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Abstract 

Magnesium (Mg) and its alloys are very promising degradable, osteoconductive and osteopromotive 

materials to be used as regenerative treatment for critical-sized bone defects. Under load-bearing 

conditions, Mg alloys must display sufficient morphological and mechanical resemblance to the native 

bone they are meant to replace to provide adequate support and enable initial bone bridging. In this 

study, unique highly open-porous Mg-based scaffolds were mechanically and morphologically 

characterised at different scales. In situ X-ray computed tomography (XCT) mechanics, digital volume 

correlation (DVC), electron microscopy and nanoindentation were combined to assess the influence of 

material properties on the apparent (macro) mechanics of the scaffold. The results showed that Mg 

exhibited a higher connected structure (38.4mm-3 and 6.2mm-3 for Mg and trabecular bone (Tb), 

respectively) and smaller spacing (245µm and 629µm for Mg and Tb, respectively) while keeping an 

overall appropriate porosity of 55% in the range of trabecular bone (30-80%). This fully connected and 

highly porous structure promoted lower local strain compared to the trabecular bone structure at 

material level (i.e. -22067 ± 8409µε and -40120 ± 18364µε at 6% compression for Mg and trabecular 

bone, respectively) and highly ductile mechanical behaviour at apparent level preventing premature 

scaffold failure. Furthermore, the Mg scaffolds exceeded the physiological strain of bone tissue 

generated in daily activities such as walking or running (500-2000µε) by one order of magnitude. The 

yield stress was also found to be close to trabecular bone (2.06MPa and 6.67MPa for Mg and Tb, 

respectively). Based on this evidence, the study highlights the overall biomechanical suitability of an 

innovative Mg-based scaffold design to be used as a treatment for bone critical-sized defects. 
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1. Introduction 

Bone has a very efficient healing process that usually leads to a complete repair without the need for 

external medical contribution [1]. However, high-energy trauma, disease, tumour resection or 

osteomyelitis represent extreme bone healing clinical conditions leading to critical-sized defects that 

can cause non-union [2]. To address this clinical issue, different bone repair methods have been 

developed where autologous bone grafts have been considered the gold-standard [3,4]. However, bone 

grafts bring their share of unwanted effects such as donor-site morbidity, disease transmission, immune-

mediated rejection, high non-union rate and limited availability [2,5]. To meet the growing demand in 

non-union defect treatment, biodegradable materials have been developed, offering a temporary 

solution able to maintain the mechanical integrity of the injured site while new bone is forming [6]. 

Currently, bone substitute materials mainly include calcium-phosphate (CaP) [7], bioglass [8] and 

natural or synthetics polymers, also including hydrogels [9]. These materials have been extensively 

investigated for bone tissue engineering due to their high bioactivity [2]. Nevertheless, their relatively 

low strength and brittle behaviour leading to premature scaffold failure, their unsuitable degradation 

rate and the difficulty to customize their apparent (macro) structure to resemble trabecular bone 

represent major limitations to their use in critical-sized bone defects [10]. 

Mg-based alloys represent a promising compromise between biocompatibility, bone regeneration 

ability and appropriate mechanical properties [11,12]. Mg, being the fourth most abundant cation in the 

human body, is involved in many biological functions (e.g. ion transport, enzymatic reactions or cell 

proliferation) and its physiological concentration is accurately regulated [13,14]. Consequently, the 

common side-effects induced by metallic biomaterials such as cytotoxicity, inflammation, cardiac and 

nervous system damage or implant removal [15–17], have not been found following Mg-based materials 

implantation. The in vivo efficacy of Mg in promoting bone regeneration has been extensively 

documented [18–22] and after 12 weeks of implantation, newly formed bone tissue is generally 

observed, suggesting enhanced bone mineralization and remodelling. In addition to its bone 

regeneration ability, the density (1.74-2.0g.cm-3) and Young’s modulus (41-45GPa) of Mg [6] appear 

to be closer to those of bone (1.8-2.1g.cm-3 and 3-20GPa) than the majority of other biomaterials. This 

aspect is fundamental to promote a suitable mechanical support until the bone regains enough strength; 

thus, limiting premature failure [10] and ensuring improved load transfer while avoiding stress-

shielding [23]. 

However, it has been reported that the Mg-based alloy composition can greatly influence their 

mechanical behaviour [24,25]. In particular, zinc (Zn), another abundant essential nutrient in the human 

body, possesses a strengthening effect, able to improve the yield strength of Mg-based scaffolds [24]. 

The addition of manganese (Mn) has also shown an additional improvement in strength, while 

favourably decreasing the corrosion rate. Finally, some rare earth elements have been widely used in 

the composition of biodegradable Mg, such as yttrium (Y), able to refine the microstructure and also 

contribute to the mechanical properties [25]. The most widely studied Mg-based alloys can be divided 

into two groups, the AZ (Mg-Al-Zn system) and WE alloys (Mg-RE-Zr system) [12]. AZ alloys, mainly 

AZ31 (Mg-3Al-1Zn) and AZ91 (Mg-9Al-1Zn), showed enhanced mechanical performances [26]; 

however, their degradation rate has been found to be very high and aluminium is also known to induce 

toxicity at high doses [24]. WE alloys, mainly WE43 (Mg-4Y-3RE), are capable of forming a rare-earth 

(RE) oxide layer, which can improve biocorrosion resistance and biocompatibility [19]. The WZM211 

(Mg-2Y-Zn-Mn) alloy proposed in this study aims to combine the mechanical and biological 

capabilities of these two groups through the addition of Zn to improve the mechanical performance and 

Y reducing the corrosion rate. 

Mg, like most biomaterials, can be used to produce fixation devices (screws, plates or nails) to stabilize 

and enhance complex fracture healing [16,27] or porous scaffolds to promote bone regeneration in non-

union defects [21]. Usually, porous Mg-based scaffolds are mechanically evaluated by uniaxial 

compression or tension [18,28,29] and although the stress-strain readings allow to investigate their 

overall mechanical behaviour (e.g. Young’s modulus, yield stress), the local distribution and magnitude 



of the deformation that can lead to premature failure remains unexplored. Favourable local mechanics 

is crucial to achieve efficient load transfer and optimal overall mechanical performance as local strain 

accumulation has been found to promote the formation of microdamage (e.g. microcracks) reducing 

local mechanical efficiency and, consequently, overall mechanical properties [30]. In situ mechanics 

coupled with time-lapsed high-resolution X-ray computed tomography (XCT) and digital volume 

correlation (DVC) has emerged as a powerful and unique tool to quantify the three-dimensional (3D) 

full-field strain distribution in bones [31–34], cartilage-bone interface [35], biomaterials [36] and bone-

biomaterial systems [30,37,38]. However, to the authors’ knowledge, no studies have reported the local 

mechanical behaviour of open-porous Mg-based scaffolds using in situ XCT experiments and DVC. 

The mechanical properties of scaffolds depend not only on their design and apparent structure, but also 

on the material properties. Nanoindentation is a robust testing methodology that has been widely used 

to measure local material properties of biomaterials [39] and bone tissue [40–42]. This technique has 

been already employed to characterise local mechanical variations related to the different components 

of Mg-based alloys [39], as well as to describe how in vitro corrosion reduces those mechanical 

properties [43–45]. Similarly, electron imaging techniques such as scanning electron microscopy 

(SEM) and electron backscatter diffraction (EBSD) have been proven highly beneficial in 

understanding the microstructural organisation and grain refinement of Mg-based materials following 

corrosion or manufacturing process [46,47]. However, a comprehensive multi-scale mechanical and 

structural evaluation of Mg-based materials, allowing to fully investigate their biomechanical 

performance as bone substitutes in critical-sized defects, is still missing as the majority of studies 

generally focused on a single level, either apparent [48,49] or micro [46].  

Therefore, the aim of this study is to fully characterise the mechanical and morphological properties at 

different scales of a unique Mg-based scaffold composition to be used as a treatment for critical-sized 

bone defects. In situ XCT mechanics coupled with DVC was performed to assess the 3D full-field strain 

distribution and damage evolution in the Mg-based scaffolds as well as trabecular bone, which was used 

to provide a local mechanical comparison with the scaffold performance. This was coupled with 

electron microscopy-based imaging techniques (SEM/EDX/EBSD) and nanoindentation to further 

understand the influence of the Mg-based material properties on the apparent mechanical behaviour of 

the scaffold. 

2. Methods 

2.1. Sample preparation 

The manufacturing process of porous Mg scaffolds has already been described elsewhere [18,50,51]. 

Briefly, the open-porous structures were manufactured from WZM211 Mg alloy 

(MgY2wt%Zn1wt%Mn1wt%) using single short fibres of approximately 4-8mm in length and 100-

250µm in diameter. The fibres were fused by liquid phase sintering carried out at 10K.min-1 until 600°C, 

followed by further heating at 3K.min-1 until 628°C, held for 20 minutes. Cylindrical samples (55% 

porous) were then cut by CNC machines to obtain final dimensions of 8mm in diameter and 20mm in 

length. 

Trabecular bone (Tb) samples were obtained from bovine proximal femurs. All surrounding soft tissues 

were removed and 20mm bone slices were cut perpendicularly to the physiological loading axis. 

Thereafter, 8mm diameter cylindrical cores (n=5) were extracted under copious water irrigation and 

then stored at -20°. In order to simulate the physiological conditions leading to scaffold implantation, 

bone specimens were cored near a bone defect (i.e. a cyst). Thus, two different bone structures were 

obtained, depending on their distance from the defect; away from the defect (~10-20mm), typical 

trabecular bone specimens were produced; closer to the defect (~1-5mm), the bone structure was more 

resembling a mix of trabecular and cortical bone, referred elsewhere as compact-coarse-trabecular bone 

(CCTb) [52]. Therefore, a direct comparison could be made between the porous Mg performance and 



that of trabecular or remodelled coarse-compact-trabecular bone, which represents the physiological 

response to specific mechanical demands generated by the presence of a bone defect. 

2.2. In situ mechanical testing and XCT imaging 

In order to minimize the influence of end-artifacts during mechanical testing [53], the two extremities 

of each Mg and bone specimens were embedded into endcaps (acetal for Mg and brass for bone) using 

a custom-made alignment system (Fig.1). The resulting specimens had a reduced-section gage length 

of approximately 15mm, close to a 2:1 ratio [30,37,54]. 

In situ uniaxial step-wise compression tests were conducted on n=5 Mg, n=3 trabecular bone (Tb) and 

n=2 compact-coarse-trabecular bone (CCTb) in a loading stage (CT5000 5kN, Deben Ltd, UK) fitted 

within the X-ray microscope chamber (Versa 510, Zeiss, US) with a speed rate of 0.1mm/min at room 

temperature (Fig.1). The bone specimens were kept hydrated in PBS solution throughout the duration 

of the test. A preload of 10N was first applied to ensure contact with the compression platens prior to 

testing; then, two repeated scans were acquired, without repositioning, for the estimation of the DVC 

strain uncertainty [55]. Mg specimens were tested at 1, 3, 6 and 10% apparent compression, whereas 

the bone cylinders were loaded up to 6% as a critical decrease of the strength (i.e. failure) was observed 

just after 3% compression. 

Young’s modulus was determined from the stress-strain curves by calculating the slope of the linear 

regression between σ30 or σ50, for Mg and bone respectively, and σ80, corresponding to 30, 50 and 80% 

of the ultimate stress. The correlation value (R2) of the calculated slope was equal or superior to 98% 

in all cases [56]. The linear regression was then offset by 0.2% to calculate the yield stress. For each 

compression step high-resolution XCT was carried out at 60V and 4/5W or 80V and 7W for Mg and 

bone, respectively; 1601 projections were acquired over 360° with an exposure time of 5s or 3.5s (Mg 

and bone, respectively) per projection and the resulting tomograms had a voxel size of 20µm. All 

specimens were allowed to settle for 30 minutes prior to image acquisition to reduce imaging artifacts 

due to stress relaxation [32]. 

In order to better visualise the formation of microcracks, higher magnification scans were performed 

using a different loading stage (CT500 500N, Deben Ltd, UK), allowing higher XCT resolution on an 

additional Mg scaffold (n=1, 8mm diameter and 15mm length) and three additional Tb samples (4mm 

diameter and 10mm length). Images were acquired at 1, 3 and 6% compression for Tb and up to 10% 

for Mg targeting the centre of the structures and achieving a voxel size of 5µm for Mg and 3.5µm for 

the Tb with a 4s exposure time. 

2.3. Image post-processing 

The XCT datasets were rigidly registered using a correlative metric (Avizo 9.7, ThermoFisher 

Scientific, US) using the first preloaded image as a reference. Each image was cropped to include only 

the specimen’s structures in the field of view (~8.4x8.4x10mm3). On the resulting images, DVC was 

performed. Higher magnification images were subjected to extra filtering steps. Noise was first reduced 

by a non-local mean denoising filter [57]. Then, they were converted into binary images using Otsu’s 

method [58] and isolated voxels were eliminated using an erosion module in Avizo followed by a 

dilatation operation. Finally, they were masked by multiplying the filtered image by the corresponding 

binary image. The resulting image contained the material (bone or Mg) surrounded by a “zero-value 

background” [59]. 

2.4. Morphometry 

Morphometric parameters were computed in a smaller volume of interest (~6.6x6.6x10mm3) of the 

preloaded 20µm voxel size tomograms, excluding the sample edges in order to further limit the side-



artifacts occurring during sample manufacturing [60]. These cropped images were then converted to 

binary as described above. 

Morphometric parameters, commonly computed to describe bone morphometry [61], were calculated 

for Mg, Tb and CCTb using the BoneJ plugin of Fiji software [62,63]; these are fibre/trabecular 

thickness (Th), fibre/trabecular spacing (Sp), solid volume fraction (SV/TV), solid surface density 

(SS/TV), solid specific surface (SS/SV), structure model index (SMI), degree of anisotropy (DA) and 

connectivity (Conn.D). The values are presented as mean ± standard deviation. Morphometric 

properties were also investigated using the pore network and volume fraction map modules of Avizo. 

2.5. Digital volume correlation (DVC) 

DVC (DaVis v10.0.5, LaVision Ltd, Germany) was performed between the first preloaded image and 

those at 1, 3, 6 and 10% compression to compute the 3D full-field third principal strain (εp3) of Mg, Tb 

and CCTb at different resolutions (20µm and 3.5-5µm voxel size) while being stepwise compressed in 

situ (Fig.1). DaVis software is based on a local approach of cross-correlation operating on the intensity 

values (grey-level) of the 3D images. Further details on the operating principles have already been 

reported elsewhere [31,59]. For both apparent and tissue levels, a multi-pass scheme with decreasing 

sub-volumes, from 128 to 48 voxels [64,65], and 0% overlap [55] were used, followed by a vector post-

processing, where sub-volumes with a correlation coefficient below 0.6 were removed. Strain 

uncertainties were found to be below 300µε in all cases for all specimens [55,59]. 

Based on the strain maps obtained by DVC, two volumes of interest (3mm3) were extracted in both the 

highest (exceeding the absolute strain (εp3) of 40000µε) and lowest (not exceeding the absolute strain 

(εp3) of 10000µε) strain regions from each Mg sample (Fig.1). On every lowest and highest area, a local 

analysis was performed by computing the morphometric parameters with ImageJ as previously 

described in 2.4. This sub-level of investigation was carried out to detect local morphometric differences 

related to the strain variation for the Mg scaffolds. 

2.6. SEM, EDX and EBSD 

Microstructural studies were performed on the uncompressed (N=3) and compressed (N=3) Mg 

scaffolds to correlate the fibre microstructure to the mechanical behaviour at apparent level. The 

microstructure and composition were assessed by scanning electron microscopy (SEM - EVO MA10, 

Zeiss, US) coupled with energy-dispersive X-ray spectroscopy (EDX, X-Max 80, Oxford Instruments, 

UK). Then, electron backscatter diffraction (EBSD) was used to further understand grain texture and 

orientation (Nordlys Nano, Oxford Instruments, UK). 

When preparing the samples for EBSD, a water-free procedure was employed [46]. The samples, either 

before or after compression, were first cut in two directions to expose the longitudinal or transverse 

sections of the fibres (Fig.1). They were then embedded into a low-viscosity resin (EpoThin 2, Buehler, 

USA) and polished with a polycrystalline diamond suspension (successively 6, 3 and 1µm) for 

approximately 5-8 minutes. Final polishing was executed using 0.05µm aluminium oxide powder for 

20-30 minutes to achieve an optimal final polished surface for EBSD. A glycerol-based was employed 

as lubricant. Mg alloys possess a high affinity with oxygen [50], therefore to limit their oxidation in air 

they were kept in glycerol. Before imagining, glycerol was taken off with isopropanol and the 

microstructure was revealed by etching with a 1% nitric solution. 

2.7. Nanoindentation 

The embedded Mg samples, prepared for electron microscopy imaging, were used to further investigate 

the mechanical properties at the material level by nanoindentation. Nanoindentation tests were 

performed with a TI PREMIER indenter (Hysitron, Bruker Inc., US) equipped with a Berkovich tip. A 

matrix of 114 indents (square of 12x12) with a spacing of 6µm and 1000µN load control was applied 

(1) 



on 6 fibres per specimen (uncompressed vs. compressed and longitudinal vs. transverse). The 

loading/unloading rate was set to 10mN/s with a holding time of 0.1s. The hardness (H) and the reduced 

elastic modulus (Er) [66] were obtained with TriboScan software (TriboScan Professional, Hysitron, 

Bruker, US). The reduced modulus was finally converted to the indentation modulus (Ei) using equation 

(1): 

𝐸𝑖 =  
1 −  𝑣2

1
𝐸𝑟

−  
1 −  𝑣𝑡

2

𝐸𝑡

 

where 𝑣 and 𝑣𝑡 refer to the Poisson’s ratio of Mg and the Berkovich tip (0.261 and 0.07, respectively) 

and 𝐸𝑡 to the Young’s modulus of the Berkovich tip (1141GPa) [66,67]. The anisotropic ratio was also 

calculated for uncompressed and compressed conditions by dividing the indentation modulus and 

hardness of the transverse section by the longitudinal section (Ei/H). 

2.8. Statistical analysis 

Differences between the highest and lowest strain areas for the local morphometry and between the 

nanoindentation groups were tested using the Mann-Whitney U test. All statistics were performed using 

SPSS statistics (SPSS statistics 25, IBM, USA) and the significance level was =0.05. 

 
Fig.1. Schematic representation of the multi-scale analysis workflow at (I) apparent level including in situ XCT 

mechanics coupled with DVC and morphometric analysis of the overall structure (Mg and trabecular bone). (II) 

micro-level employing various electron-based imaging techniques (SEM, EDX and EBSD) to evaluate the 

incidence of the Mg fibre microstructure on the apparent behaviour and finally, (III) nano-level to understand the 

influence of Mg material properties, through nanoindentation, on the mechanical performance of the scaffold. 

  



3. Results 

3.1.  Mechanical properties 

The stress-strain curves of the Mg and bone specimens are shown in Fig.2. On the Mg curves, the linear 

elastic region could not be clearly identified. Then, around 4% compression it was rapidly followed by 

a long strain hardening where the stress still ramped up to 10% compression. Tb showed typical elastic-

plastic behaviour, first a linear elastic region up to 3-4% compression, followed by a plateau and finally 

a prolonged softening with a reduction of the stress, corresponding to failure, up to 6% compression. 

Due to its more compact structure, CCTb did not display any stress reduction after yielding within the 

range of strain used, but rather a strain hardening region, as previously observed on the Mg curves. 

Mg, Tb and CCTb yielded at the same compression stage (around 3-4%), whilst the stress reached by 

both Tb and CCTb was much higher than Mg (2.1 ± 0.9MPa, 6.7 ± 1.8MPa and 9.8 ± 1.0MPa for Mg, 

Tb and CCTb, respectively) (Table 1). 

 
Fig.2. Compressive (a) stress-strain curves of magnesium (Mg), trabecular bone (Tb) and compact-coarse-

trabecular bone (CCTb) and (b) normalized stress-strain curves where the stress is divided by the solid volume 

fraction. 



Table 1. Mechanical properties of Mg, Tb and CCTb. Data are shown as mean ± SD. 

 Mg Tb CCTb 

Young’s modulus E (GPa) 0.068 ± 0.028 0.293 ± 0.082 0.412 ± 0.148 

Normalized Young’s 

modulus (E/solid volume 

fraction) 

0.153 ± 0.067 1.129 ± 0.180  0.895 ± 0.142 

Yield stress σ (MPa) 2.06 ± 0.78 6.67 ± 1.75 9.77 ± 1.04 

Normalized yield stress 

(σ/solid volume fraction) 
4.37 ± 1.74 25.98 ± 5.01 22.48 ± 2.46 

3.2. Morphometry 

The morphometric parameters of Mg were comparable to those of Tb or CCTb, except for lower 

fibre/trabecular spacing and higher connectivity as reported in Table 2. In addition, fibre/trabecular 

spacing, solid volume fraction and solid surface density of Mg were closer to the CCTb values than 

those of Tb.  

Table 2. 3D morphometric parameters of Mg, Tb and CCTb. Data are shown as mean ± SD. 

 Mg Tb CCTb 

Fibre/trabecular thickness (µm) 178 ± 2 195 ± 9 256 ± 76 

Fibre/trabecular spacing (µm) 245 ± 11 629 ± 89 455 ± 36 

Solid volume fraction 0.45 ± 0.02 0.26 ± 0.05 0.45 ± 0.13 

Solid surface density (mm-1) 5.9 ± 0.2 3.8 ± 0.5 4.6 ± 0.2 

Solid specific surface (mm-1) 13.1 ± 0.2 14.7 ± 1.1 10.9 ± 3.6 

Structure model index 1.7 ± 0.4 2.2 ± 0.2 0.6 ± 1.2 

Degree of anisotropy 2.2 ± 0.5 2.1 ± 1.0 3.1 ± 1.3 

Connectivity (mm-3) 38.4 ± 2.4 6.2 ± 0.8 3.4 ± 0.9 

This was also observed on the porous network (Fig.3II) where the pore distribution and diameter of Mg 

were more resembling CCTb. Mg and CCTb presented a majority of pores with a diameter ranging 500-

600µm while the pores of Tb appeared larger, about 900-1000µm. In terms of local volume fraction 

(Fig.3III), all specimens exhibited a non-uniform distribution with areas of higher porosity (i.e. lower 

volume fraction). Comparing the pore network and volume fraction maps, it was found that these higher 

local porosities corresponded to a local accumulation of larger pores. 



 
Fig.3. (I) XCT reconstruction, (II) 3D pore network and (III) volume fraction map for representative (a) Mg; (b) 

Tb and (c) CCTb specimens. 

3.3. Digital volume correlation (DVC) 

The full-field third principal strain (εp3) distribution at different compression stages is reported in Fig.4 

and 5 for Mg, Tb and CCTb (20µm voxel size). Strain build-up was observed longitudinally in the 

centre of Mg and CCTb and transversally displaced to the periphery (Fig.4 and 5II). This strain 

distribution indicated that the structures were subjected to some buckling, which increased with further 

compression. It could be noticed how the strain distribution of Tb differed by being mainly localised in 

a central pack of trabeculae (Fig.5I) leading to a global failure (Fig.2). However, although the strain 

pattern of Mg was closer to CCTb, their magnitude varied widely. At 6%, Mg scaffolds locally reached 

-13658 ± 5485µε, whilst CCTb reached -8564 ± 5801µε and Tb -3005 ± 1308µε. 



 
Fig.4. Full-field third principal strain (εp3) distribution and spacing maps where white ovals indicate partial pores 

closure (reduced local spacing) at (a) 1%, (b) 3%, (c) 6% and (d) 10% for a representative Mg scaffold (20µm 

voxel size). 

 
Fig.5. Full-field third principal strain (εp3) distribution at (a) 1%, (b) 3% and (c) 6% for a representative (I) Tb 

and (II) CCTb specimen (20µm voxel size). 



Fig.6 shows the third principal strain (εp3) of Mg and Tb visualised at the fibre/tissue level (5 or 3.5µm 

voxel size). The strain pattern of Mg (-22067 ± 8409µε at 6% compression) appeared to be similar to 

that of the apparent level with one major deformation area gradually distributed throughout the whole 

structure, which increased with further compression. In contrast, the strain distribution of Tb (-40120 ± 

18364µε at 6% compression) displayed multiple accumulation regions, where the presence of 

microcracks was observed at 6% compression corresponding to the apparent plastic region of the 

mechanical curves (Fig.2). Such microcracks were not visible on Mg. 

 
Fig.6. Full-field third principal strain (εp3) distribution at (a) 1%, (b) 3%, (c) 6% and (d) 10% for a representative 

(I) Mg (5µm voxel size) and (II) Tb (3.5µm voxel size) specimen. Microcracks in Tb at the final compression step 

(6%) are indicated by arrows. 

As no microcracks were observed in the Mg scaffolds, a local morphometric analysis was carried out 

in order to explain its strain distribution. Based on the apparent full-field εp3 maps (Fig.4), two regions 

called “high-strain” and “low-strain” were defined and their morphometric parameters were computed 

(Fig.1). The results are presented in Table 3. Although all morphometric parameters seemed to suggest 

a local increase in porosity in high-strain regions compared to low-strain ones (i.e. a decrease in solid 

volume fraction, 0.48 vs. 0.44, and connectivity, 45.1 mm-3 vs. 38.8mm-3 for low-strain compared to 

high-strain regions), only the fibre/trabecular spacing presented a significant difference with a reduction 

from 248µm in high-strain areas to 217µm in low-strain ones. Furthermore, in the high-strain regions, 

partial pore closure was observed (Fig.4) with an average reduction in spacing from 248 ± 11µm to 238 

± 7µm for preload and 10% compression, respectively. 

  



Table 3. 3D morphometric parameters of high (exceeding the absolute strain of 40000µε) vs. low (not 

exceeding the absolute strain of 10000µε) strain areas of Mg, based on the DVC full-field εp3 maps. Data are 

shown as mean ± SD. *p<0.05 when comparing low-strain to high-strain. 

 High-strain Low-strain 

Fibre/trabecular thickness 

(µm) 174 ± 3 
178 ± 39 

Fibre/trabecular spacing (µm) 248 ± 22 217 ± 12* 

Solid volume fraction 0.44 ± 0.03 0.48 ± 0.01 

Solid surface density (mm-1) 6.0 ± 0.3 6.4 ± 0.2 

Solid specific surface (mm-1) 13.7 ± 0.2 13.3 ± 0.6 

Structure model index 1.9 ± 0.3 1.6 ± 0.1 

Degree of anisotropy 2.8 ± 0.2 2.7 ± 0.3 

Connectivity (mm-3) 38.8 ± 6.1 45.1 ± 7.0 

3.4. SEM, EDX and EBSD 

The SEM images before and after compression of the Mg scaffolds at different magnifications are 

reported in Fig.7. Fig.7a and b show how the fibres were randomly distributed to form a highly 

connected porous structure and no significant visual differences were observed before and after 

compression. At higher magnification, before compression, the surface of the fibres looked smooth and 

only a few large grains of about 50µm were detectable, as well as particle inclusions of about 2.3 ± 

0.9µm. (Fig.7c). However, after compression, even though the grain sizes were similar, their boundaries 

were more visible. Two types of microdamage were identified at the fibre junction prior to compression 

(Fig.7e and g). The first type, containing a high concentration of particle inclusions, was oriented in a 

single direction parallel to the fibres, whereas the second type had multiple orientations. After 

mechanical testing, the grain boundaries were accentuated and developed typical ductile damage 

patterns. However, no additional microcracks were observed in the Mg scaffolds when compared to the 

undeformed stage. 



 
Fig.7. SEM images of Mg at different magnifications before (a,c,e,g) and after (b,d,f,h) mechanical testing. Grain 

boundaries are indicated by red arrows and particle inclusions by blue circles. 



The EBSD results prior and post mechanical testing are detailed for the longitudinal (Fig.8) and 

transverse (Fig.9) sections of the Mg scaffolds. In the longitudinal section, both before and after 

compression, the fibres did not appear to be plastically strained. Moreover, no difference was observed 

in the distribution and magnitude of the degree of orientation of the grains after compression. However, 

in the transverse section, the grains were plastically deformed, even in the uncompressed condition. A 

slight increase in the degree of orientation of the grains was identified in the transverse section 

compared to the longitudinal one. On the maps (Fig.9g), it was also observed how the degree of 

orientation was higher at the fibre junctions after compression. 

 
Fig.8. Microstructure and grain orientation of one fibre (a,d) with its corresponding pole figure (b,e) and 

orientation of one grain of the fibre (c,f), before (a,b,c) and after (d,e,f) mechanical testing in the longitudinal 

section. 

 
Fig.9. Microstructure and grain orientation of one (a and b) or two fibres (e) with its corresponding pole figure (c, 

f) and orientation of one grain of the fibre (d, g), before (a, b, c, d) and after (e, f, g) mechanical testing in the 

transverse section. 

While the Mg content seemed to be uniformly distributed along the fibres, Zn, Y and Mn seemed to be 

more heterogeneous (Fig. 10). In specific areas, especially at the fibre junction and grain boundary, a 

higher concentration of Y and Zn was observed. Despite keeping the specimens in glycerol to avoid 



direct contact between Mg and air, oxygen was observed (10-15%) on the fibres, especially at the 

fibre/resin interface. 

 

 
 

3.5. Nanoindentation 

The indentation modulus (Ei) and hardness (H) in uncompressed and compressed Mg, for the 

longitudinal and transverse sections, are presented in Fig.11. Before compression, the transverse section 

exhibited a higher indentation modulus (37.29 ± 1.59GPa) and hardness (1.26 ± 0.10GPa) compared to 

the longitudinal (32.26 ± 3.38GPa and 1.06 ± 0.18GPa, for indentation modulus and hardness, 

respectively). This difference highlighted an anisotropic mechanical behaviour with an anisotropic ratio 

of 1.2. 

A reduction in hardness and indentation modulus was noticed after compression in both sections (1.01 

± 0.21GPa and 31.05 ± 3.58GPa, 0.95 ± 0.01GPa and 30.09 ± 1.35GPa for the transverse and 

longitudinal sections, respectively). However, it seemed that this decrease affected the transverse 

section (reduction of 20%) more than the longitudinal (11%). 

Element At. % 

Mg 95.5 

Zn 1.5 

Y 2.3 

Mn 0.7 

Fig. 10. EDX mapping of (a) the fibre junction where fibre 1 and fibre 2 are indicated, (b) the grain boundaries 

and (c) the percentages of alloying elements. Black arrows indicate the Zn-Y rich particles at the grain boundaries. 



 
Fig.11. Indentation modulus Ei (left) and hardness H (right) before and after mechanical testing in longitudinal 

and transverse section. *p<0.001 when comparing uncompressed to compressed values on the same section; 

**p<0.001 and #p<0.05 when compared transversal to longitudinal values on the same mechanical condition. 

4. Discussion 

In this study, an innovative porous Mg-based scaffold produced by liquid-phase sintering of melt 

extracted Mg fibres and designed to promote bone regeneration in critical-sized defects was 

mechanically and morphometrically evaluated. This characterisation was conducted at different scales 

using in situ XCT mechanical testing coupled with DVC as well as electron microscopy-based methods 

(SEM, EBSD and EDX) and nanoindentation. The Mg scaffolds mechanical behaviour was 

characterized by a long strain hardening region without any apparent reduction of the stress (Fig.2). It 

can be assumed that beyond the deformation range tested (up to 10%), this hardening phase will be 

followed by a densification phase where the pores would start to collapse [68]. Jiang and He [29] 

compressed 45-55% porous pure Mg structures up to 60% compression with a high-speed rate of 

1mm/min without any stress reduction. It therefore seemed that porous Mg scaffolds can withstand high 

deformation without global failure. 

Trabecular bone displayed its typical mechanical behaviour, with a linear elastic region followed by an 

increasing plastic deformation and failure. Based on the mechanical curves (Fig.2), the elastic-plastic 

transition in bone occurred between 3-4% compression. This was consistent with the DVC third 

principal strain (εp3) maps (Fig.5Ib), where, at 3% compression, the local areas approached -9000µε and 

thus reached tissue yielding [69,70]. Moreover, microcracks were visible on higher magnification DVC 

maps, at 6% compression (Fig.6IIc), when bone failed (Fig.2). Similar results in term of strain 

magnitude and distribution have been previously found in trabecular bone specimens extracted from 

vertebral body [32], condyles [30] and femoral diaphysis [34]. 

The apparent yield stress (2.06 ± 0.87MPa) and Young’s modulus (0.068 ± 0.028GPa) of Mg, in this 

study, were comparable to other Mg scaffolds in literature. Hedayati et al. [26] reported yield stress and 

Young’s modulus of 1.70MPa and 0.03GPa for 80% porous Mg-Mn alloys, whereas Toghyani et al. 

[71] obtained values of 7.3MPa and 0.12GPa for 60% porous pure Mg scaffolds coated with an MgF2 

layer. Zhang et al. [49] achieved an even higher yield stress and Young’s modulus, 22.67MPa and 

0.23GPa, for less porous (35-55%) pure Mg scaffolds. In the present study, the yield stress for Mg was 

three to five times lower than Tb and CCTb, respectively (6.67 ± 1.75MPa and 9.77 ± 1.04MPa), as 

was the Young’s modulus (0.29 ± 0.08GPa and 0.41 ± 0.15GPa for Tb and CCTb, respectively) (Table 

1). However, these values were still within the range of trabecular bone reported in literature; 0.01-

2GPa for Young’s modulus and 0.2-80MPa for yield stress [72]. 

The accumulated strain by Mg visualised at fibre/tissue level was of the same order of magnitude as for 

Tb, but whilst it was largely spread over the Mg specimens (Fig.4 and 6I), leading to the overall buckling 

of the structure at apparent level, a more localised distribution was observed for Tb (Fig.5I and 6II), 



resulting in a large local strain variation between Mg and Tb at apparent level (-13658 ± 5485µε and -

3005 ± 1308µε at 6% for Mg and Tb, respectively) (Fig.4c and 5Ic). Additionally, the fact that Mg 

tended more towards the CCTb mechanical pattern, which is physiologically found in the proximity of 

bone defects, than Tb (Fig.2, 4 and 5II) seemed to corroborate a suitable mechanical ability for critical-

sized defects. Thus, although the Mg mechanical properties (e.g. Young’s modulus, yield stress) 

appeared to be lower than those of the bone tissues tested, its ability to deform without failing or forming 

microcracks at fibre/material level allowed the scaffold to accumulate higher strain. This ability to 

deform without fracture would be beneficial to prevent premature failure, especially during the first 

days of implantation, when the corrosion rate of Mg scaffolds is highest and the bone callus is forming 

[25], and would also lead to a more uniform strain distribution providing a better mechanical stimulus 

for bone regeneration [3,73,74]. Furthermore, the strain range employed to deform the Mg scaffolds 

exceeded, by one order of magnitude, the physiological strain of bone tissue generated in daily activities 

such as walking or running (500-2000µε) [75], suggesting that, in theory, the scaffold could also endure 

any high-intensity impact. 

The majority of morphometric parameters computed for Mg scaffolds fell within the range of trabecular 

bone [76,77] (Table 2). The two exceptions were connectivity, 38.4 ± 2.4mm-3 for Mg compared to a 

range of 1.3-4.8mm-3 for trabecular bone [78] and pore size, 550 ± 10µm for Mg compared to 1000µm 

for trabecular bone [79], as these two parameters must be kept within specific limits to bone scaffolds 

to allow appropriate osteoconductivity and therefore facilitate tissue regeneration [80,81]. Chang et al. 

[81] have shown, by in vivo implantation of porous hydroxyapatite blocks, that mineralized lamellar 

bone tissue was obtained with a pore size of 300-500µm. In fact, optimal pore size combined with a 

highly connected porous structure facilitates cell migration and bridging of bone fragments at the 

injured site [80]. Thus, the fully interconnected Mg structure and 550µm average pore size would offer 

the ideal 3D environment to promote critical-sized bone defect healing (Fig.3). Furthermore, a two-fold 

reduction in Mg pore diameter compared to trabecular bone resulted in a four-fold reduction in the load 

above which the fibres/trabeculae parallel to the load axis start to buckle and then fail [82]. Thus, the 

presence of smaller pores in the Mg structure contributed to a more efficient load transfer, preventing 

microcrack formation at fibre level [83]. Porosity is also strongly involved in the overall mechanical 

behaviour of highly connected Mg porous scaffolds. Mg structures with an overall porosity lower than 

40-42% tend to be more brittle and exhibit shear behaviour with cracks along the maximum shear stress, 

while the porosity of the Mg scaffolds herein presented (50-60%) promotes a more ductile densification 

behaviour, thus tending towards optimised mechanical performances [84]. 

In order to further understand the Mg strain distribution, a local morphometric analysis was performed 

by targeting potential differences related to strain variations. Based on a direct comparison between 

high (exceeding the absolute strain of 40000µε) and low (not exceeding the absolute strain of 10000µε) 

strain regions, it was found that higher local porosity (fibre/trabecular spacing from 248µm to 217µm 

with connectivity from 38.8mm-3 to 45.1mm-3, for high and low-strain, respectively) contributed to 

higher local strain (Table 3), as previously observed for trabecular bone [85], bone-biomaterial systems 

[86] and metallic foams [83], where microarchitecture plays a fundamental role in their load-transfer 

mechanism. Thus, suggesting how a local variation of the morphometric properties led to a higher local 

deformation (Fig.4) that in turn guided the mechanical behaviour of the structure at apparent level. 

At the grain level, the EBSD results highlighted how some fibres were made of one single grain (Fig.9b) 

and thus, their microstructure seemed not to be subject to grain refinement due to the melt extraction 

process used, which allows rapid solidification and consequently a relatively homogeneous grain 

structure [50,51]. However, grain refinement was also observed in most fibres (Fig.8 and 9) as a 

consequence of the use of liquid-sintering to fuse the fibres. Furthermore, although no microcracks were 

observed in the XCT images after mechanical testing, some defects could be detected by electron 

microscopy (Fig.7e and g) prior to compression at the fibre junction, resulting from incomplete fusion 

between two fibres due to the accumulation of Y-Zn-rich particles and causing higher deformation areas 

after compression (Fig.7h). The accumulation of such Y-Zn-rich particles was also found at the grain 

boundary (Fig. 10b), which is typical of the liquid-sintering process and has already been observed for 

various Mg alloys [26,47,87]. In particular, the significant impact of sintering conditions and especially 

the temperature was previously studied by Zhou et al. [87], where an increase in sintering temperature 

affected the distribution of the β-Mg17Al12 phase particles, more abundant along the grain boundary for 



AZ91 scaffolds. Thus, it could be observed how the sintering process was responsible for microdefects 

(i.e. grain refinement and incomplete melting at the fibre junction) by promoting the precipitation of Y-

Zn-rich particles within the Mg-based scaffold (Fig. 10b). However, it has been shown that, despite the 

accumulation of such particles at the fibre junctions in MgY4 (W4) alloys, the fibre bonds were still 

strong enough to avoid dislocation [18,50,51]. This was consistent with the results of this study, as no 

differences were observed after compression at the grain level (Fig.8f and 9g).  

Additionally, it appeared that only the fibres in the transverse section were plastically strained prior to 

mechanical testing during the sintering process (Fig.8 and 9). This induced a higher hardness and 

indentation modulus in the transverse section before compression at the nanoscale (Fig.11), reflecting 

how plastic deformation during the manufacturing process induced fibre anisotropy and changed their 

mechanical behaviour. The anisotropic ratio of 1.2 was relatively close to that of the trabecular bone 

(about 1.6), obtained by nanoindentation on undeformed trabeculae [42]. After mechanical testing, the 

indentation modulus and hardness of Mg were further reduced along the transverse section (17 and 20% 

of reduction, respectively), compared to the longitudinal (7 and 11% of reduction, respectively). It was 

therefore assumed that microdamage occurred on the crystallographic level along the directional 

solidification of the fibres during the melt-extraction process. In addition, the liquid-sintering process 
by initiating Y-Zn-rich particles precipitation and microdefects formation, also contributed to the 

reduction of mechanical properties locally. The indentation modulus and hardness of Mg were relatively 

similar to those obtained by Witte et al. [39] for Al-Zn-Mg alloys (AZ91D) with hydroxyapatite 

particles as reinforcements (40GPa), as well as for others Mg-based alloys [43–45], but slightly higher 

than trabecular bone (15 to 20GPa) [41]. 

The set of results presented in this study highlight the importance of a multi-scale examination of Mg-

based scaffolds to better understand their mechanical behaviour after implantation and provide evidence 

that these scaffolds could be biomechanically suitable to act as a bone treatment for critical-sized 

defects. However, this study has not explored the impact of corrosion on the mechanical and 

morphological properties of the scaffolds. Several authors have pointed out the crucial importance of 

tuning the corrosion rate with the bone regeneration ability in order to ensure sufficient mechanical 

support of the scaffold until the bone is fully restored [6,11,24,25]. A substantial deterioration in 

mechanical properties (e.g. Young’s modulus, yield stress) was observed when pure Mg scaffolds were 

immersed in simulated body fluid (SBF) in vitro and then mechanically compressed [88,89]. On the 

other hand, the use of specific chemical elements such as Y and Zn has been shown to significantly 

contribute to the strengthening of Mg-based scaffolds [24,25]. Li et al. [90] measured the variation in 

mechanical properties of Y-RE-Mg (WE43) alloys after in vitro corrosion in revised SBF. It was 

observed that the yield stress remained relatively constant up to 14 days, followed by a decrease at 28 

days (from 23MPa to 15MPa) while Young’s modulus increased during the first days of immersion, 

then decreased after 7 days to a value similar to that measured before immersion. The change in 

mechanical properties was mainly attributed to an increase in the amount of corrosion products and 

structural changes in some severely degraded struts. These results suggest that the Mg-based scaffolds 

herein studied should maintain their mechanical integrity after corrosion during the first days post-

operatively, given that Y and Zn are part of their alloying composition. Subsequently, the bone tissue, 

guided by the Mg scaffold, will regenerate in vivo [18–22,54] providing a mechanically compliant bone-

biomaterial system to counterbalance the decline in mechanical properties of Mg-alloy due to corrosion 

and to sustain the load up to the full bone restoration. 

Another major challenge concerning Mg-based implants relates to the in vivo release of hydrogen gas 

due to excessive corrosion rates [11]. In a similar scaffold design made of uncoated MgY4 alloy, Bobe 

et al. [18] observed the presence of gas cavities in proximity of the scaffolds 6 weeks post-implantation 

in a rabbit femoral condyle model, corresponding to a higher corrosion rate (0.6mm/year). However, 

after 12 weeks, the corrosion rate decreased to 0.08mm/year resulted in the absence of gas cavities; 

thus, suggesting control of hydrogen formation. Moreover, surface treatments and coating of the 

scaffolds are known to reduce the corrosion rates and thus, the evolution of hydrogen gas without 

impairing the mechanical properties [91]. Therefore, further investigation should be conducted 

accordingly to evaluate the mechanical and morphological changes in such Mg-based scaffolds 

following controlled in vitro as well as in vivo corrosion to fully characterize their suitability for the 

treatment of critical-sized bone defects. 



5. Conclusions 

This study aimed to fully characterise the morphological and mechanical properties of open-porous Mg-

based (WZM211) scaffolds produced by sintering in order to evaluate their biomechanical suitability 

as bone substitutes in critical-sized defects. Various techniques, including in situ mechanical testing 

coupled with XCT imaging and digital volume correlation (DVC), electron-based microscopy and 

nanoindentation were successfully applied, allowing a multi-scale evaluation of these scaffolds. The 

results showed that at apparent level, the Mg scaffold exhibited slightly lower mechanical properties 

than trabecular bone but was highly ductile and able to accumulate a considerable amount of strain 

without global failure, while trabecular bone developed microcracks for similar strain levels. This 

behaviour could be explained by its highly connected porous network, which contributed to a more 

efficient load transfer at Mg fibre level. Ultimately, the investigated Mg porous scaffolds represent a 

valid bone replacement, capable of sustaining mechanical loads in situ during the first post-operative 

phase. 
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