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Abstract

Implants of different material classes have been used for the reconstruction of damaged

hard and soft tissue for decades. The aim is to increase and subsequently maintain the

patient's quality of life through implantation. In service, most implants are subjected to

cyclic loading, which must be taken particularly into consideration, since the fatigue

strength is far below the yield and tensile strength. Inaccurate estimation of the struc-

tural strength of implants due to the consideration of yield or tensile strength leads to a

miscalculation of the implant's fatigue strength and lifetime, and therefore, to its unex-

pected early fatigue failure. Thus, fatigue failure of an implant based on overestimated

performance capability represents acute danger to human health. The determination of

fatigue strength by corresponding tests investigating various stress amplitudes is time-

consuming and cost-intensive. This study summarizes four investigation series on the

fatigue behavior of different implant materials and components, following a standard

and an in vitro short-time testing procedure, which evaluates the material reaction in

one enhanced test set-up. The test set-up and the applied characterization methods

were adapted to the respective application of the implant with the aim to simulate the

surrounding of the human body with laboratory in vitro tests only. It could be shown

that by using the short-time testing method the number of tests required to determine

the fatigue strength can be drastically reduced. In future, therefore it will be possible to

exclude unsuitable implant materials or components before further clinical investigations

by using a time-efficient and application-oriented testing method.

K E YWORD S

fatigue assessment, in vitro short-time testing method, magnesium implants and stents,
titanium abutments, ultra-high molecular weight polyethylene

1 | INTRODUCTION

In various surgical disciplines, the replacement of lost hard tissue

after trauma, tumors, or malformations or to restore/support body

functions are performed with permanent or bioresorbable implants.1

Permanent implants are often made of biocompatible titanium

alloys, such as Ti-6Al-4V.2 Bioresorbable implants, which make

second surgeries to remove permanent fracture and reconstruction

plates obsolete, are made of magnesium alloys.3 For the safe use of

implants, the mechanical and corrosive property profile (including

fatigue and degradation behavior) must be characterized so that pre-

mature mechanical failure is prevented and the risk to human health

is reduced. Several reports demonstrate that material fatigue is

responsible for a large proportion of failing implants4,5 and that
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accurate prediction of the lifetime of mechanically loaded implants is

a challenge for medical engineering.6 Examining the performance

in vivo is hardly reproducible to be transferred to the human body.

Existing in vitro testing procedures are time-consuming and cost-

intensive, so that quick approval of medical products is not possible.

Due to the different fields of application and the associated require-

ment profiles, application-oriented testing also differs. In the follow-

ing, current in vitro testing procedures are presented and explained

on the example of four different implant materials to underline the

need for an adaptable short-time testing method. Thereby, the con-

sidered load collective shall become increasingly complex. Hence,

the two permanent materials/structures ultra-high molecular weight

polyethylene (UHMWPE), and titanium abutments are discussed

first. The corrosion influence plays a minor role here, but the degree

of complexity increases due to the abutment geometry. Subse-

quently, magnesium and further magnesium stents are presented,

whereby degradation has a significant influence on the mechanical

properties.

1.1 | UHMWPE implants

Due to a broad property profile of mechanical, chemical, and physical

properties as well as in vivo verified biocompatibility,7–9 UHMWPE

has been used for decades as a material in prostheses, for example in

hip, knee or shoulder joints.10,11 For the established applications,

mainly frictional loads are present. More recent approaches are evalu-

ating its use as a bone replacement material for large bone defects.

For this application, the difference in stress type has to be consid-

ered.7,12 Due to changing damage mechanisms and the usually much

lower fatigue strength compared to quasistatic strength of a material,

these investigations are essential. Due to the established, wear-

dominated application in prostheses, many studies focus on tribologi-

cal investigations.13–16 For cyclic loading, fatigue crack initiation and

propagation and the influence of the microstructure (e.g., crosslinking)

are intensively investigated.17 For crack propagation, notched speci-

mens are loaded at a stress ratio of R = 0.1.18,19,22 Investigations with

the aim of fatigue life evaluation based on an S–N curve, as addressed

in this article, hardly exist. The few existing investigations can be

divided into uniaxial20–22 and multiaxial23,24 loading. Urriés et al.

investigated the effect of different irradiation treatments on the

fatigue strength of UHMWPE. The tests were performed with a sinu-

soidal stress-time function at a stress ratio of R = 0 and a frequency

of f = 1 Hz. A fatigue strength of approximately 20 MPa was deter-

mined for a failure criterion of a total strain of 12%.22 A similar experi-

mental approach was used by Medel et al. to characterize different

irradiation doses and a thermal post-treatment.21 Sobieraj et al. used

pre-aging as well as testing of specimens in phosphate-buffered saline

at body temperature. The tests were performed on notched speci-

mens at a stress ratio of R = 0.04–0.05 at a frequency of f = 2 Hz.

Through the tests, the fatigue strength was estimated between σa

= 10.17 MPa and σa = 11.35 MPa.20

1.2 | Titanium abutments

Abutments are the connecting element between the dental implant

and the visible dental crown, thus they transmit the forces from the

oral cavity, which arise, for example, during chewing, and are, there-

fore, exposed to daily multiaxial stress.25 Due to its high corrosion

resistance and biocompatibility in combination with a high strength-

to-weight ratio,26–28 titanium alloys, among others, are state of the art

for this application.29 Concerning mechanical testing, the standard

DIN EN ISO 14801 regulates the fatigue testing of endosseous dental

implants. It is specified that a constant amplitude test (CAT) should

start with a load corresponding to 80% of the quasistatic strength and

thereafter be gradually reduced resulting in a time-consuming testing

procedure. Generally, many studies use the experimental set-up and

procedure from this standard, yet there is a significant inconsistency

between many studies in terms of the forces applied, the frequency

used, and the environmental conditions.30 The research objectives

also differ: for example, the influence of fatigue loading on the micro-

gap31 or micromotion32 between implant and abutment or the reverse

torque value33 is often investigated. Most studies do not vary the

applied force but the number of cycles31 or the influence of the pre-

load torque.32 Studies investigating several loads define the levels

based on the quasistatic strength (as described in the standard)34 so

that the procedure is not based on previously obtained knowledge. In

contrast, Foong et al. investigated the approach of a short-term test-

ing method in the form of a “stepped fatigue loading protocol.” The

tests were force-controlled with an initial load of 50 N and a load

increase of 50 N up to 400 N. Sample failure was detected by an

abrupt increase of the displacement or a force decrease. During the

tests, the samples were moistened by a gauze soaked in saline solu-

tion. Evaluation of in situ measured values was not performed.35

Another short-term method “step-stress accelerated life test” is

described by Freitas-Júnior et al. Here, a cyclic load is applied at 30%

of the quasistatic strength and gradually increased to 60%. Damage

accumulation and fractographic analyses are used to determine a fail-

ure probability as a function of load level and number of cycles.36

1.3 | Magnesium implants and stents

Bioresorbable magnesium implants are regarded as promising bioma-

terials of the future in surgically oriented fields of medicine.3 In addi-

tion to stents and screws, the development of degradable fracture

and reconstruction plates is the focus of efforts.37,38 Due to the low

corrosion resistance, magnesium dissolves in the aqueous environ-

ment of the human body, so that a second surgery for removal is not

necessary. The intense and partial non-uniform corrosion behavior

with release of hydrogen gas of magnesium alloys in a physiological

environment proves to be a challenge in clinical use.39,40 In this con-

text, the decrease in cross-sectional area and the formation of corro-

sion scars lead to a significant decrease in mechanical stability.6,41,42

Despite these limitations, only a few studies exist on the corrosion
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fatigue behavior of biomedical magnesium systems. The existing studies

can be divided into uniaxial and multiaxial cyclic loading. Multiaxial load-

ing includes rotating bending43 and three- or four-point bending

tests.44 Due to the loading type in this article, the focus will be on uni-

axial loading studies. The majority of these studies use a stress ratio of

R = �1, a frequency of f = 10 Hz, and a maximum number of cycles

between Nf = 5 � 105 and 107.45–47 To determine the corrosion

fatigue strength, CAT are performed at different stress levels until Nf is

reached.45,47–49 Superimposing with corrosive load results in a signifi-

cant decrease in fatigue properties. The studies attribute this to differ-

ent damage mechanisms: Bias et al. relate this to stress concentrations

and thus favored corrosive attack between the different phases,45 Gu

et al. attribute this to extrusions and intrusions, which are preferentially

corrosively attacked.46 Han et al. describe damage to the corrosion

layer under cyclic loading, resulting in corrosion scars at the damaged

areas.50 Other studies mention hydrogen embrittlement at the crack tip

and thus accelerated crack propagation. A common feature between all

studies is the occurrence of localized corrosion effects, which promote

crack initiation and lead to premature failure.49,51

Due to their individual geometry, magnesium stents are described

in a separate section, although the general statements about magne-

sium remain valid. Stents are often used in angioplasty surgeries for

artery and, less frequently, vein support and to avoid early arterial

recoil.52 Permanent stents increase the risk of long-term complica-

tions such as stent restenosis.53 To determine and evaluate the

mechanical properties of bioresorbable magnesium stents, mainly

quasistatic tensile tests with54 or without pre-corrosion are per-

formed. These results are often used to validate finite element simula-

tion.55,56 Few studies exist on the experimental determination of

corrosion fatigue properties, whereas recent studies address the simu-

lation of these properties.57,58 Other studies use a simplified approach

and examine wires in strain- or displacement-controlled bending59 or

rotating-bending tests.60 Analogous to the damage mechanisms

described previously, the decrease in fatigue properties was accompa-

nied by the formation of localized corrosion.

It can be concluded that there are no or hardly any studies on

fatigue behavior for the different implant materials. Testing under

application-oriented in vitro conditions is even less frequently consid-

ered. A systematic in vitro short-term test method with in situ detec-

tion and subsequent evaluation of the material reaction for implant

materials is not known to the authors. Therefore, this review article

presents the application and verification of such a method on the

example of bioresorbable magnesium as well as permanent UHMWPE

and titanium implants, which could be transferred to various other

implant materials in the future.

2 | MATERIALS AND METHODS

The general experimental set-up of the corrosion fatigue tests is simi-

lar and is adaptable to the respective loading case (Figure 1A). A simu-

lated body fluid (SBF) is temperature-controlled by an external heat

source and pumped via a peristaltic pump to the corrosion cell. The

clamping of the specimen or compression dies for force transmission

is adapted to the respective application (Figure 1B–E). As monitoring,

the control unit of the testing system records measurement data dur-

ing the tests. Further information on the experimental set-ups is given

in the respective subchapters.

2.1 | Magnesium implants

The magnesium alloy WE43 (yttrium, rare earth [RE]) was produced

via the process route of laser powder bed fusion using three different

F IGURE 1 (A) General experimental set-up for in vitro experiments with: (B) additively manufactured magnesium (standard geometry);
(C) magnesium stents; (D) UHMWPE (standard geometry); (E) titanium abutments. UHMWPE, ultra-high molecular weight polyethylene

900 WEGNER ET AL.
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parameter sets (Table 1). Constant laser power was applied

PL = 100 W, whereas the hatch distance dH, scanning speed vS, layer

thickness t, and exposure were varied. As specimen geometry, cylin-

ders according to the German standard DIN 50106 (diameter

d0 = 7 mm, height h0 = 10.5 mm) were chosen, for fatigue tests, the

front surfaces were polished plane-parallel to 5.5 μm. For corrosion

tests, the samples were cold-embedded and polished with water-free

diamond suspension up to 1 μm.

The macrostructure of the initial condition (i.c.) was deter-

mined by μ-computed tomography (μCT, XT H 160, Nikon Metrol-

ogy NV, Leuven, Belgium). Immersion tests were carried out on the

embedded samples using a SBF at 37�C according to Kokubo61 in a

double-walled corrosion cell with detection of the hydrogen

volume produced. Based on these results, two batches were

selected for the (corrosion) fatigue tests. CAT were performed

with a stress ratio of R = 10 (compression-compression loading), a

sinusoidal stress-time function, a test frequency of f = 10 Hz in

SBF at 37�C and as a reference in air at room temperature (RT, 21

± 0.5�C) using a servo-hydraulic testing system (Fmax = ± 45 kN,

Schenck PC 63 M, Instron, Norwood, USA), which is equipped with

an Instron 8800 controller. Inconel compression dies with tungsten

carbide cobalt plates were used to apply the load, and a corrosion

cell with a thermostat as well as a peristaltic pump was used to

simulate the physiological conditions (Figure 1A,B). Fatigue tests

were carried out until failure or stopped after a maximum number

of cycles of Nlimit = 2�106.

2.2 | Magnesium stents

The magnesium alloy WE43 was also used for the stents with an inner

diameter of di = 1.4 mm and an outer diameter of do = 1.8 mm. These

values were used to calculate the stress, assuming a hollow cylinder.

CAT were carried out at different stress levels with a sinusoidal

stress-time function at a stress ratio of R = 0.1 (tension-tension load-

ing) and a frequency of f = 20 Hz. The stents were clamped via an

adapted clamping chuck (Figure 1C and Figure 4A) in a magnetic micro

testing system (Fmax = ±500 N, MMT-500NV-10, Shimadzu, Duisburg,

Germany). Analogous to Section 2.1, the experiments were performed in

a SBF at 37�C61 and as a reference in air at RT. The fluid was tempered

using a heating plate with an internal control circuit and circulated

through the stent by a peristaltic pump. The maximum number of cycles

was set to Nlimit = 107.

2.3 | Titanium abutments

The abutments were manufactured from titanium Grades 4 and 5 in

the form of a cheek and anterior tooth. The experimental set-up was

based on the German standard DIN EN ISO 14801. The threads

were embedded in a polymer mass and fixed in a two-part device

(Figure 1A,E), so that the compression loading was applied through a

compression die under an angle of 30� ± 2� by a servo-hydraulic

testing machine (Fmax = ±20 kN, EHF-LV20, Shimadzu, Duisburg,

Germany). Fatigue tests were performed at RT (21 ± 0.5�C) in a

minimum essential medium and in air for reference. For all fatigue

tests, a sinusoidal load-time function at a load ratio of R = 10 (com-

pression-compression loading) and a frequency of f = 5 Hz was

used. The multiple amplitude tests (MAT) started at a force of

Fmax,start = 0.4 kN that was increased by ΔFmax = 0.2 kN every

ΔN = 103 cycles. Based on the MAT results, load levels for CAT

were selected. For CAT, a maximum number of cycles Nlimit

= 2 � 106 was used.

2.4 | UHMWPE implants

The UHMWPE bulk material (Mass average molar mass of Mw

= 5 � 106 g/mol, PJSC “Kazanorgsintez,” Kazan, Russia) was pro-

duced by thermopressing at a temperature of 180�C and a pressure of

70 MPa (according to Reference 7), from which rectangular prisms

(10 � 4 � 10 mm3) were milled in accordance with DIN EN ISO 604.

In order to reduce deviations in subsequent tests, the side surfaces

were grounded to an average surface roughness of Ra < 0.3 μm.

Fatigue tests were performed on a servo-hydraulic testing system

(Fmax = ±25 kN, Mmax = ±200 Nm, Bionix 858, MTS, Berlin, Germany)

with a stress ratio of R = 10 (compression-compression loading), a

sinusoidal stress-time function, and a frequency of f = 5 Hz. For MAT,

the initial stress was set to σmax,start = 7.5 MPa and was increased by

Δσmax = 2.5 MPa every ΔN = 104 cycles. During the tests, nominal

stress–strain hystereses (sampling frequency fS = 1000 Hz) were

recorded, on which basis different characteristic values were evalu-

ated to determine the stress levels for CAT. Tests were executed in

two different environments, to simulate physiological conditions a

SBF according to Kokubo et al.61 at a temperature of 37�C and as a

reference air at RT (21 ± 0.5�C). Compression dies were used to apply

the load, and a corrosion cell with a thermostat as well as a peristaltic

pump was used to simulate the physiological conditions (Figure 1D

and Figure 7A). A maximum number of cycles of Nlimit = 2 � 106

cycles was defined as a run-out for CAT. A nominal compressive

strain of εc,max = 20% was used as failure criterion based on previ-

ously performed quasistatic compression tests. Both, in the i.c. and

after mechanical loading, the samples were examined utilizing hard-

ness measurements and infrared spectroscopy.

To determine the micromechanical properties, hardness measure-

ments with an indentation depth of h = 10 μm were carried out on a

dynamic ultra-micro-hardness testing system (DUH 211, Shimadzu,

Duisburg, Germany). For each sample and condition, three measure-

ments were performed, averaged and the change in Martens hardness

TABLE 1 Parameter sets for L-PBF process

Batch

dH
(μm)

vs
(mm/s)

t

(μm) Exposure

Grain size

(μm)a

A 15 1000 50 Single 1.74

B 110 300 30 Single 1.44

C 100 450 50 Double 1.44

aMeasured with a scanning electron microscope (SEM, Mira 3 XMU,

Tescan, Dortmund, Germany).

Abbreviation: L-PBF, laser powder bed fusion.
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ΔHMCAT after mechanical loading was calculated in relation to the ini-

tial value HM0. The chemical composition was investigated by

Fourier-transform infrared (FTIR) spectroscopy (IRTracer-100,

Shimadzu, Duisburg, Germany) equipped with an ATR module (attenu-

ated total reflectance, Germanium). The wavenumber ν interval from

3600 to 400 cm�1 was characterized by 20 scans per sample and a

resolution of 2 cm�1. The spectra were evaluated using the

corresponding software LabSolutionsIR and afterward normalized via

Origin 2018, so that experimental configurations between sample and

equipment can be minimized.

3 | RESULTS

3.1 | Magnesium implants

In the following, selected experimental results regarding the cyclic

deformation behavior of the additively manufactured magnesium alloy

WE43 are highlighted to demonstrate the reliability of the in vitro

short-time testing method proposed. The complete experimental

results were published in References 62,63.

The results of the macroscopic structural investigations using

μ-computed tomography (μCT) are shown in Figure 2 with the pore

density and sphericity S plotted over the equivalent pore diameter dp.

The sample volumes analyzed range from 318 mm3 (Batch A) to

335 mm3 (Batch B). Evaluation of the results shows that the pore dis-

tribution, as well as the size and shape, vary with changing process

parameters. Batch B reaches the maximum relative density >99.9%,

whereas A and C reach relative densities >99.5%. According to the

relative density, the pore densities for Batch A and C are at a higher

level than for Batch B (Figure 2A). To evaluate the influence of the

pore shape, the sphericity S as a function of the equivalent pore diam-

eter dp is also considered (Figure 2B). The sphericity decreases with

increasing dp, with Batch A and C reaching higher peak values with

S < 0.3 for dp = 1000 μm, whereas no pores with dp > 325 μm or

S < 0.3 could be detected for Batch B.

Figure 3A summarizes the results of the immersion tests. For all

three batches, the specific hydrogen volume VH2,spec shows a similar

qualitative course over the immersion time t. The corrosion rates are

determined from the linear slope of the regression curves and are

_mcorr =7.2�103mg/(cm2 a) for Batch A, 2.2�103mg/(cm2 a) for

Batch B, and 3.1�103mg/(cm2 a) for Batch C.

F IGURE 2 μCT results of (A) pore density and
(B) sphericity S as a function of the equivalent
pore diameter dp

63

F IGURE 3 Results of (A) immersion tests of
Batches A, B, C and (B) trend S–N curves for
Batches A and B in air (RT) and in SBF at 37�C62
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The results of the subsequent fatigue investigations (Batch A and

B) are summarized in Figure 3B with the maximum compressive stress

σmax plotted over the number of cycles to failure Nf. Particularly in the

low cycle fatigue (LCF) range, the tests in air show clear differences

between the two batches. For σmax = 450 MPa (Nf,B,RT = 35,979 and

Nf,A,RT = 10) and 400 MPa (Nf,B,RT = 102,848 and Nf,A,RT = 23,192),

Batch B achieves a higher number of cycles to failure. In contrast, the

differences in the high cycle fatigue (HCF) range are smaller, with run-

outs being achieved at σmax = 350 MPa (Batch B) and 375 MPa

(Batch A), with Batch A achieving Nf,A,RT = 1,522,777 for a further

maximum compressive stress of σmax = 350 MPa.

The tests in the SBF show a drastic decrease in fatigue proper-

ties for both batches. Compared to the tests in air, there is already a

decrease in the number of cycles to failure in the LCF range. In the

transition to the HCF range, the slope of both curves changes

to much lower number of cycles to failure. At the lowest σmax

(= 25 MPa) tested, number of cycles to failure of Nf,A,SBF = 527,390

and Nf,B,SBF = 691,729 are achieved, which are below the maximum

number of cycles Nlimit = 2 � 106 defined previously.

3.2 | Magnesium stents

The results of CAT are summarized in Figure 4B with the maximum

stress σmax plotted in semi-logarithmic application over the number of

cycles to failure Nf. The data points of the tests in air lie approximately

on a straight line in the semi-logarithmic plot. For σmax = 110 MPa, a

run-out is achieved at Nlimit = 107. The qualitative course of the tests

in the SBF is similar to the results of the additively manufactured mag-

nesium specimens in Section 3.1. The lowest tested maximum stress

is σmax = 10 MPa, for which a number of cycles to failure Nf,SBF

= 1,599,775 is achieved, which is far below Nlimit = 107.

3.3 | Titanium abutments

Figure 5 shows two exemplary results of MAT for titanium cheek

tooth Grade 4 (A) and Grade 5 (B). The maximum compressive load

Fmax is plotted as the controlled value and the maximum displacement

Δsmax as the measured value over the number of cycles N. The quali-

tative course of Δsmax is similar for both materials and increases grad-

ually with increasing load, whereas it takes on a degressive course

within one load step (Fmax = const.). The differences appear through a

higher displacement for Grade 4 at the same loads and through failure

at a higher maximum load Fmax for Grade 5 (Fmax,f,Gr4 = 2 kN and

Fmax,f,Gr5 = 2.6 kN). Failure for both materials is characterized by a

sudden increase in Δsmax.

Figure 6 summarizes the results of the CAT in the form of trend

S–N curves for titanium anterior (A) and cheek tooth (B). In a semi-

logarithmic plot, the maximum compressive load Fmax is plotted over

the number of cycles to failure Nf, with run-outs marked by an arrow

in the respective color. Within a tooth geometry, differences between

F IGURE 4 (A) Experimental set-
up for in vitro experiments with
magnesium stents; (B) trend S–N
curves for magnesium (WE43) stents
in air and in SBF at 37�C

F IGURE 5 Exemplary results of
multiple amplitude tests with visualization
of fatigue strength estimation for

(A) titanium Grade 4 cheek tooth and
(B) titanium Grade 5 cheek tooth
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Grade 4 and 5 as well as between the test conditions are observable.

For the anterior tooth, higher fatigue strengths for Grade 5 Fmax,fs,Gr5,

RT = 1 kN (Fmax,fs,Gr4,RT = 0.8 kN) as well as for the tests in air (Fmax,fs,

SBF = 0.4 kN, for both alloys) are shown. The fatigue strengths for the

different environmental conditions of Fmax,fs,Gr5,RT = 2 kN and Fmax,fs,

Gr5,SBF = 1.4 kN for Grade 5 and of Fmax,fs,Gr4,RT = 1.4 kN and Fmax,fs,

Gr4,SBF = 1.2 kN for Grade 4 are shown in this diagram.

3.4 | UHMWPE implants

In the following, selected experimental results regarding the fatigue

behavior of UHMWPE are highlighted to demonstrate the reliability

of the in vitro short-time testing method proposed. The complete

experimental results were published in References 64,65.

Figure 7B shows an example of a MAT in the SBF (37�C) on

UHMWPE. The maximum compressive stress σmax as a controlled var-

iable and as measured variables the maximum nominal compressive

strain εc,max, nominal loss energy density wc,L, and nominal strain

energy density wc,S (both calculated through hysteresis) are plotted

over the number of cycles N. The three measured variables show a

step-like course with increasing σmax, while the two hysteresis values

take a constant (for σmax ≤ 12.5 MPa) or regressive course (for

12.5 MPa < σmax ≤ 25 MPa) within one stress step, εc,max has a

degressive course within every stress step. As the specimen fails at

σmax = 27.5 MPa, the three characteristic values increase drastically.

Figure 8A summarizes the CAT results on UHMWPE in air at RT

and in SBF at 37�C. The maximum compressive stress σmax of each

CAT is plotted in semi-logarithmic application over the number of

cycles to failure Nf. Significant differences between the two testing

conditions are evident. For σmax = 25 MPa, there is a difference in the

number of cycles to failure of Nf,RT = 529,531 to Nf,SBF = 183,434.

Furthermore, for σmax = 20 MPa in air, a run-out is listed, whereas in

SBF a run-out is achieved for σmax = 15 MPa.

Figure 8B summarizes the results of the hardness measurements

after CAT (Figure 8A). The percentage change in Martens hardness

ΔHMCAT in relation to the initial value HM0 is plotted over the differ-

ent testing conditions, with each hardness value averaged from three

measurements. Dependencies can be seen for both the different

maximum compressive stresses σmax and the varying environmental

conditions. For σmax = 30 MPa the Martens hardness decreases to

71% of the initial value. In comparison to the tests in the SBF, differ-

ences of 8.4% for σmax = 25 MPa (RT 94.3%; SBF 85.9%) and 6.6%

for σmax = 20 MPa (RT: 95.6%; SBF: 89.0%) can be seen.

F IGURE 6 Trend S–N curves in air and in a
minimum essential medium for (A) titanium
anterior tooth and (B) titanium cheek tooth

F IGURE 7 (A) Experimental set-up for in vitro experiments with UHMWPE;64 (B) exemplary result of a multiple amplitude test on UHMWPE
in a simulated body fluid at 37�C.65 UHMWPE, ultra-high molecular weight polyethylene
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Figure 9 gives an overview of the FTIR spectroscopy scans before

and after CAT. The normalized absorbance A (arbitrary unit) is plotted

over the wavenumber ν. The scaling of the wavenumber allows the

consideration of all areas relevant for UHMWPE. In all subdiagrams

(i.c. and after CAT), the characteristic absorptions at 2915 cm�1

(νa, asymmetric) and 2847cm�1 (νs, symmetric) are caused by stretching

of the methylene groups ( C H2 ), at 1472 and 1463cm�1 by bend-

ing of the methylene and at 1369cm�1 by the methyl groups ( C H3).

Furthermore, the peak at 2022cm�1 is characteristic for twisting and at

730 cm�1 as well as 719 cm�1 for the rocking of the methyl groups.66–

69 Other absorptions are visible at 1576 and 1540cm�1, at 1740cm�1,

and a broader activity in the range of 970–770cm�1.

4 | DISCUSSION

4.1 | Magnesium implants

The differences in corrosion behavior can be attributed to the poros-

ity (Figure 2) and the slightly smaller grain size of Batch B (Table 1).

Due to the small grain size, a continuous network of alloying elements

forms over the entire sample, allowing it to act as a corrosion barrier.

This phenomenon can be observed for magnesium alloys with the

addition of RE elements. Furthermore, the addition of these elements

increases the grain refinement, thus, mutually reinforcing both

effects.70,71 Based on the micro-, macrostructural, and corrosion

investigations, Batches A and B were selected for the fatigue investi-

gations, as the greatest differences were assumed. As suspected, the

two selected batches show differences in fatigue behavior. These dif-

ferences can mainly be attributed to the pore/defect density, which,

according to Figure 2A, is higher for Batch A. In this context, the large,

elongated pores (cf. Figure 2B, high equivalent pore diameter dp and

low sphericity S) for Batch A are particularly worth mentioning.

For the tests in the SBF, differences to the tests in air are already

evident in the LCF range. Despite a shortened test duration and con-

sequently a shortened exposure time to the SBF in this range, the

number of cycles to failure is lower, although this decrease cannot be

exclusively justified by the corrosive influence due to very short test

durations of a few minutes. However, differences between the two

batches are also apparent, but these are insignificant and require statisti-

cal verification. Thus, it is hypothesized that the influence of corrosion is

dominant, as the differences in corrosion fatigue properties between the

two batches are small despite different porosity and corrosion properties.

Due to the increased surface roughness of the additively manufactured

specimens and the corrosion scars, multiple crack initiation is present, so

that the dominant damage mechanism cannot be determined without fur-

ther effort. It should be noted, however, that the tests were carried out at

constant technical stress, implying that the reduction in cross-section due

to the degradation is not taken into account.

Below σmax = 25 MPa, it was not possible to perform reproduc-

ible tests due to the calibration of the servo-hydraulic testing system

used. Thus, it was not possible to achieve the defined maximum num-

ber of cycles Nlimit. Nevertheless, a statement regarding the corrosion

fatigue strength of the additively manufactured magnesium specimens

can be made based on the study by Taylor.72 For human long bones,

the number of cycles to failure of Nf = 105 was achieved for cyclic

F IGURE 8 Exemplary results of
(A) constant amplitude tests (CAT) in the
form of trend S–N curves and (B) of the
change in Martens hardness ΔHMCAT

after mechanical loading in the CAT in
relation to the initial hardness HM0 of
UHMWPE.65 UHMWPE, ultra-high
molecular weight polyethylene

F IGURE 9 Exemplary results of Fourier-transform infrared
spectroscopy on UHMWPE in initial condition (i.c.) and for the scans
after mechanical loading in a constant amplitude test (CAT). The
absorptions entered in the diagram are marked in black, all others in
red. UHMWPE, ultra-high molecular weight polyethylene
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stresses of 23–30 MPa, so that the results for 25 MPa (Nf,A,SBF

= 527,390 and Nf,B,SBF = 691,729), achieved in this study, are sufficient.

A comparison with current literature is difficult since there are only a few

studies on the corrosion fatigue behavior of magnesium in SBF. The few

studies that do exist use different test conditions or different alloys. The

authors are not aware of any studies on additively manufactured magne-

sium with these testing conditions. Studies investigating the influence of

pre-corrosion on fatigue properties are not comparable due to different

damage mechanisms.51 Other studies used a stress ratio of R = �1

(fully-reversed loading) and a test frequency of f = 10 Hz in which a

strong decrease in fatigue strength and a change in crack initiation from

structural defects to corrosion scars were also observed.45–47

4.2 | Magnesium stents

The results of the fatigue and corrosion fatigue tests (Figure 4B) of the

magnesium stents are to be interpreted in a similar way as in Section 4.1.

Even for low numbers of cycles and thus for short test durations, signifi-

cant differences to the reference tests in air become apparent due to the

corrosive loading. With increasing test time in the HCF range, the fatigue

properties decrease drastically, indicating a dominant corrosive influence.

Due to the calibration of the testing system, it was not possible to test at

lower maximum stresses than σmax < 25 MPa and thus to achieve the

defined maximum number of cycles Nlimit = 107. A comparison with the

current literature is not possible due to the lack of comparable studies.

4.3 | Titanium abutments

In contrast to the magnesium implants and stents, the titanium abut-

ments used the principle of a MAT. Based on these results the load

steps of the CAT were designed. When considering the maximum dis-

placement (Figure 5) at the end of the respective load steps, a linear

relationship results. For Grade 4 the displacement leaves this relation-

ship at Fmax = 1.6 kN and for Grade 5 at Fmax = 2 kN (green bars),

assuming damage initiation at these load steps and using these values

for the following CAT. Based on the results of the CAT (Figure 6) it

can be concluded that despite the good corrosion resistance of tita-

nium alloys,73 that definitely there is a corrosion influence on the

fatigue properties. These findings can be made for the anterior and

cheek tooth geometry, confirming the findings from MAT. The differ-

ences between the two alloys are due to the strength-increasing

effect of the alloying elements and consistent with the literature.73

Furthermore, significant differences between the two tooth geome-

tries are recognizable, which can be explained by differences in cross-

section and, consequently, by different applied stresses.

4.4 | UHMWPE implants

For UHMWPE, the MAT is evaluated as described in Section 4.3. If

the maximum values at the beginning of each stress step are

considered (Figure 7B), a linear relationship results. This correlation no

longer applies to the three characteristic values from the fourth stress

step σmax = 15 MPa (green bar) onwards, so that damage initiation is

expected and this maximum compressive stress is used to design the

following CAT. The differences in fatigue behavior (Figure 8A)

between the tests in SBF at 37�C and the reference tests in air at RT

can be explained by the temperature-dependent properties of semi-

crystalline thermoplastics. At higher temperatures, the mobility of the

macromolecules increases whereas the resistance to mechanical

deformation consequently decreases. According to Pampillo and

Davis74 and Kurtz et al.,10 the properties of UHMWPE are in a linear

relationship for temperatures between 0 and 60�C and decrease with

increasing temperature. A correlation of the fatigue results with

corresponding literature is difficult due to different experimental pro-

cedures and parameters. In the rarest of cases, testing was carried out

in a body-like fluid. Comparable studies, which used at least a fluid,

tested either under different stress ratios R, with different numbers of

cycles to failure Nf or with different failure criteria. For example,

Sobieraj et al. used Nf = 250,000 and R = 0.04–0.05 and Urriés et al.

used 12% yield strain as failure criterion and R = 0. Within these two

studies, fatigue strengths of Δσ = 20.34 and 22.70 MPa,20 as well as

20 MPa,22 were determined. The correlations of the hardness values

(Figure 8B) after mechanical loading in CAT can be explained by the

semi-crystalline structure of UHMWPE.10 For lower stresses (HCF)

mainly the amorphous phase is deformed, whereas at higher stresses

(LCF) both phases (i.e., also the crystalline) are deformed.78,79 As the

mobility of the amorphous phase in particular increases with rising

temperature, the resistance to mechanical stress decreases.75

For the results of the FTIR spectroscopy measurements, the

smaller absorptions at 1576 and 1540 cm�1 are probably due to con-

tamination and at 1740 cm�1 due to ester structures.66,67,76 The

broad activity in the range of 970–770 cm�1 probably characterizes

the presence of a vinyl double bond (bending of C H) occurring dur-

ing the rupture of the macromolecules so that the latter two peaks

represent oxidative (ester) and mechanical (vinyl) damage to the

microstructure.10,67,76,77 Based on the spectra, no correlation can be

observed between increasing mechanical stress or exposure of the

medium with the variation of the absorptions. Thus, the loss in

mechanical stability is dominantly attributed to the influence of tem-

perature.10,76

5 | CONCLUSIONS

The results of novel adaptable short-time in vitro testing procedures

performed on four different implants allow several conclusions. A basic

test rig was developed, which can be adapted according to the material

class, implant geometry, and loading type to suit the particular applica-

tion conditions. The results of all test procedures show that fatigue

tests in air are not sufficient to characterize the application-relevant

fatigue properties of implant materials, since the superposition of SBF

was accompanied by a drastic decrease in fatigue properties, regardless

of whether the implant is bioresorbable or permanent. In situ and ex
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situ measuring equipment was used, which was adapted to the circum-

stances of the respective material to obtain a holistic understanding of

the present damage mechanisms.

It was highlighted that the presented short-time testing method

could be used to successfully estimate the fatigue strength of

UHMWPE and titanium abutments while at the same time reducing

the number of CAT, which were typically necessary to determine the

fatigue strength of additively manufactured magnesium samples (stan-

dardized geometry) and the magnesium stents.

By means of the developed in vitro short-time testing method,

new implant systems, independent of material or geometry, can be

tested in a time-efficient manner and thus unsuitable implants can be

excluded before further clinical investigations. For additional qualifica-

tion of the method, besides the statistical validation of the results, a

further adjustment of the testing conditions to the in vivo environ-

ment is required, for example, by also being able to observe cellular

processes.

Especially for bioresorbable materials, a longer loading period

must be considered, so that the fatigue behavior can be evaluated

with progressive degradation in the human body. For the long periods

as well as the adapted environmental conditions, the development of

integrable bioreactors is necessary to assure sterility in a mechanical

test set-up. For permanent implants and the corresponding field of

application, the investigation of very high cycle numbers, which reflect

a service life of several years, also plays a central role. Therefore, the

fatigue properties with and without corrosive loading in the very HCF

(VHCF) range are to be investigated in detail in the future.
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