E A N B8

58" conference on _
expermental stress analysis

On Cyclic Hardening/Softening Behaviour of Conventional and 3D
Printed SS316L

HALAMA R."2, GAL P."°, PAGAC M."¢, GOVINDARAJ B."
KOCICH R.2¢, KUNCICKA L.2"

"Faculty of Mechanical Engineering, VSB — Technical University of Ostrava, 17. listopadu
2172/15, 708 00 Ostrava, Czech Republic

2Faculty of Materials Science and Technology, VSB — Technical University of Ostrava,
17. listopadu 2172/15, 708 00 Ostrava, Czech Republic

aradim.halama@vsb.cz, Ppetr.gal.st@vsb.cz, ‘marek.pagac@vsb.cz,
dbhuvanesh.govindaraj.st@vsb.cz, ¢radim.kocich@vsb.cz, lenka.kuncicka@vsb.cz

Keywords: non-proportional hardening, SS316L, additive manufacturing, low cycle fatigue

Abstract.

This study is focused mainly on the stress-strain behaviour investigation under proportional as
well as non-proportional loading on SS316L made by casting and prepared by Selective Laser
Melting. Strain controlled fatigue tests have been performed under constant strain amplitude
loading considering a constant strain rate. Influence of non-proportionality degree on the
additional cyclic hardening is also investigated showing that the square loading path lead to the
maximal level of non-proportional hardening. Both variants of SS316L are compared from the
mechanical as well as microstructural point of view.

Introduction

The increasing demands on modern materials go hand in hand with the requirement to develop
innovative alloys to widen the possibilities of application of metallic materials, as well as to
enhance the utility properties and increase the longevity of products manufactured based on the
known material systems. Among the favourable ways how to enhance the properties of metallic
materials is to alter their structure, preferably having in mind the Hall-Petch relation [1] which
stating that decreasing the grain size within the structure introduces increased mechanical
properties, especially strength. Various non-conventional methods the grain size by which can
be decreased have been introduced, such as the severe plastic deformation (SPD) technologies
[2-5]. Nevertheless, the absolute values of the average grain size after processing also depends
on the initial grain size of the original material. By this reason, fabrication of modern materials
from initial powders has gained a lot of attention recently [6].

Selective Laser Melting (SLM) belongs to the group of additive manufacturing, or rapid
prototyping, technologies using powders to build solid bulk materials [7]. Among its main
advantages is the rapid cooling rate (as high as 10° K/s), which introduces the possibility to
manufacture complex fine-grained structure geometries having microstructures composed of a
wide range of crystallographic phases in a relatively easy manner. SLM has successfully been
used to produce various materials, from Al-based alloys and composites [8], through Ti-based
[9] and Zr-based [10] alloys and high entropy alloy [11], to steels [12].

This work is a continuation of the contribution presented at the ASME PVP2019 conference
in Texas [13], where the ratcheting behaviour of 3D printed and conventionally prepared 316L
Stainless Steel was presented, including the effects of the applied strain rate on both the



materials. Complex microstructures, as the one presented, lead to a higher yield limit [14,15]
of the SS316L material, resulting in higher resistance in load-controlled fatigue tests [13]. The
SLM technology shows a significant anisotropic behaviour, studied on SS316L for instance in
[16]. The high cycle fatigue behaviour of the material under investigation were reported e.g. by
Blinn et al. in ref. [17]. The stress-strain behaviour research presented in [13] shows similar
softening behaviour during ratcheting tests and uniaxial low-cycle tests as observed on the Ti-
6A-4V [18]. The conventional stainless steel has been investigated in special loading modes.
There are published works showing the influence of strain rate on the behaviour of the material
under room temperature [19,20].

This study is focused on the comparison of stress-strain behaviours of the 316L steel
prepared via conventional casting and SLM technology, with the main focus on strain control
in fatigue testing. The 3D printing process used for preparation of the herein presented
specimens was identical to the process reported in the previous study [13]. Cyclic
hardening/softening material behaviour has been evaluated for proportional, as well as non-
proportional loading cases. Results of the technique using DIC for cyclic stress-strain curve
estimation from a single low-cycle fatigue test are presented too.

Uniaxial fatigue tests

All tests in this study have been realised under constant strain amplitude and zero mean strain
on the LabControl 100kN/1000Nm hydraulic testing machine in VSB-Technical University of
Ostrava. Tension-compression fatigue tests were performed using a solid specimen with a
diameter of Smm. The comparison of standard cyclic stress-strain curve for uniaxial loading for
additively and conventionally produced SS316L is shown in Fig. 1a. The curves and lifetimes
are very similar for both production technologies, see Fig. 1b.
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Fig. 1: Comparison of uniaxial fatigue test results on conventional and 3D printed SS316L:
a) Cyclic stress-strain curves; b) E-N curves

Multiaxial fatigue tests

Multiaxial fatigue testing has been done on a thin-walled specimen with an inner diameter of
10mm and an outer diameter of 12.5 mm [14]. The EPSILON 3550 biaxial extensometer was
used to control shear and axial strain (25 mm gauge length) in that case. First, Low-Cycle
Fatigue (LCF) tests for different non-proportional load paths and different levels of loading
were realised on the conventional SS316L. This steel has low stacking fault energy (SFE) [23]
which is sensitive to the additional hardening dependent on the type of material and also on
loading path.



First, the stress-strain behaviour of conventional SS316L will be described. The influence of
strain paths on transient behaviour during the first several load cycles has been evaluated. In
the case of a rhombic path, see Fig. 2a, it is obvious that there is characteristic cyclic hardening
following by softening till fracture for a higher level of loading (solid curve). In case of lower
loading levels cyclic hardening is followed by the almost steady state after several cycles. In
Fig. 2b the axial hysteresis loops are shown for rhombic loading path under 1% of strain
amplitude. From this picture is obvious the strong non-proportional hardening during the first
several cycles followed by cyclic softening.

A significant change in the shape of the hysteresis loop between the first and tenth cycle is
evident from Fig. 2b. A small change on shape is visible between the tenth and twentieth cycle.
Other interesting results are reported in [21].

In the case of circle path, see Fig. 3, it is obvious that cyclic hardening, during the first
several cycles, is followed almost by the steady state (Fig. 4a). This is in contrast with 3D
printed SS316L, where the cyclic softening begins immediately and occurs during the whole
test. An interesting observation is that the hysteresis loops in the half-life are very similar in
shape and size, see Fig. 4b.
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Fig. 2: Results of additional hardening due to non-proportional loading: a) Cyclic
hardening for rhombic path - conventional SS316L; b) Axial hysteresis loops for the rhombic
path under strain amplitude of 1%
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Fig. 3: Results of additional hardening due to non-proportional loading for circle path -
conventional SS316L
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Fig. 4: Experimental results for both variants of SS316L: a) Cyclic hardening-softening
curves in 0.4% strain amplitude test with circle path b) Axial hysteresis loops in the half-life

The biggest influence on additional hardening during the first several cycles has the square
loading path. Lower influence on non-proportional hardening has the circle and rhombic
loading paths. This is evident from Fig. 5, where the experimental results from non-proportional
experiments are compared with proportional experimental results (tension/compression tests).
Square loading path reveals almost two times bigger stress amplitude than proportional loading
path, when comparing higher strain amplitudes. In the case of smaller amplitudes, the
differences are quite smaller.
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Fig. 5: Peak axial stress vs peak axial strain for different loading paths and strain amplitudes

In cyclic plasticity is the additional hardening usually described by the non-proportional
parameter @ (or different designation). This parameter is usually used at construction of cyclic
plasticity or life-time models, like [22]. Some inspiration could be found in [23], where the
authors suggest the non-proportional parameter, where they incorporate the additional strain

hardening parameter in this form
o"—oP o™
a=——=—-1 (1)
The quantities o” and ¢™ are the basic maximum values of von Mises equivalent stresses

under cyclic proportional (tension, compression or torsion) and non-proportional loading paths




deformation, respectively. Using equation (1) the value of non-proportionality for different

loading paths and levels of loading can be determined as stated in Tab.1.

Tab. 1 Additional hardening for different loading paths

Path Square 0.32 % Square 0.46 % | Square 0.78 %
ca[MPa] 525.4 618.9 749.8

a[-] 55.36 % 65.77 % 73.82 %

Path Circle 0.4 % Circle 0.76 % Circle 1 %
c.[MPa] 527.2 702.4 753.2

a[-] 45.78 % 63.47 % 62.79 %

Path Rhombic 0.36 % | Rhombic 0.56 % | Rhombic 1 %
c.[MPa] 477.7 574.4 661.3

o [-] 36.61 % 45.12 % 42.88 %

As apparent from Tab. 1, the highest level of additional hardening evokes the Square paths
under 0.78 % of strain amplitude of loading. The additional hardening observed is almost 74%.
On the other side, the Rhombic loading path is present, which evokes the hardening of 37%
under 0.36 % of strain amplitude of loading. It is evident that additional hardening depends not
only on the strain path but also on the level of loading. The higher amplitude of loading the
more significant non-proportional hardening. The results are consistent with imagination, that
under high load level more grains are affected by plastic deformation.

Evaluation of cyclic stress-strain curve by Digital Image Correlation

Digital Image Correlation (DIC) measurement has been done on 3D printed uniaxial specimens
to verify the accelerated experimental technique published in [24]. The DIC technique was
applied to get the cyclic stress-strain curve of conventional SS316L material from a single low-
cycle fatigue test. A detailed description of the experiment and its evaluation is reported
elsewhere [25].
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Fig. 6: Peak axial stress vs peak axial strain for different loading paths and strain amplitudes



Structure observations

Analyses of phase composition of both the materials were performed using Scanning Electron
Microscopy (SEM-EDX), see Fig. 7. The results of the phase composition analyses of the
examined samples show that both the cast and powder structures consisted mostly of austenite.
Ferrite occurred mainly in the cast structure, however, only locally, primarily at the boundaries
of austenitic grains.

Fig. 8 shows SEM-BSE (back-scattered electrons) images of both the examined materials

the low angle (misorientation angle lower than 15°) and high angle (misorientation angle greater
than 15°) boundaries (LAGBs and HAGBs) in which are highlighted in red (<15°) and black
(> 15°) colours, respectively. Analysis of the grain boundary misorientations showed a fully
recovered structure in the cast sample, as the structure exhibited the majority of HAGBs and a
negligible presence of LAGBs. This sample also showed the presence of twins.
In contrast, the sample of the material originally printed from powders exhibited a more
significant presence of LAGBS, indicating that the grains were not fully recovered and pointing
to substructure development. Nevertheless, the content of HAGBs was still prevailing for this
sample.
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Fig. 7: Results of phase composition analysis for both variants of SS316L: a) cast structure b)
powder structure
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Fig. 8: Analyses of grain boundaries for both variants of SS316L: a) cast structure b) powder
structure



Conclusion

More extensive study has been done for conventional and 3D printed SS316L as follow up to
preliminary ratcheting investigation [13]. Cyclic hardening and subsequent cyclic softening
were observed for high loading levels. The square strain path has the strongest influence on
additional hardening on the same level of loading. Lower additional hardening due to non-
proportional loading has been observed even for circle strain path, i.e. in the 90 degree out of
phase test. Cyclic hardening/softening behaviour of conventionally produced specimens differs
to 3D printed ones significantly, but the stress-strain behaviour in the half of lifetimes is very
similar as visible in Fig. 4b. Fatigue resistance is also comparable for both production
technologies considering strain-controlled testing. An accelerated technique based on DIC
method application for cyclic stress-strain curve estimation was shown to be comparable with
the classical cyclic stress-strain curve. This study has been also done to prepare data for finite
element modelling in the area of cyclic plasticity.
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