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!Politecnico di Torino, Department of Mechanical and Aerospace Engineering, Corso Duca degli
Abruzzi 24, 10129, Turin, Italy
2School of Aeronautics, Northwestern Polytechnical University, Xi’an, 710072, China

Abstract. Nickel-based superalloys show high strength retained also at
high temperature and they are widespread used for structural components
exposed during services to high temperature combined with high strain rate
or impact loading conditions. The objective of this study was the
investigation of the plastic flow behaviour of Laser Metal Deposited Nickel-
based superalloy Inconel718. The material was manufactured at
Northwestern Polytechnical University in China. Specimens with three
different heat treatment conditions were investigated: as-deposited, directly
aged and aged after homogenization and solution. High strain rate tensile
tests were performed on the direct Hopkinson bar setup developed at
DYNLab laboratory at Politecnico di Torino. At a nominal strain rate of
1500 s the temperature sensitivity was investigated between 20 and 1000
°C. An induction heating system was adopted, and the temperature was
monitored by thermocouples and infrared pyrometer and high-speed camera.
The results showed the materials strength decreases as a function of
temperature with a significant drop starting from 800 °C. An asymmetric
tension-compression behaviour was found by comparing the results with
data in compression. The strain rate influence was investigated at room
temperature and very limited or negligible sensitivity was found covering
six orders of magnitude in strain rate.

1 Introduction

Nickel-based superalloys show high strength retained also at high temperature joined with
high corrosion resistance. These aspects promote the widespread use of this class of material
for manufacturing structural components which could be exposed to high temperature during
services (even higher than 800 °C [1]) or harsh environments. Nickel-based superalloys are
well suited for several applications in different fields, among which are aerospace, aviation,
marine, nuclear, chemical, and power generation industries. Limiting the applications to the
aerospace industry, the Nickel-based alloys are widely used to manufacture aeroengine parts
[2], for which also the resistance to impact loads is an important property to be considered.
In case of impact, high-rate deformation and fracture occurs. The previous considerations
highlight the need of understanding the mechanical response in case of combined high
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temperature and high strain rate conditions for a safe design and realization of high-
performance engine parts.

The components made of Nickel-based superalloys when manufactured by conventional
machining methods might have high costs, usually long delivery time and a high wasting
ratio material [3-5]. A good alternative solution is represented by the metal Additive
Manufacturing (AM) technology which can be employed for the fabrication and for the repair
of components, with the addition of the important advantage of being able also to renovate
their geometry. The main disadvantage when as-deposited components are considered is
related to the poor mechanical properties resulting from a completely different microstructure
with respect to that obtained with traditional manufacturing methods. Hence, an important
aspect is represented by the choice of an appropriate heat treatment to improve microstructure
and mechanical properties.

The objective of this article is to investigate the tensile plastic flow behaviour of Inconel 718
superalloy produced by Laser Metal Deposition (LMD) as a function of the heat treatment to
which different microstructure states correspond. A wide range in temperature was
investigated at high strain-rate while in quasi-static condition only room temperature tests
were performed.

2 Material and specimens preparation

The Inconel 718 dog-bone specimens were obtained starting from bars manufactured by
LMD in the State Key Laboratory of Solidification Processing at Northwestern Polytechnical
University (MPU) in China [6]. The tensile tests were performed such that the loading
direction was the deposition direction (i.e., direction of height increase during
manufacturing). Three different heat treatment conditions were investigated: as-deposited
(referred to aD, which means without heat treatment), direct-aged (referred to DA) and aged
after homogenization & solution (referred to HT). A detailed description of the processes is
reported in [7]. The aim of the heat treatments was to improve the microstructure by
maximizing the presence of strengthening phases [2-4]. In fact, due to rapid prototyping, high
power input and lack of mechanical pressure during the LMD, the printed material, which is
expected to take the place of the forged counterpart, usually features coarse columnar
crystals, elements micro-segregation, anisotropy, and initial defects in microstructures. With
the purpose to predict the expected materials strength, preliminary microstructure analyses
were performed on the specimens in the different heat treatment conditions. This allowed the
identification of the most important features affecting the mechanical properties in LMD
Inconel 718. The analyses mainly evaluated the dimension and structure of the grains and the
presence of strengthening phases ' and Y [7]. The latter represents the main strengthening
precipitates in Inconel 718, since it has a Body-Centered Cubic (BCC) structure, compared
with Face-Centered Cubic (FCC) one of the phase Y’. The microstructural results showed
that the as-deposited microstructure was anisotropic and characterized by large columnar
grains containing a small percentage in volume of y" particles. The direct aging was not
sufficient to completely solute the dendrite structure, preserving the anisotropic
microstructure, even if a high amount of strengthening phases precipitates. In specimens after
homogenization, solution and aging small-size grains were observed and similarly as in the
direct-aged specimens, a great amount of strengthening precipitates was observed.

3 Experimental procedure

The plastic flow behaviour of Inconel 718 was investigated by performing tensile tests on
cylindrical dog-bone specimens with a gage section diameter of 3 mm and a gage length of
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5 mm. The same geometry was used both for quasi-static and high strain rate tests to not
introduce geometrical effects and make possible a direct comparison of the results.
Quasi-static and high strain rate tests were carried out at DYNLab laboratory of Politecnico
di Torino in Italy. The nominal strain rates were 0.001 and 1500 s*! respectively. At high
strain rate, a wide range of temperatures was investigated starting from room temperature up
to 1000 °C: the testing temperatures were decided to be able to well appreciate the material
behaviour as expected from the results obtained for compression tests in [7] on the same
materials.
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Fig. 1. Hopkinson Bar setup at DYNLab laboratory at Politecnico di Torino.

The quasi-static tests at room temperature were performed by means of the standard electro-
mechanical testing machine Zwick Z100 by imposing a testing speed of 0.005 mm/s. The
high strain rate tests were performed on a Hopkinson Bar setup in the direct configuration
(see Figure 1). A detailed description of the setup is reported in [8-9]. A hollow striker bar is
launched by compressed air and impacts an anvil at one end of the input bar generating the
incident wave. During the testing campaign the level of pressure of the compressed air was
adjusted as a function of the expected material strength to maintain the nominal strain rate
stable. On input and output bars semiconductor strain-gages were adopted which have a high
gain factor but require a calibration procedure for the non-linear behaviour. A static preload
was imposed to guarantee the perfect alignment and the absence of internal clearances.

The heating of the specimens was obtained by using an induction heating system. Each
specimen was heated to the target temperature and then held 5 minutes at this temperature
before the test, as performed in [7] on the same materials for compression tests. The heating
of the bars was limited using water-cooled supports, as indicated in the scheme of Fig. 1.

https://doi.org/10.1051/epjconf/202125005017
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Fig. 2. Scheme of the temperature control systems adopted in dynamic high temperature tests (left);
comparison between heating obtained on pure tungsten and Inconel 718 cylindrical dog-bone
specimens with the same dimension by imposing the same heating power.

Three different systems to control the temperature of the specimens were adopted, as reported
in Fig. 2. Two K-type thermocouples were welded directly on the specimen surface at the
end of the gage length. Two multiwave infrared pyrometers were used to measure the
maximum temperature reached in the gage length (Williamson Pro MW-10-20-C in the range
of temperatures 475-1750°C and Williamson Pro MW-20-5-C in the range of temperatures
150-475 °C). Finally, an infrared camera (FLIR X6900SC) was used to check the uniformity
of the temperature over the specimen. Each of them has pros and cons [10]. A summary of
them is here reported. The reliability of the measurement performed by the thermocouples
depends on the welding and can be affected by the electromagnetic field. In addition, they
are too slow to appreciate the temperature increment due to adiabatic heating. The
measurement coming from the infrared camera depends on the emissivity of the material
which needs to be calibrated. Moreover, it depends on the temperature itself, hence it can
vary during a dynamic test because of the adiabatic heating. In this study a high-speed
infrared camera was adopted, which allowed also to obtain the information on the adiabatic
heating during the tests. The multiwave infrared pyrometers can give the temperature
measurement without knowing the emissivity of the material, but the spot over which they
measure the temperature is bigger than the sample, so the signal strength has to be adjusted
to be able to perform the measure, but this procedure reduces the range of measurable
temperature. By taking into account these considerations, the authors decided to use all of
these measuring systems and to check the consistency between the performed measurements.
The thermal diffusivity of Inconel is low which corresponds to a short characteristic width
defined as /,=2(at)®>. At each time, I, gives the distance at which the amplitude of the heat
flux reduces e times with respect to the value it has where the high temperature is imposed.
When the characteristic width is much shorter than the characteristic system size, the
temperature can differ drastically from one part of the sample to another one. Gradients can
be very large, and temperature is highly time-dependent. A large increase in temperature
localized in one region of the sample will not be able to induce the same temperature
increment also in far regions if the time is short enough that the diffusion length remains
small. The thermal inertia of the specimen depends on the thermal diffusivity a: in a material
with high thermal diffusivity, the heat moves rapidly through it because the material conducts
the heat quickly relative to its volumetric heat capacity or 'thermal bulk'. This means that in
such a material the uniform condition is easy to be reached but the maximum achievable
temperature is low by fixing the heating power. The opposite happens in case of materials
with low thermal diffusivity. This is in accordance with the temperature distribution reported
in Fig. 2, in which the heat distribution obtained in a test performed at 1000 °C on Inconel
718 was compared to that obtained during a test performed at 700 °C on pure tungsten, which
has a higher thermal diffusivity.
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Fig. 3. Sequence of images of a high strain rate test at 850 °C on HT specimen: resolution of 52x128
pixels, framerate of 100000 fps, shutter of 1/1000000 s, time interval between the reported images of
50 microseconds.

Each test was also video recorded to obtain the deformation of the specimen directly
measured on the sample by tracking the motion of some points with the digital image
processing software DICe [11]. Quasi-static tests were recorded by a DINO-LITE digital
microscope with high resolution (2592x1944 pixels) at 2 frames per second. High strain rate
tests were recorded by high-speed camera PHOTRON SAS at 100000 frames per second and
a resolution of 512x128 pixels. The sequence of images obtained for a high strain rate test at
850°C is reported in Fig. 3. As it is possible to notice, no problems of oxidation were
experienced even at very high temperatures (the tests were performed in air).

The different measuring systems used in the setup were synchronized with an uncertainty of
1 microsecond. The synchronization was governed by the strain-gage measuring point on the
input bar. When the stress pulse was measured on it, as reported in the scheme of Fig. 1, it
starts the cameras and the pulsed light system (with a properly imposed delay to have the
correct level of light during the test) and switches off the heating system to avoid noise on
strain-gage signals. The time interval between the moment in which the heating was switched
off and the moment in which the stress pulse reaches the specimens (i.e., the test starts) is
short enough (about 250 microseconds) to not induce a temperature decrease on the
specimen.

4 Experimental results

As previously mentioned, the engineering strain was evaluated starting from the
displacement time history profile obtained from digital image analysis of the recorded videos.
The displacement time history was obtained by tracking the motion of some points on the
specimens. For each loading condition, the displacement obtained in such a manner was
compared with that obtained from the standard signal processing for Hopkinson setup. For
the latter, an algorithm for the correction of the wave dispersion was applied and the wave
signals were properly synchronized based on the strain-gage position along the bars. No
further operation was needed, because thanks to water cooled supports the portions of bars
which are heated are very small and any effects are induced on the wave propagation [10].
The comparison is reported in Fig. 4.a for a high strain rate test performed at 1000 °C on HT
specimen. The velocity profiles obtained with the two methodologies differ considerably
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only in the phase in which the specimen breaks: the springback of the material produces a
fast moving of the two portions of the sample in the direction of the bars with a consequent
oscillation phase. Fig. 4.b shows the check of the equilibrium condition for the same test: this
operation was performed for all the tests by comparing the forces on the input and output
sides of the specimen. In this case, the force signals were evaluated with the standard waves
equations [12].

20 - - . , r :
INCIDENT (b)

15+

é g 10t REFLECTED

z Y

& 8

§ P 5 TRANSMITTED F,
0

-2 - ' . - : : -5 - ' ' : : :

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time (us) Time (us)

Fig. 4. High strain rate test at 1000 °C on HT specimen: (a) comparison of the input and output sides
velocity time history profiles obtained by video analysis (markers) and strain-gage signal processing
(solid lines); (b) check of the equilibrium condition between input and output sides of the specimen.

Fig. 5 shows the tensile response at various temperatures obtained in high strain rate tests
performed on DA and HT specimens. Specimens in the as-deposited condition were not
tested because as previously mentioned the interest in such a condition is negligible. The
results are shown in terms of engineering stress versus engineering strain. For each loading
condition only one repetition is shown for sake of clarity. For the two heat treatments, the
results show the mechanical strength of the material is reduced by increasing the temperature.
For temperatures up to 750 °C the reduction is limited, and the material behaviour is
characterized by a low strain-hardening. In the range of temperature between 800 and 900 °C
there is a significant drop of the mechanical resistance while between 900 and 1000 °C the
further reduction of strength is limited.
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Fig. 5. Engineering stress versus engineering strain curves obtained for high strain rate tests performed
on (a) DA and (b) HT specimens in the range of temperatures between 25 and 1000 °C.

The serrated flow stress as observed in the diagrams of Fig. 5 for temperature higher than
800 °C could be related to Portevin—Le Chatelier (PLC) effect. As widely known PLC
manifests itself as an unstable plastic flow which occurs during tensile tests of some Nickel-
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based superalloys in a certain range of temperatures and strain rates. As reported in [14] if
the diffusivity of the dissolved atoms is increased by heating, the diffusion speed becomes so
large that they can move to a dislocation as soon as it stops. Tearing-off and re-pinning of
the dislocation alternate, causing the serrated flow curve. Another consequence of this effect
is that when the strain rate is increased, the dissolved atoms may not be fast enough anymore
to catch up with the dislocation and pin it. In this case, the yield strength of the material could
become smaller when the strain rate increases, in contrast to the usual behaviour, and the
serration of the flow curve vanishes. Consequently, the final material behaviour at a certain
strain rate and temperature is a complex result of the interaction between solute atoms and
dislocations and the effect of temperature is not limited to the thermal activation of
dislocation obstacle overcoming but also to the solute diffusion.

Fig. 6.a shows the engineering stress versus engineering strain curves obtained for aD, DA
and HT specimens at room temperature in quasi-static and high strain rate loading conditions.
The strain rate sensitivity obtained covering 6 orders of magnitude was very limited or at
least negligible in some cases. As previously mentioned, the final mechanical response comes
as the result of the effects induced by temperature and strain rate. This implies that the effect
of strain rate obtained at room temperature could not be useful to describe the material
behaviour in a different temperature/strain rate condition. This was the reason for specifically
performing tests at various temperatures at the strain rate of interest. In Fig. 6.b, the flow
stress at 0.1 of true strain is reported as a function of the testing temperature, from which the
significant decrease of the mechanical strength in the range between 800 and 900 °C as
previously described can be easily appreciated as well as the stable and low downward
between 400 and 750 °C. In the same diagram, the results obtained for compression tests as
reported in [7] are shown. Compression and tension tests were performed on the same
materials with identical heat treatments (aD, DA and HT), at equal nominal strain rate (1500
s')) and in the same range of temperatures (from 25 to 1000 °C). An in-depth understanding
of the results required further investigation, but Fig. 6.b reveals the asymmetry of the tension-
compression behaviour, as expected for Ni-based superalloys [15].
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Fig. 6. (a) Engineering stress versus engineering strain curves at room temperature in quasi-static and
high strain rate conditions for aD, DA and HT specimens; (b) true stress as a function of the testing
temperature at 0.1 of true strain.

5 Conclusions

In this study the high strain rate tensile mechanical property as a function of temperature for
Inconel 718 was investigated. The need to test the material in combined high temperature
and dynamic conditions came from the numerous applications in which this material is used
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for components which operate in high temperature environments being also exposed to
(accidental) high dynamic mechanical stresses.

Cylindrical dog-bone specimens were machined starting from raw bars manufactured by
LMD. The tensile loading direction was the deposition direction during manufacturing. Three
different heat-treated conditions were analysed: as-deposited, direct-aged and aged after
homogenization and solution. The aim was to investigate the increase in the mechanical
strength as a function of the percentage of the strengthening phases. The as-deposited
specimens were tested with the aim to highlight the need of heat treatments to improve the
poor mechanical strength which was found to characterize the as-deposited condition. The
nominal strain rate was 1500 s™! and the investigated temperature varied between 25 to 1000
°C. The tests were performed at DYNLab laboratory of Politecnico di Torino using a
Hopkinson setup in direct configuration. The specimens were heated by an induction system
and three different measuring systems were adopted and compared for the temperature
control. The analysis of the experimental results showed that the mechanical strength slowly
decreased with temperature up to 750 °C and a significant drop was found from 800 °C.
Finally, the comparison with previous results obtained in compression on the same materials
and testing configurations revealed the tension-compression asymmetry.
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