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HIGHLIGHTS

GRAPHICAL ABSTRACT

Lattice structures of 100Cr6 steel are
fabricated from metal-based ink by
robocasting using Pluronic F-127
solution

The proposed ink formulation promoted
sintering of printed parts

The optimization of the heat treatment
allowed to reduce the porosity in the
printed parts

Interesting mechanical properties are
obtained both at a local level and at the
architecture level

Dense parts are obtained with a regular
macroporosity which do not require a
complex formulation as reported in
literature
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Lattice structures of 100Cr6 steel were manufactured from metallic-based inks by robotic-assisted deposition
(robocasting) using Pluronic F-127 solution. The stability and pseudo-plastic behavior of the ink were optimized,
and allowed printing through 200-840 pm nozzles, leading to macroporous architectures composed of
300-600 um diameter rods separated by 90-350 pm pores, after debinding and sintering. A second level of poros-
ity (sub-micron size) was controlled by adjusting the sintering temperature. The linear shrinkage due to drying
and thermal consolidation was evaluated from images obtained by micro-tomography and volumes measured by
mercury intrusion porosimetry. Whatever the thermal treatments, the microstructure was always mainly com-
posed of ferrite — .. The mechanical properties were estimated both at a local level (Young modulus and hardness
of the rods by nanoindentation, coherent with those of 100Cr6 steel) and at the architecture level (stress-strain
curve of the structures, showing a plastic behavior related to a good consolidation of the structure). Thus, dense
metallic lattice structures with a regular macroporosity and interesting mechanical properties can be easily ob-
tained with these water-based metallic inks, which do not require a complex formulation nor high organic con-
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1. Introduction

Additive Manufacturing (AM) is a set of manufacturing technol-
ogies which consists in converting a three-dimensional numerical
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object obtained by computer-aided design (CAD) or with the help
of a three-dimensional scanning system into a physical object by
adding matter only where it is needed. During the last decade,
AM has received more attention from large fields of applications
such as automotive, aerospace, materials sciences, chemistry, bio-
medical and consumer electronics because of its capability to de-
sign and fabricate complex shapes that are difficult or even
impossible to obtain using traditional manufacturing approaches
[1]. Nowadays, several AM techniques can shape objects made of
such materials as photo-polymeric resins, ceramics, paper, wood,
composite, biomaterials, with feedstocks available in the form of
liquid, paste, sheets ... and powders. Starting from powder feed-
stocks, the most used technologies for AM of metals are powder-
bed systems, often referred to as selective laser sintering (SLS)
[2], direct metal laser sintering (DMLS) [3], selective laser melting
(SLM) [4-5], electron beam melting (EBM) [6] and binder jetting
(BJ) [7-9]. These AM systems are capable of producing high-
quality, functional and load-bearing parts from a selected range of
metallic powders. However, the consolidation methods based on
the use of heating source (laser, beam) sometimes lead to poor sur-
face finish [5], high amount of residual stresses, undesirable micro-
structure and local warping [10]. In addition, these AM
technologies offer low control of porosity and are not suitable for
the fabrication of spanning lattice structures with fine design.

To overcome the weaknesses of powder-bed AM systems, some
authors [11-15] have proposed to use Direct Ink Writing (DIW)
techniques such as Robocasting which consists in the continuous
extrusion of an ink in the form of filament through a fine nozzle,
deposited layer upon layer to fabricate three-dimensional parts.
Unlike powder-bed systems, the shaping process relies on the
sole rheological properties of inks, which must quickly set after ex-
trusion. Consolidation is then carried out normally by evacuation of
the solvent (drying), debinding of additives and sintering of the
preform in a furnace. Furthermore, the use of feedstock in form of
ink offers the ability to print a wide range of materials at low
cost. The architecture and the composition of the robocasted ob-
jects are directly linked to the properties and formulations of
inks. The latter requires a high solids loading to counteract shrink-
age and cracking, homogeneous particle distribution to ensure a
constant flow through the nozzle, avoiding flaws due to agglomer-
ates, suitable rheology to ensure shape retention and good welding
of the filaments, a binder phase that is easy to burn out and suit-
able solidification kinetics. Some approaches [16-17] have been
explored to meet these criteria. For example, Cesarano [18] formu-
lated concentrated slurries with a maximum solid loading of
60 vol% to minimize drying-induced shrinkage and cracking. In a
non-aqueous system, Shao et al. [19] have included many additives
in concentrated suspension with a solid loading of 70 vol% to im-
prove sintering and forming behaviors of Nb-TiAl. Schlordtil et al.
[20] proposed an aqueous alumina-loaded gel coagulated with
ammonium-acetate (NH4Ac) in order to obtain adequate rheologi-
cal properties for fabrication of alumina lattice structures. Recently,
Jakus et al. [21] developed inks synthetized by creating a mixture
of 2-butoxyethanol (2-Bu) and dibutyl phthalate (DBP) (2:1by
mass) with added DCM, in which metal or oxide metal powders
were dispersed by shaking. This latter suspension was then com-
bined with a solution of PLGA (as binder) dissolved in DCM initially
present in excess to promote homogenous mixing of the compo-
nents. The final inks were 3D-printed into lattice structures using
tips of diameter in the 200-840 pm range. Upon sintering in a re-
ducing hydrogen atmosphere, the 3D-printed preforms were con-
solidated into a metallic objects, avoiding warping or cracking.
However, the use of toxic additives may represent a limitation for
the use of this formulation, while the presence of large organic
contents may limit the densification of parts resulting in a decrease
of mechanical properties.

Recently, simpler and non-toxic formulations have been pro-
posed, made by mixing dry powders with a hydrogel composed
of water and a poloxamer copolymer [22-24]. In these formula-
tions, the triblock copolymer, composed of polyethylene oxide
(PEO) and polypropylene oxide (PPO) in a A-B-A sequence, acts
both as a reversible gel former and as a dispersant. Once dissolved
in water by 20-30 wt%, the solution exhibits low viscosity between
0 °C and 15 °C and turns into a stiff deformable and reversible gel
between 15 °C and 20 °C thanks to the formation of a micelle net-
work. The presence of the network, together with the non-ionic
surfactant character of the copolymer, allows the dispersion and
stable suspension of high volume fractions of powder with no
need for precise pH control.

In this paper, a flexible ink design comprising a poloxamer-
based hydrogel and metallic (100Cr6) powder is used to create
100Cr6 steel lattice structures by mean of Robocasting. The effect
of powder content and heat treatment on dimensions, rods size,
and densification of steel lattices has been investigated. The
microstructure and mechanical properties of sintered steel lattice
structures have been characterized in order to determine their po-
tential applications.

2. Experimental section
2.1. Samples preparation

A PEO - PPO poloxamer triblock copolymer (Pluronic - F127, Sigma
Aldrich, France) in form of dry granules was initially dissolved in dis-
tilled water (30 wt%) to form the hydrogel. The dissolution was done
progressively using a magnetic stirrer in a number of mixing steps
(10 min each), including a cooling step between each one once the con-
centration was sufficient to form a gel at room temperature. The gel was
finally stored at 3 °C for 6 h, to homogenize it and evacuate all the air
bubbles. Subsequently, a dual asymmetric planetary centrifugal mixer
(SpeedMixer DAC 150.1 FWZ-K, Flacktek, Germany) has been used to
disperse 42 vol% of 100Cr6 steel powder (Sandvik Materials Technology,
UK) in the solution. Paste homogeneity was achieved progressively
through cycles of cooling at 0 °C and mixing for time intervals between
1 and 10 min. After deairing, the final ink was cooled again in order to
become liquid and poured into 5 mL syringes (Nordson EFD, France),
avoiding introducing air during the process. Syringes were then stored
at room temperature (25 °C). A displacement-controlled plunger
(Aerotech, USA) was used to extrude the paste in form of filament
through conical polypropylene nozzles of several diameters (840 pm,
540 pm, 410 pm) connected to the syringe tip.

The ink was deposited on a flat glass substrate (4 mm of thickness)
previously coated with hydrophobic Teflon-based grease, using a Carte-
sian gantry system (Aerotech, USA) adapted for DIW. The humidity in
the printing environment was maintained higher than 80% to avoid
tip clogging and unwanted deformation of the piece during printing.
After printing, the samples were first dried at room temperature during
24 h and easily removed from glass substrate. Thermo-gravimetric anal-
ysis of the hydrogel was performed at heating rate of 2 °C min™~ ! under
air atmosphere and thermal debinding of the printed 100Cr6 lattices
was carried out in air (heating rate: 2 °C min~!; plateau at 500 °C for
60 min, cooling rate: 5 °C min~'). Finally, sintering was carried out at
both 950 °C and 1070 °C in a vacuum furnace to obtain the final struc-
ture (heating rate 2 °C min~!; cooling rate 100 °C h™1!). In this paper,
the 100Cr6 steel lattice structures are referenced to as SL950 and
SL1070 for samples sintered respectively at 950 °C and 1070 °C.

2.2. Rheological tests
Rheological tests were performed on a Kinexus Pro + rotationial

rheometer (Malvern Instruments Ltd., England) with a plate-on-plate
configuration and a gap of 0.5 mm, using an upper plate diameter of



40 mm and roughened surfaces to minimize the possibility of slip. The
viscosity was recorded as a function of the shear rate at regular points
during a flow ramp from 0.1 s~ to 100 s~ !, allowing a stabilization
time of minimum 10 s before taking each measurement. The viscoelastic
properties of the inks were characterized by stress-controlled oscillato-
ry tests at a frequency of 2 Hz, varying the stress from 1 to 2000 Pa and
recording the storage (G’) and loss (G”) modulus, respectively the elas-
tic and viscous components of the complex shear modulus.

2.3. X-ray micro-tomography and mercury intrusion porosimetry

The micro-tomographic measurements have been performed by
using a polychromatic X-Ray beam at an accelerating voltage of
155 kV including a current beam of 110 pA and a voxel resolution of
10 um. The specimen was conducted with 360° rotation around its ver-
tical axis in order to provide the set of projections necessary for tomog-
raphy reconstruction. A total of 900 projections were recorded with
exposure time of 667 ms. After reconstruction the volume was saved
as raw file and forward saved as a stack of image converted to grayscale
(compression 8-bit TIFF files).The stacks of slices were processed to ob-
tain 3D images using Image]. This procedure for image processing of the
acquired stacks of image includes cropping a region of interest, filtering,
thresholding, binarization and extraction of microstructure characteris-
tics from 3D image. The region of interest to reconstruct in 3D image
was selected by removing the entire area around the object in the pre-
view window. Concerning the filtering operation, median filter has
been used allowing to eliminate noise to improve the grayscale contrast
between voxels representing solid phase (rods) and those representing
gaseous phase (macro pores). Manual thresholding was made from his-
togram to convert grayscale images to binary images. These later are
converted into a VTK file using the Image] plugin 3D IO for 3D recon-
struction with ParaView software. Qualitative and quantitative image
analysis were employed to measure rods size distribution, the space be-
tween filaments (macroporosity) and damage present in parts, by using
the software ParaView (http://www.paraview.org/) and Fiji (http://fiji.
sc/Fiji). The lattice rods size distribution and macroporosity were mea-
sured using the Image] plugins local thickness and stack total fraction
from the 3D reconstructed image.

Due to the low voxel size resulting from tomography measurements,
mercury intrusion porosimetry has been performed to characterize ac-
curately the microporosity (voids inside the filaments) of SL950 and
SL1070. The measurements were made using a high-pressure mercury
porosimeter (Autopore IV, Verneuil en Halatte - France), with controlled
pressure of up to 400 MPa corresponding to pore access diameters from
0.003 to 1100 um. The technique is based on the intrusion of a non-
wetting liquid (mercury) into open pores under controlled pressure.
Both the volume of intruded mercury and the pressure to achieve the
intrusion are measured. Therefore it is possible to plot cumulative
pore volume versus pore-access diameter, thereby producing a pore-
size distribution curve. From this curve, the volume of intruded mercury
is used to determine porosity at any pressure.
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24. Microstructural characterization

The microstructure of SL950 and SL1070 samples was investigated
by means of Scanning Electron Microscopy (SEM) (Leo Supra 35 field
emission gun, Zeiss, Jena - Germany, with) at 15 kV voltage on polished
surfaces. To avoid bending or breaking of walls during the polishing pro-
cedure, the space between filaments was filled with molding resin. Sub-
sequently, the samples were mechanically polished and then etched
using 3% Nital solution between 10 and 15 s. Chemical analysis was car-
ried out by means of Energy Dispersive X-ray Spectroscopy (EDS) anal-
ysis using a Bruker Quantax 70 detector. In order to identify the different
phases present in the microstructure of sintered samples, complemen-
tary measurements by X-ray diffraction were performed with a
Panalytical Empyrean X-ray Diffractometer using Cu Ko radiation
(1.5419 A), in the classical Bragg-Brentano setup. The scanning angle
of 26 was between 20 and 90° with a step size of 0.05°.

2.5. Mechanical testing

The mechanical properties of metallic lattice structure depend on
various factors such as density, periodicity or properties of the parent
material. In this paper, intrinsic mechanical properties of the parent ma-
terial used to fabricate the SL1070 sample were evaluated from Nano in-
dentation experiments performed on polished sections of lattice rods
employing a nanoindenter XP (MTS, now Agilent 5000, Oak Ridge, TN)
equipped with a Berkovich tip. At least 15 indentation tests have been
conducted randomly on the polished surface of rods by applying the
same indentation tests conditions. Considering the main parameters
used, the maximum indentation depth reach by the indenter was
fixed at 1000 nm and the strain rate was equal to 0.05 s~ '. The harmon-
ic displacement was 2 nm and the frequency equals to 45 Hz. The instru-
ment was operated in the continuous stiffness measurement mode
(CSM) allowing the determination of the reduced modulus, Eg and the
hardness, HIT, of the parent material of SL1070 as a function of the in-
denter displacement.

The uniaxial compressive test of SL1070 samples printed through
840 pm tip was carried out using testing machine (Instron CMT 4305)
at a loading rate of 0.5 mm/min and maximum load of 5KN. The ma-
chine is equipped with a load cell that measures the force applied to
the test piece and the displacement is determined by measuring the dis-
placement of the crosspiece. The samples were cut in a size of
12 mm x 12 mm x 5.2 mm. Three tests allow the determination of a
mean load against displacement curve and compressive yield strength.
The compressive yield strength corresponds to the applied force, F, at
which a material begins to deform plastically divided by the initial sec-
tion, So. When the displacement is measured directly from the cross-
piece, the stiffness of the machine intervenes in the calculation of the
strain, which introduces errors in the measurement and makes difficult
the calculation of elastic modulus. In this case, it is possible to measure
the elastic modulus using X-ray microtomography images scanned
throughout uniaxial compression tests. A volume of interest (VOI)
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Fig. 1. a) Viscosity/shear rate flow ramp for the sole hydrogel and for the two studied inks. b) Results of the stress-controlled oscillatory tests. For the same group of two lines, G’ and G” are
represented by the line that stands above and below, respectively, in the left area of the chart (viscoelastic region).
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consisting of a parallelepiped with a section of 300 voxels x 300 voxels
and a height of 300 voxels was cropped in the central portion of the
scanned SL1070 images. Digital Image Correlation (DIC) was used as a
3D strain gauge to measure strain using area of interest. Indeed, the Dig-
ital Image Correlation (DIC) gives access to the displacement field such
that f (x) = g (x + u) on the section of interest and forward the dis-
placement field is then derived to obtain the strain values.

3. Results and discussion
3.1. Rheological behavior of the metallic ink

Viscosity curves appear as straight lines in the double-log plot of the
Fig. 1a, showing a clear pseudoplastic behavior. This is a first require-
ment for printable inks, since it should appear as less viscous when
higher shear rate is applied inside the nozzle. The behavior of the sole
hydrogel is only slightly different from the Ink at 40 vol%, meaning
that at this concentration metallic particles do not produce a significant
increase in internal friction, which is only sensed at low shear rates. A
curve of the same slope is also observed at 45 vol%, although this time
a moderate increase in viscosity is observed for the whole shear rate
range. Still, no deviation from the pseudoplastic curve is observed, indi-
cating that probably even higher solid contents could be introduced.

Fig. 1b shows that both the inks and the hydrogel present a signifi-
cant yield stress comprised between 350 Pa and 500 Pa, which can be
identified by the stress at which a sudden decrease in the G’ is observed,
or by the point of intersection of G’ and G”. This represents the second
requirement for a printable ink to be used in robocasting, since it
needs some strength to hold the final shape and not collapse under its
own weight. Below the yield point, a viscoelastic region is recognized,
where both G’ and G” have a constant value and G’ is much higher
than G”, indicating that in this region the system behaves like a solid
body. It is observed that both values increase considerably with the
amount of powder dispersed in the ink. Especially if we consider G/,
this means that, although the yield stress is similar, inks become stiffer
with higher solid content (from ~21 KPa of the sole hydrogel to
~46 KPa for 40 vol% and ~204 KPa for 45 vol%), meaning that they can
support open structures with bigger spans.

3.2. Fabrication of 100Cr6 lattice structures

The rheological properties of 100Cr6 steel ink have allowed printing
through nozzles diameter in the range of 840-200 um at reasonable
printing speeds. The information concerning the printing parameters
of three-dimensional models are listed in Table 1.

Under these conditions, typical steel lattice structures consisting of
10-16 layers in the z-direction, have been obtained. After printing, the
samples were first dried at room temperature during 24 h, then
debinded and sintered. Thermo-gravimetric analysis of the Pluronic F-
127 gel allowed determining the appropriate temperature for the
debinding process (Fig. 2).

It is found that the gel begins to lose water at room temperature and
the polymer starts to decompose from ~150 °C until ~400 °C. The ther-
mal debinding parameters detailed in the experimental section were
chosen accordingly. Finally sintering was carried out at 950 °C and
1070 °C in a vacuum furnace in order to obtain the final metallic lattice
structure (heating rate 2 °C min~!; cooling rate 100 °C h—!). Fig. 3(a)
shows optical images of SL950 printed with nozzle diameter of
840 pum while Fig. 3(b) represents the 100Cr6 lattice structure after
printing with nozzle diameter of 540 um. In Fig. 3(c), small parts are

Table 1
Printing parameters of proposed CAD files.

the 100Cr6 lattice structures printed with nozzle diameter of 200 um.
As shown in Fig. 3(d), the optical observation does not allow measuring
accurately contraction through dimensional changes in the length,
height and width of the sample before and after sintering. From a gen-
eral point of view, we can say that no evident change in terms of length
can be noticed after sintering. Therefore, this ink formulation allows a
good control of the dimensions of the metallic lattice structure as the
ink formulation proposed by Run et al. [25]. We also observe that drying
and sintering of lattice structures result in the presence of intra-filament
pores (1-20 pm) located in the lattice structures rods by SEM observa-
tions (Fig. 3e). Apart from these intra-filament pores, it is also found a
periodic structure comprised of macropores, which corresponds to the
desired architecture (Fig. 3f).

3.3. X-ray microtomographic and mercury intrusion porosimetry analysis

The images of SL950 sample printed with a nozzle diameter of
840 um were collected from the X-ray microtomography (XRCT) and re-
constructed into 2D stacks using Fiji software or 3D images using
ParaView 5.0.1 software. Fig. 4 shows the same 2D cross-sectional
slice of the inner part after drying (Fig. 4a) and thermal treatment (i.e.
debinding and sintering at 950 °C, Fig. 4b). Macropores appear on slices
as periodic structures shaped as bands or quadrilaterals, depending on
the location of the cross-section inside the body.

It is observed that the slice corresponding to sintered SL950 reveals
cracks located in the lattice rods. This may be the result of several fac-
tors, such as non-optimized solid loading in the ink and the appearance
of residual stresses at some point during drying or heat treatments. For
example, as mentioned previously, some authors [18,20] have shown
that Robocasting inks require a high solids loading between 60 and
75 vol% to avoid cracking. Indeed, to reduce the risk of cracks, low
heating rates are used, resulting in a long debinding time.

Although the thermal debinding process is different for different
polymers, a general debinding rate of 0.5 °C min~ ! or less is sometime
proposed to burn out binder [26-27]. Thus, the appearance of cracks
in SL950 sample could be justified by the moderate solid loading
(42 vol%) and relatively fast debinding rate of 2 °C min~ . Further inves-
tigations at different solid loadings and heating rates are needed to ex-
plain accurately the origin of these cracks, which are beyond the scope
of this work.

Before and after filtering (Fig. 4c), two gray-levels can be easily dis-
tinguished: low gray-levels for gaseous phase (macropores) and high
gray-levels for solid phase (rods). Therefore, a bimodal histogram char-
acterized by two dominant gray-levels was obtained. To separate gas-
eous phase from lattice rods a constant threshold of 128 on a scale of
0 to 255 has been chosen. Thresholding of rods using dilation-erosion
operations was carried out for filling intra filament pores. Finally bina-
ries images have been obtained with background (black) and fore-
ground (white) which represent macropores and rods respectively
(Fig.4d). The thresholded and binarised images are followed by the con-
version into a VTK file for 3D reconstruction using ParaView software
(Fig. 4e). From subtraction operation between filled filaments and un-
filled filaments, it is possible to represent in 2D stacks the intra rods
pores (intra filament pores) only and subsequently obtaining their spa-
tial distribution (Fig. 4f).

When measuring the phase volume fraction of the sample shown in
Fig. 4d, a constant value of 45% for the solid part of the SL950 rods has
been found assuming that closed pores in lattice rods are neglected.
Data obtained from the Image] plugin “local thickness” allowed
obtaining the rods size distribution for SL950 structures printed with

Sample Nozzle diameter & (mm) Design dimensions (mm)

Layer height (mm) Printing speed (mm/s) Spacing printed line (mm)

lattice structure 0.41-0.84 12 12 * (3.1-6.5)

0.75 « & 10 1.5+«
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Fig. 2. Thermo-gravimetric analysis of pluronic F-127 gel.

nozzle diameter of 840 pm (Fig. 5, b and c). Here, the size distribution
function of Gauss has been used in the curves fitting of experimental
data. The Gaussian distribution known as the normal distribution, has
the following function:

_ A )el-2(t-xow?
F(X)YO+<W m)e ( ) ()

where yj is offset parameter; A is the amplitude and x. is the arithmetic
average of x. The standard deviation of x. is w/2. The arithmetic average
size of lattice rods for SL950 is found to be 725 pum after drying (Fig. 5a)
while it is rather 640 pm after sintering (Fig. 5b). Linear shrinkage was

&
=
=,
c
=

calculated according to that difference between the average thickness
of lattice rods before and after sintering using the following formula:

Rp—Rs

linear shrinkage =
Rp

x 100% (2)

where Rp and Rg are the average thicknesses of lattice rods respectively
after printing and sintering. Thus, linear shrinkage certainly due to dry-
ing and sintering of SL950 is found to be 13% (Fig. 5¢).

Fig. 5d shows the cumulative and the differential intrusion volumes
as a function of the pores diameter for SL950 and SL1070 samples. All
pores have been assumed as cylindrical and their diameters were calcu-
lated by the Washburn equation [28]:

D = —4vy coso/P 3)

Assuming a contact angle,o, of 130° and a surface tension, vy, of
485 dyne cm ™3, while pores diameter, D is in um and the pressure of in-
truding liquid, P, in Pa. The point A represents the moment where mer-
cury envelops the sample. From A to B, under low pressure, mercury
enters the macro pores located between lattices rods, while from B to
C, high pressures force mercury to enter micropores, cracks, crevices,
or voids of the lattice rods. Point A is sometime used to determine
bulk or envelope volume, points A and B are used to determine inter-
particles void volume (inter-strut volume), and points A and C are
used to determine skeletal volume [29]. Therefore, the first intrusion lo-
cated between A and B corresponds to the entry of mercury into the de-
signed macropores of size in the range of 350-90 um for both SL950 and
SL1070 samples. The second intrusion observed in the SL950 sample
represents around 0.15 mL g~ ! of micropores probably undetectable
by XRCT and not detected in sample SL1070. The fact that, a second in-
trusion is not observed for the sample SL1070 shows that only the de-
signed macropores remains and no additional defect of size in the

DN s

Intra-filament micropore

Macropore

Fig. 3. a) Optical image of debinded and sintered lattice structure printed with nozzle diameter of 840 um. b) Lattice structure after printing with nozzle diameter of 540 pm. ¢) Optical
image of 100Cr6 lattice structures printed with different nozzle diameters ranging from 840 to 200 um. d) Dimensions after printing and sintering of lattice structures printed with
nozzle diameter of 410 um. e) SEM images of rod surface showing intra-filament pore of SL950 printed with nozzle diameter of 840 pm. f) SEM images showing plan printing with
macropore located between filaments of dried lattice structure printed with nozzle diameter of 840 um.
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Fig. 4. a) Original micro-tomography images obtained after drying for SL950 printed with nozzle diameter of 840 um. b) Original micro-tomography images obtained after sintering for
SL950 printed with nozzle diameter of 840 um. c) Micro-tomography images obtained after filtering of the cross-section inside the SL950. d) Thresholded and binarised image of the
cross-section inside the SL950. e) Reconstructed 3D image of rods for SL950. f) Reconstructed 3D image of intra-filament pores volume in the solid phase for SL950.
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Fig. 5. a) Rods size distribution obtained by microtomography after drying for SL950 structure printed with nozzle diameter of 840 pm. b) Rods size distribution obtained by
microtomography after debinding and sintering for SL950 structure printed with nozzle diameter of 840 um. c) Comparison between rods size distribution of SL950 after drying and
sintering. d) Micropores size distribution obtained by mercury intrusion porosimetry for SL950 and SL1070.



range of 80-0.003 um can be measured in this sample. Assuming that all
the micropores are removed during sintering at 1070 °C, only a total in-
trusion volume of 0.11 mL g~ ! is found for SL1070 while it is
0.247 mL g~ for SL950. This result corresponds to volume shrinkage
of 0.55 ((0.247-0.11)/0.247) i.e. a linear shrinkage of about 0.18,
which explains the average thickness differences between SL950 and
LS1070. Since porosity is a ratio of pore volume to total volume and den-
sity is defined as mass per volume, it is possible to define porosity in
terms of density as follow:

Pr = (1—Pg/Pp) x 100% (4)

Py is the bulk density and Pp the sample's particle density. SL950 and
SL1070 are made of steel then their particles density is assumed to be
7.8 ¢ mL™ ! according to the literature [30]. To summarize, apparent
densities of 0.78 and 3.099 ¢ mL™' were measured for SL950 and
SL1070, corresponding to respectively 89% and 60% of porosity.

3.4. Structural characterization

SEM observations using secondary electron mode were performed to
analyze the microstructure of SL950 printed with a nozzle diameter of
840 um (Fig. 6a-b). It is observed that both grains and intergranular
zones are darkish in appearance, indicating their similarity in major con-
stituent elements while spherical carbides of bright contrast surrounding
these grains are found (Fig. 6a). As observed the microstructure of SL950
reveals high amount of porosities and intergranular zones (Fig. 6a) while
for SL1070 larger grains and a significant reduction of the porosity rate
and amount of the intergranular zones are found (Fig. 6b). This increase
in grains size and decrease of porosity are explained by the faster diffu-
sion occurring at higher temperature (1070 °C).

EDS mapping shows the most important elements (Fe, Cr, C and Si)
present in both grains and intergranular zones (Fig. 6¢ and d) of sam-
ples. Fe and Cr distributions are not homogeneous for SL950 (Fig. 6¢).
There is more Cr in the carbides than in the core of the grains. This sug-
gests that the sintering temperature of 950 °C was not sufficient to
achieve the complete diffusion of Cr and Fe. The other components
(e.g., Carbon and Silicon) seem homogeneous excepted small regions

* Fe-o (Fe,,Cr,)
o Cr,C,

— 1070°C
——950°C

*

Intensity (arb.units)

20 30 40 50 60 70 80 90
Diffraction angle 2 theta (degree)

Fig. 7. XRD analysis of SL950 and SL1070 samples.

of porosities observed with very high carbon concentrations. Thus, the
sintering at 1070 °C allowed a better diffusion of elements which favors
the increase of grains size, more homogeneous distribution of the ele-
ments in the sample volume and causes the decrease of the amount of
the intergranular zones (Fig. 6d).

The identification of phases in specimen was achieved by comparing
the specimen diffractograms recorded with those available in powder
diffraction file (PDF) in the database ICDD. As observed in Fig. 7, two
principal phases were identified for sintered sample: the chromium car-
bides Cr,C3 (PDF# 10897244) and the ferrite-oe (PDF# 30654607 ).

It is observed that high diffraction peaks are attributed to the ferrite-
o (PDF# 30654607) mainly composed of iron while weak diffraction
peaks are only attributed to the Cr;C3 (PDF# 10897244). The decrease
in the intensity of all the peaks implies a decrease in the amount of
Cr,Cs. This means that the intergranular zones observed in SEM micro-
graphs would be composed mostly of Cr,Cs. This result confirms as ex-
pected that the sintering at 1070 °C allowed the decrease of the amount
of chromium carbides which favors a more homogeneous distribution
and a decrease of the number of cracks.

carbon

Fig. 6. a) Microstructure observed by SEM of the extruded shape of SL950. b) Microstructure observed by SEM of the extruded shape of SL1070. ¢) EDS mappings measurements obtained

on SL950. d) EDS mappings measurements obtained on SL1070 sample.
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Fig. 8. Reduced modulus and hardness of fused silica as a function of the indenter displacement.

3.5. Mechanical properties of the SL1070 sample

Nanoindentation testing performed in the continuous stiffness mea-
surement mode (CSM) are mostly used to measure the reduced modu-
lus, Eg and the hardness, HIT, of bulk materials or thin films. This mode
allows measuring the load applied as a function of indentation depth. In
general, the hardness and elastic modulus are obtained from the loading
and unloading curves. The hardness, HIT = Pm/Ac, is defined as the
ratio between the maximum load, Pm, and a representative contact

area between the indenter and the material. The reduced modulus Eg =

(Sv/m)/(23+/Ac) is calculated from the slope, S, of the unloading part of
a load-depth curve [31] with the same contact area, Ac, and a corrective
factor, 3, which is usually close to 1.05. To take into account the inevita-
ble blunted tip defect, Oliver and Pharr [32] suggested the use of a com-
plex function involving several fitting parameters. Preliminary tests
performed on fused silica (calibration sample of the indenter tip defect)
show a constant value of 73 GPa for reduced modulus when the indent-
er penetration reaches a value approximately equal to 55 nm, while the
hardness value becomes constant close to 9.7 GPa for indenter penetra-
tions higher than 85 nm (Fig. 8).

These experimental values for the reduced modulus and the hard-
ness are in a good agreement with those obtained in literature for
fused silica. It is important to note the in-depth domain of validity for
elastic modulus and hardness will be used for the tested sample. The
great variation of the mechanical properties before the two limit values
of 55 nm and 85 nm for reduced modulus and hardness, respectively, is
due to the influence of the blunted indenter tip defect.

In this range of indenter displacements, the complex function due to
Oliver and Pharr is not valid. This result has been confirmed by Chicot
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et al. [33] by plotting the theoretical square root of contact area versus
the contact depth. Regarding the number of fitting parameters in the
function proposed by Oliver and Pharr [32] and the difficulty to calibrate
the contact function area, these authors suggested the use of simplest
function involving only the indenter tip defect length. The proposed
function gives similar results.

Applied to the tested sample, the reduced modulus and hardness of
parent material for SL1070 are represented as a function of the indenter
displacement (Fig. 9). It is observed that the reduced modulus is con-
stant and equals to 177 GPa for indenter displacements between 55 to
140 nm with a standard deviation located in the range of 4+ 18% around
the mean value. For indenter displacements higher than approximately
140 nm, the reduced modulus regularly decreases. This variation could
be attributed to the indentation size effect or damage induced in the
material resulting of the process. That is why we only consider the
value of 177 GPa for the reduced modulus of the parent material
(100Cr6 steel). From the reduced modulus, the elastic modulus of the
parent metal, E1gocrs, for SL1070 was determined using the following
equation [34]:

Er = 1/[(1—v?) /Eroocrs + (1—vf) /Ei] (5)

The respective values of 1141 GPa and 0.07 are taken for the elastic
modulus, E; and Poisson's ratio, v;, for Berkovich diamond indenter.

The Poisson's ratio, v, is taken equal to 0.3 for parent material. The
bulk elastic modulus of the parent material has been found equal to
~190 + 28 GPa. Starting from the contact area proposed by Oliver
and Pharr [32], the hardness directly measured on the SL1070 rods
can be plotted as a function of the indenter displacement (Fig. 9).
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Fig. 9. Reduced modulus and hardness variation of parent material for SL1070 sample.
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SL950 samples.

This figure clearly shows a constant hardness value equals to 3.7 +
0.6 GPa between 50 and 80 nm. However, this plateau is observed
in the domain where the hardness obtained for the calibrated sample
is not constant. In practice, it will be more rigorous to analyze hard-
ness variation of indenter displacements higher than approximately
80 nm. However, we clearly see in this figure that the hardness var-
iation tends toward this limit value of 3.7 GPa which can be reason-
ably considered as the hardness value of the tested sample. On the
other hand, we can conclude that hardness seems to be more sensi-
tive to material damage since it varies after indenter displacements
higher than 80 nm whereas this value is close to 140 nm for the elas-
tic modulus variation.

Tabor [35] showed that the hardness of several metals is propor-
tional to yield strength with a constant proportionality of approxi-
mately 3. Following this approach, the yield strength, 0700¢;6, Of the
parent material is found to be 1.2 GPa, which is in accordance with
the value found in the literature [36]. The elastic modulus, Es; 1970,
and the yield strength, 0s;1970, of the macroporous lattice structure
SL1070 were estimated using the following mechanical models pro-
posed by Gibson and Ashby [37]:

Es11070/E10ocrs = (0)° (6)

Os11070/0100cr6 = 0.3(p)*/? (7)

where, p (=1-porosity) is the relative density. For the relative po-
rosity of 0.6, the structural modulus and yield stress of SL1070 are es-
timated to be 30 GPa and 91 MPa.

The compression behavior of the sintered structure was measured
during two compression tests. The result of the first test is shown in
Fig. 10 for sample SL1070. The strain was crudely measured using the
position of the piston, so it cannot be trusted. The only interest of this
curve is to show that some plastic deformation can be observed in this
sample. The yield strength of the sample is measured to be equal to
30 MPa in compression. This is three times smaller than the value antic-
ipated form the Gibson and Ashby prediction. The discrepancy between
the estimated and measured yield strength can be explained by the ap-
proximation made on the section and also the Gibson and Ashby as-
sumptions are not checked here (shape of the structure).

A second test was achieved at low strain in situ inside the X-ray
tomograph. From the scan of the undeformed and deformed SL1070 im-
ages, a measurement of the global deformation of the sample was
achieved via digital image correlation (DIC) [38]. The applied load was
equal to —3500 N and the surface of the sample perpendicular to the
compression direction was equal to 150 mm?. The applied stress was
then equal to 23.2 MPa, so the sample remained in the elastic domain.

The strain value obtained for the direction of compression has been
found to be —0.000805. This result allowed calculating a structural elas-
tic modulus of 28.8 GPa which is similar to the value estimated using the
models proposed by Gibson and Ashby.

4. Conclusion

Metallic lattice structures have been fabricated from metal ink com-
prised of 100Cr6 powder mixed with a temperature-reversible hydrogel
composed of distilled water and a poloxamer polymer Pluronic-127 by
Robocasting technologies. The rheological properties of this ink com-
posed of low organic and additives content has facilitated the printing
of the lattice structures through nozzles diameter in the range of
840-200 um. The final metal lattice structures were achieved after
debinding and sintering process. It has been found that after heat treat-
ment, parts retained their designed shape. However, the images collect-
ed from X-ray microtomography measurements performed on sample
sintered at 950 °C revealed the presence of intra-filament pores and
cracks in the lattice rods. A simple optimization of sintering at 1070 °C
allowed reducing the porosity to 60% with designed pores of size in
the range of 350-90 um whereas the porosity can reach 89% for
sintering at 950 °C. The mercury intrusion porosimetry measurements
have shown that only the designed porosity remains in optimized
parts, observing no additional defect of size in the range of
80-0.003 pm. In these parts, the X-ray diffraction measurements have
revealed the presence of significant fractions of the ferrite-a phase,
while compression experiments allowed to measure a structural modu-
lus of 28.8 GPa and a yield strength of 30 MPa. These results confirmed
the good consolidation of the 100Cr6 lattice structures. Through their
architecture and properties, the lattice structures illustrated here
could be used as potential H2 reversible storage materials for solid-
oxide batteries [21]. Finally, the capacity for this new means to produce
3D architectures with desirable properties, opens possibility for explor-
ing an extensive variety of structural, energy and biomedical applica-
tions that would not be technically accessible with existing
manufacturing methods.
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