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Abstract

Mechanical surface treatments have a long history in traditional engineering disciplines,

such as the automotive or aerospace industries. Today, they are widely applied to metal

components to increase the mechanical performance of these. However, their application in

the medical field is rather rare. The present study aims to compare the potential of relevant

mechanical surface treatments on the high cycle fatigue (R = 0.1 for a maximum of 10 mil-

lion cycles) performance of a Ti6Al4V standard alloy for orthopedic, spinal, dental and trau-

ma surgical implants: shot peening, deep rolling, ultrasonic shot peening and laser shock

peening. Hour-glass shaped Ti6Al4V specimens were treated and analyzed with regard to

the material’s microstructure, microhardness, residual stress depth profiles and the me-

chanical behavior during fatigue testing. All treatments introduced substantial compressive

residual stresses and exhibited considerable potential for increasing fatigue performance

from 10% to 17.2% after laser shock peening compared to non-treated samples. It is as-

sumed that final mechanical surface treatments may also increase fretting wear resistance

in the modular connection of total hip and knee replacements.

Introduction

Titanium as an engineering material was first extracted to a relevant extent in the early decades

of the 20th century from mineral sources by new metallurgy and has, since then, been used for

military applications in particular. Some years later between the First and SecondWorld Wars,

orthopedic surgeons reported early satisfactory results regarding the material’s strength and

corrosion resistance [1]. During the 1950s and 1960s, Leventhal and Brånemark called for its

use in medical implants, as they described titanium’s superior ability to avoid corrosion within

the human body and the phenomena of osseointegration [2, 3]. Today, titanium and its alloys

are the standard biomaterials for medical long-term applications, especially those that require

bony ingrowth for fixation of the implant material. This is not only due to its superior biocom-

patibility compared to other metals, but also to the relatively high mechanical strength that

makes it suitable for load-bearing applications, e.g. cementless orthopedic prostheses, dental

and trauma surgery implants, such as plates, screws or intramedullary nails.
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Besides the medical device alerts and recalls issued by the U.S. Food and Drug Administra-

tion (FDA) following an unexpected high failure rate of specific implant systems, there are sev-

eral cases in literature that have reported fractured titanium or titanium alloy components

(Fig 1), even though overall long-term results of these implants are still very good [4–15].

These failures are mainly due to the highly challenging boundary conditions for implant de-

signers. Realization of the implant’s function, within the naturally limited space that is available

for implantation, is often linked to a sophisticated design and modular set-up, which further af-

fects overall implant strength. Besides the need for additional surgical intervention, implant

failure remains a very painful and traumatic experience for the patient. In most cases, a metal

fracture is accompanied by a certain bony defect followed by a complex surgical reconstruction

and rehabilitation procedure.

Statistical evaluations on the concrete number of implant fractures have not been reported

in the literature so far. However, national registry data for hip and knee arthroplasty are avail-

able that differentiate between fractures occurring in the periprosthetic bone and those of the

implant material, e.g. the stem of a cementless endoprostheses [16, 17]. Even though the data

does not always explicitly indicate which component is affected, the total number of revisions

due to metallic failure is less than 1%. The overall survival rates of implant systems for trauma,

dental or spine surgery are not available. Although the total number of failed implants of one

system may be small, implant fracture always has an economic effect: restricted use of such a

system up to the system’s recall from the market followed by legal consequences and an adverse

impact in terms of image for the manufacturer.

Most frequently, failure takes place as a result of high tensile stresses at the surface or

around notches, e.g. drill holes in intramedullary nails or plates [18]. Exceeding the critical

stress within the thin (1.8–17 nm) titanium dioxide (TiO2) surface layer may lead to small, su-

perficial micro cracks followed by a fast repassivation [19]. This effect takes place continuously

and may even be promoted by the corrosive environment (oxidative wear). In that context, it is

known that physiological loading induces unexpected, high cyclic maximum stresses during

daily activities [20]. This should be far below the material’s critical strength, but may become

relevant after a high total number of cycles over its lifetime (high cycle fatigue, HCF). Even

the microcracks within the material, which grow at slow per-cycle velocities (about 10–10 to

10–9 m/cycle), can propagate to failure throughout course of the implant’s lifetime [21].

Implant modularity was first introduced for total hip replacements by the Russian orthope-

dic surgeon Konstantin Sivash in the 1960s and it became more popular towards the end of the

century (S-ROM, DePuy Orthopaedics Inc., Warsaw, Indiana, USA) [22, 23]. Today, there are

a large number of primary and revision implant systems which follow the concept of modulari-

ty, reducing stock holding and increasing surgeons’ options during implantation. In that con-

text, unexpected high fracture rates were reported for some implant systems which failed due

to increased fretting corrosion at the modular interface [4, 24, 25]. Due to micromotions within

the crevice of a taper junction, the thin TiO2 layer repeatedly fractures and repassivates. The

TiO2 layer consequently consumes oxygen resulting in a local decrease of the pH value and an

increase in chloride content [26]. These conditions further promote crevice corrosion as repas-

sivation is locally inhibited.

From a practical point of view and so that the increased demands of patients can be ad-

dressed, implant manufacturers must ask themselves what they can do to increase the fatigue

strength of their components. This applies, in particular, to those that have a sophisticated de-

sign based on their function: (a) Patient: the external load on the implant may be decreased,

e.g. by using crutches, which has a direct impact on the patient’s quality of life and is clearly

not a permanent solution. (b) Design: the implant’s design may be altered to avoid high stress

peaks within the material, e.g. by reducing sharp edges. This approach is particularly important
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Fig 1. Example of Ti6Al4V implant failure in cementless total hip prosthesis [4].

doi:10.1371/journal.pone.0121963.g001
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when using titanium or titanium alloys as a notch sensitive material, but it is also limited by the

available space and the implant’s function. (c)Material: according to the field of application,

new high-strength materials may be applied, e.g. high-alloyed steels such as CoCrMo. Howev-

er, they must not only withstand high stresses but also must be appropriate in terms of biocom-

patibility. In many cases, such as cementless arthroplasty, titanium and its alloys are the only

standard material with suitable clinical long-term results. This is certainly the reference materi-

al for further developments, such as new titanium based alloys or carbon fiber reinforced

PEEK [27]. (d) Final surface modifications: beside thermal treatments, mechanical surface

treatments enhance the fatigue and cyclic deformation behavior of titanium alloys and have al-

ready been applied in parts within the scope of biomedical applications [28, 29]. From other

engineering disciplines, they are known to strengthen the substrate without changing the mate-

rial’s composition [30]. The overall positive effect of the mechanical surface treatments on the

fatigue endurance can be associated with the work hardening, i.e. the high dislocation densities

and the compressive residual stresses induced in the near surface areas by the post-treatment

process. Furthermore, mechanical surface treatments may create nanocrystalline layers at the

top surface that are characterized by their outstanding strength. The phenomenon of surface

nanocrystallization is related to severe plastic deformation which is—beside the material state

prior to the mechanical post treatment—predominantly affected by the strain induced by the

mechanical impact and the repetitive deformation (coverage) [31]. Various mechanical surface

treatments have been proposed for surface nanocrystallization as e.g. conventional shot peen-

ing and deep rolling or air blast shot peening and ultrasonic shot peening [32, 33]. However,

the generation and the analysis are outside the scope of our work presented here and hence will

not be further discussed.

For transferring the established mechanical surface treatments to medical applications, cor-

rosion cracking and fretting fatigue under a corrosive environment will be of special interest.

In this respect mechanical surface treatments are well known for their beneficial impact. Crack-

ing fatigue can be sustainably improved by means of mechanical surface treatments that pre-

vent stress corrosion cracking, e.g. for shot peening of austenitic stainless steels [34]. For

aviation applications, Lee et al. reported about the improvement of fretting fatigue behavior of

shot-peened Ti6Al4V under sea water environment compared to the unpeened state [35].

Here, the compressive residual stresses induced by the shot peening are considered to be the

major reason for the enhanced corrosion fatigue behavior.

To date, mechanical surface treatments are not a standard procedure for the improvement

of mechanically critical implant parts, even though their potential might be high. This fact has

several practical reasons: on one hand, the know-how of such a treatment is held by specialized

manufacturers and the process parameters are kept strictly under lock and key. On the other

hand, the reproducible outcome of such a treatment is not only dependent on the material

used, but also on the handling and experience of the operator. This is why most implant manu-

facturers do not have direct access to this technology. However, there are some revision hip re-

placement systems which are put under a final shot peening or deep rolling step in the

manufacturing process [28, 29]. Therefore the aim of this study was to give a substantial and

practical overview and comparison on relevant mechanical treatments for medical applications

of the titanium standard alloy, Ti6Al4V, in terms of fatigue strengths. With the process special-

izations in mind, the appropriate parameter choice for each treatment was up to the empirical

experience of the industrial operators which is, in the authors’ opinion, the most practical

approach.
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Materials and Methods

Hour-glass shaped rotationally symmetric fatigue specimens with a minimal diameter of 10

mm at the relieved middle section were machined from a Ti6Al4V bar according to ISO 5832–

3. The material composition is given in Table 1.

To remove all residual stresses introduced during turning and milling, all specimens were

subjected to an annealing process at 620°C for 10 hours in an inert nitrogen environment

(Table 2). Subsequently, they were bated in a 20 vol.-% nitric acid overnight at 60°C to remove

the burnt layer.

Four different typical mechanical surface treatments were applied to introduce high com-

pressive residual stresses at the surface (Fig 2). They were chosen from available processes as a

result of their applicability to orthopedic implants. The parameters were chosen according to

the manufacturers’ expertise in that field and with respect to the Ti6Al4V material’s state. The

results of all treatments were compared to the ‘as annealed’ condition after annealing

and bating.

a. Shot peening (SP) (Fig 2A): A directed beam of the blasting material is fired on the speci-

men’s surface which is slowly rotated. The impacting beads locally deform the substrate at

the surface introducing compressive residual stresses. Here, a combined two-step peening

process is used which is identical to the application on hip revision systems and serves as a

peening reference regarding fatigue performance of the other treatments.

Step 1: high-intensity, cut-wire peening (SSCW 0.4 / d = 400 μm / Almen intensity

0.012”A / coverage = 200%)

Step 2: low-intensity cleaning process using glass blasting medium to remove contamina-

tions from the cut-wire (GP 60 / d = 60–150 μm / Almen intensity 0.006”N / coverage =

125%)

b. Deep rolling (DR) (Fig 2B): A tool consisting of a ball or roller at the end is moved across

the work piece’s surface while applying an axial force in a conventional turning machine.

Under the high contact stresses, the material starts to flow and smoothens the surface while

introducing residual compressive stresses. The specimens were treated with an HG6 tool

Table 1. Chemical composition according to ISO 5832–3 and the investigated Ti6Al4V specimens.

Element (wt.-%) C V Al O N H Fe Ti

ISO 5832–3 Min 3.5 5.5

Max 0.08 4.5 6.75 0.2 0.05 0.015 0.3 Rest

Specimens (present study) 0.003 3.97 6.2 0.16 0.01 0.002 0.12 Rest

doi:10.1371/journal.pone.0121963.t001

Table 2. Annealing process.

Annealing step Parameter

Starting temperature 40°C

Heating-up rate 44.6°C/h

Holding temperature 620°C

Exposure time after soaking 10 h

Cooling rate 17.4°C/h

Final temperature 100°C

Processes take place under an inert nitrogen atmosphere

doi:10.1371/journal.pone.0121963.t002
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(hard material sphere, d = 6 mm) (Ecoroll AG, Celle, Germany) in a conventional turning

machine (speed = 530 rpm, feed rate = 0.1 mm/rev) at a pressure of 300 bar.

c. Ultrasonic shot peening (US-SP) (Fig 2C): The principle of impacting beads and deforma-

tion of the substrate’s surface follows the classical shot peening process. The difference lies

in how the ceramic beads (d = 1.0–1.2 mm, hardness = 1200 HV) are applied. This is carried

out by a closed acoustic block where the beads are placed under an ultrasonic frequency

(amplitude = 80 μm, peening intensity = F20.12A) for 120 seconds, forming a ‘bead gas’. Dur-

ing application, the treated specimen is slowly rotated (speed = 3 rpm, coverage> 125%).

d. Laser shock peening (LSP) (Fig 2D): Generally, the substrate to be treated is covered with

an opaque ablative layer (black paint) prior to the treatment. Here, no ablative layer is used

to decrease and adapt the process’ impact to the small cross-section of the specimens. A

high-energy laser (spot size = 3x3 mm, performance = 10 GW/cm2, pulse length = 8 ns,

coverage = 100%) is fired to generate an expanding plasma which applies pressure pulses of

about one million pounds per square inch, sending shock waves through the specimen. In a

final step, a shot peening cleaning process using glass beads (same as for the combined shot

peening process (a.)) is applied to remove burnt residuals from the laser application.

To determine the effect of the mechanical surface treatments, the microstructure of the

cross-section’s near-surface region was analyzed using a light microscope (Axiovert 200 MAT,

Zeiss, Jena, Germany) at magnifications of up to 1000x. Etching was carried out according to

Kroll and Weck [36]. On the same cross-sections, Vickers hardness measurements (test

load = 25 g, dwell time = 15 s) were performed at different depths according to DIN EN ISO

6507–1 (Shimadzu HV-2000, Columbia, USA). The hardness tests were carried out on the

cross-section using a distance between adjacent indentations of 40 μm to determine a hardness

depth distribution with sufficient statistics (Fig 3).

Roughness measurements (Ra, Rz) on the treated surfaces were performed four times at dif-

ferent locations on each specimen (MahrPerthometer M2, Germany) and compared to the un-

treated (as annealed) condition. Measurements were carried out according to ISO 4287 (Ra,

Rz) and ISO 4288 (cut-off length and length of measurement).

After each treatment, one specimen was used for the determination of residual stress depth

profiles. This was realized by an iterative electrochemical layer removal and X-ray diffraction

stress analysis on the newly generated surfaces. X-ray stress analysis was carried out with a dif-

fractometer (XRD3000 PTS, Rich. Seifert Ltd., Germany) on the {114} planes of the α-titanium

Fig 2. Investigated surface treatments: (a) shot peening (SP); (b) deep rolling (DR); (c) ultrasonic shot peening (US-SP); (d) laser shock peening
(LSP).

doi:10.1371/journal.pone.0121963.g002
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phase using Fe-filtered Co-Kα radiation according to the sin2ψ-method and the diffraction

elastic constants (DEC) ½s2 = 11,01 10–6 MPa-1ans s1 = -2,61 10–6 MPa-1 (calculated according

to Kröner model) [37]. 13 different tilt angles between -60°< ψ< 60° with step sizes being

equidistant to sin2ψ were applied. The region irradiated by the X-ray beam was defined by a

pinhole collimator with a nominal diameter of 1 mm. A secondary aperture with a 2.5 mm

wide symmetrizing slit according to Wolfstieg was used [38]. The residual stresses were deter-

mined in axial (along the specimen) and transversal (tangential) directions. In terms of a depth

analysis, a circular area with a diameter of approximately 10 mm was electrochemically re-

moved before each measurement using the A3 electrolyte (Struers A/S, Denmark) consisting of

70% methanol, 10% 2-butoxyethanol, 3% perchloric acid and 17% water. Stress relaxation and

redistribution due to material removal were neglected during stress calculation. The fitting of

the X-ray interference lines was carried out using a Pearson VII function.

Finally, specimens were subjected to a destructive fatigue testing at different load levels

using a single-station servo-hydraulic uniaxial test machine (Bosch Rexroth, Germany) with

lateral force compensation (Fig 4). A constant axial load ratio R = Fmax/Fmin of 0.1 was used

while tests were run under pulsating conditions (pure bending) at 10 Hz for a maximum of 107

Fig 3. Microhardnessmeasurement distributions in the cross-section.

doi:10.1371/journal.pone.0121963.g003

Fig 4. Setup for fatigue testing up to 107 cycles.

doi:10.1371/journal.pone.0121963.g004
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cycles (high-cycle fatigue testing) or until fracture occurred (as annealed: n = 16; SP: n = 12;

DR: n = 10; US-SP: n = 10; LSP: n = 11).

Results

The microstructure analyses indicate that after the stress relief heat treatment, the material

shows a bimodal structure consisting of α+β-phases (Fig 5). The white-brownish regions indi-

cate a pure α -phase while the gray-bluish regions indicate the α +β two-phase regions. A

change of the microstructure due to the subsequent mechanical surface treatments was not ob-

served for any of the samples.

However, the Kroll &Weck etchant revealed that a 5 μm thick layer appears directly at the

surface. This can be assigned to a so called α -case (hard and brittle surface layer) which might

be built during the annealing treatment. Obviously, the bating process was not sufficient

enough to remove the layer completely. The α -case is sensitive to crack initiation and might

reduce the lifetime endurance. Due to the fact that this is the initial condition for all applied

mechanical surface treatments and that the benefit of the treatment and their relative diver-

gences are of further relevance, the thin α -case layer has no significant impact on the results.

As expected, the X-ray stress analysis results show no residual stresses after annealing and bat-

ing, representing the initial condition prior to the various mechanical treatments (Fig 6). How-

ever, the residual stress values at the utmost surface reflects the values for the α -case layer.

Residual stresses due to mechanical treatment are introduced as a superposition of plastic de-

formation and Hertzian stresses. The residual stress depth profiles show clear differences be-

tween the various mechanical surface treatments regarding the maximum residual stresses and

the penetration depth. While the deep rolling process introduces very high compressive residu-

al stresses (> 1,200 MPa) in the axial direction near the surface, other treatments show compa-

rable maximal residual stresses around 800 MPa. As expected, the deep rolling results in a

residual stress state that strongly depends on the rolling direction, meaning that much higher

compressive residual stresses are induced in axial direction compared to the tangential direc-

tion. Shot peening and laser shot peening result in slightly higher compressive residual stresses

in the axial direction for near-surface regions. Only for ultrasonic shot peening was an orienta-

tion-independent residual stress state determined. Based on the coverage of the compressively

stressed region for laser shock peening of Ti6Al4V using the process parameters chosen by the

executing company, the highest range exceeding depth of 1.6 mm was determined. In case of

the deep rolling process, depths of about 600 μm are observed. However, shot peening and

Fig 5. Micrograph of the cross section of the ultrasonic shot peened sample, Kroll &Weck etchant. Left: surface near region with indication of a thin α-
case at the very surface (A), right: core of the sample with α -phase (B) and α +β-phase (C).

doi:10.1371/journal.pone.0121963.g005

Mechanical Surface Treatments Für Medical Ti6Al4V Alloy

PLOS ONE | DOI:10.1371/journal.pone.0121963 March 30, 2015 8 / 15



ultrasonic shot peening result in the lowest coverages of the compressive residual stresses of

about 200 μm for both treatments.

The statements made for the coverage of the compressive residual stresses are underlined by

the course of the average full width at half maximum values (FWHM) of the X-ray diffraction

profiles (Fig 7). Using the identical measurement set-up for the comparative X-ray analysis, the

change of the average FWHM values of the analyzed X-ray interference profiles can be used as

a measure of the cold forming induced by the mechanical surface treatment. Apart from the in-

strument effect, the peak broadening reflects the average size of the coherent scattering regions.

Here the change in the peak width is, in most cases, due to changes in the dislocation density.

Due to the fact that the FWHM values were much more sensitive to the induced work

Fig 7. Full width at half maximum (FWHM) depth profiles (arithmetic average).

doi:10.1371/journal.pone.0121963.g007

Fig 6. Residual stress depths profiles (a) axial direction (b) tangential (hoop) direction.

doi:10.1371/journal.pone.0121963.g006
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hardening than the microhardness measurements, which showed a relative large scatter of the

data (Fig 8), only the FWHM can be used for interpretation.

The range of compressive residual stresses corresponds well to the region where much

higher FWHM values were determined due to the mechanical treatment. For higher depths, i.e.

for shot peening and ultrasonic shot peeing for depths larger than 200 μm and for deep rolling

for depths larger than 600 μm, the FWHM values reach the level of the initial state after anneal-

ing and bating. In contrast, the FWHM determined for the laser shot peening process is clearly

higher than those of the initial material state even for large depths. This indicates that the im-

pact of the laser shot peening might exceed the depth of 1700 μm covered by the X-ray

stress analysis.

In a Woehler graph (Fig 9), the fatigue performance of the specimens after treatment is dis-

played. Each measurement point corresponds to a failed specimen except those which reached

the total number of 107 cycles, representing specimens without any rupture. The fatigue

strength of a cohort is then defined as the asymptotic stress at 107 cycles (high fatigue). The

maximum (bending) stress at the surface varies with the external axial load that is applied

Fig 8. Exemplary comparison of microhardness depth profiles of shot peened with laser shot peened state.

doi:10.1371/journal.pone.0121963.g008
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during testing. All treatments result in an increase in fatigue strength of at least 10% relative to

the specimens without treatment (as annealed), whereas laser shock peening showed the high-

est fatigue strength of all investigated treatments (+17.2%).

Shot peening and laser shock peening increased the mean roughness Ra (Rz) of the shot pee-

ned and laser peened surfaces by over 720% (650%) when compared to the ‘as annealed’ condi-

tion (p< 0.01) (Fig 10). Deep rolling was the only treatment to decrease the mean roughness

by 64% (77%) relative to the situation after annealing and bating.

Discussion

All of the investigated surface treatments (shot peening, deep rolling, ultrasonic shot peening

and laser shock peening) have increased the high cycle fatigue strength of a Ti6Al4V standard

alloy by more than 10% and have proven to be powerful tools for mechanical alterations of an

Fig 9. Fatigue testing results shown in aWoehler graph.

doi:10.1371/journal.pone.0121963.g009

Fig 10. Mean roughness results of the treated surfaces.

doi:10.1371/journal.pone.0121963.g010
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implant without changing its design or material. Relative to the reference of the two-step shot

peened specimens, increases in fatigue strength were found after deep rolling and laser shock

peening. Various publications support these findings for Ti-base alloys after mechanical sur-

face treatments. Schuh et al. were investigating different processes for the application on revi-

sion stems in total hip arthroplasty prior to sterilization. Shot peening has been reported as one

possible treatment to strengthen a metal taper made of a Ti6Al4V alloy in a two-step treatment

of cut wire peening and a subsequent glass bead blasting to remove steel contamination from

the surface [28]. This method is successfully applied to the morse taper junctions on modular

hip stems (MRP-Titan, Peter Brehm GmbH, Weisendorf, Germany). Surface contamination

experienced during the mechanical treatment is an important issue as it may provoke an ad-

verse mechanical or biological reaction such as residual ferrous particles from the cut wire. The

limits for contamination are regulated in the standards for surgical implants, such as the EN

12010, and need to be respected prior to application. Thus, the final shot peening process using

glass beads that have been applied subsequently to the shot peening by cut wire and the laser

shock peening may be one option for cleaning when it is guaranteed that glass contamination

is minimized to avoid increased wear due to hard foreign particles (third body wear) [39, 40].

Deep rolling was proposed as a suitable alternative to the peening treatment on a medical

grade Ti6Al7Nb alloy resulting in beneficial residual stress depth distributions with its maxi-

mum of compressive residual stresses below the surface and no contaminations at the surface

[29]. However, since the basic loading mode of the hip junction is bending, the highest com-

pressive residual stresses are expected to minimize crack initiation at the very surface. Conse-

quently, a two-step deep rolling procedure is proposed that first uses a large diameter ball

followed by a deep rolling with a small diameter ball to tailor the residual stress depth distribu-

tion for exhibiting the maximum at the very surface.

In contrast, detrimental effects have also been reported on the fatigue strength of titanium

alloys after mechanical surface treatment. The loss of high cycle strength after shot peening of

a Ti6Al4V alloy was attributed to an over-peening effect that results in a cyclic softening of the

shot peened material during fatigue testing [41]. Ludian et al. investigated the fatigue behavior

of various Ti-base alloys with respect to heat treatment, environment and residual stress level

induced by mechanical surface treatment like shot peening and deep rolling [42]. It has been

shown that a final heat treatment resulted in a decrease in fatigue strength, which can be attrib-

uted to the anomalous mean stress sensitivity exhibited by titanium base alloys under certain

heat treatment conditions in combination with the characteristic residual stress depth distribu-

tions induced by the mechanical surface treatment. Additionally, corundum grit as well as sand

blasting were reported to decrease the endurance limit by up to 35–40% compared to polished

samples, which was explained by residual corundum particles in the surface near region and

small surface defects that act as crack initiators during cyclic loading [43, 44].

From a practical point of view, the flexibility of these surface treatments, the associated im-

plementation in the manufacturing process and the economics need to be considered, as the

treatments are quite different. While shot peening or laser shock peening are mainly robot-

controlled and flexible in their application, deep rolling as well as ultrasonic shot peening need

more effort to be adapted to complex geometries. This may, however, not become relevant for

an appropriately high number of treated components. In addition, the surface roughness that

is adjusted by the treatment should not have an adverse effect on the component’s function,

e.g. in modular total hip arthroplasty [45].

This study has investigated the pure mechanical outcome of surface treatments and does

not account for a complex physiological environment. This includes a multi-axial load pattern,

micromotions between assembled components (fretting) as well as a corrosive environment,

even though the latter does not seem to have a negative influence on the mechanical outcome
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after shot peening [46]. King et al. have shown an increase in fretting resistance after shot peen-

ing and laser shock peening of a Ti6Al4V alloy [47]. Based on the reported results, the fretting

protective performance under relevant corrosive and loading conditions may be further inves-

tigated under a more physiological environment. In addition, the present study has been limit-

ed to the standard titanium alloy, Ti6Al4V. Other implant materials, such as CoCr alloys, other

titanium alloys, stainless steels or even ceramics may behave differently and need to be consid-

ered separately. Other relevant methods which strengthen the material prior to sterilization

may also be considered. As a new method, abrasive water jet peening was proposed for me-

chanical surface treatment of metal orthopedic implants [48]. The peening process induces bi-

axial compressive residual stresses for Ti6Al4V of up to -400 MPa and the stress

concentrations factor is decreased. It has been reported that the components’ fatigue strength

by the abrasive water jet peening as well as the average surface roughness (Ra up to 14.2 μm) is

significantly increased. Additionally, cavitation shotless peening may also be interesting from a

fatigue standpoint as well as a contamination point of view [49].

Conclusion

Mechanical surface treatments are not among the standard processing techniques for implants

used in orthopedic applications or in trauma surgery. This comprehensive comparison of rele-

vant mechanical treatments has shown their potential, as all investigated treatments increased

the fatigue performance of the Ti6Al4V alloy and by up to 17.2% in the case of combined laser

shock and glass shot peening processes. This is the first study to directly compare relevant sur-

face treatments. The findings should encourage manufacturers to consider this option, especially

against the background of small and bone-conserving implants for load-bearing applications

whose fracture risk is increased.
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