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Abstract

Selective laser melting (SLM) is a well-known additive manufacturing technique of metallic components.
Weldable materials like iron-based alloys or nickel-based alloys can be processed. Due to the laser-based
fabrication process, SLM parts are characterized by a fine grain microstructure, anisotropic mechanical
properties and porosity in volume. These properties are limiting applications of SLM fabricated components.
Thermal post processing of additive manufactured components allows to modify the properties of SLM parts.
This can lead to an improvement of the part quality and can thereby open new fields of applications. Here
we discuss and compare the thermal post processing steps of solution annealing and hot isostatic pressing to
modify the microstructure and the porosity of tool steel 1.2709 SLM-parts. Solution annealing bears to the
microstructure of the SLM-part and homogenize the grain structure. Hot isostatic pressing (HIP) enables
thermal treatment under gas pressures. The HIP process can reduce internal porosity of the SLM-part which
can improve e.g. the scattering and anisotropic characteristic of the mechanical properties. We study the
effects of solution annealing and hot isostatic pressing regarding microstructure, porosity and directional
mechanical properties.
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1. Introduction

The additive manufacturing (AM) technology of selective laser melting allows the fabrication of highly
complex metallic parts. The layer-wise fabrication process is based on fine-sized metallic powder fused by
laser processing. Detail information of the SLM process can be found e.g. in Gibson, 2015; Yap, 2015. The
AM-technology allows new degrees of freedom in component fabrication and novel designs become
available. Applications can be found in a wide range of industrial sectors, e.g. in aerospace or tool
construction Seabra, 2016; Colter, 2017.

Mechanical properties in general depends besides the used material composition on specific
characteristics of the manufacturing technology llscher, 2010. In the SLM process these characteristics lead
to thermal induced residual stresses, fine-grain sized and directional microstructure as well as porosity in the
volume Niendorf, 2013; Buchmayer 2013; Kruth 2010. Thermal induced residual stress appears due to high
heating and cooling rates by laser processing of the metallic powder. As result large deformation of the part
geometry can occur Mercelis, 2006. The fine-grain sized microstructure of SLM parts arise from high cooling
rates of the melt pool after laser processing. The predominant direction of the grains are formed according
to the direction of the thermal gradients. These effects induce anisotropic mechanical properties and
regarding to the Hall-Petch relation higher strength of the SLM part compared e.g. with casted parts
Niendorf, 2013; Rosler, 2016; Kemper, 2011. The achievable porosity in the part volume is typically below
1%. However this small amount of the porosity can reduce the part quality e.g. their dynamic load
characteristic Caceres, 1996; Cherry, 2015. Several reason can be identified for the formation of porosity
while SLM processing. If the laser power is too high, smaller metallic powder particles vaporize and spherical
gas pores in the volume occur Ganeriwala, 2016; Wessels 2017. If the fusion of the processed powder layer
to the already fabricated layers is incomplete, the so called lack-of-fusion porosity can appear. These pores
are typically longish, perpendicular to the build direction and randomly-shaped Karg, 2012; Wessels, 2017;
Khairallah, 2014. The lack-of-fusion porosity has one of the major influences to the mechanical properties.
The sharp-edged structure involves focusing of mechanical strains in these edges and as result delamination
or cracks can occur that reduce the SLM part quality Zang, 2017; Wycisk, 2017. These specific SLM part
characteristics can be improved by thermal post processing. For example the thermal induced residual
stresses can be reduced by using stress relief annealing. The microstructure can be modified by solution
annealing and by applying hot isostatic pressing, the porosity in the volume can be reduced.

In this article we analyze the thermal treatment of solution annealing and hot isostatic pressing by
studying the microstructure and the tensile strength of SLM fabricated specimens. We are focused on
maraging tool steel 1.2709 which is widespread in industrial application e.g. for injection molding tools. In
particular the material can be machined after the SLM process and is therefore suitable for hybrid additive
manufacturing systems that combines SLM and milling Du, 2018.

2. Specimens and thermal treatment
We fabricate tensile test specimens to analyze the influence of heat treatments of SLM parts. The design
of the tensile test specimen refers to DIN 50125 type A. The dimension are shown in Fig.1. To study the

directional mechanical properties the specimens are fabricated in the orientations of 0°, 22.5°, 45°, 67,5° and
90° to the building platform.
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Fig. 1. Dimension of the tensile test specimens based on DIN 50125 type A

For SLM fabrication of the specimens we use the system LaserTec 30, DMG Mori. The SLM process
parameters are as follows: layer thickness t|,yer = 50 um, laser power P;= 160 W, exposure time t., = 40 s,
point distance dpoine = 40 pm, hatch distance dpycn = 90 pm and hatch rotation @haeen = 67°. The metallic
powder of maraging tool steel 1.2709 is provided by LPW Technology. The particle size distribution of the
powder has its median at pyedian = 26,5 um. The 10%- and 90%-quantiles are pioy = 16,1 um and pogy = 40,7
pum. The chemical compositions is according Tab.1. As typical for maraging steel a low amount of carbon (C)
and the high amount of nickel (Ni) can be found.

Table 1.1. Composition of maraging tool steel 1.2709

Fe C Si Mn Cr Mo Ni Co Ti Nb S
1.2709 vol.[%] balance <0.03 <0.1 <0.15 <0.25 45— 17 - 8.5- 0.8- - <
5.2 19 10 1.2 0.01

We study the effect of thermal treatments of solution annealing (SA), hot isostatic pressing (HIP)
compared to the as-build (AB) condition directly after SLM fabrication. We fabricate 60 tensile test
specimens by analyzing four specimens in each build orientation of 0°, 22.5°, 45°, 67,5° and 90° for the
process conditions of AB, SA, HIP.

The temperature and pressure profile used for the HIP cycle is shown in Figure 2. The temperature profile
(red) starts with heating up to $n.x= 1100°C using a heating rate of AS..: =5 K/min. After holding time of
thola = 2 We cool down by rapid cooling to 9., = 20°C with cooling rate of approximately 4%, = 36 K/s. The
pressure profile (blue) is close to the temperature profile with maximum pressure of p,,.c = 1000 bar. These
HIP recipe is most commonly used for hot isostatic pressing of steel Atkinson, 2000.
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Fig. 2. Temperature and pressure profile of the HIP profile
For the thermal treatment of solution annealing we use the same parameters as for HIP cycle. Accordingly
a heating rate of A%.: = 5 K/min, reaching a temperature of $,.,= 1100°C with a holding time of t,qq=2 h.
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The high cooling rate is approximated by water-quenching. For the hot isostatic pressing we use the system
QIH 15L, Quintus Technologies and for solution annealing we use the furnace LH 120/12, Nabertherm.

The tensile test of the specimens relates to DIN EN I1SO 7438 using the system AG-X plus, Shimadzu Europa
GmbH. The constant traverse speed is set to Viawerse = 1 mm/min. For determination of the porosity of the
specimens and the metallographic inspection we use micrographic analysis. The preparation of the
specimens is done by polishing with diamond suspension down to a granularity of g4.s = 1 um and surface
etching (Adler formulation) Petzow, 2015.

3. Results

We start our analysis by verifying the densification of the specimens by applying the HIP cycle shown in
Figure 2. The relative densities are estimated by microscopic inspection of the layers shown in Fig. 3. The
black areas indicate pores. The densification process by hot isostatic pressing can clearly be observed by
comparing the AB (Fig. 3, above) with HIP (Fig.3, below) specimens. For the AB specimens we measure a
relative density of o, = 97,30 % and for the HIP specimens a relative density of o, = 99,90 %. Accordingly
the HIP cycle has led to a reduction of the porosity of Ap,e = 2,6 %.

9rei=97,30%‘[‘,~ - R . e v”

building direction ==p- .
i
;
‘e
.
r
\

é , . . . ‘ . < SQUum

Pret = 99,90%

building direction ==

500pum

Fig. 3. Microscopic identification of porosity of as-buid (above) and HIP (below) specimens

We fabricate tensile test specimens in five different orientations regarding the building plate and
measure tensile strengths and failure strains. The results for the AB specimens are shown in Fig. 4 (blue). The
dependency of the building direction is obvious and agrees with literature values in Mooney, 2019 and
Braunig, 2015 (Figure 4a, gray, green). The directional dependency may result through an increase of the
influence of lack-of-fusion porosity with increasing orientation angle. The decrease of the failure strain at the
same time supports this assumption Hardin, 2016.
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The scattering of values of the tensile strength in each building orientation may result through variation
of porosity and pore morphologies of the specimens. The local increase of the tensile strength around the
building orientation of 45° can not be confirmed by literature values (see Fig. 4a). But considering literature
values of stainless steel a similar characteristic can be found on the basis of molybdenum segregations at the
grain boundaries Shifeng, 2014; Wawoczny, 2018; Buchanan, 2017; Qiu, 2018. The studied 1.2709 steel
consists of a significant percentage of molybdenum (see Tab. 1) that could explain the local increase of the
tensile strength.
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Fig. 4. a) Tensile strength and b) failure strain regarding the build-up orientation

Next we apply the thermal treatments of solution annealing and hot isostatic pressing. In Figure 5 the
metallographic inspection of as-build, solution annealed and hot isostatic pressed specimens is shown.
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Fig. 5. Microstructure of as-build (AB), solution annealed (LG) and hot isostatic pressed (HIP) specimens
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In the microstructure of AB specimens a directional grain structure in building direction can be observed.
In the microstructure of SA and HIP specimens a directional grain structure is not clearly visible. Here the
randomly distributed martensitic needles mask the grain structure. This indicates a rearrangement of the
structural conditions by solution annealing and hot isostatic pressing. Considering the solution annealed
specimens lack-of-fusion pores as well as gas pores can be found. By comparing the porosity of the SA and
HIP specimens a significant reduction of the porosity in the HIP condition can be observed.

The measurements of the tensile strength of SA and HIP specimens and combined with the AB specimens
are shown in Fig. 6.
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Fig. 6. Tensile strength of as-build (AB), solution annealed (LG) and hot isostatic pressed (HIP) specimens

Comparing the results of AB (blue) and SA (green) two features can be found. Firstly the local increase of
the tensile strength around the building orientation of 45° has disappeared. This may be caused by a
rearrangement of the structural conditions. Additionally the lower cooling rates in solution annealing
compared to the SLM process enhance the solubility of molybdenum accordingly a lower segregation occurs.
Secondly the tensile strength of the SA specimens is significantly reduced. The reason may found by closer
inspection of the microstructure. In Fig. 7 a higher resolution of the microstructure of AB, SA an HIP
specimens is shown.
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Fig. 7. Submicrostructrue of as-build (AB), solution annealed (SA) and hot isostatic pressed (HIP) specimens

In the microstructure of the AB specimens a fine grain substructure appears which may be caused by high
cooling rates in SLM fabrication. This substructure is related to high dislocation densities which leads to
higher values of the tensile strength. As shown in Fig. 7 the substructure disappears by applying the SA or
HIP process and martensite blocks (white) are formed. This results from the reduction of dislocations by
diffusion Becker, 2016; Casati 2016; Biirgel, 2011.

Comparing the tensile strength of AB and LG specimens with the values of the HIP specimens three
features can be found. Firstly the values of the tensile strength is between the values of the AB and LG
specimens. Secondly the local increase of the tensile strength disappears also in the HIP process. Thirdly the
directional dependency of the tensile strength is significantly reduced. The drop of the values for building
orientation of 90° may result from outliners. These specimens showed oxidization on the fracture surface
which indicates surface connected porosity that could not be closed through HIP treatment and may have
led to early failure. Regarding the thermal profile hot isostatic pressing is comparable to solution annealing.
By comparing the results of the HIP specimens to the SA specimens the local increased tensile strength
around 45° also disappears and the global tensile strength is also reduced compared to the AB condition. As
mentioned this results by dissolving of the grain substructure and by rearrangement of the structural
conditions. Accordingly the higher values of HIP compared to SA, the reduction of the directional properties
and as well as the reduction of the scattering can be derived from the reduction of the porosity using HIP
treatment. These results are in agreement with fractographical analysis in Masneri, 2016 were the porosity
in the volume was identified as one of the main reasons for early failures of 1.2709 specimens.

4, Conclusion

We analyzed the effects of solution annealing and hot isostatic pressing on SLM fabricated specimens
using maraging tool steel 1.2709.

A fine-grained substructure was found for as-build specimens. This substructure induces high values of
tensile strength. By solution annealing and hot isostatic pressing the substructure disappears and the tensile
strength decreases. The dominating effect of the directional mechanical properties results mainly from lack-
of-fusion porosity in the volume. By applying hot isostatic pressing the porosity can be reduced which leads
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to a nearly isotropic characteristic of the tensile strength. Furthermore the scattering of values can be
significantly reduced. Even though the densification leads to a higher tensile strength compared to SA
condition. But due to the high temperatures in the HIP-process the fine-grained substructure disappears and
reduce the global strength of the material compared to the AB condition.

In further studies we want to evaluate how the porosity can be reduced by preserving the substructure. In
addition the influence of the morphology of the pores regarding directional mechanical properties should be
examined.
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