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Abstract

Additive manufacturing processes gain more and more interest, among others, due to the feasibility for production of lightweight
metallic components directly from design data. Selective laser melting (SLM) is a very promising direct manufacturing (DM)
technique for fabrication of near net shape components. The reasons for this are the relative high surface quality and bulk density
of SLM processed parts. Still, process induced imperfections, i.e. residual stresses upon processing, need to be considered for future
applications, in particular in the aerospace and biomedical sectors. Moreover, fatigue loading is a critical scenario for such
components and needs to be investigated thoroughly.

In this paper, results from fatigue crack propagation tests on biocompatible SLM-materials (titanium alloy Ti-6-4 and stainless
steel AISI 316L) will be presented. For that purpose, fracture mechanical analyses were carried out on these materials. For Ti-6-4
various treatments were taken into account. It could be shown, which optimization steps are required in order to achieve fracture
mechanical properties that are comparable to the reference material. In case of 316L, crack growth data for different process
parameter sets (different build-up rates) were examined and compared to make conclusions about the influence of increased build-
up rate on resultant crack growth behavior. Finally, based on the insights deduced from foregoing tests on Ti-6-4 crack growth
propagation and the lifetime were simulated numerically by the use of the software ADAPCRACK3D.
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1. Additive Manufacturing — innovative production technique with huge potential

The first efforts to develop Additive Manufacturing (AM) machines have been made in the 80s. These machines
were characterized by low build-up rates and marginal process stability as well as inadequate surface quality and
material properties, Levy et al. (2003). Since then, the development of these machines has been pushed continuously,
Levy et al. (2003) and Kruth et al. (1998). For a long time this process has been mainly used for manufacturing of
prototypes. The ongoing improvement and the promising outlook for the future, Gausemeier et al. (2011), as well as
the unique capabilities of AM technique make them attractive for the aircraft and biomedical applications.
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Fig. 1. Schematic of the SLM-process and 3 basic steps recoating, irradiation and platform lowering needed to produce a hip joint implant.
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For all AM-processes is common that part production is based on the CAD model which has to be designed or
obtained using 3D-scans in the step before manufacturing. The additive manufacturing process Selective Laser Melting
(SLM) is characterized by transition of powdered material into solid part following being irradiated by the laser source,
c.f. Fig. 1. The melt pool within this process is extended only in a small local area. Hence, layer-by-layer
manufacturing of complex and delicate components becomes possible. The fabrication of parts by SLM is an iterative
process that is divided in three consecutive steps, Fig. 1, as follows:
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e RECOATING: This step involves the deposition of powder; either directly on the substrate plate within the
first recoating step or on the previously deposited and irradiated powdered material in each subsequent step.

e IRRADIATION: Here, the powdered material becomes locally melted by the laser energy and bonded with
the subjacent — already solidified — material. The irradiated regions here correspond to the volume areas of
the CAD model. The SLM process includes various exposure strategies which have strong impact on the
evolution of the material condition (i.e. residual stresses and porosity), Kruth et al. (2012) and Matsumoto et
al. (2002).

e LOWERING: This step characterizes the lowering process of the building platform and thus of the entire
powder bed. The most common lowering value here can be found between 30pm and 100pum. The space
resulting by the lowering of the platform and the powder bed may be used in the next step for powder
deposition.

The SLM process delivers numerous advantages and unique capabilities. For Long-term success and
implementation of this technology knowledge and understanding of the mechanisms and influencing factors on the
behavior of SLM parts under loading is required. Thus, there is a real need to examine SLM materials. For that reason
crack growth analyses on titanium alloy Ti-6-4 and stainless steel AISI 316L were carried out using CT specimens
and will be presented in this work.

2. Effect of building direction, heat treatment and build-up rate on fracture mechanical data of laser melted
materials

This chapter includes an overview of various influencing factors and their impact on the fracture mechanical values
and fatigue crack growth performance of laser melted components. Based on these insights measures for optimization
will be taken to get required outcome.

2.1. Sample manufacturing and heat treatment

The materials processed in the current study were Ti-6-4 titanium alloy and AISI 316L stainless steel. The
SLM250H and the SLM280MT facilities were deployed for sample manufacturing — both developed by SLM-Solutions
GmbH. These machines allow layer thicknesses ranged between 30pum and 100um. Compact Tension (CT) specimens
with perpendicular as well as parallel initial crack orientation related to the building direction, Fig. 2a,b, were
manufactured in order to make conclusions about material isotropy. Fig. 2c¢ illustrates the laser melted plate with
dimensions and the final contour of the sample obtained by machining.
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Fig. 2. (a) Building direction normal to crack growth direction, BDLCD; (b) Building direction parallel to crack growth direction, BD IICD;
(c) Sample take off by machining from a laser melted plate.

Table 1 contains data of heat treatments that were used in order to modify the As-built material state of CT
specimens. These treatments came out of foregoing quasi-static tests (i.e. tensile strength, yield strength and elongation
at break) where a wide range of treatments were taken into account, Thone et al. (2012).
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The treatment at 800°C keeps the temperature slightly below the so-called S-transus temperature which means that
no change in microstructure occurs. 1050°C treatment is characterized by the exceeding of S-transus temperature and
the associated formation of A-phase in titanium microstructure. Thus, after treatment at 1050°C the ratio of A Ti
increases. During the Hot Isostatic Pressure (HIP) the samples remain at 920°C in a chamber filled with argon.
Additionally, an isostatic pressure of 1000 bar is applied to the specimens and leads to the reduction of porosity. The
result of all treatments is the removal of residual stresses which arise in the melting process.

Table 1. Heat treatment data applied to titanium alloy Ti-6-4.

Heat treatment 800°C 1050°C HIP
Temperature [°C] 800 1050 920 (1000 bar)
Time [h] 2 2 2
Atmosphere Argon Vacuum Argon

2.2. Titanium alloy Ti-6-4 — effect of building direction and heat treatment on crack growth behavior

The laser melted Ti-6-4 in its untreated condition (As-built) delivers low and insufficient crack growth data, Fig. 3.
Heat treatment applications of these parts leads to significantly improved fracture mechanical behavior. Fig. 3a shows
the Ti-6-4 crack growth data for laser melted as well as reference material. Fig 3b contains threshold values deduced
from da/dN-AK-curves in Fig. 3a. These results indicates that heat treatment is absolutely necessary in order to achieve
or even to exceed the threshold values found for Ti-6-4 processed on conventional routes. Currently, heat treatment is
the only way to obtain that high level of fracture mechanical performance of Ti-6-4. Further detailed information
concerning the fatigue crack growth behavior, the static and fatigue data as well as about the influence of Hot Isostatic
Pressing (HIP) on porosity and residual stresses can be found by Leuders et al. (2013).
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Fig. 3. (a) Fatigue crack growth data for different material conditions (building direction is normal to crack growth direction); (b) Threshold
values for the considered material conditions.
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Fig. 4 represents a diagram that enables to compare several material conditions under consideration of both static
and fatigue crack growth data for two different building directions. The static values are characterized by the yield
and tensile strength where the testing direction corresponds to the building direction. The fatigue crack growth values
are divided into threshold values (as the limit above that stable crack growth occurs) and into critical stress intensity
range (the limit between stable and unstable crack growth). The values presented in Fig. 4 are normalized. For that
purpose, each value was related to the maximum value that was found for one of the considered material conditions.
Consequently, the values increase from 0 in the middle to the outer line 1 of the plot.
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Fig. 4. Comparison of different heat treatments in order to figure out the best suitable post treatment.

The data in Fig. 4 indicates that the heat treatment HIP enables high overall performance in terms of static and
fatigue behavior. In conclusion, HIP should be used to obtain the best material performance of laser melted parts
consisting of Ti-6-4.

2.3. AISI 316L Stainless steel — effect of build-up rate on crack growth behavior

In this section crack growth data for three different build-up rates will be presented. For this study the laser energy

input was varied between 175W and 950W. Depending on the parameter set the theoretical build-up rate could been
increased from about 10 cm’/h to 60 cm’/h by a factor of six. Fig. 5a contains the da/dN-AK-curves for the three
examined test series. By increasing build-up rate the threshold value decreases here from 3.8 MPa-m'? for 175 W
laser power to 2.4 MPa-m'? for 950 W laser power. This difference in crack growth data was only established in the
lower stress intensity range — near threshold. For PARIS region as well as for the higher stress intensity ranges,
approximately identical form and location of da/dN-AK-curves were obtained for different parameter sets examined
in this study, see also Riemer (2015).
Fig. 5b shows the graph where the build-up rate V, the threshold value AKy, the critical stress intensity range AKc, the
tensile strength Ry, the yield strength Ry, and the elongation at break 4 are plotted as normalized values for the three
parameter sets. The increase in the build-up rate leads to a strong decrease in threshold values as well as in elongation
at break and a slight decrease in the tensile strength. That means that for higher process productivity the weak material
values has to be taken into account. Parts for high performance applications that require high resistance against crack
growth have to be processed employing low build-up rates which ensure high-grade properties.
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In this study, the effect of treatment (and consequently of the residual stresses) on the component’s lifetime was
analyzed. For that reason titanium alloy Ti-6-4 in the conditions As-built and 800° were taken into account. The
required fatigue crack growth data, Fig. 6a, was characterized by the FORMAN/METTU-equation as follows:
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Fig. 6. (a) FORMAN/METTU-equation fitted to the data for As-built and 800°C conditions; (b) Fitting parameter sets for the
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Fig. 6b contains the parameter sets used to fit the equation (1) to the data for the As-built and 800°C conditions
where on the x-axis is the crack growth rate in [mm/cycle] and on the y-axis is the stress intensity range in
[MPa-mm"?]. For detailed information about that equation see also Richard and Sander (2012). In the next step, both
mathematical descriptions were implemented into numerical crack growth simulation program ADAPCRACK3D,
Schéllmann et al. (2003).
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Fig. 7. Boundary conditions and mesh parameters used in numerical simulations for crack growth in the implant.

The object for the lifetime study is the hip joint implant. This part needs to be personalized and consequently well
suitable for the production employing the SLM process. The boundary conditions used for the crack growth simulation
are presented in Fig. 7 schematically.
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Fig. 8. Numerical simulation of the residual lifetime depending on the material condition.
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The boundary conditions used in this study corresponds to the load case “Normal Walking” and are in accordance
with the mechanical models developed by Pauwels (1980). The location of the initial crack with a depth of 1 mm was
assumed in the region where the highest principal stresses occur, Fig. 7. The R-ratio was defined to be 0.1. The
simulation was performed based on the body weight of 80 kg. For more details concerning the mesh see also Fig. 7.

Fig. 8 depicts the crack path, the stress distribution and the crack length in the last simulation step before the
instable crack growth begins. The results of crack growth simulation show significant differences in the remaining
lifetime, c.f. Fig. 8. In the As-built condition the fracture occurs at 100000 cycles. Following the heat treatment at
800°C the instable crack growth begins at 2.5 millions of cycles. Consequently, the treatment at 800°C leads to an
huge increase in lifetime. Here, the lifetime extension was found by a factor of about 25. In conclusion, technical parts
consisting of Ti-6-4 have to be applied to heat treatment in order to reduce residual stress and to extend the
component’s lifetime.
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