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Abstract. The 3D printed 316L stainless steel produced by selective laser melting (SLM) was
subjected to short term creep testing at 700 °C. Two directions of printing: i) horizontal and
ii) vertical, were selected to test the creep performance of the steel. Comparison with the open
literature data shows very good short-term creep properties of 3D printed steel that are
superior to conventional steel. Both studied directions of printing show similar results so the
steel can be considered from creep point of view as isotropic. The solution annealing prior to
the creep testing slightly, but not substantially, lowers the creep performance of the steel.

Introduction

The 3D printing by selective laser melting (SLM) is a prospective method of metal powder
consolidation and offers enormous possibilities for parts production. The mechanical
behaviour of SLM prepared samples such as static, fatigue and creep properties has been
intensively studied recently [1,2]. The necessity of experiments for a phenomenological
description of fatigue, creep or creep-fatigue interaction behaviour in technical practice is
evident [3,4] to perform reliable numerical analysis in various industries [5].

The short term creep behaviour at 700 °C of 316L cylindrical samples produced in
horizontal and vertical direction by SLM technology is the subject of this study.

Material and testing

The technology of additive manufacturing usually named as Selective Laser Melting was used
for the production of 3D printed 316L samples. The principle lies in the application of thin
layers of a powdery material, which, according to the STL (an abbreviation of
"stereolithography™) model, are sintered with one laser beam layer after layer. The most
important parameters of 3D print process set in Renishaw AM400 were: laser power 200 W,
scanning speed 650 mm/s, exposure time 80 s, focus size (laser beam diameter) 80 pm, layer
thickness 50 pum, strategy Meander.



With respect to the orientation of the parts in the construction chamber, support material
was designed to eliminate residual stresses and thermal distortion. When finishing 3D
printing, the 316L steel has a Ra surface roughness of 5 to 10 um [6]. Material for finishing
operations by machining was added to the wall of the sample to achieve the desired surface
roughness and manufacturing tolerances. The samples were scanned by the Meander strategy,
which is characterized by a higher melting rate, and after each created layer, the scan direction
is rotated by 67°. This controlled rotation ensures that the scanned laser trajectories of each
successive layer are not identical. The chemical composition of the powder is shown in
Table 1.

Table 1: Chemical composition of 316L powder in wt. %
Cr Ni Mo Mn  Si N O P S Fe

Chem.
Comp.
% <0.02 16-18 10-14 2-3 <10 <I1.0 <0.1 <0.1 <0.04 <0.03 |ball.

The steel was 3D printed in the form of cylinders (d =12 mm, L =75 mm) as shown in
Fig. 1. Eight specimens were produced for each direction. After 3D print one group of
cylinders for each direction was left in an as received while the second one was solution
annealed at 1150 °C for 10 min. Subsequently cylindrical specimens with M10 threaded heads
(dgauge 6 mMm, Lgauge 35 mm) were produced from 3D printed cylinders.

Optical micrographs of microstructure taken by Olympus GX51 Inverted Metallographic
Microscope in bright field at 100x magnification are shown in Fig. 2. The arrows indicate the
cylindrical specimen axial direction. The grinding and polishing with OP-S colloidal silica
followed by electro-etching (10 V, 45 s) in 10% oxalic acid was applied for the
metallographic surface preparation. Orientation of the layers for the two different building
directions is clearly visible in as received specimens. The weld pool boundaries have fully
dissolved after solution annealing. Some grains resemble twins but there is need of more
detailed analysis of the microstructure by scanning microscope techniques. Some cavities of
size between 20-200 um are visible and some of them contain powder particles.

The specimens were crept in lever arm creep testing machines in Ar protective atmosphere
at 700 °C and 120, 160 and 200 MPa stress in constant load conditions.
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Fig. 1: Specimen layout (a) in the printing software (b) after printing on the supporting bed
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Fig. 2: Microstructure of (a) horizontally (b) vertically built specimens (arrows show
specimen axial direction)

Results and discussion

The particular creep curves for all three selected stress levels are shown in Fig. 3. There is an
obvious difference between as received and annealed specimens creep curves, the annealed
steel performs slightly worse. The overall creep test results in Fig. 4 show excellent creep
properties of the SLM. The orientation of the specimens plays minor role in as received state.
In the solution annealed state the horizontal direction seems better than vertical. However,
most 3D printed specimens perform better than the conventional steel tested in [7,8].
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Fig. 3: Creep curves for all tested conditions
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Fig. 4: Creep rupture time (a) and minimum creep rate (b) dependence on applied stress at

With lower stress ¢ and higher time to rupture t; there is a tendency to receive comparable
results with the conventionally prepared steel, as shown in Fig. 4a, but the minimum creep
rates still remain notably lower for 3D printed steel which is obvious from Fig 4b. The stress

700 °C

exponent n is comparable or slightly lower for SLM steel compared to conventional steel.

Fractographs after creep in Fig. 5 show ductile fracture with quite limited necking of the as
received specimens. There are marked areas of porosity (by the yellow line) that are more

frequent and have larger areas on the horizontal specimen in Fig. 5a compared to vertical in

Fig. 5b. Vertical specimen has more necking, but at lower stresses, there is no difference. The
rupture strains are comparable for all four groups of specimens, which is obvious from the
creep curves in Fig. 3. Some scatter in creep ductility is natural. The details of the fracture

surfaces near the pores with remaining powder are shown in Fig. 6.
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Fig. 5: Fracture surfaces of tests at 200 MPa, (a) horizontal, t = 10.5 h, (b) vertical, tr = 16.1 h
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Fig. 6: Detail of fracture near pores with unmelted powder of tests at 200 MPa, (a) horizontal,
tr=10.5 h, (b) vertical, tr=16.1 h
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Despite higher porosity, the better creep performance of 3D printed steel can be attributed
to its advantageous microstructure. The microstructural defects and inhomogeneities
introduced by SLM can in reality act as hardening objects (similar as precipitates or
dislocations) and at the same time as the nucleation sites for the creep damage. One can
expect that the rather homogeneously distributed SLM defects cause a significant hardening
against dislocation motion and the dominant creep strain is mainly due to cavitation and
fracture processes. This idea is supported by the fact of very small primary creep strain. It has
to be still verified by detailed microstructure analysis of the crept specimens.

However, longer-term (up to 10 kh) creep behaviour of standard and sub-sized specimens
should be further studied in order to assess the high-temperature performance of thin walled
structures that might be more sensitive to manufacturing porosity than standard specimens.
The microstructure analyses after creep are still under investigation.

Conclusions

In overall the 3D printed 316L stainless steel shows very good short-term creep properties
superior to conventional steel. There is not any significant difference in creep performance
between the horizontal or vertical direction of printing. Since both studied directions show
similar results, the steel can be considered from a creep point of view as isotropic. The
solution annealing leads to softening of the steel, higher minimum creep rates and lower times
to rupture, which are still comparable or better than of conventionally produced steel.
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