3 are 
marked. Additionally, the orientation of the corresponding planes for the hcp phase are indicated, (b) EDX line 
scans of cross sections of Mg–1.6Li and Mg–9.5Li thin films as used for corrosion measurements, (c) EDX line 
scans of cross sections of Mg–9.5Li freestanding thin films after 1 day and 8–9 months.
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Mg–5.5Li and Mg–9.5Li samples. This leads to T/Tm = 0.36 for Mg–1.6Li and T/Tm = 0.39 for Mg–9.5Li as the 
highest and lowest possible values, leading in theory to structures in the T-zone, changing into zone 2. For higher 
zones, the grain boundaries get denser, and the defect density decreases, therefore fewer voids occur which could 
influence the fracture at grain boundaries. Additionally, a shift from straighter fibres to more complex structures 
at lower layers for Mg–3Li is in good agreement with the microstructural cross-sections.

Film growth. To identify and understand the differences in microstructure, the growth of Mg–1.6Li, Mg–
3Li and Mg–9.5Li films is additionally analysed. The sputter times were chosen according to the sputtering rates 
for 10 µm to result in approximately 10 nm, 100 nm, 1 µm and 20 µm. The results are displayed in Fig. 3b.

The growth for the lowest Li mass fraction starts with island growth, similar to pure  Mg44. The film covers 
the whole surface for a thickness > 10 nm, resulting in columnar growth. The energy of the particles from the 
sputtering process itself and the low temperature of the substrate do not allow sufficient diffusion for a more 
homogeneous  growth45. The columnar growth is additionally in good accordance with the structure formed with 
the preferred orientation of (001) because the fastest growth for hexagonal faces is in direction of the c-axis45.

The film growth process is studied to be highly influenced by including alloying  elements44. For Mg–3Li, the 
layer formation starts with layer growth, including only few defects in a 10 nm thick layer. After approximately 
(400–500) nm, the growth changes to columnar growth. This change can be attributed to film stress which accu-
mulates over the layer and changes the energetically favourable growth. Pores and voids can already be identified 
after the column growth for a layer thickness of 1 µm. Even though columnar growth is visible, the homogeneity 
of the signal on the reciprocal space mapping from XRD shows that a random orientation is formed throughout 
the whole film (Supplementary Fig. 1). Since the growth is not as strictly orientated as for Mg–1.6Li, it leads to 
an increase in column diameter and void formation.

For Mg–9.5Li, the film growth at the beginning cannot be directly identified as island growth, however, at 
a film thickness of approximately 100 nm, a grain-like surface with a high roughness is visible. Even though 
these samples were measured directly after preparation and the oxidation of the samples is thus minimal, a 
colour change of the samples showed a slight oxidation even for the fastest possible measurement and therefore 

Figure 3.  SEM images (a) Surface and cross-section of freestanding Mg–Li thin films. (b) Side view or cross-
section of Mg–Li films (Li: 1.6% (m/m), 3% (m/m), 9.5% (m/m)) on Si substrate with thicknesses of 10 nm, 100 
nm, 1 µm and 20 µm.
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influences especially the thinnest layers. For the thick films, samples with only minor oxidation exhibit columnar 
structures. However, the sample is only partially breaking at the grain boundaries and, thus, the structure is less 
pronounced.

Tensile testing. The mechanical properties were studied by tensile testing perpendicular to the growth 
direction of the films. Since Mg–5.5Li freestanding thin films are very brittle, possibly partially due to oxidation, 
no tensile test measurement is possible. Thus, except for the poor mechanical stability, no further analysis of the 
properties is possible for this sample type. Exemplary stress–strain curves for the other tested Mg–Li alloys are 
shown in Fig. 4 and the strengths and elongations are listed in Table 1.

In comparison to pure Mg samples with the same sample shape and measured with the same set-up30, add-
ing Li lowers the tensile strength and especially the yield strength. For Mg, the main slip system is basal slip but 
pyramidal slip is also proposed to be available in a smaller amount due to higher  energies29,30,46. For the (001) 
orientated samples, the alignment of the planes in one direction leads to a sharp change from elastic to plastic 
deformation. Including additional orientations hinders the gliding between grains, however, since not only the 
orientation but also the lattice structure is influenced by the addition of Li, this does not increase the tensile 
strength directly but increases the difference between tensile strength and yield strength. While the maximum 
strain for Mg–1.6Li is similar to pure Mg samples, it is decreased for Mg–3Li and Mg–9.5Li. Examination of 
the cross-section after tensile testing shows a moderately ductile fracture and no preferred breakage at the grain 
boundaries, therefore excluding this as a main influencing factor on the fracture mechanism during tensile test, 
even though Mg–1.6Li exhibits fracture at the grain boundaries during the fracture by bending.

Corrosion rate. Exemplary potentiodynamic polarisation curves for all studied Mg–Li alloys and Mg are 
shown in Fig. 5 after 5 min of immersion. For Mg, the intrinsic corrosion rate measured by weight loss measure-
ments in concentrated chlorine solution of highly pure Mg ingots is 0.3 mm/year47. Similar values have also been 
found for high purity Mg in Hanks’ balanced salt solution over long measurement  times48,49. The corrosion rates 
of Mg–Li in this study will be compared to Mg thin films sputtered with the same technique and similar purity 
of the starting target to analyse the influence of Li on the structure and activity, and, thus, the change of corro-
sion rate. It has to be noted that pure Mg in this case is not actual ultra-high purity Mg which is proven to have 
a lower corrosion rate than the Mg used here which might include  impurities50.

Even though Li has a lower electrochemical potential than Mg thin films prepared by the same  process31, the 
corrosion potential Ecorr is slightly increased for Mg–1.6Li, Mg–3Li and Mg–5.5Li, however, the difference to 
Mg is due to the high standard deviation not significant for Mg–3Li and Mg–5.5Li (Table 2). The highest Ecorr is 
measured for Mg–9.5Li. However, the higher potential does not directly correspond to a decrease in corrosion 

Figure 4.  Exemplary stress strain curves of Mg–1.6Li, Mg–3Li and Mg–9.5Li dog-bone shaped thin films.

Table 1.  Average values and standard deviation of tensile strength σmax, yield strength Rp0.2 and elongation at 
break εmax in comparison to pure Mg  samples30.

Mg–Li alloy σmax (MPa) Rp0.2 (MPa) εmax (%)

Mg–1.6Li 148 ± 10 110 ± 10 6.1 ± 0.9

Mg–3Li 144 ± 10 116 ± 8 3.0 ± 0.8

Mg–9.5Li 138 ± 10 101 ± 20 3.4 ± 0.9

Mg30 171 153 ± 8 7 ± 4
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rate for this samples. The corrosion current densities icorr and, thus, corrosion rates CREC are determined via Tafel 
 extrapolation51,52 of the nearly linear branches in Fig. 5 and listed in Table 2. The corrosion rate was calculated 
by the following equation using the determined icorr, the molar mass M, Faraday constant F, number of electrons 
n and density ρ52:

Even though the potentiodynamic polarisation thus does not measure the steady state of the corrosion, it 
allows a comparison of corrosion rates determined for the different MgLi alloys. While for Mg–1.6Li the cur-
rent density is similar to pure Mg, it is doubled when increasing the Li content to 3% (m/m). Mg–5.5Li exhibits 
the highest corrosion current density with 0.30 ± 0.13 A/m2. Of interest is the decrease in corrosion rate when 
increasing the Li mass fraction further to Mg–9.5Li which is similar to the corrosion rate of Mg–3Li.

To get further insight into the corrosion over time, weight loss studies are carried out over 2 h (Table 2). While 
the corrosion rate for Mg–1.6Li is lower than for pure Mg films, the same trend as for the electrochemical meas-
urements with faster corrosion up to Mg–5.5Li and a corrosion rate of Mg–9.5Li similar to Mg–3Li is determined. 
Since for the weight loss measurements, the corrosion product is removed and, thus, included in the corrosion 
rate, this indicates that not only more material is transformed into a corrosion product layer and not released into 
the solution, but also that the corrosion of the material underneath is hindered. To understand the development 
of the corrosion rate over time, the weight loss measurements are repeated for Mg and Mg–1.6Li for 1 h and 4 h. 
After 1 h, the corrosion rates for both sample types are higher than after 2 h, and the difference between both sam-
ple types is even more pronounced with  CRMg,1h = 2.22 ± 0.37 mm/year and  CRMg-1.6Li,1h = 1.24 ± 0.15 mm/year. The 
corrosion rate after 4 h is similar for both materials  (CRMg,4h = 0.89 ± 0.44 mm/year;  CRMg-1.6Li,4h = 0.85 ± 0.27 mm/
year) but lower than after 1 h and 2 h. Thus, over time the corrosion rate decreases, possibly due to passivation. It 
has to be noted that the difference of the rate over immersion time is also influenced by of the smaller influence 
of surface changes occurring due to the cleaning steps. Since the weight of the sample was limited to (3–4) mg, 
a slight attack of the film with the chromic acid is impacting the identified corrosion rate, especially for small 
overall weight changes due to short immersion times. This also leads to an increased corrosion rate measured 
by weight loss for thin films in comparison to larger bulk samples measured under the same conditions. The 

CREC =

icorr ·M

n · F · ρ
.

Figure 5.  Exemplary Tafel plots obtained by potentiodynamic polarization measurements vs Ag/AgCl 
reference electrode in Hanks’ balanced salt solution at a pH of 7.4 ± 0.2 and 37 ± 1 °C for Mg, Mg–1.6Li, Mg–3Li, 
Mg–5.5Li and Mg–9.5Li thin films.

Table 2.  Corrosion potential Ecorr, corrosion current density icorr and corrosion rate CREC resulting from 
Tafel plots obtained by potentiodynamic polarisation and corrosion rate CRWL measured by weight loss 
measurements after 2 h for Mg and Mg–Li alloys (Li: 1.6% (m/m), 3% (m/m), 5.5% (m/m), 9.5% (m/m)).

Ecorr (V) icorr (A/m2) CREC (mm/year) CRWL (mm/year)

Mg − 1.81 ± 0.05 0.05 ± 0.01 0.12 ± 0.02 1.32 ± 0.37

Mg–1.6Li − 1.73 ± 0.02 0.06 ± 0.02 0.13 ± 0.03 0.80 ± 0.14

Mg–3Li − 1.76 ± 0.04 0.12 ± 0.04 0.27 ± 0.07 3.75 ± 0.68

Mg–5.5Li − 1.77 ± 0.08 0.30 ± 0.13 0.67 ± 0.29 20.25 ± 0.33

Mg–9.5Li − 1.63 ± 0.06 0.12 ± 0.03 0.26 ± 0.05 2.70 ± 0.38
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attack on Mg and Mg–1.6Li was checked to be similar after cleaning and, thus, a comparison between the thin 
films is possible and the faster stabilisation and passivation because of Li addition can be assumed and is not 
influenced by this effect.

Discussion
The addition of Li highly influences the film growth, phases and, thus, microstructure and orientation of the 
Mg based thin films formed during sputtering. Changing from a strict columnar growth with a preferred (001) 
orientation to random orientations and the formation of  Li2CO3 and oxides on the surface does not only influ-
ence the microstructure but also the resulting material properties. Thus, the properties also partially differ from 
results for Mg–Li bulk materials. The decrease of the tensile strength is in good agreement with literature: Mg–Li 
alloys show additional non-basal deformation, specifically more pronounced pyramidal and prismatic slip and 
 twinning46,53,54. Because of the change in lattice structure, increasing the Li mass fraction lowers the tensile 
strength further. However, even though addition of Li is described to increase the maximum elongation due to 
the additional slip  systems53, this is not the case for the thin films in this study. The change in microstructure 
and orientation and void formation for Mg–3Li and the formation of brittle carbonates (and possibly oxides) for 
higher Li mass fractions could influence the mechanical properties and therefore hinder the improved elongation.

Degradation of hcp Mg–Li. For Mg–Li films in the hcp phase, an influence of the activity of lithium and 
the change in microstructure can influence the degradation. For the lowest Li fraction, a similar or lower cor-
rosion rate was found during weight loss measurements in comparison to magnesium thin films prepared by 
sputtering with similar purity. This allows the assumption that effects on the corrosion rate are influenced by the 
Li content and no additional factors when comparing to bulk samples or samples with high purity. The lower 
corrosion rate for Mg–1.6Li at shorter times can be influenced by a faster formation of a protective corrosion 
product layer. Since the layer is not more stable or passivating than for Mg, the corrosion rates are converging for 
longer immersion times. However, this decrease does not occur for Mg–3Li. For α-phase Mg–Li alloys, Li et al. 
found a decrease in the corrosion rate from Mg–1Li to Mg–3Li for textured bulk materials, and therefore the 
opposite effect to the results presented in this  study17. The average grain size of the investigated samples stays the 
same, but less groove-like corrosion and pitting occur. This is attributed to changes in the orientation and surface 
 films17. Since an effect of the structure and microstructure was shown for bulk materials, it can be assumed that 
the change in microstructure and orientation from Mg–1.6Li to Mg–3Li also changes the properties of thin films 
in this study significantly. The change in structure for the thin films with an increase in grain size and a change 
in orientation differs from the change in structure for the bulk samples, the increase in Li included leads to an 
increase in corrosion rate instead of a decrease. This could also be influenced by the changes in void formation 
which is increased from Mg–1.6Li to Mg–3Li and, thus, might additionally increase the corrosion rate.

For Mg–3Li films, which have a random orientation of grains, the corrosion rate is higher than for Mg–1.6Li 
with a preferred orientation in the [001] direction. However, due to the change in Li content, the increase can-
not be attributed to the orientation directly. To exclude additional influences, Mg–1.6Li films with a thickness 
of 20 µm and two different textures—(001) and (110) (Supplementary Fig. 2)—were prepared and analysed.

For both sample types, the texture is less preferred than for pure Mg, but either more (001) or (110) planes 
are aligned parallel to the surface, differing from a random orientation. Since the microstructure of both films 
is similar, the orientation can be assumed to be the main influencing factor. While the corrosion potential is less 
negative for (110) samples, those samples also exhibit a doubled corrosion current density (Table 3). Thus, the 
passivity is higher for (110) orientated samples, but the corrosion rate is confirmed to be slower for (001) planes. 
Oxidation and corrosion layers formed can strongly influence the corrosion rate, thus, the corrosion potential can 
give an insight into the activity of the surface. The properties of the passivating films such as density and thick-
ness are influenced by orientation and the oxidation layers are often thinner but more stable for basal  planes38,55, 
leading to a more negative potential but still decreasing possibly the corrosion rate. Processes such as pitting are 
found preferably on the basal planes as  well38,56 because of a lower passivity. However, the (001) planes of the 
bulk material show the lowest corrosion rate according to previous studies due to the highest packing density 
of  atoms37,39. Thus, the change of corrosion rate by change of orientation cannot be directly described by just 
taking the theoretical corrosion rates of planes into account but the orientation influences the corrosion rate of 
Mg–Li thin films, leading to lower corrosion rates for (001) oriented planes in this study. Therefore, it can be 
assumed that the increase in corrosion rate from Mg–1.6Li to Mg–3Li is influenced not only by the presence of 
additional Li but also the change in orientation.

Degradation of mixed phase Mg–Li. The main effect for the highest corrosion rate being measured 
for Mg–5.5Li can be assigned to the inclusion of additional phases and therefore micro-galvanic coupling. The 
increase of the Li mass fraction and second phase should, thus, lead to an even more pronounced increase 

Table 3.  Corrosion potential Ecorr, corrosion current density icorr and corrosion rate CREC resulting from Tafel 
plots for Mg–1.6Li films with orientations of (002) and (110).

Ecorr (V) icorr (A/m2) CREC (mm/year)

Mg–1.6Li (002) − 1.79 ± 0.03 0.08 ± 0.01 0.19 ± 0.02

Mg–1.6Li (110) − 1.68 ± 0.04 0.16 ± 0.01 0.36 ± 0.02
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in corrosion for Mg–9.5Li. The deviation from the expected behaviour is mainly discussed to occur due to a 
more protective layer formed for the cubic phase which can already cover most of the surface for mixed-phase 
materials with a high amount of β phase and/or small grain sizes and uniform  distribution57. The lower activity 
of Mg–9.5Li and increase of the corrosion potential are in good agreement with the prevention of further fast 
corrosion due to a passivation layer. The  Li2CO3 formed in air on the surface of the film (Fig. 2) for Mg–9.5Li 
does not necessarily lead to a protective effect and lowering of the corrosion rate since  Li2CO3 is water  soluble28. 
The formation of a stable protective layer with the increase of Li content for samples in the β phase is discussed 
previously as the effect of the formation of  Li2CO3 during corrosion or MgO doped with  Li23,26–28. However, the 
formation of  Li2CO3 is not specific for films with higher Li.

Since the experiments are carried out in Hanks’ balanced salt solution containing carbonates, phosphates 
and calcium, for all films the formation of calcium phosphates and carbonates could possibly decrease the cor-
rosion rate. EDX studies shortly after corrosion for several days in the solution identify the corrosion products 
for all alloys as mainly oxygen rich, hinting at the formation of mainly oxides and hydroxides (Supplementary 
Fig. 3). Since the Li mass fraction is approximately 11% (m/m) in the β phase, the critical fraction of Li for doped 
MgO to be stable is reached (> 4.8–5.9% (m/m)) and could therefore protect the  surface28. Further studies of the 
surface films and corrosion behaviour in detail are necessary to understand the corrosion process for thin films 
with different amounts of Li.

By comparing the different Mg–Li alloy compositions, the importance of not only the phases and microstruc-
ture but also all subsequent factors evolving by oxidation and during degradation such as protective layers are 
identified as the main influencing factors on the corrosion behaviour. For possible applications, the hcp phase 
alloys prove to be of interest due to the corrosion rate similar to pure Mg and adjustable Li release by choice of 
the right mass fraction of Li. Due to the better mechanical properties, Mg–1.6Li might be preferred for the use 
for implants if the Li release is sufficient. For treatment with a higher concentration of Li while still maintaining 
a relatively low degradation rate, Mg–9.5Li showed to be an interesting candidate, however, the stability over 
time and the influence of protective layers need to undergo further studies for reproducible use of this alloys.

Conclusion
It was shown that freestanding Mg–Li thin films can be prepared via a combination of lithography, sacrificial layer 
technique and magnetron sputtering. The first studies show that the structures and properties differ depending 
on the Li mass fraction:

1. For hexagonal Mg–Li thin film alloys (Mg–1.6Li, Mg–3Li), the growth process and subsequent microstruc-
ture is changing from an island film growth and columnar growth to film growth and a mixed grain/columnar 
structure with increasing Li content. Additionally, the preferred growth with one preferred orientation for 
Mg is less pronounced for higher Li mass fractions.

2. For mixed-phase α + β Mg–Li thin film alloys (Mg–5.5Li, Mg–9.5Li), higher Li fractions lower the corrosion 
rate, possibly due to protective surface film formation. Since the thin films have a total thickness in the µm 
range, the formation of carbonates and oxides in air can lead to an oxidation of the whole film.

3. Even though theoretically more available gliding systems should increase the ductility for increasing Li 
content, this is not found for the thin film samples due to the microstructure prepared by sputtering. The 
tensile strength is lowered in comparison to pure Mg.

4. For Mg–1.6Li thin films, the corrosion rate is similar to Mg thin film samples. However, a faster passiva-
tion leads to a faster stabilisation of the corrosion rate over immersion time. The change in microstructure 
and orientation leads to increasing corrosion rates with increasing Li content for hexagonal Mg–Li. When 
including a second phase and therefore galvanic coupling, a high increase in the corrosion rate is found, 
however, the formation of protective layers for higher Li mass fractions (Mg–9.5Li) improves the corrosion 
resistance significantly. No final statement on the composition of the protective layers is possible with the 
experiments in this study.

Materials and methods
Film preparation. Mg–Li alloy films were prepared on silicon substrates and as freestanding thin films fol-
lowing the process developed by Haffner et al.58, consisting of a combination of UV-lithography, sacrificial layer 
technique with etching and sputtering. Mg–Li targets (FHR) with Li mass fractions of 2.5% (m/m), 5% (m/m), 
9% (m/m) and 14% (m/m) were used. All samples were prepared in a Von Ardenne CS730S cluster machine 
with a base chamber pressure of < 5 ×  10–7 mbar and 25 sccm Ar gas flow. The sputtering parameters were chosen 
to prepare films with low film stress at the thickness of between 10 and 20 µm and are listed in Supplementary 
Table 4.

A 4″ silicon (Si) wafer is coated with photoresist and structured using a mask aligner (MA6/BA6, Süss Micro-
Tec). The structures are prepared as 15 mm × 15 mm squares for corrosion measurements and dog-bone shaped 
structures with a strut length of 7 mm, parallel length of 5.5 mm and a width of 0.5 mm for tensile testing. After 
sputtering aluminium (Al) as a hard mask, the Si wafer is etched around the Al coated structures in a deep etch-
ing step via a Bosch process (ICP-RIE SI 500, SenTech). Aluminium nitride (AlN) is deposited as a sacrificial 
layer before the deposition of the Mg–Li alloys. During the sputtering process, the substrate temperature was 
measured with temperature measuring strips. After the preparation of the final layer, Al and AlN are selectively 
etched in a 20%(m/m) potassium hydroxide (KOH) solution and the freestanding films are cleaned in isopropanol 
and distilled water. For studying the film growth of Mg–Li alloys, films on Si substrate (15 mm × 15 mm) with 
a thickness of 10 nm, 100 nm, 1 µm and 20 µm were deposited.
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Characterisation. The chemical composition of the samples was determined using high resolution induc-
tively coupled plasma mass spectrometry (HR-ICP-MS, Element XR, Thermo Fisher Scientific) and atomic 
absorption spectroscopy (AAS, Flame AAS Agilent 240 AA, Agilent Technologies) on a minimum of three 
freestanding thin films per composition. For ICP-MS measurements, thin films were dissolved in ultra-pure 
subboiled 2%(v/v)  HNO3. The resulting solutions were further diluted with ultra-pure DI water (MilliQ, QPod 
Element) at a dilution factor (DF) of 10 for the measurement of Li and Fe, and DF 2000 for the measurement of 
Mg. Indium (2.5 µg/L) was added to every sample solution for internal standardisation. All isotopes Li-7, Fe-56, 
and Mg-25 were measured in Medium Resolution mode (MR, 4000 R.P.). Accuracy of the results was monitored 
with certified reference materials “Trace elements in water” NIST SRM1643f and NIST SRM1640a. Measure-
ment uncertainty as estimated from replicate analyses of sample solutions was 2–12%rel. for Li, and 0.1–9%rel. 
for Mg. For AAS, a 1 vol%  HNO3 solution and dilution factors of 3–20 for Li measurements and 200 for Mg 
measurements were used.

The samples were additionally analysed by X-ray diffraction (Smart Lab 9 kW, Rigaku) and SEM/EDX (Ultra 
55 Plus, Zeiss and ULTIM MAX 65, Oxford Instruments). The XRD scan to identify the crystallographic structure 
and phases was performed with a parallel beam and monochromatic Cu kα radiation on a θ/2 θ-scan with a range 
of 20°–90° with a speed of 5–10°/min and a step size of 0.03°. Additional reciprocal space maps were measured 
by combining 2D scans for sample tilt angles of χ = 0°, 15°, 30° and 45°. For studying the microstructure, cross-
sections were prepared by bending the samples until fracture. SEM images are taken with an accelerating voltage 
of 3 kV and EDX is performed with 10 kV.

The mechanical properties were determined by uniaxial tensile testing in a BETA 5–5/6 × 10 Messphysik 
set-up with a strain rate of 0.4%/min. For each composition, a minimum of six dog-bone shaped samples with 
a thickness of approximately 20 µm were measured and the tensile strength, yield strength and elongation at 
fracture were compared.

Corrosion tests. Corrosion experiments were carried out in a 155  mmol Hanks` balanced salt solution 
(Hanks’ balanced salts H1387, Sigma-Aldrich) with added sodium bicarbonate (0.35 g/l). For both corrosion 
measurements, the pH was kept around 7.4 (± 0.2) using a  CO2 regulation and the temperature was held at 
approximately 37 °C. For each measurement type and composition, a minimum of three samples were tested. For 
electrochemical measurements, a three-electrode set-up with an Ag/AgCl reference electrode and Pt mesh coun-
ter electrode connected to a VersaSTAT 3-300 potentiostat (AMETEKSI) was used to measure linear potentiody-
namic polarisation. The sample was included as the working electrode in a sample holder with an exposed area 
of 0.916  cm2. After holding the sample at the open circuit potential (EOCV) for 5 min, the measurements were 
carried out from − 0.3 V to + 0.3 V around EOCV with a scan rate of 1 mV/s. Further details regarding the setup 
can be found in Ref.52. Additionally, the weight loss during 2 h of corrosion was measured by immersion tests of 
the samples in the solution with the same exposed area as for electrochemical measurements. The samples were 
cleaned from corrosion products using chromic acid solution for 15 s. Different time lengths of treatment were 
tested beforehand and an appropriate time for releasing the corrosion product without attacking the underly-
ing film material in a significant amount was chosen. The sample weight was determined before exposure and 
after cleaning to calculate corrosion rates. For identification of corrosion products, freestanding thin films are 
fully immersed in the solution at RT (24 ± 2 °C) for several days without pH control and the cross-sections are 
analysed via EDX as described for structural measurements.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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