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With time, the benefits of additive manufacturing have become firmly estab-
lished in the domain of medical technology. The high degree of design freedom
and precision afforded by additive manufacturing enables the production of
implant components that are precisely tailored to individual requirements and
based on patient-specific data. In addition to the advantages, the production of
such components presents process-related material science challenges. One
such challenge of this manufacturing process is the residual stresses due to
the occurring phase transformation during the rapid process-related cooling
rates. These stresses can lead to component deformation and impair the
mechanical load-bearing capacity of the component, leading to accelerated
fatigue. This aim of this study is to analyse the various influences of manu-
facturing and machining processes such as heat-treatment or application-re-
lated stress on the residual stress state of additively manufactured
components based on titanium alloys.

INTRODUCTION

In medical technology, implants are undergoing
substantial development across a range of disci-
plines, driven by continuous advancements in
research. This evolution is evident in the emergence
of novel applications, materials, processes, and
design concepts. Among the most notable advance-
ments is additive manufacturing, a process-based
approach that facilitates the customization of
implants to a remarkable degree, allowing for
precise adaptation to individual patient needs, even
beyond standard sizes.1 The generative manufac-
turing method enables the realization of geometries

that were previously unfeasible using subtractive
manufacturing processes, even at the smallest
scales. For instance, it is possible to add roughness
to specific areas of an implant or to place open-pored
or lattice structures on a bulk material to allow
blood vessels and bone tissue to grow in. Further-
more, these lattice structures can serve as a storage
area for medication. In this regard, it is imperative
to equip these lattice structures with a drug-deliv-
ery component, thereby facilitating an on-site effect
by incorporating antibacterial or antimicrobial
agents, such as magnesium, or bone-building sub-
stances, like hydroxyapatite, directly in areas with
limited vascularization.

Laser powder bed fusion (LPBF) is a generative
manufacturing process in which metallic powder is
applied in layers using a blade and partially melted
using a laser beam.2–4 The process is based on a(Received March 29, 2025; accepted May 19, 2025;
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previously constructed CAD model (computer-aided
design), which is divided into individual layers.5,6

The process commences with the application of a
predetermined, thin layer of powder onto a building
platform, where a laser beam melts the powder in a
localized manner, resulting in the formation of a
solid layer of material. After solidification, the
platform is lowered, and a new layer of powder is
applied. This cycle is repeated until the component
is fully constructed.

It is imperative to note that the process is
conducted in an argon or other inert gas atmosphere
to prevent oxidation during manufacturing.2–4 The
process of selective laser beam melting involves
extremely rapid cooling of the laser-generated
micro-melts, with cooling rates ranging from
103 K/s to 106 K/s being typical.7,8 This rapid cool-
ing can result in various forms of deformation,
including elastic deformations, on both micro and
macro scales, caused by a significant number of
residual stresses.8 Residual stresses that arise
during the additive manufacturing process can be
attributed to phase transformation occurring at the
microstructural level. Instead of a solidification
under equilibrium conditions, a diffusionless
martensitic transformation occurs because of the
previously referenced rapid cooling rates. The
resulting mainly martensite phase with a few prior
b-grains is characterised by internal residual stres-
ses because of the changed c/a axis ratios of the
martensitic crystal lattice. These internal residual
stresses can manifest, for example, in geometric
shape changes, with more difficult adjustment of the
component properties’ brittle behaviour under
mechanical and dynamic loads.9 In addition, the
dimensional accuracy of the manufactured compo-
nents changes, so that increased effort is required
for reworking. Residual stresses caused by the
process-related phase transformation can be elimi-
nated by reworking.10–12 One way of achieving this
is by subsequent heat treatment. In the case of the
titanium-based alloy used in this study, this means
that diffusion processes are activated in the compo-
nent at a specified temperature and time, resulting
in a transformation of the martensitic microstruc-
ture into the stable mixed phases a and b, which
have significantly lower residual stresses.

Titanium (Ti) and its alloys are utilized in a
variety of industries such as biomedical and aero-
space engineering because of their exceptional
combination of low density (approximately 4.5 g/
cm3), high specific strength (approximately 53–
220 MPa cm3/g, depending on the alloy), excellent
biocompatibility, excellent corrosion resistance, and
high fatigue strength.13 Pure titanium, classified as
an allotrope material, crystallizes in a high-temper-
ature body-centred cubic (bcc) b-phase and rever-
sibly transforms into a low-temperature hexagonal
close-packed (hcp) a-phase at the b-transus temper-
ature of 882�C.13 The stability of both phases can be
enhanced by the addition of different alloying

elements such as aluminium (Al) or vanadium (V).
The resulting microstructure can be tailored by
varying the quantity of alloying elements, thereby
enabling the control of the amount and distribution
of the two phases.9 This process facilitates the
creation of titanium alloys that exhibit either an a-
type, b-type, or an a + b-type microstructure, thus
allowing for the customization of material proper-
ties to meet specific requirements.13 The alloy
utilized for the ensuing investigations comprises a
titanium-based alloy with alloying elements Al and
V. The Al present in the alloy with 6 wt.% exerts a
stabilizing effect on the a-phase of the alloy, conse-
quently leading to an elevated transus temperature.
V, accounting for 4 wt.% of the alloy, exerts an
isomorphous stabilizing effect on the b-phase of the
alloy, thereby increasing the existence range of the
b-phase.13 The concurrent presence of both ele-
ments in an alloy leads to an expansion of the phase
coexistence range of the a- and b-phase.13 In the
cooled cast state, this alloy exhibits a lamellar
duplex structure of a and b lamellae at the
microstructural level compared to commercially
pure (cp) Ti.13 This type of microstructure is fre-
quently called a basket-weave microstructure
because of its cluster-like arrangement of lamellar
a areas in former b grains.13 The orientation of these
a cluster areas is aligned with the 12 sliding
systems of the cubic space-centred b-cell.13

During the additive processing of the (a + b) alloy
Ti-6Al-4V, no equilibrium solidification of the melts
occurs because of the high cooling rates of the micro-
melts. Consequently, no basket-weave microstruc-
ture is formed from former b-grains and a-lamellae.
Martensitic solidification occurs from the melt and
the formation of an a¢/a phase.14

EXPERIMENTAL DETAILS

Materials and Sample Preparation

The Ti-6Al-4V metal powder from AP&C was used
for the additive manufacturing of the samples. The
chemical composition of the powder, which was
measured with energy-dispersive X-ray spec-
troscopy (EDX), is presented in Table I below. The
elements oxygen (O) and carbon (C) were not
considered because of their low molecular mass
and the associated lack of scientific clarity.

The samples were produced using the laser
powder bed fusion (LPBF) process with a Concept
Laser Mlab cusing 100 R. The specimens for
dynamic testing have a solid base plate and a
body-centred cubic lattice cell (bcc) in three rows

Table I. Chemical composition of the used metal
powder Ti-6Al-4V (wt.%)

Material Ti Al V

Ti-6Al-4V Bal. 6.09 3.73
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and two layers. The precise dimensions of the
specimens are illustrated in Fig. 1 below.

The samples were produced under controlled
argon (Ar) atmosphere. A laser operating at 95 W
with a scanning speed of 900 mm/s was employed to
ensure efficient material processing. The hatch
distance was meticulously calibrated to 100 lm to
ensure optimal overlap of the melted areas. Fur-
thermore, a layer thickness of 25 lm was employed,
enabling high-resolution and intricate detail in the
manufactured parts. These processing parameters
yielded a calculated energy density of about
42 J/mm3, which is pivotal for the microstructure
and properties of the additively manufactured com-
ponents. After the manufacturing process, the sur-
plus powder that remains within the open-pored
grid structures is eliminated using compressed air
and ultrasonic cleaning in an ethanol bath.

The following investigations are based on two
basic sample conditions. First, samples that
remained in their original as-manufactured condi-
tion after production and were not subjected to any
further treatment were analyzed. The second group
of specimens consisted of specimens that were heat-
treated after production. These were treated at
800�C for 2 h in a controlled Ar atmosphere and
then cooled in a controlled manner in the furnace.

ITs minimize potential disturbances to the load
transmission during the test; it is necessary to
prepare the surface that will be in contact with the
indenter during the dynamic test. For this purpose,
the specimens were manually ground with silicon
carbide (SiC) paper to 2500 grit. The specimens
were then pre-polished with a 9-lm and 3-lm
diamond suspension and finally polished with a
0.06-lm suspension. The microstructure visualiza-
tion specimens were prepared similarly and then

etched according to Kroll (10 vol.% HF and 5 vol.%
HNO3) to make the microstructure visible. Subse-
quently, the microstructure of the two ground states
was documented optically at multiple points on the
sample using an optical microscope.

Dynamic Testing

The fatigue tests were executed in a dynamic
displacement-controlled manner. The specimen was
supported on surfaces that were not equipped with
elementary cells. During the test, the cells were
aligned downward. The specimen was subjected to a
linear load with a radius of 1 mm in the centre
during the test. As illustrated in Fig. 2, the instal-
lation condition of the sample was as follows:

The experimental protocol consists of subjecting
the samples to sinusoidal compressive loads within
the pressure threshold range. However, the speci-
mens are not fully unloaded between cycles but
rather are reduced to a small compressive load
before being loaded again. Samples that have
reached 107 load cycles are designated as ‘‘runners,’’
and the frequency set for this is 2 Hz. For the initial
tests, this selected frequency is approximately half
the load frequency resulting from the period dura-
tion T for normal walking or stumbling according to
Bergman et al.15 Since the tests are displacement-
controlled, travel distances for the indenter are
selected based on the elastic deformation behaviour
of the Ti-6Al-4V alloy used. These should simulate a
reversible elastic deformation of the sample. Based
on the results, the travel distance is increased or
decreased for the following samples. The outcomes
of these experiments are meticulously documented
in a Wöhler diagram.

Fig. 1. Dimensions of the specimens for dynamic fatigue testing.
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X-ray Diffraction (XRD)

The near surface residual stress state of the
samples is determined through the X-ray diffrac-
tometer (XRD, Bruker, D8 Discovery) using the
d � sin2w method. The influence of various factors,
such as heat treatment conditions, sample prepara-
tion and dynamic testing, can be investigated.16 The
measurement is conducted using monochromatic
Cu-Ka radiation at a 40 kV voltage. The residual
stresses (RS) present in the near-surface region can
be quantified by measuring the lattice expansion
with an X-ray diffractometer.17,18 The measurement
of the lattice strain compared to the stress-free
mesh plane spacing makes it possible to quantify
the RS.19 The measurement of the lattice plane
spacing is based on Bragg’s equation.19 For this
purpose, the shift of the reflection peak of the
sample is measured at different rotation and tilt
angles.

RESULTS AND DISCUSSION

Microstructure of Additively Manufactured
Ti-6Al-4V

As illustrated in Fig. 4, the additively manufac-
tured Ti-6Al-4V samples were etched according to
Kroll at varying magnification levels to reveal their
microstructural phase composition.

The plane of interest, designated as the X-Y
plane, corresponds to the build-up plane of the
samples in the z-direction. The upper row of images,
labeled (a) and (b), show the sample in its untreated
as-built state. The lower row of images (c) and (d),
on the other hand, showcases the microstructure
after undergoing a subsequent heat treatment at
800�C for 2 h in an Ar atmosphere and following
controlled furnace cooling.

The as-built sample exhibits a needle-like
martensitic microstructure consisting of the hexag-
onal (hcp) a-phase and martensitic a¢-phase. The
a¢-phase manifests itself in the micrographs in the
mainly needle-like form. The needles, with a length

of several tens of micrometres, are observed to be
grouped in clusters with varying orientations. The
microstructure exhibits no evidence of a b-phase.
The prevailing theory posits that this phase should
form from the melt in conjunction with the alpha
phase during equilibrium solidification. Moreover,
the alloy utilized contains 4 wt.% of the b-phase
isomorph stabilizing element vanadium (V).20

In contrast, the sample that underwent a treat-
ment at 800�C/2 h of heat exposure demonstrates a
substantially coarser microstructure. In this speci-
men, the presence of a basket-weave-like structure
consisting of the a-phase is even more recognizable,
as indicated by the white arrow in Fig. 3c). Addi-
tionally, the presence of b grains is observed,
situated between the a structures. The two phases
are present in hexagonal close packing (a-phase,
hcp) and in a body-centred cubic structure (b-phase,
bcc). The observations indicate that a phase trans-
formation takes place during the heat treatment
process. This phenomenon can be represented by
the following reaction:21

a0 ! a hcpð Þ þ b bccð Þ

The application of heat treatment results in a
substantial enhancement of the microstructure, as
evidenced by the observations presented in Fig. 3d.
The length dimensions of the a phase remain largely
unchanged compared to the as-built a¢-phase. How-
ever, the needles exhibit a notable increase in
width, thereby acquiring a significantly stronger
lamellar character.

Dynamic Fatigue Testing of Additively
Manufactured and Heat-Treated Specimens

The evaluation of microstructural images has
shown that the process of selective laser beam
melting results in the formation of different
microstructures from those in conventionally pro-
duced and processed titanium alloys. The locally
very high cooling rates in the micro-melts lead to
non-equilibrium solidification and thus to the for-
mation of a martensitic a¢ phase. This solidification
process results in process-related high RS. These
have a significant influence on the mechanical
properties, such as the fatigue resistance of the
manufactured components. The influence of RS is
particularly visible here in the form of premature
failure.

The influence of cooling conditions, microstruc-
ture, and RS on the dynamic fatigue resistance of
additively manufactured lattice structures is illus-
trated by the Wöhler curves (see Fig. 4). The orange
diamonds represent the points of the as-built
Wöhler tests, while the blue points indicate the
results of a subsequent heat treatment at 800�C/2 h
in an Ar atmosphere and controlled furnace cooling.
The fatigue strength of the as-built Ti-6Al-4V
samples is nearly half that of the heat-treated
condition. The predicted fatigue strength is attained

Fig. 2. Installation condition of the specimens for displacement-
controlled dynamic fatigue testing with 3-point contact.
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in the as-built condition at approximately 0.1 mm,
while a subsequent heat treatment significantly
increases the fatigue resistance to approximately
0.2 mm.

As demonstrated in the preceding analysis of
microstructural images, the phase transformation
that occurs during the process of heat treatment
establishes a beneficial initial condition for dynamic
loads. The decomposition of the a¢ phase into a
lamellae, which are interspersed with b phase
regions, facilitates the microstructure’s capacity to
respond to the induced load through a range of
deformation mechanisms in response to loading. A
significant deformation mechanism is twinning,

leading to the formation of twin grain boundaries.22

These twins serve to reduce the size of the grains,
with the result that the dislocations induced by
plastic deformation are accumulated at these twin
boundaries at an early stage.22 One consequence of
increased twin formation is increased strain hard-
ening. If further dislocations and twins are gener-
ated by plastic deformation, the orientation of the
crystal lattice will change. This leads to a sharp
increase in misorientation at the grain transitions.
For uniaxial loading, the plane with a 45� orienta-
tion to the load axis is the plane on which the lowest
stress is required to form dislocations. This factor is
also referred to as the Schmid orientation factor. In

Fig. 3. Optical light microscope image of Ti-6Al-4V: (a) as-built, (b) as-built, close-up, (c) heat-treated, and (d) heat-treated, close-up.

Fig. 4. Wöhler curve for as-built (orange) and heat-treated (blue) samples displacement-controlled at f = 2 Hz.
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the case under consideration, the Schmid factor is
also shifted to higher angles because of the
increased misorientation at the grain transitions.
However, if the stress is then reached at the angular
ratio, crack nucleation occurs at the points of
highest misorientation at the grain transitions,
and continuous crack propagation occurs with fur-
ther loading. This phenomenon has already been
demonstrated in cp-titanium samples.22

The increasing work hardening is counteracted by
the increasing ductility of the alloy. This is caused
by the b-phase content in the alloy. These two
factors play a decisive role in significantly improv-
ing the fatigue strength in the heat-treated condi-
tion of the samples. The martensitic as-built state
has nearly no ductility, as the formation of a b-
phase is linked to diffusion processes. The marten-
sitic transformation, on the other hand, is diffusion-
less and prevents the formation of a b-phase. The
fast cooling speeds lead to a constitutive undercool-
ing of the melt, which reacts by forming a
metastable network of Wittmanstaetten a¢ needles.
This very fine microstructure can hardly form any
dislocations. The ratio between yield strength and
tensile strength leaves no scope for plastic defor-
mation. If the elastic properties are exceeded, the
sample fails almost immediately.

Residual Stresses of Additively Manufactured
and Heat-Treated Specimens for Different
States

Based on the process-related high cooling rates,
the microstructure and the results of the Wöhler
tests, additional RS measurements were carried out
using X-ray diffraction (XRD) to better evaluate the
influence of the microstructural stresses on the
fatigue properties.

Three specimen states were examined: first, the
stress state of the samples directly after production
and removal from the laser powder bed fusion
(LPBF) build platform. Secondly, measurements
were taken after grinding and polishing the contact
surface to the indenter in the dynamic test. Finally,
RS data were collected again after the dynamic
fatigue test. The same procedure was carried out for
samples in the heat-treated state. The stress state is
first determined in the heat-treated state and then
after preparation. After the preparation stage, the
heat-treated samples were examined once more for
their RS state after the fatigue test. The graphs
presented below show the measured normal RS in
MPa in the top row and the shear in MPa in the
bottom row.

The black numerals denote the state the samples
at the time of measurement. Table II provides an
overview of the existing states.

The colours are used to classify the measured RS.
All compressive RS< � 20 MPa are coloured green.
All RS in a range between � 20 and 20 MPa are
coloured yellow and all tensile ones> 20 MPa are

marked in red. The patterns of the bars are used for
visual differentiation with the same colours. The
sample orientations 0�, 45�, and 90� are always
considered for all states. The orientation of the
samples is set during the measurement via the
rotation of the table and is shown schematically
with the exposure strategy selected in the LPBF
process in Fig. 5.

The RS states of the as-built specimens, shown in
Fig. 6, show a clear discrepancy between the values
in the normal stress region and the shear stress
region. The analysis shows that the compressive RS
directly after the manufacturing process are signif-
icantly higher in the normal stress region than in
the shear stress region, and the investigation of the
cooling conditions during the manufacture of the
specimens shows that these are a significant factor
in the formation of compressive RS. The rapid
solidification of the micro-melts leads to a marten-
sitic transformation associated with an increase in
volume. This increase in volume manifests itself in
the form of first order compressive RS.16 For the 0�
and 45� orientations, the subsequent preparation
and dynamic testing reduce the RS in both the
tensile and compressive planes. The range of shear
RS at 45� is particularly significant. Here the
production-induced compressive RS are trans-
formed by the influence of the preparation into
tensile RS, which are reduced by the dynamic test.
The tendency to reduce the process-related RS can
be attributed to several factors. These include the
preparation, sample cooling, the grinding wheels
and the rotational speed of the grinding wheels as
well as the associated stock removal. High contact
pressure and thus also plastic deformation and
heating favour the formation of RS during prepara-
tion.16 The formation of normal RS, which is
particularly visible at 45� and 90�, may also be
due to the direction of preparation, as the specimens
were prepared in a 90� orientation.

As demonstrated in Fig. 7, the measurements
were conducted under identical conditions after an
additional heat treatment following manufacturing.
The magnitude of the RS within the normal and
shear range has undergone a substantial reduction.
For the 0� and 45� orientations within the normal
RS range, a continuous reduction in the compres-
sive RS can be observed because of the preparation
and dynamic testing steps, in alignment with the
as-built condition. Although the orientation of this
tendency is not directly evident, it is evident that no
separate consideration is necessary after taking the
displayed error bars into account; rather, the trans-
formation of the compressive RS into tensile ones
during the dynamic test is striking. When analysing
the microstructure in consideration of the heat
treatment condition, it becomes apparent that an
increase in the b-phase fraction in the heat treat-
ment condition leads to an increase in the alloy’s
ductility. This, in turn, leads to an increased
number of dislocations being formed, which in turn
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contributes to an increase in the residual stress
components of third order.16

The evaluation of the measured shear RS post-
preparation reveals the generation of compressive
RS on the surface for all orientations. The prepara-
tion results in an increased dislocation density,
particularly in the shear direction, due to the
manual preparation of the specimens in the shear
direction. Two significant effects occur during the
dynamic test. On the one hand, dislocations are
reduced; on the other hand, there is a reorientation
at the texture level due to the dynamic load.17 This
can be recognized by converting the compressive RS
into tensile ones.

Influence of Heat-Treatment on the Residual
Stresses

In addition to the impact of the manufacturing
process, preparation, and dynamic testing, the role
of a heat treatment integrated within the manufac-
turing process must be substantiated. In numerous
instances, the RS content can be mitigated through
the thermal treatment of components, even after
additive manufacturing.16,23,24

As illustrated in Fig. 8, the outcomes of the RS
measurements are distilled into a direct comparison
of the as-built (1) and heat-treated (4) states. While
the compressive RS for the as-built samples are in a
range between approximately � 140 MPa and
� 250 MPa, the samples that were heat-treated in
the as-built state only demonstrate very low com-
pressive RS between approximately � 20 MPa and
� 40 MPa. The shear stress range analysis further
reveals that both states exhibit minimal stress
components within the range of � 14 MPa to
5 MPa. This observation underscores the efficacy
of heat treatment in inducing a substantial reduc-
tion in residual stresses.

The minimized RS are attributable to phase
transformation, as previously demonstrated
through metallographic analysis. During the heat
treatment process, the energy input, manifested as
heat, activates diffusion mechanisms, leading to
phase decay. The metastable martensitic a¢
microstructure transforms into the two
stable phases, a and b, under the influence of heat.
Consequently, the microstructural stresses induced
by the rapid solidification process can be substan-
tially mitigated at heat treatment parameters of
800�C/2 h. The substantial measurement deviations
observed in the as-built values, particularly in the
domain of shear RS, can be attributed, at least in
part, to the presence of a particularly fine marten-
sitic microstructure in the as-built state. The peaks
recorded for the individual orientations are subject
to significant noise because of the presence of
various diffractions. This effect is considerably
reduced in the heat-treated microstructure because
of its coarser basket-weave microstructure. Refer-
ring to the Wöhler curves shown in Fig. 4, the
results documented there can also be reconciled.
The RS reduced by phase transformation have a
positive effect on the fatigue resistance of the
samples, expressed in a doubling of the load path.

CONCLUSION

In summary, it can be posited that the residual
stress state of additive samples is influenced by a
variety of factors in different ways, including the
manufacturing process, the associated cooling con-
ditions, and the resulting microstructure formation.
Furthermore, the residual stress state is influenced
by additional factors of the post-treatment processes

Table II. Overview of the tested conditions

State Description

1 As-built
2 As-built after grinding and polishing the contact surface
3 As-built condition after the dynamic test
4 As-built heat-treated at 800�C for 2 h in Ar-atmosphere
5 As-built heat-treated after grinding and polishing the contact surface
6 As-built heat-treated condition after the dynamic test

Fig. 5. Sample orientation for XRD measurement and scanning
strategy in the LPBF process.
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such as heat treatment, specimen preparation, and
dynamic fatigue testing. The findings can be sum-
marized as follows:

(1) The martensitic transformation of the melt
into the a¢ caused by the high cooling rates
produces a high residual stress state, charac-

Fig. 6. Residual stress state in normal and shear stresses for the as-built condition: (1) as-built, (2), as-built ground and polished, (3) as-built
ground, polished dynamically tested.

Fig. 7. Residual stress state in normal and shear stresses for the heat-treated condition: (4) as-built and heat-treated, (5) as-built, heat-treated,
ground and polished, (6) as-built, heat-treated, ground, polished, and dynamically tested.
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terized by low dislocation formation and early
fatigue.

(2) The heat-treated state of the alloy exhibits
significantly lower residual stresses because of
the phase decomposition in a + b.

(3) The twinning in a-phase and the increased
ductility due to dislocation formation in the b-
phase increase the fatigue strength of the
samples.

(4) Preparing the contact surface by manual
means before the dynamic tests is a more
complex process due to the necessity of remov-
ing the support structures. In this instance, it
is possible to induce residual compressive
stresses in the shear direction (heat-treated);
conversely, existing residual compressive
stresses can also be reduced (as-built).

(5) For the as-built specimens, the dynamic test
leads to a slight reduction in the existing
residual compressive or shear stresses because
of the brittle microstructural behaviour, which
causes the specimen to fail before the residual
stresses are further reduced.

(6) For the normal and shear residual stresses,
the heat-treated specimens show a clear
reduction in the compressive residual stresses
and an induction of minor tensile residual
stresses on the surface, which is possibly a
result of the reduction in dislocations in
combination with a reorientation of the pre-
ferred direction.
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