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A B S T R A C T

Due to the lower fatigue resistance of LPBF manufactured Ti6Al4V alloy compared to wrought material, hip 
stems are still manufactured conventionally, despite the advantages of patient-specific joint replacements. 
Therefore, the aim of the study was the investigation of appropriate post-treatments to increase the fatigue 
resistance of LPBF manufactured Ti6Al4V alloy using a four-point bending setup and a Locati-test. The results 
showed that only a combination of a hot isostatic pressing process and a sufficient surface treatment can lead to 
similar fatigue results as wrought material. Thereby, machining, deep rolling and shot peening turned out to be 
suitable surface treatments. For complex geometries like hip stems, shot peening is the most sufficient surface 
treatment. A combined surface treatment of shot peening and polishing led to similar fatigue results as the shot 
peening process alone. It can be followed that a combination of shot peening with a previous hot isostatic 
pressing process leads to satisfying fatigue results comparable to the wrought material and can be applied on 
complex geometries like hip stems. In addition, shoulder and neck area of a hip stem can be polished after the 
HIP process and the shot peening procedure without any reduction in fatigue strength.

1. Introduction

The laser-powder bed fusion (LPBF) additive manufacturing (AM) 
technology is already an inherent part of orthopedic interventions 
worldwide (Lal and Patralekh, 2018). Especially the possibility to 
customize 3D-manufactured implants is a main advantage of AM in or
thopedics (Wixted et al., 2021). Well-established examples of 3D-manu
factured implants with good mid-term results are spinal cages, 
acetabular cups, and pelvic implants to replace bony defects (Chen et al., 
2020; Dall’Ava et al., 2019; Jin et al., 2021; von Hertzberg-Boelch et al., 
2021). The titanium alloy Ti6Al4V is the material of choice for bony 
contact, due to its excellent biocompatibility, corrosion resistance and 
elasticity, which is closer to the elasticity of cortical bone than alter
native biocompatible metallic materials with sufficient mechanical 

strength (Chen and Thouas, 2015). The possibility of manufacturing 
complex geometries and porous structures from Ti6Al4V powder were 
key advantages to process cement free implants, showing a strong 
osseointegration (Dall’Ava et al., 2021; Ren et al., 2021). Similar to the 
conventional i.e. subtractive manufacturing processes like machining 
processes, the manufacturing of Ti6Al4V by LPBF showed a good 
biocompatibility in in vivo and in vitro tests (Wang et al., 2016). In 
addition, the elasticity modulus can be adjusted to the bone by 
manufacturing implants with a specific porosity to reduce stress 
shielding processes (Chen et al., 2017). The main disadvantage of 
LPBF-processed Ti6Al4V implants however, is the reduced fatigue 
resistance compared to conventional shaping and subtractive 
manufacturing processes, such as forging, casting, or machining 
(Strantza et al., 2016). Different factors can be mentioned, which lead to 
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a reduction of the fatigue resistance of AM processed Ti6Al4V speci
mens. First, the pronounced surface roughness, which is beneficial for 
the osseointegration, may be a predetermined breaking point, from 
which a crack could arise due to the notch effect. Secondly, the AM 
process leads to a specific porosity in the material, which depends on the 
LPBF process parameters and the sample dimensions (du Plessis, 2019; 
Zhao et al., 2016). A study by Leuders et al. showed, that the pores in AM 
processed specimens are a key factor of a reduced fatigue behavior 
(Leuders et al., 2013). Thirdly, comparing the microstructure of LPBF 
processed Ti6Al4V and conventionally manufactured Ti6Al4V samples 
differences can be found. According to Kasperovich and Hausmann, the 
microstructure of the wrought material is a α-globular phase in an α + β 
matrix, whereby the LPBF printing process leads to an acicular 
martensitic phase, which is hexagonally packed (Kasperovich and 
Hausmann, 2015). Fourthly, due to the large temperature gradients 
during AM processing, tensile residual stresses typically occur at the 
surface of the LPBF processed object, leading to a reduced fatigue 
resistance (Edwards and Ramulu, 2014; Liu et al., 2016; Strantza et al., 
2018). Among others, the residual stresses depend on the laser scan 
strategy, the used raw powder and geometry of the AM processed parts 
(Parry et al., 2016, 2019). However, according to Leuders et al., the 
influence of microstructure and residual stresses on the fatigue behavior 
of LPBF manufactured Ti6Al4V is rather low compared to the porosity 
(Leuders et al., 2013). Regarding the implants mentioned above, the 
fatigue strength seems to be sufficient for the stresses occurring in vivo. 
Regarding higher loaded implants exposed to high bending stresses, 
such as femoral hip stems, the reduced fatigue resistance of AM pro
cessed parts could lead to fatal implant fractures. Implant fractures are 
traumatic experiences for the affected patients and lead inevitably to 
revision surgery (Sadoghi et al., 2014). Although fractures of conven
tional manufactured hip stems are rare, the report of 2022 from the 
Australian Orthopaedic Association National Joint Replacement Regis
try showed that 1 % of all revisions in hip arthroplasty is due to breakage 
of hip stems (Australian Orthopaedic Association, 2022). By implanting 
hip stems processed by AM having a lower fatigue resistance than 
wrought material, the number of hip stem fracture related revisions may 
rise drastically. Therefore, it is important to ensure the product safety of 
3D-manufactured highly stressed implants to prevent implant fractures. 
To gain an optimum fatigue resistance of implants processed by AM, 
appropriate and effective post-processing, such as thermal and me
chanical surface treatments can be applied. The main parameters that 
can influence the LPBF process and hence can affect the mechanical 
integrity of the additively manufactured parts are laser power, laser 
scanning speed, layer thickness and hatch distance (Nguyen et al., 
2020). In general, tensile residual stresses, appearing at the surface of 
the LPBF manufactured Ti6Al4V parts, can be eliminated by appropriate 
annealing processes (Lin et al., 2021). However, it has been shown that 
only a hot isostatic pressing (HIP) process is suitable to reduce the 
porosity inside the material to a minimum (du Plessis and Macdonald E., 
2020; Masuo et al., 2018) and, moreover, to reduce the residual stresses 
that are induced through AM. Furthermore, it was already shown that a 
heat treatment alone is not sufficient to get similar fatigue values 
compared to wrought Ti6Al4V specimens due to the remaining porosity 
(Kasperovich and Hausmann, 2015). After HIP processing, various me
chanical surface treatments can be applied to the LPBF manufactured 
parts, which may improve the fatigue behavior. Thereby, compressive 
residual stresses can purposefully be induced into the near surface re
gion of AM processed Ti6Al4V specimens, which can further increase the 
fatigue resistance. A study by Sonntag et al. (2015) already showed an 
increased fatigue resistance of wrought Ti6Al4V material due to 
compressive residual stresses that were induced by different mechanical 
surface treatments such as deep rolling, shot peening and laser shock 
peening. A study by Kahlin et al. (2020) proved that mechanical surface 
treatments are also beneficial for the fatigue resistance of LPBF manu
factured Ti6Al4V specimens. They reported that the reduction of the 
surface roughness by the different surface treatments will minimize the 

notch effect and can therefore contribute to increase the fatigue resis
tance. In this well conducted study by Kahlin et al., it was also shown, 
that the compressive residual stresses obviously have a higher impact on 
the improvement of the fatigue resistance than the reduction of the 
surface roughness (Kahlin et al., 2020). However, no HIP 
post-processing was applied in this study to the Ti6Al4V specimens 
processed by AM in order to reduce the porosity. Instead, a stress relief 
heat treatment was applied at 730 ◦C for 2 h under vacuum. In addition, 
the fatigue behavior of specimens, on which different surface treatments 
were applied, were compared to as-built specimens, but not to the 
wrought material using the same test setup. To close this gap of 
knowledge, the objective of the herein presented study is to further 
investigate the fatigue behavior of LPBF manufactured Ti6Al4V speci
mens and to give final answers to the following questions. 

1) Is the fatigue resistance of LPBF manufactured Ti6Al4V specimens, 
receiving a HIP procedure, similar to the fatigue resistance of the 
wrought material?

2) Is there a requirement to apply an additional HIP process prior to the 
application of mechanical surface treatments?

3) Which mechanical surface treatment results in a similar fatigue 
behavior of LPBF manufactured Ti6Al4V specimens as wrought 
material?

4) Do near surface compressive residual stresses or a reduction of the 
surface roughness lead to a higher level of fatigue resistance?

5) Does a reduction of the surface roughness after a mechanical surface 
treatment further increase the fatigue resistance?

2. Materials and methods

In order to answer the five research questions, cylindrical specimens 
were additively manufactured using LPBF and additionally cylindrical 
specimens with similar geometry were manufactured from wrought 
Ti6Al4V material (grade 5). Most of the LPBF manufactured cylindrical 
specimens underwent a HIP treatment before different surface treat
ments were applied. A four-point bending setup was used to determine 
the fatigue strength of the cylindrical samples. In addition, surface 
roughness testing, X-ray residual stress analyses and metallographic 
investigations were performed to assess the post-treatment strategies 
applied.

2.1. Additive manufacturing process and heat treatment

The cylindrical specimens had a diameter of 10 mm, a length of 120 
mm and were LPBF manufactured in an upright position without any 
support structures. The specimens were manufactured using an EOS M 
290 system (EOS, Krailling, Germany) and Ti6Al4V Grade 5 powder 
with a chemical composition in compliance with ISO 5832-3, ASTM 
F1472 and ASTM F2924 and a powder particle size of 20–80 μm. The 
process parameters used are presented in Table 1.

To mitigate the process induced residual stresses and to minimize the 
porosity of the specimens after LPBF manufacturing a HIP process 
optimized for the alloy Ti6Al4V was applied at a temperature and 
pressure of 820 ◦C and 140 MPa, respectively, for 2 h.

Table 1 
LPBF processing parameters of the EOS parameter set M 290 Ti64 Grade 5040 
V1.

Recoater 
blade

Nozzle Inert 
gas

Sieve Layer 
thickness

Min. wall 
thickness

Volume 
rate

EOS HSS 
blade

EOS 
grid 
noozle

Argon 90 
μm

40 μm Approx. 
0.4 mm

6.2 
mm3/s
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2.2. Surface topography treatments

Different mechanical surface treatments were applied to the LPBF 
cylindrical specimens. The surface treatments were turning, deep roll
ing, laser shock peening, shot peening and polishing (cf. Fig. 1).

Turning and polishing were applied on six specimens each. The three 
mechanical surface treatments deep rolling, laser shock peening and 
shot peening were applied on three specimens with two different in
tensities (see Table 2).

For the deep rolling process, the hydrostatic tool Ecoroll HG6 
(ECOROLL, Celle, Germany) was used and the two applied intensities 
differ only regarding the used pressure. The laser shock peening was 
performed according to AMS 2546A and the two intensities differ mainly 
regarding the applied energy. A dual shoot peening process, consisting 
of a steel blasting prior to a glass blasting procedure, was applied in two 
variants. The air pressure of the steel blasting of variant 1 was higher 
and the peening duration lower compared to variant 2. All post pro
cessing methods applied reduced the diameter of the specimen by less 
than 1 % of the target diameter of 10 mm, hence the effect can be 
neglected. Only the turning process would lead to a reduction of the 
diameter of more than 1 %. Therefore, the specimens were printed with 
a diameter of 12 mm and reduced to a diameter of 10 mm by the turning 
process. Each diameter of the cylinder specimens was measured before 
testing using an 838 TA measuring gauge (Mahr, Esslingen, Germany).

2.3. Roughness measurements

The surface roughness of the cylindrical specimens was determined 
after fatigue testing using a tactile roughness measuring instrument 
(Perthometer M2, probe NHT 6–100, Mahr, Göttingen, Germany; ac
curacy: 12 nm). The measurements were carried out (continuously) in 
axial direction on the cylinder surface at five positions (measuring 
length: 5.6 mm, limiting wavelength: λc = 0.8 mm). Roughness pa
rameters (Ra – Arithmetic average profile roughness and Rz – Average 
maximum height of the profile) were determined in accordance with ISO 
4287 and ISO 13565. Three samples were used for each surface topog
raphy treatment to compare the roughness to the initial state after LPBF- 
manufacturing. Hence, in total 15 roughness measurements were per
formed for each group.

2.4. X-ray residual stress analysis

For residual stress analyses in the two principal directions (axial and 
tangential), a 3-axis X-ray diffractometer in ψ-configuration was chosen 
and the measurements were performed according to the well-known 
sin2ψ - technique. Ni-filtered Cu Kα-radiation was used to analyze the 
{213} lattice planes of α/α′-Ti in the 2θ range between 136◦ and 148◦

with a step width of 0.1◦. Fifteen sample tilts in the range − 60◦ ≤ ψ ≤
60◦ were selected equidistantly distributed over sin2ψ . A pinhole colli
mator with a nominal diameter of 1 mm was used as primary aperture, 
while a symmetrizing aperture according to Wolfstieg with a width of 4 
mm was placed in front of the scintillation counter on the secondary side 
(Wolfstieg, 1976). The data were analyzed using a Pearson VII fit 
function after the background was subtracted. The diffraction elastic 
constants (DEC) E{213} = 113 GPa and v{213} = 0.32 were used for stress 
calculations. Residual stress depth distributions were determined using 
electrochemical layer removal in combination with the re-application of 
X-ray residual stress analysis on the newly generated surfaces for each 
layer removal step.

Fig. 1. Different mechanical surface treatments applied to the LPBF manufactured cylindrical specimens.

Table 2 
Process parameters of different surface treatments. DR1 and DR2 = deep rolling 
variants 1 and 2; LSP1 and LSP2 = laser shock peening variants 1 and 2; SP1 and 
SP2 = shot peening variants 1 and 2.

Pressure in bar Feed in mm Number of revolutions in U/min

DR1 240 0.032 250
DR2 120 0.032 250

Energy in J Pulse width in ns Call out

LSP1 4.05 18 2.5-18-3
LSP2 5.67 18 3.5-18-3

Blasting 
medium

Air pressure 
in bar

Peening 
Duration in s

Degree of 
Coverage in %

Intensity

SP1 Steel 170H 3–3.5 60 200 11–14 A
Glass 
AGB12

1–1.5 10–20 125 6 N

SP2 Steel 170H 1.3–1.7 120 200 6–9 A
Glass 
AGB12

1–1.5 10–20 125 6 N
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2.5. Metallography

For metallographic preparation, the LPBF manufactured specimens 
were cut in longitudinal section and subsequently cold embedded. Sili
con carbide papers gradually using smaller grit sizes from P600 to P2500 
were used for mechanical polishing. The final polishing was performed 
using a diamond suspension with a grit size of 9 μm and lubricant fol
lowed by etch polishing with 20 ml H2O2 and 100 ml oxide polishing 
suspension (Struers, Willich, Germany). Subsequently, the samples were 
etched using Weck’s reagent. An Axiovert 200 MAT light microscope 
(Zeiss, Oberkochen, Germany) was used to image the microstructure and 
a LEO EVO 50 scanning electron microscopy (SEM) (Zeiss, Oberkochen, 
Germany) was used for reaching higher resolutions. Furthermore, local 
elemental analysis was performed by means of energy dispersive X-ray 
spectroscopy (EDS) in the SEM with the aim to check whether a local 
material transfer was caused by the shot peening process.

2.6. Fatigue testing

For fatigue testing of the cylindrical specimens a four-point bending 
setup was designed. The cylindrical specimens were placed on two 
support pins having a diameter of 10 mm, which were 102 mm apart 
from each other. The two loading pins with 10 mm in diameter had a 
distance of 34 mm to each other. The relative distance between the 
support pins and the loading pins were based on ASTM F1264-16. A 
sinusoidal force at a frequency of 12 Hz was subjected to the specimens. 
Therefore, the adapter with the two loading pins was fixated at a single- 
station servo-hydraulic uniaxial test machine (Bosch Rexroth, Lohr am 
Main, Germany) (Fig. 2A). A Locati-test was used to analyze the fatigue 
behavior at different load levels (Fig. 2B). In the beginning, 1.0 × 106 

cycles with a maximum force of 2.0 kN and a minimum force of 0.1 kN 
were applied to the cylindrical specimens and in case that breakage 
occurred, the cycles until failure were recorded. In case the specimens 
did not fail, the maximum force was increased stepwise by 0.5 kN and 
for each load level 1.0 × 106 cycles were applied. The minimum force 
remained constant for each load level at 0.1 kN.

To compare the different test groups the cycles to failure were 
calculated according to the procedure applied in Sonntag et al. using the 
following equation (Sonntag et al., 2019): 

FD = F− 1 + 500N ×
NCY
106 

In this equation, F–1 is the maximum force in the load interval before 
failure and NCY is the number of cycles to failure in the respective 

interval.
Exemplary samples were used after the fatigue tests to look for sub- 

surface failure origins using a digital microscope (VHX-5000, Keyence, 
Japan).

2.7. Objectives of the research project

The research project should answer the following questions:
Research question 1: The fatigue resistance of 6 LPBF processed 

Ti6Al4V specimens receiving a HIP procedure but no surface treatment 
and the fatigue resistance of 6 wrought Ti6Al4V alloy specimens were 
compared. Thus, the results will indicate if a HIP treatment of LPBF 
manufactured Ti6Al4V without any additional mechanical surface 
treatment is sufficient to get similar fatigue results as for the conven
tional wrought material.

Research question 2: The fatigue resistance of 6 LPBF manufactured 
Ti6Al4V specimens receiving a HIP procedure and subsequently a 
turning process were compared to the fatigue resistance of 6 LPBF 
processed Ti6Al4V specimens receiving no HIP procedure but the same 
turning process. Thus, the results will indicate whether a HIP treatment 
is necessary prior to applying a mechanical surface treatment.

Research question 3: The influence of deep rolling, laser shock 
peening, shot peening and polishing after HIP processing of LPBF 
manufactured Ti6Al4V specimens on the fatigue behavior were 
analyzed. For each mechanical surface treatment, except for the pol
ishing process, two different intensities were used for three specimens 
each. For the polishing process, 6 specimens were treated equally. Thus, 
the fatigue resistance of the surface treatments subsequent to the HIP 
process can be compared to the fatigue resistance of the wrought 
material.

Research question 4: It is expected that the polishing process should 
lead to the lowest compressive residual stresses close to the surface and 
the lowest surface roughness compared to the other mechanical surface 
treatments. Therefore, the fatigue results indicate, whether the process 
induced compressive residual stresses or the reduction of the surface 
roughness has a major impact on the fatigue resistance.

Research question 5: To investigate, whether a combination of a 
mechanical surface treatment inducing characteristic residual stresses in 
the near surface region and a mechanical surface treatment leading to a 
low surface roughness will further increase the fatigue resistance 
compared to a single surface treatment, shot peening and polishing were 
combined. Therefore, 12 LPBF manufactured Ti6Al4V specimens 
received a HIP-procedure and afterwards 6 specimens moreover 
received a polishing process prior to the shot peening process, and 6 

Fig. 2. Illustration of the four-point bending setup for cyclic testing of the cylindrical specimens including the distances of the inner and outer rollers in mm (A). 
Locati-test scheme to analyze the fatigue behavior at increasing maximum load levels (B).
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specimens received the same two mechanical surface treatments, but in 
reverse order. The fatigue results of the combined surface treatments 
were compared to the fatigue results of the single surface treatments.

2.8. Statistical analysis

Mean and standard deviations of all fatigue results were calculated. 
To compare the fatigue test results non-parametric analyses were used 
(Kruskall-Wallis-test and Mann-Whitney-U-test) due to the small num
ber of specimens. A p-value of ≤0.05 was considered being significant. 
All statistical calculations were carried out using the statistical evalua
tion software SPSS 28 (IBM, Amonk, NY, USA).

3. Results

3.1. Roughness measurements

The mean surface roughness Ra and Rz of the LPBF manufactured 
Ti6Al4V specimens after the HIP process, but without any additional 
mechanical surface treatment, were 9.55 μm ± 1.04 μm and 48.14 μm 
± 5.93 μm, respectively. The surface roughnesses after the different 
surface treatments are shown in Table 3.

In general, all applied mechanical surface treatments led to a 
reduction of the surface roughness compared to the as built parts in the 
condition subsequent to the HIP process (see Table 3). Thereby, the 
higher pressure of 240 bar applied during variant DR1 led to a reduced 
surface roughness compared to DR2 receiving only 120 bar. For the LSP2 
process variant a higher energy was used, which led to a lower surface 
roughness compared to the variant LSP1. At least, the higher air pressure 
of 3–3.5 bar of variant SP1 led to a reduced surface roughness compared 
to SP2 receiving only 1.3–1.7 bar. Polishing led to the smallest surface 
roughness. The roughness of a polishing process after the SP1 process led 
to a similar roughness as polishing alone. The roughness of a SP1 process 
after a polishing process led to a similar roughness as a SP1 process 
alone. As shown in Table 3, the surface roughness strongly depends on 
the applied mechanical surface treatment and visible differences 
regarding the surface topography can be found (cf. Fig. 3).

3.2. X-ray residual stress analysis

The results of X-ray stress analyses are presented as follows: First, the 
results for the LPBF processing followed by HIP processing are compared 
with the results after subsequent turning of the surface (cf. Fig. 4). In 
Fig. 5 the results of the mechanical surface treatments deep rolling, laser 
shock peening and shot peening are directly compared to each other. 
The results of the polishing process are separately presented in Fig. 6. In 
Figs. 4–6 always the residual stress depth distributions and the depth 
distributions of the average integral width IW of the α{213} diffraction 
lines are shown. The values of the IW in this comparative study, i.e. by 
always applying the identical measuring conditions and parameters, can 
be used in a qualitative way to assess the amount of cold working (work 
hardening) induced by the different processing or treatment variants, 
respectively. Lattice defects induced through plastic deformation by 
means of mechanical surface treatments cause a broadening of the X-ray 

diffraction lines, hence, it is expected that this so-called peak broad
ening, which can be expressed by the IW, scales with the degree of cold 
working induced by the mechanical post-treatments.

3.2.1. Residual stress depth distributions
First, only the residual stress depth distributions are described. While 

the specimen after LPBF plus HIP (Fig. 4) show no significant residual 
stress in both measurement directions at the surface, and can technically 
be considered as being stress-free, the value for the turned specimens 
starts at about − 469 MPa and reaches the zero residual stress level at a 
depth of about 155 μm, i.e. the turning process results in a residual stress 
depth distribution with a relatively small depth range. The two mea
surement directions do not differ much with respect to their residual 
stress depth distributions.

The residual stress depth distributions of the surface treatments deep 
rolling (DR1 and DR2), laser shock peening (LSP1 and LSP2) and shot 
peening (SP1 and SP2) are shown in detail in Fig. 5.

As stated before, for each of these three surface treatments, two 
different parameter variants were investigated. Unexpectedly, for the 
process parameters chosen here, laser shock peening resulted in tensile 
residual stress in the near surface region with the highest values deter
mined close to the surface. For the post-treatment variant LSP1, the 
maximum values of about 322 MPa and 222 MPa are slightly higher than 
those determined for variant LSP2 with about 81 MPa and 115 MPa in 
axial and tangential direction, respectively. At a depth of about 72 μm, 
the tensile residual stress state changes to the compressive range and 
shows peak values of about − 216 MPa and − 265 MPa in axial and 
tangential direction, respectively. The deep rolled state with the rolling 
pressure of 240 bar (DR1) shows maximum compressive residual stress 
in axial direction with a value of about − 1046 MPa at a depth of about 
30 μm, whereas in tangential direction the maximum residual stress of 
− 727 MPa occur at a depth of about 222 μm. The value directly at the 
surface is about − 178 MPa in tangential direction and about − 581 MPa 
in axial direction. At a rolling pressure of 120 bar (DR2), the surface 
values show a comparable value with about − 256 MPa for the tangential 
direction and − 298 MPa in axial direction. The results clearly indicate 
that, as expected, higher rolling pressures result in higher maximum 
compressive residual stress and a greater depth range. Moreover, in 
particular for the higher rolling pressure it can be noticed that the re
sidual stresses generated during deep rolling are strongly directional 
dependent. This is not the case with shot peening. Here, no differences in 
the residual stress distributions between axial and tangential direction 
can be noticed. For this reason, only one direction is considered in the 
following. The shot peened specimens with parameter set SP1 have 
slightly higher compressive residual stresses than specimens processed 
with parameter set SP2. While the surface value for variant SP1 is 
approx. − 940 MPa, the value for variant SP2 is only about − 790 MPa. In 
both cases, the maximum value is at a depth of about 24 μm with about 
− 947 MPa and − 894 MPa for variants SP1 and SP2, respectively. The 
range of the depth distribution with about 306 μm for variant SP1 is 
about 100 μm higher than for variant SP2.

Fig. 6 shows the results of the residual stress analyses for the polished 
surfaces – in (a) for pure polishing and for polishing before (b) or after 
(c) shot peening using the more intense shot peening variant SP1.

Table 3 
Surface roughness Ra and Rz after the application of different mechanical surface treatments to the LPBF manufactured and HIP treated specimens. T = turning, DR =
deep rolling, LSP = laser shock peening and SP = shot peening, P = polishing. The numbers assigned to the process (1,2) indicate the parameter set of the mechanical 
surface treatment (see Table 2).

Surface Treatment T DR1 DR2 LSP1 LSP2 SP1 SP2 P SP1+P P + SP1

Ra in μm 0.66 ± 0.12 1.24 ± 0.29 2.48 ± 0.85 6.10 ± 0.76 4.22 ± 1.13 3.17 ± 0.47 3.61 ± 0.56 0.16 ± 0.16 ± 3.29 ±
0.370.07 0.04

Rz in μm 3.22 ± 0.46 10.93 ± 2.02 16.53 ± 3.28 29.19 ± 3.69 20.37 ± 3.97 15.55 ± 2.36 18.31 ± 3.22 1.71 ± 1.44 ± 15.91 
±

1.85
1.00 0.44
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First, it can be noticed that polishing does not lead to a directional 
dependence of the residual stress distributions. For the polished spec
imen the compressive residual stress value at the surface starts at about 
− 298 MPa and drops to a zero level of residual stresses already at a 
depth of approx. 24 μm, hence, the depth range of the region affected by 
the polishing process is comparably shallow. In addition to the polishing 
treatment of the LPBF surface (Fig. 6a), additional shot peening of the 
surface was carried out subsequent (Fig. 6b) or prior (Fig. 6c) to pol
ishing. In both cases, this resulted in significantly higher levels of 
compressive residual stresses with a much higher depth range. These 
amount to about − 800 MPa in each case and again show no directional 
dependence. The two variants also differ only minimally in their depth 
range, while the depth range is furthermore comparable to that one of 

the shot peening treatments using process parameter set SP1 alone (cf. 
Fig. 5).

3.2.2. Average integral width (IW)
In the following, the IW of the X-ray diffraction lines are considered, 

for which the depth distributions in Figs. 4–6 are displayed in the lower 
row of the images. As expected, the average IW shows no directional 
dependence in either measurement direction under any machining 
condition. For the state after LPBF and HIP processing (Fig. 4a2), the 
average IW remains constant at a value of about 1.885◦, which is 
considered as reference. The difference to this reference should be used 
for discussing the effect of the different mechanical surface treatments. 
For the turning state (cf. Fig. 4b2), an average IW of about 2.822◦ was 

Fig. 3. Surface topographies after application of different surface treatments recorded by means of light optical microscopy (digital microscope Keyence VHX-5000).

Fig. 4. Residual stress depth distributions and depth distributions of the average integral width of the X-ray diffraction lines after LPBF and HIP processing (left, a) 
and after LPBF, HIP processing and subsequent turning (right, b).
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determined, which drops down to a value of only about 1.910◦ at a depth 
of about 75 μm. The IW is a rather sensitive value to discuss the depth 
range of the mechanical surface treatment. Hence, since in a depth of 
approx. 75 μm the reference IW value is almost reached, this marks the 
approximate depth range of the turning process. Laser shock peening (cf. 
Fig. 5b2) results in a comparable high average IW of about 3.995◦ at the 
surface for both variants. For the variant LSP1, the IW value drops to 
about 1.981◦ at a depth of approx. 52 μm and remains at this low level. 
Hence, it can be concluded that the layer affected by plastic deformation 
through work hardening is only limited to the first 50 μm. Compared to 
laser shock peening, the average IW at the surface of the deep-rolled 
specimens (cf. Fig. 5a2) differs slightly between the two parameter 

sets. The difference is about 0.343◦, the higher value of approx. 4.368◦

in maximum being due to the variant DR1, which indicated that the 
more intense deep rolling condition (higher rolling pressure) results in 
the slightly higher IW values. The IW value drops to 1.864◦ at a depth of 
approx. 411 μm. In comparison, for the variant DR2 the IW value drops 
from about 4.025◦ in maximum to a value of about 1.977◦, i.e. close to 
the reference value, at a comparable depth of approx. 406 μm. This 
means that the depth range of the deep rolling is much higher in com
parison to turning and laser shock peening. For the shot peened spec
imen (cf. Fig. 5c2), the average IW of about 4.410◦ in maximum for the 
variant SP1 is higher than the respective value of about 4.046◦ for the 
variant SP2. Within a depth of approx. 306 μm for the variants SP1 and 

Fig. 5. Residual stress depth distributions and depth distributions of the average integral width of the X-ray diffraction lines after deep rolling with the variants DR1 
and DR2 (a), laser shock peening with the variants LSP1 and LSP2 (b), and shot peening with the variants SP1 and SP2 (c).

Fig. 6. Residual stress depth distributions and depth distributions of the average integral width of the X-ray diffraction lines after polishing (a), polishing before shot 
peening (b) and polishing subsequent to shot peening (c) of the LPBF manufactured specimens, that received a previous HIP process. In both cases (b and c) with the 
shot peening process parameter set SP1.
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205 μm for SP2, respectively, both values decrease to a value of about 
1.900◦. This means at first that the degree of work hardening induced by 
shot peening is in the same range as for the deep rolling process and that 
moreover the depth region affected by shot peening is slightly lower in 
comparison to the deep-rolling treatment.

For the polished specimen (cf. Fig. 6a2) IW values of about 2.597◦

were determined under identical measuring conditions, which drop 
down to a value of 1.847◦ close to the reference within the first 24 μm. If 
shot peening is applied subsequent to polishing (cf. Fig. 6b2), the 
average IW increases significantly to a value of about 4.825◦, which is 
slightly above the value of the purely shot peened variant (cf. Fig. 5c2). 
Within a depth range of approx. 200 μm, this value decreases to about 
2.079◦. If, on the other hand, shot peening is performed prior to pol
ishing (Fig. 6c2), the average IW at the surface is only 3.822◦, which also 
falls to 1.913◦ after a depth of about 201 μm.

3.3. Metallography

Fig. 7a shows a light optical microscopy image of the cross-sectional 
view of the near-surface structure of the materials state after LPBF 
manufacturing and subsequent HIP treatment, while Fig. 7b shows an 
SEM image in back scattered electron (BSE) contrast from the bulk of the 
specimen of the same materials state. Fig. 7a indicates that the 
manufacturing process results in a rather high surface roughness (cf. 
Table 3). The SEM image (cf. Fig. 7b) shows the bulk microstructure of 
the samples at a much higher resolution. The grain orientation contrast 
from BSE imaging indicates a lamellar microstructure, whereby the 
lamellae represent the hexagonal α-Ti phase and the bright areas be
tween the lamellae can be assigned to the b.c.c. solidified β-Ti phase. The 
brighter appearance in the BSE contrast is due to the material contrast 
since the cubic β-phase exhibit the slightly higher effective atomic 
number Z.

Fig. 8 presents micrographs of metallographically prepared and 
etched longitudinal-sections of the specimens recorded by means of light 
optical microscopy to allow for a comparison of the near-surface 
microstructure between deep rolled, laser shock peened and shot 
peened surfaces. While laser shock peening produces a rather rough 
surface, the other two mechanical surface treatments deep rolling and 
shot peening result in a significantly smoother surface. Nevertheless, 
minor defects such as small microcracks and isolated furrows are visible 
in both surfaces after deep rolling and after shot peening. These extend 
into the material up to a maximum of about 20 μm.

Finally, Fig. 9 presents corresponding light optical microscopy im
ages for the polished surface states. In Fig. 9a the purely polished state is 
shown, whereas in Fig. 9b the state after polishing followed by an 
additional shot peening treatment is shown. In Fig. 9c, on the other 

hand, shot peening was applied subsequent to polishing. Although, shot 
peening after polishing led to a higher surface roughness than polishing 
after shot peening or polishing alone (cf. Table 3), the images indicate 
that the surfaces of the three cases are comparatively smooth. Shot 
peening after polishing resulted in occasional irregularities, which 
however, are much less compared to shot peening without polishing. If 
polishing is performed subsequent to shot peening, such moderate sur
face elevations are no longer visible. However, the furrows and micro
cracks being present after shot peening could not be completely 
removed, so that - according to the images - isolated defects can also be 
found for these states, however, at much lower magnitudes in compar
ison to the purely shot peened state (cf. Fig. 8c).

3.4. Fatigue testing

In a first analysis, the fatigue resistance of the wrought Ti6Al4V 
material was compared to the LPBF manufactured specimens after 
subsequent HIP processing (cf. Fig. 10).

The wrought material showed a significant higher estimated load to 
failure (6.07 ± 0.54 kN) compared to the LPBF manufactured specimens 
directly after HIP processing, i.e. without further mechanical surface 
treatment. LPBF plus HIP-processed specimens exhibit an estimated load 
to failure of only about 2.02 ± 0.16 kN (p = 0.002). The failure origins of 
the exemplary samples (wrought Ti6Al4V and LPBF manufactured 
Ti6Al4V receiving a HIP-process) occurred at the surface, where the 
highest tensile stress acts.

In a second analysis series, the effect of a HIP process in combination 
with a surface treatment on the fatigue resistance of LPBF manufactured 
specimens was evaluated (Fig. 11).

Thereby, the HIP procedure in combination with a turning process 
led to a significant higher estimated load to failure (6.22 ± 0.42 kN) 
than a turning process of the LPBF manufactured Ti6Al4V specimens 
without any HIP procedure having an estimated load to failure of 3.64 
± 0.37 kN (p = 0.002).

Beside the turning process, four different mechanical surface treat
ments (deep rolling, laser shock peening, shot peening and polishing) 
were evaluated in combination with the same HIP procedure. In Fig. 12, 
the fatigue behavior of these different mechanical surface treatments of 
the LPBF manufactured Ti6Al4V specimens after the subsequent HIP 
process were compared to the fatigue behavior of the wrought Ti6Al4V 
material.

For deep rolling, laser shock peening and shot peening, the fatigue 
test results of both process parameter sets applied (three specimens were 
tested each) were combined for the comparison to the standard wrought 
material. The results could be combined, because no significant differ
ence in fatigue strength between the two intensities could be found for 

Fig. 7. Light optical microscopy image of the state after LPBF manufacturing and subsequent HIP treatment close to the sample surface a) and SEM image (back 
scattered electron (BSE) contrast) at higher magnification b) for the same sample state recorded in the bulk of the samples (cross sectional view).
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the deep rolling (p = 0.100), the laser shock peening (p = 0.100) and the 
shot peening (p > 0.99) treatments. No significant differences could be 
found between the estimated load to failure of the wrought material 
(6.07 ± 0.54 kN) and the estimated load to failure of the mechanical 
surface treatments turning (6.22 ± 0.42 kN), deep rolling (5.76 ± 0.39 
kN) and shot peening (5.68 ± 0.34 kN) (p > 0.99). The mechanical 
surface treatments laser shock peening (2.20 ± 0.33 kN) and polishing 
(2.58 ± 0.30 kN) showed a significantly lower fatigue resistance 

compared to the wrought material (p ≤ 0.015). Sub-surface failure or
igins could be found for the mechanical surface treatments turning, deep 
rolling and shot peening, which induced high compressive residual 
stresses at the specimens surface. A sub-surface failure is shown in 
Fig. 13 for a deep rolled specimen.

In an additional analysis, the fatigue resistance of two combined 
mechanical surface treatments (shot peening and polishing) were 

Fig. 8. Light optical microscopy images after deep rolling (DR1 = a), laser shock peening (LSP2 = b) and shot peening (SP1 = c).

Fig. 9. Light optical microscopy images after polishing (a) and polishing prior to (b) and subsequent to (c) shot peening (SP1).

Fig. 10. Estimated load to failure of wrought Ti6Al4V material (n = 6) vs. LPBF 
manufactured Ti6AL4V material (n = 6) after subsequent HIP-treatment.

Fig. 11. Estimated load to failure of LPBF manufactured Ti6Al4V material 
including a turning process with (n = 6) and without (n = 6) previous 
HIP treatment.
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compared to the single mechanical surface treatments (Fig. 14).
Polishing alone showed a significantly lower estimated load to fail

ure of 2.58 ± 0.30 kN compared to shot peening alone (5.68 ± 0.34 kN) 
(p = 0.001). The polishing subsequent to shot peening led to an esti
mated load to failure of about 5.40 ± 0.22 kN. The polishing prior to 
shot peening led to an estimated load to failure of about 5.33 ± 0.39 kN. 

No difference between shot peening and the combination of shot peen
ing and polishing was found regarding the estimated load to failure (p >
0.99). The fatigue resistance of the combined surface treatment was not 
affected by the order of the applied single treatments (p > 0.99).

Fig. 12. Estimated load to failure of different mechanical surface treatments applied to LPBF manufactured Ti6Al4V specimens after subsequent HIP treatment in 
comparison with the wrought Ti6Al4V material (n = 6 for each group).

Fig. 13. Sub-surface failure origin of a deep rolled specimen after fatigue testing (whole fracture surface = left and failure origin in detail = right).

Fig. 14. Estimated load to failure of a combination between shot peening and a polishing procedure to the single surface treatments applied to LPBF manufactured 
specimens after subsequent HIP treatment (n = 6 for each group).
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4. Discussion

In the current study the influence of a HIP procedure and different 
surface treatments on the fatigue behavior of LPBF manufactured cy
lindrical specimens were analyzed. Thereby, the impact of residual 
stresses, the microstructure and the surface roughness on the fatigue 
resistance was investigated. The overall objective was to find a suitable 
process chain to manufacture hip implants individually tailored to the 
patient using LPBF without sacrificing patient safety, i.e. it should be 
ensured that the additively manufactured implants have the same failure 
capability after an appropriate post treatment as conventionally manu
factured components. In addition, sufficient surface roughnesses should 
be achieved by the surface treatments, which could be applied on the 
shaft area (rough) and on the neck area (smooth). In the current study, a 
cyclic four-point bending setup was used to evaluate the fatigue be
haviors of the tested groups. This test setup was chosen because bending 
is the most dominant loading for hip implants and may lead to dramatic 
implant fractures. In contrast, in the current literature on LPBF manu
factured specimens typically cyclic tensile tests are used to evaluate the 
fatigue resistance of different post-treatments (Kasperovich and Haus
mann, 2015; Shui et al., 2017; Wycisk et al., 2013; Xu et al., 2022).

The comparison between conventionally manufactured Ti6Al4V and 
LPBF manufactured Ti6Al4V receiving only a HIP treatment, but no 
further mechanical surface treatment revealed a more than threefold 
decrease of the fatigue resistance for the specimens processed by AM. A 
turning process alone as surface treatment without a previous HIP pro
cess led to approximately half of the fatigue resistance compared to 
specimens receiving a HIP treatment prior to a turning process. Only 
when applying a HIP treatment in combination with a suitable surface 
treatment similar fatigue results were found as for the wrought material, 
i.e. for the specimens that were produced following the conventional 
manufacturing route. Thereby, a HIP treatment in combination with 
mechanical surface treatments as turning, deep rolling or shot peening 
were promising. Polishing and laser shock peening showed less than half 
as low fatigue results than the wrought Ti6Al4V material.

In general, the strength and hardness of Ti6Al4V specimens pro
duced by AM is comparable to traditional manufacturing methods like 
casting or milling but leads to a reduced ductility and fatigue perfor
mance, due to keyholes, gas pockets and unmelted particles (Liu et al., 
2023; Qiu et al., 2013). A HIP treatment typically leads to a reduction in 
strength compared to the as build parts, but is effective to close nearly all 
lack-of-fusion porosity, except of interconnected pores and pores near 
the surface (Benzing et al., 2019; du Plessis and Macdonald E., 2020; 
Snow et al., 2023). Residual stress analyses in this study showed that the 
HIP treatment led to a residual stress relief to a minimum for the LPBF 
manufactured specimens, which was to be expected. Tensile residual 
stresses, which may have originated from different cooling rates during 
the manufacturing process and may have a detrimental impact on the 
fatigue behavior, were eliminated by the applied HIP treatment. How
ever, the mitigation of residual stresses induced and the reduction of 
porosity were not sufficient to get similar fatigue resistance as for the 
wrought Ti6Al4V material. This may be mainly due to the rather high 
surface roughness that remained and the typical lamellar martensitic 
microstructure of the specimens processed by AM. In the current liter
ature a HIP process of LPBF manufactured specimens typically led to an 
increased fatigue resistance compared to as built parts (Jurg et al., 2022; 
Mertova et al., 2018; Xu et al., 2022; Zhao et al., 2016). However, 
different fatigue results (130 MPa–550 MPa) between these previous 
studies exist, which may be influenced by different processing param
eters and the resulting microstructures and surface roughnesses of 
specimens as well as different HIP treatments and test conditions 
(Nguyen et al., 2020; Pegues et al., 2018).

The results of the present study further showed that a reduction of 
the surface roughness and the compressive residual stresses close to the 
surface have a relatively small effect on the fatigue resistance, if the 
porosity of the AM Ti6Al4V was not reduced to a minimum by a previous 

HIP treatment. The specimens receiving the HIP and turning procedure 
typically failed at nearly the same load level as the wrought material. 
The fatigue resistance of the specimens receiving a turning process, but 
no HIP treatment was approximately half of that. Alegre et al. applied a 
fatigue test on LPBF manufactured specimens receiving a machining 
process after a HIP procedure and compared the results to other litera
ture performing the same procedure and to wrought material (Alegre 
et al., 2022). The results agree with the results of the herein presented 
study that machined LPBF/Ti6Al4V specimens, receiving a previous HIP 
procedure, have a comparable fatigue resistance as specimens manu
factured using wrought material. Kasperovich and Hausmann tested 
machined LPBF/Ti6Al4V specimens with and without a previous HIP 
treatment using a fatigue tensile test at a maximum stress of 600 MPa (R 
= − 1) (Kasperovich and Hausmann, 2015). The machined specimens 
with previous HIP treatment survived between 140,000 and 380,000 
cycles and the machined specimens without HIP treatment only between 
10,000 and 30,000 cycles, respectively. Mertova et al. compared 
machined Ti6Al4V samples with and without previous HIP treatment 
and found an approximately 1.5 fold increase of the fatigue limit, when 
applying a previous HIP treatment (Mertova et al., 2018). The results of 
this study and previous literature indicate that the combination of a HIP- 
treatment and a post surface treatment is necessary for LPBF manufac
tured hip stems to be safe for the patient.

Deep rolling and shot peening in combination with a HIP treatment 
led to similar fatigue results as a combination of HIP treatment and a 
turning process or the wrought Ti6Al4V material itself. This may be due 
to the high compressive residual stresses as well as the comparably low 
surface roughness. The maximum compressive residual stresses of the 
shot peening processes were comparable to the deep rolling processes 
and higher compared to the turning process. However, on the one side 
the depth ranges of the shot peening processes were higher than for the 
turning process but on the other side lower than for the deep rolling 
processes. The exemplary analyses of the failure origins showed, that 
sub-surface failures occurred for deep rolling, shot peening and turning, 
which implies a high fatigue resistance at the specimens surface. In the 
present study, the surface roughness of the shot peening process was 
higher compared to the turning and deep rolling process, but by far 
lower than the LPBF manufactured specimens that did not receive any 
surface treatment. However, the amount and depth range of the 
compressive residual stresses as well as the surface roughness clearly 
depend on the applied process parameters.

Deep rolling of conventionally manufactured Ti6Al4V specimens 
leads to an increased fatigue resistance compared to untreated Ti6Al4V 
specimens (Altenberger et al., 2012; Sonntag et al., 2015). Due to the 
increase in compressive residual stresses close to the surface with the 
highest depth range (compared to the other mechanical post-treatments) 
and the reduction of the surface roughness (Ra < 2.5 μm), the deep 
rolling process in the current study led to high fatigue results, which 
were comparable to wrought material. However, the residual stress 
distributions for the tangential and the axial components showed the 
highest differences compared to the other surface treatments indicating 
a distinct directional dependence of the in-plane residual stress distri
bution. This can be expected and can be explained by the Hertzian 
contact theory between two rounded specimens in combination with the 
process sequence, i.e. by taking into account the deep rolling direction 
(Hertz, 1882).

Wycisk et al. found a 15 % lower fatigue limit of the shot peened 
LPBF manufactured Ti6Al4V specimens compared to wrought material. 
However, only a stress-relieve of 650 ◦C for 3 h was performed, instead 
of a HIP treatment. A study by Bendetti et al. compared stress relieved 
Ti6Al4V specimens receiving a subsequent shot peening procedure with 
specimens receiving only a HIP treatment (Benedetti et al., 2017). The 
shot peened specimens showed a superior fatigue limit in monotonic 
tensile tests on cylindrical hourglass specimens after 5 × 106 cycles, but 
the fatigue limit was reduced by approximately 30 % for high cycle fa
tigue testing (50 × 106 cycles), which was lower than the fatigue 
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resistance after 50 × 106 cycles of specimens receiving a HIP process. 
This result justifies the approach of this study to perform a combination 
of HIP and surface treatment as shown in Fig. 12.

Polishing or laser shock peening led, in the current case, to lower 
fatigue test results for cyclic four-point-bending than turning, deep 
rolling and shot peening.

For the polishing process alone, the lowest surface roughness was 
observed, but the compressive residual stresses were relatively low. This 
indicates that, in the present case, the compressive residual stresses have 
a higher impact on the fatigue resistance than the reduction of the 
surface roughness. Kahlin et al. also reported a relatively low influence 
of surface roughness on the fatigue resistance compared to compressive 
residual stresses (Kahlin et al., 2020). However, they used cyclic tensile 
tests instead of four-point bending tests.

The laser shock peening with the process parameters listed in Table 2
led to tensile residual stress depth distributions in the near surface re
gion, changing to compressive residual stresses after a depth of 
approximately 72 μm. In addition, the laser shock peening reduced the 
surface roughness compared to the LPBF manufactured specimens after 
the HIP treatment, but the surface roughness was highest compared to 
the other mechanical surface treatments considered here. Both param
eters let to a fatigue resistance of laser shock peened specimens, which 
was only slightly higher than the fatigue resistance of the specimen 
without any surface treatment. A study by Jiang et al. found even lower 
fatigue resistances for laser shock peened LPBF/Ti6Al4V specimens 
compared to the as built parts and heat-treated specimens (955 ◦C in 
vacuum for 2 h) (Jiang et al., 2021). The authors explained this finding 
with inherent defects, an increased surface roughness and non-uniform 
residual stresses. Although, near-surface compressive residual stresses 
were found for the laser shock peened specimens, tensile residual 
stresses were found for the first measuring point (closest measuring 
point to the surface), which shows similarities to the current study 
(Jiang et al., 2021). From this it can be concluded, that laser shock 
peening must be assessed as critical, i.e. the choice of suitable laser 
shock peened parameters is obviously very sensitive. This means on the 
other side that for LPBF manufactured hip stems, this technique might 
be too risky, because of tensile residual stresses that can occur at the 
implants surface, with respect to the applied laser shock peening 
parameters.

Kumar et al. expressed the thesis that shot peening and its ability to 
introduce compressive residual stresses and closing pores near the sur
face is mainly suitable under rotating bending fatigue conditions (Kumar 
and Ramamurty, 2020). Hip stems typically are subject to alternating 
bending stress under in vivo conditions. Similar to rotating bending 
stress, alternating bending stress leads to the highest stress at the spec
imen surface. Therefore, shot peening may also be a suitable procedure 
for hip implants. In addition, for parts having a simple geometry, where 
uniaxial loads are acting, a deep rolling or machining process like 
turning may be sufficient. However, for complex shaped parts like hip 
stems, a shot peening process may be the more appropriate variant, 
especially due to the equi-biaxial compressive residual stresses in 
tangential and axial direction and not least since shot peening can be 
better adapted to complex components’ geometries in comparison to e.g. 
deep rolling, provided that the surface is accessible for the peeing 
process.

The combination of shot peening and polishing did not lead to an 
increased fatigue resistance regardless of the sequence (shot peening 
prior or subsequent to polishing). However, the combination of both 
surface treatments did not lead to a reduced fatigue resistance, too. The 
combination shot peening before polishing may have different applica
tions, when high fatigue strengths and a smooth surface are necessary. 
Liu et al. found an increased fatigue resistance of wrought Ti6Al4V 
specimens, when applying a polishing process after a shot peening 
procedure, although the shot peened layer will be reduced by the post- 
polishing process (Liu et al., 2017). In the current study, the reduction of 
the shot peened layer by the polishing process might have canceled out 

the additional fatigue advantage of the additional polishing.

4.1. Limitations

In the current study, no S-N curves were recorded, instead a Locati- 
test was performed, to compare the fatigue behavior of different post- 
treatments of LPBF manufactured specimens. This makes it difficult to 
compare the current results to literature. However, due to a high variety 
of LPBF, HIP post-processing and test parameters, comparisons of the 
presented own results with literature is barely possible, even with S-N 
curves, as the different fatigue results in literature demonstrate. As 
mentioned previously, cyclic tensile tests were typically used to deter
mine the fatigue resistance. For the application of hip stems produced by 
AM tensile tests would not lead to purposeful results, because bending 
stresses are the main stresses, which typically occur in vivo. To be close 
to the real loading case, the four-point bending test was applied to mimic 
the equivalent stresses as in hip stems. Instead of a 0.1 ratio, a sinusoidal 
force was applied in the tensile swelling regime having a minimum of 
100 N and an increasing maximum of 500 N for each load level during 
the Locati-test. The test conditions should again replicate the in vivo 
condition, where constant torque and bending stresses are acting due to 
muscle and ligamental forces even in a resting position. The increasing 
maximum forces can be associated with different activities, which lead 
to higher stresses at the implant. The benefit of the current study is that 
the LPBF processing parameters and HIP parameters remained constant 
and post-treatments could be directly compared using the same speci
mens and test conditions. Last, failure origins were analyzed for limited 
samples of each group. A correlation between amount or depth of 
compression residual stresses and the occurrence of sub-surface material 
failures would be valuable. However, the few analyzed samples showed, 
that the mechanical surface treatments inducing high residual stresses in 
combination with a HIP-process can lead to sub-surface failures.

4.2. Clinical relevance

The findings of this study are relevant for a wide range of applica
tions. In the following, the clinical benefit of LPBF manufactured im
plants will be explained. For patients, who need a customized hip 
implant, the patient’s bone can be reconstructed using CT data. Then, 
the patient-specific hip implant is designed based on 3D reconstruction 
of the bone and is additively manufactured (Gotze et al., 2009). 
Depending on the patient’s age, more than 2 to 2.5 million load cycles 
per year act at the implant, which may lead to a fatigue failure of the 
implant (Kinkel et al., 2009). In addition, the hip implant must with
stand high impact stresses, which occur for example during stumbling of 
a patient (Bergmann et al., 2004). To ensure the patient safety, 
post-treatments of LPBF manufactured implants would be necessary. 
Thereby, a previous HIP treatment needs to be applied to reduce the 
porosity to a minimum. Afterwards, based on the results of the current 
study, a shot peening process is proposed to be applied on a complex part 
like a (patient-specific) hip stem, to induce compressive residual stresses 
and to reduce the surface roughness. Next to the fatigue resistance, the 
hip implant needs to be osseointegrated into the surrounding bone. A 
high implant roughness at the stem is directly linked to a superior bone 
fixation (Barfeie et al., 2015). Surface roughness after shot peening in 
the current study was below 4 μm. The shot peened LPBF manufactured 
Ti6Al4V specimens in other studies ranged between 2 and 5 μm 
(Aguado-Montero et al., 2022; Luo et al., 2021). Subsequent to the shot 
peening process, a rough coating could be applied on the implants sur
face to improve the osseointegration. A previous study showed good 
adhesion of a plasma-sprayed hydroxylapatite coating on Ti6Al4V discs 
having a surface roughness Ra of 3.2 μm, which is similar as the 
roughness after shot peening in the current study (Levingstone et al., 
2015). In (Yang et al., 2000), the residual stresses of plasma-sprayed 
hydroxylapatite coatings on Ti6Al4V specimens were analyzed and 
compressive residual stresses were determined. However, the effects of a 
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coating on the compressive residual stresses of the substrates surface, 
induced by the shot-peening process, needs to be evaluated. It is 
necessary that the compressive residual stresses on the Ti6Al4V surface 
are not negatively influenced by the coating process. Most hip implants 
have a polished shoulder and neck region, because no osseointegration 
is possible in this area and irritation of the surrounding soft tissue should 
be avoided. The current study showed that an additional polishing 
process after the application of a HIP process and a shot peening process 
is possible without any reduction in fatigue performance. In addition, 
the subsequent polishing process after shot peening may eliminate small 
crack initiation points at the highly stressed neck region of the stem.

5. Conclusion and future work

In the current study, different mechanical post-treatments of LPBF 
manufactured samples were tested to establish a production chain for 
LPBF manufactured hip stems with sufficient fatigue resistance. 
Thereby, the following research questions were investigated and 
answered. 

1) Is the fatigue resistance of LPBF manufactured Ti6Al4V specimens, 
receiving a HIP procedure, similar to the fatigue resistance of the 
wrought material? 
- The herein presented results have shown, that for the chosen pro

cess parameters in combination with the cyclic four-point-bending 
loading, a HIP treatment without any further surface treatment is 
not sufficient to get a similar fatigue resistance as for specimens 
manufactured based on wrought Ti6Al4V material.

2) Is there a requirement to apply an additional HIP process prior to the 
application of mechanical surface treatments? 
- A mechanical surface treatment without a previous HIP treatment 

led to a lower fatigue resistance compared to specimens receiving 
both.

3) Which mechanical surface treatment results in a similar fatigue 
behavior of LPBF 

manufactured Ti6Al4V specimens as wrought material?
- A turning, deep rolling or shot peening process led to similar fa

tigue results as the wrought Ti6Al4V material, when a previous HIP 
treatment was applied.

- Laser shock peening or polishing led to significant lower fatigue 
results compared to the other mechanical surface treatments.

- For simple geometries, a turning process or deep rolling may be 
appropriate, for complex shaped geometries, e.g. hip stems, shot 
peening represents the better choice.

4) Do near surface compressive residual stresses or a reduction of the 
surface roughness lead to 

a higher level of fatigue resistance?
- A turning process, deep rolling and shot peening led to high 

compressive residual stresses at the specimen surface compared to 
laser shock peening and polishing.

- Deep rolling had the highest depth range of the region having 
compressive residual stresses compared to the other surface treat
ments but showed the highest directional dependence.

- In the present study laser shock peening resulted in tensile residual 
stresses at the very surface changing to compressive residual 
stresses at larger depths.

- Polishing led to the lowest surface roughness compared to all other 
surface treatments.

- From this and the fatigue results from research question 3 it can be 
concluded that the compressive residual stresses have a higher 
positive impact on the fatigue resistance than the reduction of the 
surface roughness.

5) Does a reduction of the surface roughness subsequent to a mechan
ical surface treatment further increase the fatigue resistance? 
- A combination of shot peening and polishing (regardless of the 

order) led to similar fatigue resistances as shot peening alone.

- From this it can be concluded that the combination of a surface 
treatment leading to high compressive residual stresses and a sur
face treatment leading to low surface roughness does not bring any 
benefits nor is it harmful with regard to the fatigue behavior. But it 
may be beneficial for the neck region of hip implants to reduce 
irritation of the surrounding soft tissue and, moreover, minimize 
potential crack initiation points at this highly stressed hip implant 
region.

All these research questions are limited to the applied LPBF process, 
the HIP treatment and the mechanical surface treatments as well as the 
test conditions. Different parameters for the LPBF process, post- 
treatments and test conditions may lead to other results.

The study can help to develop customized hip implants, which may 
improve clinical outcomes without sacrificing patient safety. In a sub
sequent study, hip stems will be LPBF manufactured according to the 
established production chain selecting the optimal mechanical post- 
treatments. The hip implants will then be tested according to ISO 
7206-4 and ISO 7206-6 to ensure patient safety for LPBF manufactured 
hip stems. Two more factors next to the fatigue resistance of artificial 
hips should be analyzed in future studies:

Firstly, the bonding strenght of the shot peened surface and a 
osseointegrative coating (e.g. hydroxylapatite).

Secondly, the corrosion and fretting resistance of the taper connec
tion of the additive manufactured femoral stem.
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