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a b s t r a c t 

Additively manufactured (AM) biodegradable porous iron-manganese (FeMn) alloys have recently been 

developed as promising bone-substituting biomaterials. However, their corrosion fatigue behavior has not 

yet been studied. Here, we present the first study on the corrosion fatigue behavior of an extrusion- 

based AM porous Fe35Mn alloy under cyclic loading in air and in the revised simulated body fluid (r- 

SBF), including the fatigue crack morphology and distribution in the porous structure. We hypothesized 

that the fatigue behavior of the architected AM Fe35Mn alloy would be strongly affected by the simul- 

taneous biodegradation process. We defined the endurance limit as the maximum stress at which the 

scaffolds could undergo 3 million loading cycles without failure. The endurance limit of the scaffolds 

was determined to be 90 % of their yield strength in air, but only 60 % in r-SBF. No notable crack 

formation in the specimens tested in air was observed even after loading up to 90 % of their yield 

strength. As for the specimens tested in r-SBF, however, cracks formed in the specimens subjected to 

loads exceeding 60 % of their yield strength appeared to initiate on the periphery and propagate to- 

ward the internal struts. Altogether, the results show that the extrusion-based AM porous Fe35Mn al- 

loy is capable of tolerating up to 60 % of its yield strength for up to 3 million cycles, which corre- 

sponds to 1.5 years of use of load-bearing implants subjected to repetitive gait cycles. The fatigue perfor- 

mance of the alloy thus further enhances its potential for trabecular bone substitution subjected to cyclic 

compressive loading. 

Statement of significance 

Fatigue behavior of extrusion-based AM porous Fe35Mn alloy scaffolds in air and revised simulated body 

fluid was studied. The Fe35Mn alloy scaffolds endured 90 % of their yield strength for up to 3 × 106 load- 

ing cycles in air. Moreover, the scaffolds tolerated 3 × 106 loading cycles at 60 % of their yield strength 

in revised simulated body fluid. The Fe35Mn alloy scaffolds exhibited a capacity of withstanding 1.5-year 

physiological loading when used as bone implants. 

© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Iron (Fe) and its alloys have in recent years been developed 

s a new category of biodegradable biomaterials for orthopedic 

pplications [1] . Biodegradable porous bone implants are designed 

o degrade gradually in the body while promoting complete bone 

issue regeneration. They are particularly suited for applications 

n which the implant functions temporarily in nature, such as 

one fracture repair and bone defect reconstruction. The use of 

iodegradable (porous) implants significantly reduces the risk of 
∗ Corresponding author. 

E-mail address: n.e.putra@tudelft.nl (N.E. Putra) . 
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dverse foreign body reactions that can occur when permanent 

mplants are present in the body for a long period and eliminate 

he risk of long-term implant-associated infections [2] . 

The use of Fe-based biomaterials presents multiple challenges, 

ncluding a low rate of biodegradation, MRI-incompatibility, and 

ytotoxicity [3] . In recent years, additive manufacturing (AM) 

as been used to address all these challenges. To address MRI- 

ncompatibility and slow rate of biodegradation, both laser-based 

M and extrusion-based AM have been utilized to create porous 

ron-manganese (FeMn) alloy scaffolds [4–6] that demonstrate 

aramagnetic properties and enhanced biodegradation rates while 

aintaining their stiffness at a level close to that of the native 

one tissue. In a 48-week in vivo study, AM Fe30Mn scaffolds 

llowed for bony ingrowth and bone remodeling [7] . This find- 
c. This is an open access article under the CC BY license 
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ng represents a significant advancement, as it contrasts to the 

ndings of previous in vivo studies conducted on bulk Fe-based 

mplants [ 8 , 9 ]. To address the potential cytotoxicity issue of Fe-

ased biomaterials, extrusion-based AM has been used to create 

he FeMn-bioceramic composites that show in vitro cytocompati- 

ility towards preosteoblasts and promote the proliferation of the 

ells, their differentiation, and mineralization [10] . Thus, most of 

he challenges hampering the translation of iron-based biomate- 

ials have already been addressed and the next steps need to be 

aken in this direction. 

Load-bearing bone implants are designed to withstand million 

ycles of mechanical loading [11] . The translation of Fe-based bio- 

aterials, therefore, requires data regarding their fatigue perfor- 

ance. The mechanical properties of FeMn porous implants re- 

orted in the literature exclusively concern their quasi-static com- 

ressive performances before and during in vitro biodegradation 

ests [ 4 , 5 ], and after in vivo tests at different time points with a

mall animal model [7] . The fatigue behavior of bone implants is 

nfluenced by multiple factors, such as the type and composition 

f the material, porosity, pore shape, pore size, overall topological 

esign, surface features, and manufacturing processes that may in- 

uce defects or imperfections on the surfaces and in the interior, 

s well as residual stresses [12–14] . In the case of biodegradable 

mplants, cyclic compressive loading affects the corrosion rate of 

he material. Conversely, the fatigue life of the material depends 

trongly on its corrosion behavior [15] . Most Fe-based biodegrad- 

ble materials, developed so far, exhibit biodegradation rates lower 

han other biodegradable metals and alloys, such as Mg-based 

nd Zn-based materials, and thus offer prolonged mechanical sup- 

ort at the bone defect site. Studying the corrosion fatigue be- 

avior of Fe-based bone implants is, therefore, of particular im- 

ortance. Up till now, the biodegradation-affected fatigue perfor- 

ances of AM biodegradable implants have only been evaluated 

or porous pure Fe [15] , WE43 magnesium (Mg) alloy [16] , pure 

inc (Zn) [17] , and Zn–3Mg alloy [18] , all of which were fabri-

ated through laser-based AM. There have been no reported stud- 

es on the biodegradation-affected fatigue behavior of extrusion- 

ased AM biodegradable metals. 

Here, we present the first ever study on the fatigue behavior of 

xtrusion-based AM biodegradable porous bone implants. In par- 

icular, we studied the corrosion fatigue behavior of an extrusion- 

ased AM porous FeMn alloy, containing 35 wt% Mn, intended for 

rabecular bone substitution. The chosen alloy was, in a previous 

tudy, demonstrated to be paramagnetic, and exhibited a favorable 

n vitro biodegradation rate and quasi-static compressive mechan- 

cal properties in the range of trabecular bone before and during 

n vitro biodegradation for 28 days in the revised-simulated body 

uid (r-SBF) [5] . In this study, we tested the porous Fe35Mn al- 

oy under compression-compression cyclic loading to simulate one 

f the main loading modes experienced by bone implants, e.g. , in 

he long bones or vertebral bones. Cyclic loading was applied in 

ir and in a physiologically relevant condition: at 37 °C, 5 % CO2 

tmosphere, and in the r-SBF solution that has the same ion con- 

entrations as the blood plasma [19] . 

. Materials and methods 

.1. Fabrication of extrusion-based AM Fe-30Mn alloy scaffolds and 

ost-processing 

Porous Fe35Mn alloy scaffolds were designed to have a cylin- 

rical shape, dimensions of Ø = 10 mm and h = 10.5 mm, and a 

ayer-by-layer laydown pattern of 0 ° and 90 ° alternating angles. 

Such geometrical pattern design has been reported to favor 

one regeneration in vivo [ 20 , 21 ]. The strut size and strut spacing

ere respectively 410 μm and 400 μm. Fe powder (purity = 99.88 
341
t%, particle morphology = spherical, and particle sizes < 63 μm) 

nd Mn powder (purity = 99.86 wt%, particle morphology = ir- 

egular, and particle sizes < 45 μm) were purchased from Mate- 

ial Technology Innovations Co. Ltd., China. The Fe and Mn powder 

ixture (with 35 wt% Mn) was blended with a 5 % hydroxypropyl 

ethylcellulose solution (Sigma Aldrich, Germany) at the desired 

eight percentage ( i.e. , 49.8 % powder ratio in the ink), as de- 

cribed in our previous publication [5] . Extrusion-based AM, more 

pecifically direct ink writing of the Fe35Mn ink was performed us- 

ng a 3D BioScaffolder 3.2 printer (GeSiM Bioinstruments and Mi- 

rofluidics, Germany) with a nozzle size of 410 μm, at a printing 

ressure of 300 kPa and printing speed of 3.5 mm/s, and at room 

emperature, as described in our previous publication ( Fig. 1a ) [5] . 

fter 3D printing, the Fe35Mn scaffolds were subjected heating at 

 rate of 2 °C/min to 350 °C for debinding for 3 h and then fur-

her heating at a rate of 8 °C/min to 1200 °C for sintering for 6

 in a tube furnace (STF16/180, Carbolite Gero Ltd., UK) under Ar 

ow (purity = 99.9999 %). The porous Fe35Mn specimens were 

hen cleaned in isopropyl alcohol prior to corrosion fatigue tests, 

n vitro static immersion tests, and characterization. 

.2. Morphological characterization of the scaffolds 

The morphological features of the specimens were observed us- 

ng a scanning electron microscope (SEM, JSM-IT100, JEOL, Japan) 

nd the chemical composition was determined by using an energy 

ispersive X-ray spectroscope (EDS, JSM-IT100, JEOL, Japan). The 

otal porosity ( φ) was calculated as: 

=
(

1 − m/ρF e 35 Mn 

Vbulk 

)
× 100% (1) 

here m is the mass of the scaffold specimen (g) determined us- 

ng a weighing scale of 0.1 mg accuracy, ρ is the density of the 

e35Mn alloy (7.63 g/cm3 [22] ), and Vbulk is the bulk volume of 

he cylindrical specimen (cm3 ), calculated from the external diam- 

ter and height of the cylindrical specimen. The porosity in the 

trut of the scaffolds was visualized using microcomputed tomog- 

aphy (μCT) and scanning was performed using a Phoenix X-ray 

anotom® system (GE Sensing and Inspection Technologies GmbH, 

ermany). The micro-porosity of the struts was calculated using 

he BoneJ 7.0.17 plugin [23] (available in ImageJ, NIH, USA). 

.3. Fatigue tests in air and in revised simulated body fluid 

Compression-compression cyclic loading was applied to the 

pecimens by using a dynamic mechanical testing machine (In- 

tron E10 0 0 0 ElectroPuls with a 10 kN load cell) equipped with 

 double-wall specimen chamber designed and manufactured in- 

ouse ( Fig. 1b ). Four different maximum stress levels ( i.e. , 0.6 σ y ,

.7 σ y , 0.8 σ y , and 0.9 σ y , where σ y is the yield stress and equals

.4 MPa) were applied at a frequency of 15 Hz. A loading ratio of 

.1 was used [15] , meaning that the minimum stress level during 

ach loading cycle was set to 0.1 time of the corresponding maxi- 

um stress level. The elastic modulus of the material prior to the 

atigue tests was 0.39 GPa [5] . 

During the corrosion fatigue tests, the specimens were im- 

ersed in 300 mL r-SBF [19] inside the chamber. The temperature 

nd pH were maintained at 37 °C and 7.40, respectively, while 

 mixture of 95 % N2 and 5 % CO2 was used as the purging gas 

owing into the chamber to increase the buffering capacity. In ad- 

ition, compression-compression cyclic loading was applied to an- 

ther group of specimens in the ambient atmospheric condition 

air) by using the same setup and mechanical testing machine un- 

er three different maximum stresses ( i.e. , 0.6 σ y , 0.8 σ y , and 0.9 σ y )

sing the same loading frequency and loading ratio. 
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Fig. 1. (a) A schematic illustration of the extrusion-based AM for the Fe35Mn scaffolds with a laydown pattern of 0 ° and 90 ° alternating angles and the cylindrical design. 

(b) A schematic illustration of the corrosion fatigue test setup. The morphological and compositional features of the fabricated porous Fe35Mn scaffolds: (c) the as-sintered 

specimen containing macro-pores, (d) at a higher magnification, showing fused powder particles and the micro-pores interconnected into the struts, and (e) EDS analysis, 

indicating the chemical compositions at multiple spots. 
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All the tests were terminated either at a strain of 5 % (indicat- 

ng specimen failure) or after 3 million cycles of loading ( = 55.6 

). The tests were performed in triplicate for each stress level. 

he maximum stress value applied without causing specimen fail- 

re after 3 million cycles of loading was defined as the fatigue 

trength. 

.4. Static immersion tests in r-SBF 

To separate the combined effects of biodegradation and cyclic 

oading, static immersion tests (regarded as the control groups) 

ere performed in 300 mL r-SBF at 37 °C and under the atmo- 

pheric condition of 95 % N2 and 5 % CO2 . The immersion time 

oints were set in correspondence with those of the corrosion fa- 

igue tests at four stress levels, i.e. , 55.6 h for 0.6 σ y , 40 h for 0.7 σ y ,

nd 20.4 h for both 0.8 σ y and 0.9 σ y . All the tests were performed

n triplicate for each time point. 

.5. Measurement of ion release 

The biodegradation rates of the specimens were determined by 

easuring the concentrations of Fe2 + and Mn2 + ions in r-SBF at 

ifferent time points during corrosion fatigue tests and static im- 

ersion. During these tests, the concentrations of calcium (Ca2 + ), 
nd phosphate (PO4 

3−) ions in the r-SBF solution, in addition to 

hose of Fe2 + and Mn2 + , were determined using an inductively 

oupled plasma optical emission spectroscope (ICP-OES, iCAP 6500 

uo, Thermo Scientific, USA). The Fe2 + and Mn2 + ion concentra- 

ions (in mg/L) measured after the corrosion fatigue and static im- 
342
ersion tests were normalized to the volume of the r-SBF solution 

nd the immersion time. 

.6. Characterization of corrosion products and fatigue cracks 

After the fatigue tests, the surface morphologies of the struts 

f the specimens subjected to cyclic loading in air and in r-SBF 

ere observed using SEM (JSM-IT100, JEOL, Japan) at an accel- 

rating voltage of 15 kV and a working distance of 10 mm. The 

hemical compositions of the corrosion products after the corro- 

ion fatigue tests were analyzed using EDS combined with SEM 

JSM-IT100, JEOL, Japan). 

.7. Characterization of fatigue crack morphology and distribution 

The morphologies of the cracks at the periphery of the spec- 

mens after the corrosion fatigue tests were observed using SEM 

JSM-IT100, JEOL, Japan). The specimens were cut horizontally to 

bserve the morphologies of the cracks at the center. In addition, 

he initial specimens and the specimens subjected to cyclic loading 

t 0.8 σ y in combination with in vitro biodegradation were visual- 

zed using μCT (Phoenix X-ray Nanotom®, GE Sensing and Inspec- 

ion Technologies GmbH, Germany). μCT was performed at a tube 

oltage of 120 kV, a tube current of 110 μA, a voxel size of 6 μm,

 360 ° rotation scan with an angular rotation of 0.25 ° each step, 

nd a total duration of 60 min. Image analysis was performed us- 

ng ImageJ (v1.54) (NIH, USA). μCT images were converted to 8-bit 

nd the 3D model of the scaffolds was reconstructed using the 3D 

licer© software (v5.2.2, USA). Two different thresholds ( i.e. , 125–

35 and 135–255) were applied to segment the specimens with the 
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ower value to include the corrosion products and the higher value 

or the Fe35Mn alloy specimen only. 

.8. Statistical analysis 

The differences in the concentrations of Fe2 + , Mn2 + , Ca2 + , and 

O4 
3− ions during in vitro biodegradation with and without cyclic 

oading were analyzed using one-way ANOVA, followed by post-hoc 

ukey test (∗∗∗∗ = p < 0.0 0 01, ∗∗∗ = p < 0.0 01, ∗∗ = p < 0.01, ∗ = p

 0.05, and n.s. = not significant). 

. Results 

.1. Morphology and porosity of the AM Fe35Mn alloy scaffolds 

The Fe35Mn alloy scaffolds exhibited a typical porous architec- 

ure commonly observed in extrusion-based AM specimens. The 

caffolds featured a lay-down pattern with 90 ° angle switching be- 

ween neighboring layers, as designed ( Fig. 1c ). The total poros- 

ty of the scaffolds was 68 ± 1 %. The struts of the scaffolds 

ere porous and comprised of fused Fe and Mn powder particles 

 Fig. 1d ). The micro-porosity within the struts, as determined by 

CT, was 22 ± 2 %. The chemical compositions of the struts at mul- 

iple spots closely matched the intended chemical composition of 

he Fe and Mn elemental powder mixture prior to 3D printing as 

videnced by the EDS spot analysis ( Fig. 1e ). 
ig. 2. The fatigue behavior of the extrusion-based AM Fe35Mn scaffolds: (a) the visual 

n r-SBF, (b) the S-N curve, (c) plots of strain vs. the number of loading cycles in air, and 

343
.2. Fatigue behavior of the porous Fe35Mn alloy influenced by 

iodegradation 

At the macroscale ( Fig. 2a ), no fracture plane was observed on 

he specimens after cyclic loading either in air or in r-SBF, even 

hen the specimens failed ( e.g. , at 0.8 σ y and 0.9 σ y in r-SBF). The

pecimens did not exhibit buckling, distortion, or slippage after 

yclic loading under either of the environmental conditions. When 

ested in air, there were no apparent visual changes occurring to 

he specimens, while the specimens subjected to cyclic loading in 

ombination with in vitro biodegradation were covered by corro- 

ion products ( Fig. 2a ). The S-N curves indicated that the fatigue 

trength of the porous FeMn specimens (at 3 million cycles) de- 

reased from 0.9 σ y in air to 0.6 σ y in r-SBF ( Fig. 2b ). 

In air, all the specimens successfully endured the 3 million cy- 

les of loading at the three chosen stress levels ( Fig. 2c ). Through-

ut the tests in air up to 3 million cycles, the specimens displayed 

 rapid increase in strain within the first 10 cycles (stage I) and 

hen a further increase in strain within the first 100 cycles of load- 

ng (stage II), followed by a continued strain increase at a reduced 

ate towards 3 million cycles of loading (stage III). The accumu- 

ated strain value was lower under cyclic loading at a lower stress 

evel ( Fig. 2c ). The specimens experienced an accumulated strain 

f 1.2 % under 0.9 σ y cyclic loading. 

During the corrosion fatigue tests in r-SBF, the specimens sur- 

ived 3 million cycles of loading at 0.6 σ y ( Fig. 2c ). However, 

he specimens failed earlier at 2.16 million cycles, 1.08 million 

ycles, and 1.13 million cycles when subjected to cyclic loading 
inspection of the specimens after cyclic loading at different stress levels in air and 

(d) the plots of strain vs. the number of loading cycles in r-SBF. 
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Fig. 3. (a) Fe2 + , (b) Mn2 + , (c) Ca2 + , and (d) PO4 
3− ion concentrations in r-SBF after the corrosion fatigue tests. 
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t higher stress levels, i.e. , 0.7 σ y , 0.8 σ y , and 0.9 σ y , respectively

 Fig. 2b ). Similar to the tests conducted in air, cyclic loading in r-

BF ( Fig. 2d ) resulted in a rapid increase in strain during the first

0 cycles (stage I), followed by a further increase in strain within 

he first 100 cycles of loading (stage II). After that, the strain value 

radually increased at a reduced rate (stage III) until the specimen 

ailed at a strain of 5 % or survived 3 million cycles of loading.

light fluctuations in the strain accumulation trend were observed 

etween 104 and 105 cycles ( Fig. 2d ). 

.3. Biodegradation behavior of the porous Fe35Mn alloy influenced 

y cyclic loading 

Cyclic loading was found to enhance the biodegradation rate of 

he specimens, as compared to the biodegradation rate under the 

tatic immersion condition ( Fig. 3a , and b). The biodegradation rate 

f the specimens was evaluated by comparing the concentrations 

f Fe2 + and Mn2 + ions in r-SBF. Cyclic loading at a higher stress 

evel ( e.g. , 0.9 σ y ) led to higher ion concentrations of Fe2 + ( Fig. 3a )

nd Mn2 + ( Fig. 3b ) in r-SBF, as compared to those at a lower stress

evel. The ion concentrations of Ca2 + ( Fig. 3c ) and PO4 
3− in r-SBF 

 Fig. 3d ) were all lower when biodegradation occurred simultane- 

usly with cyclic loading. 

More corrosion products appeared on the specimens subjected 

o cyclic loading at a higher stress level ( Fig. 4 ) in combination

ith in vitro biodegradation. EDS analysis revealed that all the cor- 

osion products contained C, O, Na, Ca, Mn, and Fe ( Table 1 ) with-

ut substantial differences. At the center of the specimens, some 

igns of localized corrosion ( e.g. , pits) were observed on the sur- 
344
aces of fused powder particles in the struts of the specimens sub- 

ected to cyclic loading at higher stress levels ( i.e. , 0.8 σ y and 0.9 σ y ,

ig. 5c –f). 

.4. Fatigue crack initiation and distribution 

After cyclic loading in air at different loading levels, i.e. , at 

.6 σ y ( Fig. 6a ), 0.8 σ y ( Fig. 6c ), and 0.9 σ y ( Fig. 6e ), the struts of the

pecimens remained intact. At a higher magnification, no cracks 

ere observed ( Fig. 6b, d, and f ). On the other hand, cracks were

resent to different extents on and even in all the specimens sub- 

ected to cyclic loading in r-SBF ( Figs. 4 and 5 ). The struts of the

pecimens subjected to cyclic loading at 0.6 σ y for 3 million cycles 

f loading in r-SBF remained largely intact ( Fig. 5a ). Although the 

pecimens did not fail after 3 million cycles of loading, some cracks 

n the peripheral struts had been initiated at the necks where the 

riginal powder particle were fused together ( Fig. 4b ). However, no 

racks were found at the center of the specimens ( Fig. 5a and b ). 

Under cyclic loading at higher stress levels ( i.e. , at 0.8 σ y 

 Fig. 4c ) and 0.9 σ y ( Fig. 4e )) in r-SBF, wider and longer cracks were

resent on the struts of the specimens. On the periphery, cracks 

ere found to occur at the necks of fused powder particles ( Fig. 4d

nd f ). Similar observations of fatigue cracks were made at the cen- 

er of the specimens ( Fig. 5c–f ). More cracks had been initiated in

he specimens subjected to cyclic loading at 0.8 σ y and 0.9 σ y in 

-SBF as compared to those tested at 0.6 σ y . 

The μCT images of the specimens subjected to the corrosion fa- 

igue tests at 0.8 σ y showed a random distribution of cracks upon 

pecimen failure ( Fig. 7 ). Cracks were observed to occur mostly at 
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Fig. 4. Morphologies of the struts with fused FeMn powder particles, as well as the corrosion products on the periphery of the specimens after the corrosion fatigue tests 

at (a, b) 0.6 σ y , (c, d) 0.8 σ y , and (e, f) 0.9 σ y . The cross marks indicate the spots of EDS analysis. The yellow ovals indicate the locations of fatigue cracks. 
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he junctions of struts between layers ( Fig. 7a–c ) and propagate al- 

ost through the entire strut ( Fig. 7d–f ). The 3D reconstruction of 

he specimens after the corrosion fatigue tests at 0.8 σ y for 104 cy- 

les of loading and until specimen failure revealed the presence of 

orrosion products across the struts and in the micro-pores of the 

truts ( Fig. 7g and h ). 

. Discussion 

There is currently a large knowledge gap regarding the cor- 

osion fatigue performance of porous biodegradable alloys fabri- 

ated through extrusion-based AM. Here, we studied the fatigue 
345
ehavior of the extrusion-based AM porous Fe35Mn alloy in air 

nd in r-SBF to understand the mutual influences of cyclic load- 

ng and biodegradation on each other and to check if the bio- 

aterial could withstand at least 1 million loading cycles [24] , 

s required for bone implant applications. It was found that the 

orous Fe35Mn alloy, developed earlier, could indeed withstand 

 million cycles of loading at 0.9 σ y , and at least 3 million cy- 

les at 0.6 σ y in r-SBF, demonstrating its potential as a fatigue- 

esistant porous biodegradable implant material for trabecular 

one substitution subjected to compressive cyclic loading, e.g. , in 

uman vertebrae or greater trochanter of the femur [ 25 , 26 ]. It is,

owever, important to be aware that the results reported here 
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Table 1 

The chemical compositions of the biodegradation products found on the struts of the Fe35Mn alloy scaffolds after 

the fatigue tests in r-SBF at different stress levels, as determined by EDS analysis (with an accuracy of 2 %). 

EDS spot C O Na Ca Mn Fe 

0.6 σy in r-SBF 

1 4.16 - - - 30.49 65.34 

2 4.82 15.31 4.66 0.78 57.85 16.58 

3 9.51 23.38 5.41 1.63 44.74 15.33 

0.8 σy in r-SBF 

4 7.21 18.66 2.30 2.52 51.57 17.74 

5 13.75 10.14 - 0.50 55.27 20.34 

6 3.63 7.15 3.15 3.41 62.81 19.85 

0.9 σy in r-SBF 

7 4.55 17.66 1.36 3.58 35.53 37.31 

8 8.94 31.55 2.51 2.53 32.05 22.41 

9 7.90 19.55 2.64 2.59 40.21 27.11 
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ark the very first step in the complex and lengthy trajectory 

f developing a bone-substituting material towards to its clinical 

doption. 

.1. Microstructural features and fatigue behavior 

The microarchitectural features of extrusion-based AM scaffolds, 

.g. , diffusion bonding of the original powder particles as a result of 

olid-state sintering, porosity, pore sizes, and pore distribution, all 

ffect their fatigue endurance. The porous Fe35Mn alloy scaffolds 

ere designed with a 0 ° and 90 ° alternating pattern to have 90 °
nterconnections between the struts. These scaffolds had macro- 

ores that were the spacing between the struts and interconnected 

icro-pores distributed inside the struts. This topological design is 

uite different from the typical laser-based AM specimens where 

he struts are designed to be nearly solid with minimal to no in- 

ernal micro-pores. While micro-pores are generally considered to 

e stress concentrators, detrimental to fatigue strength [27] , our 

ndings suggest that these micro-pores are not detrimental as per- 

eived. 

The extrusion-based AM porous Fe35Mn alloy scaffolds, con- 

aining a relatively high micro-porosity in the struts ( i.e. , 22 %), 

esisted at least 3 million cycles of loading at 0.9 σ y in air. This 

ormalized fatigue strength is even higher than the normalized 

atigue strength values of laser-based AM porous pure Fe [15] and 

n [17] scaffolds with solid struts and diamond unit cells ( i.e. , at 

.7 σ y ). There are different explanations for this unexpected advan- 

age of extrusion-based AM over laser-based AM in terms of the 

atigue behavior. First, it may be the case that while laser-based 

M is successful in creating lattice structures with high quasi- 

tatic mechanical properties, these relatively high quasi-static 

echanical properties cannot be maintained under cycling loading 

ue to the much stronger effects of imperfections on the fatigue 

ehavior under such high levels of mechanical loading. Second, it 

an be hypothesized that homogenous interconnected micro-pores 

ay be of help in distributing stresses across the material, as 

ompared to localized, clustered micro-pores [28] . This hypothesis 

s supported by a recent study on the fatigue behavior of porous 

itanium scaffolds with hierarchical porosity produced by using 

xtrusion-based AM. It showed that the scaffolds with a higher 

nternal micro-porosity ( i.e. , 14.3 % versus 5.9 %) exhibited a higher 

atigue endurance [29] . The authors attributed this observation to 

atigue crack growth shielding effects occurring in such materials 

29] . Similarly, the presence of internal pore defects in auxetic 

caffolds made by laser-based AM was found to be not directly 

orrelated with a significant decrease in fatigue strength [30] . 

t is however important to note that the role of micro-pores in 

nfluencing the corrosion fatigue behavior of biodegradable porous 
346
aterials is much more complicated. Separate research dedicated 

o clarifying this role is needed. 

While osteocytes can sense mechanical stimuli ( i.e. , small 

trains), offering a potential avenue to promote bone health [31] , 

he design of bone-mimetic scaffolds, including an optimum range 

f pore sizes, pore distribution, and total porosity, can provide 

dequate space for healthy bone regeneration [ 32 , 33 ]. In general, 

acro-pores enable bone ingrowth, while micro-pores improve cell 

dhesion [34] . For biodegradable metals, especially Fe-based alloys, 

pen porosity is of great importance to provide a large, exposed 

urface area for biocorrosion to proceed. In addition to intercon- 

ected micro-pores within the struts, high roughness is another 

ypical feature resulting from extrusion-based AM [35] . The influ- 

nce of surface roughness on fatigue crack initiation and propa- 

ations has been extensively studied. A rough surface is gener- 

lly considered an inherent imperfection of 3D printed products, 

etrimental to fatigue endurance [ 36 , 37 ]. However, average surface 

oughness may not correlate well with fatigue life [38] . Since the 

urface roughness of porous bony implants can improve osseoin- 

egration [ 39 , 40 ] and even possibly provide antibacterial proper- 

ies [41] , it is essential to reach an optimum balance, especially 

or biodegradable metals whose surface features change over time 

uring biodegradation. In this connection, the exact influence of 

urface roughness on the corrosion fatigue behavior of biodegrad- 

ble porous metals along with temporary changing surface features 

ust be well understood through dedicated research. 

.2. Biodegradation-affected fatigue behavior 

Under cyclic loading combined with biodegradation, the fatigue 

trength of the extrusion-based AM porous Fe35Mn scaffolds at 3 

illion cycles decreased from 0.9 σ y to 0.6 σ y . The relative magni- 

ude of this reduction is larger than the one found in the corro- 

ion fatigue tests of laser-based AM porous pure Fe scaffolds (from 

.7 σ y to 0.65 σ y ) [15] , although the trend is similar. The stronger 

nfluence of biodegradation on the fatigue strength of the porous 

e35Mn alloy can be explained by the higher micro-porosity in the 

truts and the higher corrosion rate of the Fe35Mn alloy as com- 

ared to pure Fe [ 5 , 42 ]. It is important to note that the fatigue

trength of the porous Fe35Mn alloy is much higher than the fa- 

igue strength of the porous WE43 Mg alloy ( i.e. , 0.3 σ y in air and

ecreased to 0.2 σ y in r-SBF [16] ), and the effect of biodegrada- 

ion and corrosion products is totally different, when compared to 

orous Zn ( i.e. , its fatigue strength being 0.7 σ y in air and 0.8 σ y 

n r-SBF) [17] . The fatigue strength of the AM porous Fe35Mn al- 

oy ( i.e. , 1 million cycles at 0.8–0.9 σ y in r-SBF) is superior to the

atigue strengths of porous Ti6Al4V alloy ( i.e. , 1 million cycles at 

.5–0.55 σ y ) [43] and the direct-ink-writing porous Ti6Al4V alloy 
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Fig. 5. The morphologies of the struts with fused FeMn powder particles as well as the corrosion products at the center of the specimens after the corrosion fatigue tests 

at (a, b) 0.6 σ y , (c, d) 0.8 σ y , and (e, f) 0.9 σ y . The arrows indicate localized corrosion on the surface of the struts. The yellow ovals indicate the locations of cracks. 
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 i.e. , 1 million cycles at 0.62 σ y ) [29] . The fatigue endurance of the

M porous Fe35Mn alloy can be considered comparable to those 

f biomedical implants and human bone that are often evaluated 

p to 1 million cycles [44–46] . 

A biodegradable material for temporary bone substitution 

hould withstand at least 1 million loading cycles without failure. 

he required endurance limit is determined, based on the average 

alking activity of a patient, equaling 2 million cycles per year, and 

n a bone fracture healing time of 21–24 weeks [ 47 , 48 ]. As the

one regenerates, the ingrowth of new tissue will strengthen the 

emaining implant and increase its fatigue endurance [49] . As pre- 

ented earlier, the extrusion-based AM Fe35Mn alloy can withstand 
347
t least 1 million cycles of compressive loading at 0.8 σ y and 0.9 σ y 

n r-SBF ( Fig. 2b ). It is, therefore, expected to be able to meet the

iomechanical requirements for trabecular bone substitution sub- 

ected to compressive loading, e.g. , in human vertebrae or greater 

rochanter part of the femur [ 25 , 26 ]. The number of loading cycles

sed in this study for determining the endurance limit of the AM 

aterials developed is 3 million loading cycles, which, based on 2 

illion walking steps per year, equals an endurance corresponding 

o 1.5 years of service. 

We studied the compression-compression corrosion fatigue be- 

avior of the AM Fe35Mn scaffolds in the present research. It is 

owever important to realize that the actual loading conditions 
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Fig. 6. Morphologies of the structs with fused FeMn powder particles on the periphery of the specimens after the fatigue tests in air at (a, b) 0.6 σ y , (c, d) 0.8 σ y , and (e, f) 

0.9 σ y . 
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ay be different, depending on the implantation site as well as 

he specific type of implant for which the biomaterial is used. In 

ther words, the porous Fe35Mn alloy developed in the previous 

tudy [5] and further investigated in this study may not be suit- 

ble for substituting the bone tissue subjected to cyclic loading 

here tensile or bending stresses are dominant. Separate research 

edicated to studying the multi-axial mechanical performance of 

he material of varied architectural designs and the biomechan- 

cal performance ex vivo and in vivo are needed. In the mean- 

ime, it is also important to keep in mind that the fatigue be- 

avior of AM porous biomaterials may be strongly dependent on 

he level of bony ingrowth and fatigue life may increase by up to 
348
 times under optimal bony ingrowth conditions [49] . Given that 

ur experiments neglected the effect of bony ingrowth on simul- 

aneously changing fatigue strength, the fatigue life obtained dur- 

ng these tests may be considered an underestimation of the fa- 

igue life of porous implants where significant bony ingrowth takes 

lace. 

The measurement of strain accumulation is of use in under- 

tanding the underlying fatigue behavior, especially for porous ma- 

erials, because damage to the porous structure due to (corrosion) 

atigue is correlated to cumulative deformation [ 50 , 51 ]. The plots 

f strain against the number of loading cycles typically show three 

tages that are characteristic of the fatigue behavior of porous 
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Fig. 7. Fatigue crack distributions across the specimens (a–f) after the corrosion fatigue tests at 0.8 σ y to a strain of 5 % in r-SBF, visualized by using μCT, and the 3D 

reconstruction of the specimens (g, h) after the corrosion fatigue tests for 104 cycles (to a strain of ∼1 %) and to a strain of 5 % at 0.8 σ y . The arrows indicate the cracks at 

or near the intersections of the struts. 
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etallic materials [52] . After 3 million cycles of loading at 0.9 σ y 

n air, the porous Fe35Mn alloy did not exhibit any cracks until 

.2 % strain accumulation (Fig. S1), demonstrating the inherent fa- 

igue resistance of the AM material. On the other hand, because 

f in vitro biodegradation, the same strain accumulation value was 

chieved just under the first hundred cycles of loading. During 

ontinued corrosion fatigue tests, the strain kept increasing till 

pecimen failure with some fluctuations that could be attributed to 

he initiation and propagation of cracks across the necks of fused 

owder particles inside the struts and the formation of corrosion 

roducts as evidenced by the SEM images ( Fig. 4 and 5 ) and μCT

 Fig. 7 ). 

During the corrosion fatigue tests at 0.6 σ y to a strain of ∼0.5 

, cracks were present only on the periphery of the specimens 

 Fig. 4b ), indicating the sites of crack initiation. Under cyclic load- 

ng ( e.g. , at 0.8 σ y and 0.9 σ y ) up to a strain of 5 %, however, cracks

ad propagated into the struts ( Fig. 4c–f ). Crack propagation was 

bserved to occur at the 90 ° intersection of strut junctions as well 

 Fig. 7 ). The characteristic biodegradation fatigue mechanism of 

he Fe35Mn scaffolds tested in r-SBF and at 0.8 σ y and 0.9 σ y are 

chematically illustrated in Fig. 8 . More corrosion products were 

ormed at or near the crack openings during cyclic loading at a 
349
igher stress level ( Fig. 4f ), which can be explained by elevated 

hemical and electrochemical reactions occurring near or at the 

rack tip, resulting in the formation of corrosion products [53] . At 

he center of the scaffolds immersed in r-SBF, cyclic loading at a 

igher stress level enhanced localized corrosion ( Fig. 5e and f ). At 

 lower stress level, the extent of localized corrosion was notably 

ecreased ( Fig. 5c and d ) and at 0.6 σ y , the localized corrosion 

as virtually absent ( Fig. 5a and b ). During the corrosion fatigue 

ests, at 0.9 σ y , pits of larger sizes appeared on the convex sur- 

aces of fused powder particles in the struts ( Fig. 5f ), as compared

o those in the struts of the specimens subjected to cyclic load- 

ng at 0.8 σ y ( Fig. 5d ). The local stresses caused by the cyclic load-

ng could break up the corrosion products that would otherwise 

e compact and dense, as is the case of in vitro static biodegrada- 

ion (Fig. S2) which might trigger the initiation of cracking at the 

dge of corrosion pits in the center of the scaffolds. Cyclic load- 

ng at a higher stress level, corresponding to a higher strain accu- 

ulation, may correspond to more fluid exchange through inter- 

onnected pores. Consequently, more homogenous biodegradation 

ay occur not only at the concave surfaces of fused powder parti- 

les in the struts but also at the convex surfaces, which is benefi- 

ial for biodegradable metals. 
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Fig. 8. The corrosion fatigue mechanisms of the porous Fe35Mn alloy scaffolds tested at 0.8 σ y and 0.9 σ y . 
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. Conclusions 

We studied, for the first time ever, the fatigue behavior of the 

rchitected biodegradable materials made from Fe and Mn elemen- 

al powders using extrusion-based AM. The scaffold specimens ex- 

ibited high levels of fatigue performance in air and in r-SBF. As 

xpected, cyclic loading accelerated the in vitro biodegradation of 

hese scaffolds. Simult aneously, biodegradation reduced the fatigue 

trength of the specimens (measured at 3 million loading cycles) 

rom 90 % of their yield strength to 60 %. Nevertheless, even in r- 

BF, the AM porous Fe35Mn alloy still endured cyclic loading up 

o 1 million cycles at 90 % of its yield strength. Fatigue cracks 

referentially occurred at the necks of fused powder particles in 

he struts. Crack initiation started on the periphery of the speci- 

ens and propagated through the struts. Once a strain of 5 % was 

eached, cracks were present randomly across the specimen where 

ncreased amounts of corrosion products were formed and broken 

p. Despite the interactions of biodegradation and cyclic loading, 

he corrosion fatigue resistance of the extrusion-based AM porous 

e35Mn alloy remained at a level promising for its potential use as 

 trabecular bone-substituting material subjected to compressive 

oading. 
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