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Abstract

Study examines binder deposition methods (bulk vs. selective printing) and sintering atmospheres
(vacuum vs. H») on binder jetted 316L stainless steel components. The density of the Hz-sintered
specimens was found to be lower (up to 5%) compared to the vacuum-sintered parts with the final
density of 99.7%. Grain size analysis indicated smaller grains in the Hz-sintered parts (~26 pm)
compared to vacuum-sintered condition (~33 pum) in the bound area which could be attributed to
the presence of residual pores that impeded grain growth. The H»-sintered specimens exhibited an
elongation of 25% and an ultimate tensile strength (UTS) of 460 MPa, whereas the vacuum-
sintered parts displayed an elongation of 70% and a UTS of 550 MPa. Fractography analysis using
microscopy and micro-computed tomography revealed ductile fracture in the vacuum-sintered
samples, while the Hz-sintered parts exhibited a combination of brittle and ductile fracture due to
remnant pores in the microstructure.

Keywords: Vacuum/hydrogen sintering atmosphere; Densification; Microstructure analysis;
Mechanical properties; Micro-computed tomography; 316L stainless steel.

1. Introduction

Binder jetting is one of the advanced additive manufacturing (AM) processes to fabricate
parts with a large variety of materials, complex shapes, and low cost [1]. In the process of binder
jetting, the binder plays a pivotal role in shaping and defining the characteristics of green
components. It comprises liquid polymer droplets that permeate the spaces between particles,
facilitated by processes such as spreading and infiltration propelled by capillary pressure. The
binder must satisfy precise criteria, encompassing chemical stability, appropriate rheological
properties, effective affinity with powders, and ample binding strength [2,3]. In certain binder jet
printers, such as M-Flex Innovent models (possible new models such as X1 160PRO™ after
ExOne merged with Desktop Metal), a water- or solvent-based polymeric binder is gently heated
(using a heating light passing over the powder bed at a temperature below 100 °C) before the
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subsequent powder spreading step. This pre-heating step is employed to dehydrate the powder bed
surface and reduce the likelihood of powder adhering to the roller's surface. During curing (at
temperatures up to 185 °C which depend on chemistry of binder), polymer chains form pendular
bonds between particles, contributing to the strength of the green parts [1]. Minimizing the amount
of binder residue in binder jetted parts is crucial since it potentially leaves C, O, S, and N
contamination at the particle surfaces, affecting densification behavior and subsequent properties
of the densified components [4—6].

The binder jetting process consists of two main steps; First, the powder is deposited in the
build box and rolled out the surface of powder using rollers to compact and smooth the powder
bed surface. Second, jetting the polymeric liquid binder onto specific areas based on a computer-
aided design model. During the binder jet printing, binder is jetted across the entire cross-section
of each layer, following a 3D CAD model, to create an object. However, an alternative approach
called shell or selective printing exists [7-9]. In shell printing, the binder is only jetted in the region
near the surface to form a shell, while the core remains as loose powder. The shell with a certain
thickness possesses sufficient strength to restrict movement of the loose powder in the core,
allowing for depowdering and handling of the green part for sintering. Through the sintering
process, the powder in both the shell and core consolidates, leading to the formation of a solid
object [8,9]. Shell printing minimizes binder usage, speeds up debinding, and ensures
compatibility with binder-sensitive materials.

The binder burnout or debinding process is a crucial step preceding densification at elevated
temperatures [1,10]. Typically conducted before sintering or infiltration in the same furnace, it
involves the pyrolysis of the polymer, eliminating its presence in the green part to facilitate pore
removal. The temperature for binder burnout, determined through differential thermal analysis, is
set in the range of 450 to 600 °C for 30-60 minutes, dependent on the binder's chemistry. This
process involves heating the part to temperatures exceeding the polymer's decomposition
temperature, encouraging the evaporation or decomposition of the polymeric species and leaving
the green part with gaseous residues or newly formed gaseous constituents through reactions with
adsorbed powder species or the flowing gas, including hydrogen.

The sintering atmosphere is a crucial post-printing step aimed at significantly increasing the
relative density of the green part. By eliminating pores, the sintering process enhances the density
from approximately 50% to over 98%. In the post-printing process, sintering is typically carried
out under various conditions, including inert gas (such as N> and Ar), reducing atmosphere (such
as Hy), or vacuum. Nitrogen absorption by metals can result in the formation of nitride, which
affects mechanical properties. Additionally, Ar entrapment in pores can hinder the densification
process during the final stages of sintering. While a reducing atmosphere like H> may be suitable
for sintering active metals such as copper, the presence of trapped H>O in the intermediate stage
can impede the final sintering stage. Consequently, vacuum-sintering is preferred for binder jetted
metals to promote densification, minimize gas-filled pore formation, prevent oxidation, and reduce
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carbon contamination [11]. During the final stage of sintering process, pore healing occurs through
the lattice diffusion of vacancies and the sintering rate decreases significantly [12,13]. Localized
liquid formation at the sintering temperature accelerates densification, provided there are no
entrapped air-filled porosities within the part. Vacuum-sintering initiates active evaporation-
condensation during the initial stage and facilitates material removal from the convex to the
concave surface of the pores during final densification. Although vacuum-sintering may lead to
unwanted evaporation of alloying elements [14,15], it effectively eliminates excessive carbon,
nitrogen, and oxygen introduced by the polymer binder in 3D printed materials [6,16]. The speed
of the oxygen and carbon reaction to produce carbon monoxide (CO) at a specific temperature
relies on factors such as the concentrations of oxygen and carbon in the solid material, the
diffusivities of oxygen and carbon, the equilibrium pressure of the reaction product, and the
surrounding ambient pressure. The equilibrium vapor pressure of CO over 316 L decreases with
lower carbon and oxygen contents, making diffusion to the surface the rate-determining step
during sintering when ambient pressure is lower than the equilibrium CO pressure [17-19]. Thus,
vacuum-sintering aids in the removal of binders and minimizes contamination during the burnout
step, ensuring a cleaner final part with limited inclusion formation.

In recent research articles, shell printing has been explored in binder jetted materials.
According to Frykholm et al. [20], the final relative density of binder jetted 316L stainless steel
(SS) samples with a shell structure was higher than that of conventionally bulk binder jetted parts.
They found that the shell-structured samples exhibited higher final relative density and improved
tensile strength, which could be attributed to a lower pore fraction in the sintered parts. Miao et al.
[8] conducted a study and discovered that there were variations in powder packing density between
the bounded (shell structure) and unbounded (core) regions. This difference could be attributed to
particle rearrangement that occurred between these two areas [21]. In binder jetting, a higher binder
content, also known as binder saturation, leads to a longer debinding step required to remove the
polymeric binder before the final sintering process [6,8]. Furthermore, the research indicated that
the carbon content in sintered shell structured parts was significantly lower compared to the bulk
printed parts [20]. Another study by Rahman et al. [9] focused on binder jet printing copper and
revealed variations in densification, grain, and pore size between the shell structure and unbound
areas. The traditional binding approach was found to enhance strength of the green part. However,
it also hindered densification, limited grain coarsening, and caused appearance of remnant pores
at the boundaries, in contrast to the shell printing methodology.

Although previous studies [8,9,20] have highlighted the advantages of shell printing, their
primary focus was on analyzing densification and microstructure. Here, we aim to study the impact
of binder and sintering atmosphere on microstructure-defect-property relationships. We
hypothesize that (1) there are discrepancies in powder packing density and structure of as-printed
parts between the shell and core regions, and (2) vacuum-sintering, with faster binder removal and
densification, proves to be more efficient compared to Hz-sintering atmosphere. To test both
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hypotheses, we will examine the powder packing density, resultant densified microstructure, and
mechanical properties of both the shell and bulk binder jetted components.

2. Materials and methods
2.1. Powder processing

The gas-atomized 316L SS powder (with chemical composition of Ni=10.9 wt%, Cr=18.28
wt%, Mo=2.12 Mn=2.19 wt%, Si=0.58 wt%, C=0.03%, Fe=bal.) from Sandvik Osprey Company
with particle size of -22 um was used (see Figure 1A). Particle size distribution was found to be
slightly different from the virgin powder in which the fraction of particles with size below 5 pm
was lower in the recycled powder, as qualitatively seen in Figure 1A compared to our earlier work
on the virgin powder published in [6]. The virgin powder has a particle size distribution (PSD) of
dio=3.3 um, dso = 10.7 um, d9o = 19.6 um analyzed using a LS13 320 XR System. However, the
used (or recycled) powder showed a slight increase in dio and dso. These powders have been
recycled over time by blending used powder with virgin one at a ratio of 2:1 (used to virgin) every
10 cycles. The chemical analysis indicated that the recycled powder exhibited minimal deviation
in terms of carbon and oxygen uptake compared to the virgin powder. This can be attributed to the
storage of powder in a moisture-free environment and the adapted drying cycle applied to the
powder before each printing session. The carbon (C), oxygen (O), nitrogen (N), and sulfur (S)
concentrations in the recycled powder and sintered samples (shell and core) were quantified using
LECO instruments (models TCH600 and CS744).

The binder jetted parts were manufactured using an Innovent” ExOne printer, employing
optimized process parameters as reported in [6]. Two groups of coupons, each with dimensions of
15 x 20 x 10 mm, were fabricated. The first group was labeled as "bulk structure" and followed
the conventional approach, with a polymeric binder (BA-005 water-based binder, ExOne, which
works well with a variety of metallic materials) uniformly jetted onto the powder bed. The second
group was termed "shell structure," and the fabricated parts relied on the binder jetted within the
shell, with a certain thickness wall (ranging from 500-1000 pum), to provide strength to the green
parts. The used layer thickness for printing was set at 50 um which is about twice the biggest
particles size [1]. A binder saturation of 80% was found to be sufficient for this powder and layer
thickness. A 30-pL printhead was used for print. The powder bed temperature was maintained at
40 °C throughout the printing. The rollers and recoat speeds as well as the ultrasonic intensity were
experimentally optimized [6] and set to be 600 rpm (smoothing roller speed), 300 rpm (roughing
roller speed), and 400 mm/s (recoat speed). The applied drying time between each layer deposition
was 10 s which was sufficient for both bulk and shell printed parts. The orientation of the printed
parts was shown in Figure 1B. Tensile testing was conducted on dog-bone shell structured
specimens, following the ASTM standard E8/E8M. The "shell" structured geometries were printed
with a wall thickness of 1000 um. This was attributed to enhanced part integrity, aimed at
minimizing the risk of part collapse during depowdering and handling.
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Figure 1. (A) SEM micrographs of the 316L SS recycled powders. (B) The designed bulk or shell-structured samples
with specific dimensions and geometry. (C) An exemplary layout of the coupons and mechanical test specimens.

The binder jetted parts were cured at 185 + 2 °C for 8 h. Then, the loose powder was removed
using a brush. Sintering was performed in a tube furnace (Across International, model FT1700)
with controlled heating and cooling rates of 5 °C/min. During the sintering, the parts were kept at
600 °C for 1 h to burnout the binder residue, after which the temperature was raised to 1400 °C
and maintained for 2 h. The sintering, including the burnout step, was carried out under two
different conditions: vacuum (107 bar) and ultra-high purity hydrogen with a constant gas flow
rate of 50 ml/min. The purpose was to examine the impact of the atmosphere on densification and
pore removal.

2.2. Characterizations

To quantify the powder bed uniformity and visualize in-process defects and anomaly
formation, we employ an in-situ monitoring system through a collaborative research with Phase3D
[22]. This system provides objective, uncertainty-quantified data from each layer of the powder
bed. Unlike camera-only systems or diode-based monitoring, this technology uses two small
sensor components and specialized software, retrofitted onto the powder bed without interfering
with the printing process [23]. It employs rapid profilometry techniques to measure the height of
exposed surfaces of powder-based AM parts before and after binder deposition for every layer.
The hardware components consisted of a projector and a camera, where incident patterns were
projected onto the exposed surface of the part, and the camera records their deformation to
calculate the 3-D heightmaps of each layer. These heightmaps are sensitive to primary in-process
part failure mechanisms (i.e., inadequate powder coating and out-of-plane part deformation). The
heightmaps are an objective measurement, with real units of microns and can therefore be used to
quantify observed anomalies, which can outperform camera-only subjective shadow analysis.
Fringe Monitoring Software v1.01+ was used. To detect powder layer defects (PLDs), the camera
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triggers measurements immediately after the powder spreading process, generating 3D heightmaps
that are sensitive to striations, depressions, and clumping. Also, the imaging will be conducted
after binder spraying and these two heightmap measurements will be compared to generate in-
process defects visualization during binder-powder interactions with a 10 pm noise floor.

To compare quality of manufactured bulk and shell printed parts in the green state (after
curing), micro-computed tomography (u-CT) was performed using a ZEISS Metrotom 1500
model. The pu-CT study was conducted with parameters including an energy and current setting of
180 kV and 30 mA, using a Cu 0.5 mm filter, frame averaging over 3 frames, an angular span of
360° with a step increment of 0.08°, yielding a spatial voxel size of 5 um. The acquired data
underwent reconstruction and subsequent analysis using Volume Graphics Studio Max 2023.2.

To determine the part density after sintering, two methods were employed: the Archimedes'
method according to the ASTM B962-17 standard and image processing to calculate the solid
volume fraction. To prepare the samples for analysis, they were sectioned in the XZ direction, hot-
mounted (MetLab phenolic thermosetting), and subjected to microscopy observations as described
in [6]. Polished surfaces were examined using a digital optical microscope (Keyence VHX-7100)
to analyze the fraction and pore distribution.

For the comparison of grain size between bulk and shell structured binder jetted parts, a
scanning electron microscopy (SEM) system (JEOL 5900LV) was employed. To investigate the
texture and grain size of the sintered parts, electron backscatter diffraction (EBSD) was conducted
using an Oxford Instruments EBSD system at an acceleration voltage and step size of 20 keV and
0.75 pm, respectively and the data was post processed using MTEX. The sintered parts chemistry
for C, O, N, and S was analyzed using LECO instruments (models TCH600 and CS744).

The Vickers microhardness test was performed according to the ISO 6507-1:2005 standard,
applying a load of 300 g for a dwell time of 10 s. Mechanical tests, including tensile and bending
experiments, were carried out using an MTS 880 machine. The tensile test (3 samples for each
condition) involved a displacement rate of 0.0127 mm/s to determine yield stress, ultimate tensile
stress (UTS), and elongation. The three-point bending test was carried out (5 samples for each
condition) in accordance with the ASTM E290-14 standard. Both bulk and shell printing
approaches were considered for three-point bending test and vacuum sintering was selected to
achieve maximum relative density. The green parts with dimensions of 6.8 mm x 70 mm x 7 mm
along (XYZ) were binder jetted and after sintering, the final dimensions were 5.54+0.07 mm X
70.00+0.40 mm x 5.594+0.09 mm (XYZ). The bending test was implemented in X and Z directions.
The applied load and the resulting displacement were recorded throughout the test to calculate the
flexural stress and strain using the following Eq. [24]:

3F1
0= (Eq. 1)
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where o is the flexural stress (MPa), F is the applied force (N), L is the support span length (mm),
b is the width of the specimen (mm), d is the thickness of the specimen (mm), € is the flexural
strain, and D is the deflection of the specimen (mm).

Fracture surfaces were examined using both a digital optical microscope (Keyence VHX-
7100) and an SEM equipped with energy dispersive spectroscopy (EDS). The spatial distribution
of pores was evaluated on one side of the failed tensile specimen using optical and SEM
microscopes, as well as micro-computed tomography (u-CT) analysis performed with a ZEISS
Metrotom 1500 model.

3. Results and discussion
3.1. Qualitative analysis during binder jetting process and in the final printed parts

Figure 2 showed results of successfully deposited binder onto the powder bed and no PLDs
were quantified during binder jetting of metal powders. The visual image (Figure 2-middle)
demonstrated the deposited liquid binder onto the powder bed surface while possible displacement
of powder due to binder bombardments was not obvious. The employed in-situ monitoring system
enabled qualitative analysis in which powder-binder interaction occurred. It was observed that the
binder deposition did not leave any powder layer defect (PLD) and proved homogenous
binder/powder deposition in each discrete layer. Primarily, PLDs significantly contribute to defects
in green parts, resulting in non-linear shrinkage and deformation of the sintered components,
ultimately leading to costly part rejections. Indeed, inconsistencies during the powder spreading
step can lead to non-uniform powder packing, causing variations in green density across different
locations of the green part [25,26]. Consequently, the rate of shrinkage varies at these different
locations, resulting in distortion. Our ongoing research aims to improve the resolution of the
collected heightmap data to 1 um, which will enhance our understanding of location-dependent
defect formation in 3D printed parts. This will be achieved by increasing the focal length of the
Phase3D Fringe monitoring system and developing a 3D reconstructed dataset, allowing us to
compare in-process defect formation using this novel method with respect to p-CT results.
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Figure 2. micrographs of a cross-sectional layer of printed parts showing bound (shell) and unbound (trapped powders
at the core) regions. Three types of specimens including cubic coupons, Charpy and tensile samples were binder jet
printed. The heightmaps micrograph shows minimal powder displacement during binder-powder interactions
indicating uniformity in each discrete layer. A® in the heightmap is a difference in radians from the expected values
of the carrier phase map.

During the process of jetting binder onto the powder bed, the droplets' ballistic effects and
the displacement/rearrangement of small particles on the top surface of each layer can create gaps
in the regions exposed to the liquid binder [21,27]. Based on previous knowledge, it was believed
that particle bonding induced by surface tension would result in higher green density in the bulk
binder jetted parts. However, our recent findings contradict this prior understanding [9]. In essence,
the impact of droplets on the powder bed during binder-powder interaction may have led to the
formation of craters, ejection of particles, and rearrangements. However, in the core (or unbound
region) of the shell printed parts, the powder is more densely packed, resulting in a higher green
density in that area. Examples of shell printed vs. traditional binder jet pattern printed parts were
shown in Figure 3. Using p-CT analysis, it was found that the green density was enhanced up to
5% suggesting the unbound powders were packed more than the bound particles in the shell
structured sample.
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Figure 3. Shell vs. traditional printing. In-process line defects were visible on the 2D projected u-CT micrographs in

which binder was jetted onto the powder bed to make an object with dimensions of 6 mm x 4 mm % § mm (shell wall
thickness of 1 mm). Sections were made based on the yellow dash lines on each plane.

3.2. Densification behavior and microstructure analysis

Green density - Shell printing is considered a novel approach because it leads to higher
green density, which in turn results in lower shrinkage and reduces the risk of powder
contamination by elements such as C, N, O, and S—major components present in the liquid binder.
The measured green density of the binder jetted samples (results were given in Table 1) indicated
that when a bulk structure was manufactured, the density reached ~50%. On the other hand, using
shell printing resulted in a higher green density of 54% for parts with a shell wall thickness of 500
um. It is worth noting that the 316L SS powder used in this study was not virgin but rather
continuously recycled for a period of 1 year. The SEM micrograph of the recycled powder showed
lower fraction of ultra-fine particle (<5 pum). As a result, the relative density of the green part in
this study was lower compared to other reports in [6], where virgin powder was used, and a relative
density of ~52.5% was achieved.



During binder jetting, the ballistic effects of droplets and the rearrangement of small
particles on the powder bed can create gaps in liquid-exposed areas [21,27]. Traditionally, it was
believed that surface tension-induced particle bonding would lead to higher green density in bulk
binder jetted parts [21]. The hypothesis proposes that droplet impact may form craters, eject
particles, and cause rearrangements, contradicting the assumption of higher density. Hence, it was
anticipated to achieve a higher green density in the shell printed part with a wall thickness of 500
um. However, part integrity and green strength must also be considered when manufacturing a
shell structure using binder jetting. It was noticed that the 3D printed parts with a shell thickness
of 500 um were fragile in their green state, necessitating a higher shell thickness for producing
parts with greater mass.

Table 1. The analyzed data presents the green density of the binder jetted parts after curing, the sintered relative density
obtained through Archimedes and optical image analysis, and the shrinkage observed in both bulk and shell printed
structures sintered under vacuum or H, atmosphere. In the optical image analysis, the terms "shell" and "core" refer

to the "bound" and "unbound" regions, respectively. The reported relative density values are derived from 3
measurements in the core and 24 measurements in the shell regions.

Green Sheu thlf:kness after Sintered density by optical image analysis (%) Shrinkage (%)
. sintering (um)
Samples density
(%) Vacuum H Vacuum H» Vacuum H>
Shell Core Shell Core X Y Z X Y Z
Shell - 500 pm 54.0+0.1 409 426 99.740.1 | 99.240.3 | 95.6+2.4 | 98.5+0.3 | 182 | 184 | 194 | 168 | 17.2 | 189
Shell - 750 pm 53.540.1 596 681 99.740.1 | 99.3+0.1 | 97.0£1.7 | 98.8+0.2 | 18.6 | 18.6 | 19.6 | 17.5 | 17.5 | 19.6
Shell - 1000 pm | 53.2+0.1 817 919 99.740.1 | 99.240.3 | 95.742.2 | 98.3+03 | 18.8 | 18.6 | 202 | 174 | 17.5 | 19.5
Bulk 50.040.1 - --- 99.0+0.2 96.4x1.5 19.2 | 19.0 | 219 | 185 | 179 | 20.7

Linear shrinkage - To investigate the impact of the binder on linear shrinkage, both bulk
and shell printed samples were sintered under two atmospheres, vacuum and H». In any sample,
the shrinkage was found to be higher in the vacuum-sintered condition compared to the Ho-
sintering atmosphere, resulting in higher final relative density for the vacuum-sintered specimens.
The bulk binder jetted components, where the binder is uniformly deposited throughout the part
volume, displayed shrinkage behavior consistent with earlier studies [6,27,28]. These studies
proposed that the order of linear shrinkage was Z (build direction axis) > X (powder recoating
direction) > Y (print head traverse axis). Despite Rahman et al.'s findings [9] that parts with thinner
shell thickness showed higher shrinkage, as the unbound powder densified more than the bound
powder. This observation might be attributed to the choice of material used for binder jetting.

In the case of copper, carbon residue from the binder tends to have minimal diffusion [9],
whereas in iron, it can function as an interstitial alloying element, diffusing from the powder
surface into the grains [29]. Additionally, carbon can lower the solidus temperature of iron, making
the densification process easier. The packing density of the packed loose powder (unbound) is
typically higher than that of the binder jetted regions. Consequently, in our study, increasing the
shell thickness is more likely to result in higher shrinkage in the X and Y directions. Interestingly,
we observed that the difference in linear shrinkage between X and Y could be reduced when the
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powder packing density and resultant green density decreased in the recycled binder jetted powder.
However, in the Z direction, as the liquid binder is burned out, the pores at the layer interfaces
collapse under the influence of gravity, leading to higher shrinkages compared to the X and Y
directions.

Densification - The densification behavior of the sintered binder jetted 316L SS powder
was investigated to understand the role of binder impact and sintering atmosphere on pore removal
and final density. The optical micrographs in Figure 4 display the sintered microstructure of both
the shell (bound) and core (unbound) regions, along with the morphology and distribution of pores.
A clear variation in pore microstructure can be observed between the bound and unbound areas,
which are indicated by the dashed red line. It was observed that the pores, if any, were uniformly
distributed throughout the cross-section of the vacuum-sintered specimens, where the relative
density exceeded 99.3%. In contrast, the H»z-sintered specimens displayed a higher fraction of
pores on the printed shell wall (bounded powder) compared to the core (unbounded powder), with
relative densities of ~96% and 98.5%, respectively. The measurements of the bounded wall
thickness for all the shell printed samples (see data in Table 2) revealed that the vacuum-sintered
specimens had smaller wall thickness compared to the Hz-sintered specimens, corroborating with
the linear shrinkage values.

In the core region (unbound particles), densification was significant, as indicated by the
higher relative density observed in the vacuum-sintered sample compared to the H»-sintering
atmosphere. This was evident from the presence of isolated, fine, spherical pores. The core, which
was devoid of binder, experienced tight packing during the powder spreading process, with the
outer shell encompassing it. Consequently, the particles primarily had to navigate the gaps between
them to establish connections and achieve densification by closing the pores. While a few pores
persisted, the majority of these remaining pores underwent a transformation, becoming more
rounded and diminishing in size. The average pore size in the unbound regions of both the vacuum-
sintered and H»-sintered specimens was measured to be 3.3 £ 1.5 uym and 4.5 £ 1.8 um,
respectively. In vacuum-sintered specimens, the pore circularity and maximum pore size were 0.96
and 10.9 pm, while in Hz-sintered specimens, they were 0.93 and 26.6 um, respectively.

On the other hand, the bound region in Hz-sintered specimens showed a significant amount
of interconnected, irregularly shaped, coarse pores which were unevenly distributed. The existence
of these large and irregularly shaped pores suggests an inadequate formation of necks between the
particles. It is possible that sub-surface pores formed during binder droplet impact with the powder
bed during binder deposition (see Figure 3), thus, hindered neck formation during sintering. In
other words, the interaction between the powder and binder results in the creation of subsurface
pores within the printed parts, potentially causing a visible continuous gap between the printed
layers. Interestingly, the pore size in the unbound regions was found to be ~3.5-4 pm regardless
of the sintering atmosphere, suggesting that the green density of the unbound packed powder was
high enough, and sintering effectively eliminated the majority of pores.
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Figure 4. The optical micrographs display the XZ cross-section of the sintered binder jetted 316L SS samples. The red
dash lines mark the boundaries between the shell wall and the core in the shell structured specimens.

Table 2. Grain and pore analysis on the EBSD micrographs shown in Figure 5.

Bulk sample Shell sample - unbound Shell sample - bound
Sintering condition Vacuum H» Vacuum H» Vacuum Ho
Grain size (um) 35.1423.7 32.3£16.1 32.2+16.4 36.7£16.1 33.1£18.2 26.1£12.9
Pore size (um) 3.5¢1.9 7.144.2 3.3£1.5 4.541.8 3.1£2.3 8.243.1
Max pore size (Lm) 133 24.7 10.9 26.6 15.4 22.5
Pore circularity 0.92 0.91 0.96 0.93 0.90 0.88
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Grain and pore analyses - Figure S presents EBSD micrographs taken at the cross-section
surface of both bulk and shell structured specimens sintered under vacuum or H» atmosphere. The
band contrast micrographs revealed a relatively uniform microstructure and grain distribution in
the vacuum-sintered specimens, with mean grain sizes of 35.1 um, 32.2 pm, and 33.1 um for the
bulk, unbound-shell, and bound-shell structured samples, respectively. Notably, a difference in
mean grain size was observed between the bound and unbound regions of the H»-sintered shell
structured samples, with the grain size measuring 36.7 um in the unbound area and 26.1 um in the
bound area. This disparity could be attributed to the presence of porosity in the bound region,
which hindered grain coarsening and led to the formation of smaller grains in the final sintered
microstructure. Rahman et al. [9] previously hypothesized that the presence of C residue from
binder burnout in the bound region of binder jetted copper powder could retard grain growth, as
copper does not dissolve C in its crystal structure. This is due to the fact that solubility limit of C
into Cu is ~0.04 at.% [30]. However, in our study, C diffusion in iron makes this explanation less
likely for the remnant pores observed. As explained earlier, particle rearrangement and the
resulting lower relative density in the bound area were identified as the main factors contributing
to this behavior. In contrast, the vacuum-sintered sample showed no significant difference between
the two regions, indicating effective densification and pore removal when high vacuum conditions
were applied during the sintering of binder jetted samples.
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Figure 5. Electron backscattered diffraction micrographs: (top) band contrast, (middle) inverse pole figure (IPF), and
(bottom) phase map results taken from the vertical cross-section of the bulk or shell structured binder jetted 316 L SS
alloy. In the phase map micrographs, austenitic grains are in red, and delta-ferrite are in blue at the grain boundaries.
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Elemental analyses — The concentration of C, O, N, and S is crucial for densification
during sintering, evolution of microstructure, and mechanical behavior and measurements were
conducted on samples and results were summarized in Table 3. The elemental analysis indicated
that in the virgin powder, C, O, and N were 0.025, 0.129, and 0.113 wt%, respectively. These
values slightly increased in the recycled powder to 0.029, 0.141, and 0.121 wt%, respectively.
Binder jetting and curing of the 3D printed parts from the recycled powder showed a slight
deviation compared to the virgin powder. Binder burnout during sintering at 1400 °C, especially
under vacuum, effectively reduced these elements, approaching the levels in the virgin powder.
This reduction suggested the efficiency of vacuum-sintering in removing C and O. In general, the
increase after binder jetting was attributed to the polymer binder, while the reduction during
sintering resulted from binder burnout and potential decomposition/desorption of C, N, and O-rich
layers on the particle surfaces. These observations agreed with earlier works in [5,6,31].

Table 3. Elemental analysis including C, O, N, and S content of the recycled powder, cured, and sintered samples in
[wt%]. Results were also compared with virgin powder, cured, and sintered samples [6].

Samples Carbon | Oxygen | Nitrogen | Sulfur
Virgin 316L SS powder [6] 0.0250 | 0.1290 0.1130 0.0068
Recycled 316L SS powder 0.0291 0.1407 0.1210 0.0072
Printed and cured parts made from virgin powder [6] 0.2200 0.2720 0.1560 0.0060
Printed and cured parts made from recycled powder 0.2290 0.2870 0.1590 0.0059
Vacuum-sintered (virgin powder) — bulk [6] 0.0267 0.0072 0.0016 0.0054
Vacuum-sintered (recycled powder) — bulk 0.0268 0.0082 0.0010 0.0051
Vacuum-sintered (recycled powder) — unbound region 0.0259 0.0081 0.0011 0.0049
H,-sintered (recycled powder) — bulk 0.0307 0.0087 0.0013 0.0057
Ho-sintered (recycled powder) — unbound region 0.0267 0.0081 0.0014 0.0052

The sintering for binder jetted metals can be performed under various conditions, including
vacuum, inert gas, or reducing atmosphere. However, each atmosphere has its own advantages and
challenges. For instance, using N2 or Ar may lead to the absorption of nitrogen by iron, forming
nitride and negatively affecting the mechanical properties. Moreover, there is a possibility that Ar
may become trapped within the pores, potentially impeding the densification process during the
final stages of sintering. On the other hand, Ha, a reducing atmosphere, is suitable for active metals
such as copper but can create issues with trapped H2O during sintering, hindering the final stage
of the process. The small size of hydrogen atoms enables them to diffuse the metal lattice,
impeding the removal of remaining porosity [32,33]. Finally, this hydrogen diffusion poses a risk
of hydrogen embrittlement [34,35], potentially resulting in reduced ductility and structural
integrity over time.

To facilitate densification, vacuum sintering is the favored choice for binder jetted metals.
This method not only reduces the occurrence of gas-filled pores and oxidation but also limits C
contamination [11]. During vacuum sintering, a significant reduction in the sintering rate is
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observed during the final stages, and pore healing takes place through lattice diffusion of
vacancies, a process governed by the Nabarro-Herring mechanism [12,13]. However, it is
important to consider that for metals such as 316L SS, the applied temperature of sintering can
lead to supersolidus liquid phase sintering (SLPS), where liquid metal accelerates the densification
rate, provided there are no gas pores within the particles. One potential drawback of vacuum
sintering is the possibility of evaporation of alloying elements such as Cr in 316L SS, which can
accelerate the evaporation-condensation process and lead to unintended consequences such as
corrosion resistance reduction. This would be adjusted in feedstock developed for binder jetting
process. Nonetheless, vacuum sintering remains effective in removing excessive C introduced by
the polymer binder into the printed 316L SS components. The observed pattern in relative density
of sintered parts suggests that reducing binder content is advantageous for enhancing part
densification.

3.3. Mechanical properties

Microhardness results (see Table 4) indicated that the average hardness values of the
vacuum-sintered specimens were between 130-135 HVos while it was higher in Hz-sintered
samples about 135-145 HVy 5. Also, a comparison was made between microhardness values of the
bulk and shell structured regions and results were shown in Figure 7. These values were in
agreement with the literature [6,10,16,36]. The higher microhardness values observed in the cast
and wrought 316L SS alloy may be attributed to differences in grain structure and phases compared
to the sintered-based 3D 316L SS alloy [37].

Tensile tests were conducted on both bulk and shell structured binder jet printed 316L SS
specimens to assess the stress and ductility when employing the new binder jet strategy and the
results were presented in Figure 6. Table 4 summarizes the yield strength (YS), ultimate tensile
strength (UTS), and elongation (%) for comparison with traditionally manufactured or 3D printed
316L SS alloy. It is evident that when vacuum-sintering condition was used for densification, the
strength and ductility was nearly equivalent in both bulk and shell printed samples, e.g., YS =202
MPa, UTS = 545 MPa, and ¢ = 70% (which is a comparable elongation compared to the reported
values for 316L SS ranging 50-75%, see Table 4). However, when the H»-sintering atmosphere
was employed, it resulted in significantly reduced ductility and tensile strength in both bulk and
shell printed parts. A marginally reduced elongation in vacuum-sintered, shell-printed samples
compared to the bulk printing condition may be attributed to a slightly higher fraction of pores in
the shell, leading to potential crack initiation at the bound-unbound interface, as depicted in u-CT
micrographs in Figure 10B. Micrographs illustrating the spatial distribution of pores (second
column) reveal internally connected longitudinal pores or gaps (in red color) post-tensile test,
substantiating our hypothesis of crack initiation at this interface and lowering elongation.
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The mechanical properties of sintered 316L SS are affected by three key factors: porosity
morphology and its size, grain size, and phase fraction (austenite and o-ferrite), with increasing
sintering temperatures leading to improved properties [38]. Our observations indicated that the
choice of binder jetting strategy and sintering atmosphere had effects on densification and pore
removal. Optical micrographs presented in Figure 4 demonstrated that vacuum-sintering led to a
more uniform microstructure with a relative density of 99.0% and higher in both bulk and shell
structured parts. In contrast, remnants of pores were observed in the Hz-sintered specimens,
especially in areas where the binder was jetted onto the surface (bounded regions in both shell
structure and bulk specimens). N. Kurgan [39] demonstrated that the mechanical strength of
sintered 316 SS manufactured through powder metallurgy is inversely related to porosity, as
sintering conditions can directly alter pore size and shape. Pores can cause localized stress
concentration, resulting in earlier onset of plastic deformation at lower stress levels. Muterlle et al.
[40] highlighted that the introduction of a small fraction of d-ferrite (up to 4%) in 316L SS,
manufactured through metal injection molding (MIM), contributed to enhanced YS, UTS, and
notably, ductility. Similarly, in our study, we observed an increase in both YS and UTS,
accompanied by a substantial improvement in elongation. Comparing the elongation of 316L SS
fabricated through non-beam-based AM processes (see Table 4), the binder jetting method
achieved ~40% higher ductility, which can be explained by the increased presence of annealing
twins in the microstructure of the sintered parts, as opposed to the casted or wrought alloy [41].
The side view of fracture surfaces in vacuum-sintered specimens displayed necking, indicative of
a shear fracture, along with typical dimples characteristic of ductile fractures [16,33]. The entire
fracture surface of the vacuum-sintered part exhibited dimples, and no features related to the o-
ferrite phase were observed. A closer examination revealed a higher concentration of dimples at
the center of the fracture surface, while shallower parabolic dimples [42], a result of higher shear
loading on the edges, were evident. No second-phase particles were observed at the center of these
dimples. In contrast, Ha-sintered samples lacked necking, suggesting low elongation. This issue
could be associated with higher concentration of hydrogen in H»-sintered specimens, leading to
the hydrogen embrittlement and reduction of ductility [34,35]. The fracture surfaces of the H»-
sintered samples displayed a combination of dimples and voids, indicating the presence of pores
in the shell region (see Figure 9B).
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Figure 6. Stress-strain curves of the (left) vacuum-sintered and (right) H,-sintered binder jetted 316L SS samples.

Table 4. Summary of tensile test results and microhardness measurements compared to literatures.

Sintering Yield stress Ultimate tensile Strain .
stress Microhardness (HVo s) Ref.
Samples temperature (MPa) MP (%)
and time (MPa)
Vacuum H» Vacuum H, Vacuum H» Vacuum H,

Shell - 500 um 1400°C-2h 201.7 284.3 549.0 461.5 65.8 14.8 133.1+4.2 | 147.2+£10.4 This
Shell - 750 um 1400°C-2h 202.3 284.7 543.6 430.7 68.5 13.9 135.4+£2.9 | 145.3+2.7 study
Shell - 1000 um 1400°C-2h 201.9 284.9 543.4 427.2 69.2 7.7 134.5£3.1 | 137.0£11.7
Bulk 1400°C-2h 202.3 284.7 545.1 444.1 75.3 27.1 128.5£2.6 | 135.9+3.1
Shell 1360-1380 °C 175 - 528 - 57 - 112 [20]
Bulk - vacuum + Ar 170 -—- 511 - 58 -—- 108 -—-
Bulk 1400°C-2h 201.9 - 573.4 - 90.3 - 132.0+7.0 — [6]
Bulk 1360°C -3 h 176.0 - 535.0 - 49.0 - 148.0+11.0 — [10]
Bulk 1380°C-2h 191.0 - 544.0 - 73.0 - 138.0+4 — [16]
Bulk 1380°C-2h 189-198 534-558 - 64-80 — [43]
Bulk 1395°C-1.5h - 518.0 - 61.9 — [44]
Bulk n/a 214 - 517 - 43 - 119 — [36]
Fused filled filament 1380°C-3h 155-165 - 500-520 - 32 -37 - — [45]
Extrusion 3D printing | 1350°C-2h 166 --- 524 - 96 --- - - [42]
Metal injection molding 175 --- 520 - 50 --- 130 - [36]
Cast 310 - 620 - 50.0 - 185 — [37]
Wrought 170 - 425 - 40 - 210 — [37]
AISI 316L SS 170 - 485 - 60 - — [46]

17




170
VS-bound

n
B HS-bound
160 W VS-unbound
HS-unbound

150

11

Shell-500 pm Shell-750 um Shell-1000 pm Bulk

Vickers microhardness (HV, ;)
o w
[S]

=
(=]

o

Figure 7. Microhardness values from bulk and shell printed parts collected at shell and core regions. “VS” refers to
vacuum-sintering and “HS” refers to H-sintering.

Three-point bending tests were performed on vacuum-sintered 316L SS samples,
encompassing both bulk and shell structured configurations, to evaluate their bending behavior.
The flexural stress-strain curves were illustrated in Figure 8, and their outcomes are briefly
presented in Table 5. The bending curves revealed distinct stages of elasticity and plasticity across
all the tested samples. Notably, the results demonstrated that the maximum bending strength was
higher in the Z direction for both the bulk and shell structured samples when compared to the X
direction. Importantly, none of the bent samples exhibited any cracks, emphasizing the favorable
plasticity of the 316L SS alloy produced through binder jetting.
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Figure 8. Stress-strain curves of the (left) vacuum-sintered and (right) H»-sintered binder jetted 316L SS samples.
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Table 5. A summary of three-point bending test results of the binder jetted bulk or shell structured 316L SS samples
compared to literatures.

Yield bending stress | Maximum bending stress

Samples (MPa)g (MPa) & Ref.
Shell — X direction 310+6 61243
Shell — Z direction 31945 67243 This
Bulk — X direction 31249 620+13 study
Bulk — Z direction 307+8 65449
Bulk — X direction 34346 618+7
Bulk — Y direction 33743 601+4 [47]
Bulk — Z direction 33244 588+4

Fractographic analysis was performed on the specimens post-tensile testing, and
representative micrographs of the fracture surfaces were presented in Figure 9. The micrographs
(Figure 9B) of the H»-sintered samples indicated minimal necking, suggesting a fracture surface
with low ductility, possibly involving a mixed brittle-ductile fracture failure mechanism because
of the significant pore percentage in both the bulk and shell structured regions, leading to early
failure at lower elongation. Remnant pores in the microstructure exerts a negative impact on both
yield strength and ductility, which can be attributed to the decreased load-bearing area and the
stress concentration around each pore. SEM observations at higher magnification around pores
showed slight plastic deformation with numerous shallow dimples, which could be linked to the
premature failure in specimens sintered at lower temperatures. On the contrary, fractography on
the fracture surface of the vacuum-sintered samples displayed dimples (free of any second-phase
particles), suggesting ductile fracture (see Figure 9A). The high elongation observed in the
vacuum-sintered samples was linked to the work hardening in 316L SS, primarily driven by
twinning and cross-slip mechanisms, resulting in increased dislocation density and improved
ductility [6,48].
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Figure 9. Fractography analysis: optical and SEM micrographs taken from (A) vacuum-sintered and (B) H»-sintered
binder jetted 316L SS samples.
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3.4. Micro-computed tomography on failed tensile specimens

Figure 10 illustrates the distribution of pores conducted via u-CT on the tensile specimens
after failure. In the vacuum-sintered part, the fracture surface exhibited clear signs of ductile
fracture, characterized by dimples, while the Hz-sintered samples displayed brittle fracture
tendencies. Most of the observed voids were in proximity to the fracture surface of the vacuum-
sintered part. These voids, often ellipsoidal in shape, tended to align with the tensile direction, with
their density increasing closer to the fractured surface. The defect fraction was measured in the
failed fracture surfaces showing pore fraction of 0.92% and 0.67% in the bulk and shell structured
vacuum-sintered samples, respectively, after tensile test, while these values were to 4.09% and
4.01% in the H»-sintered samples. It is important to highlight that all samples were positioned on
the XY plane during the sintering process. Notably, in the case of the H»-sintered samples, it was
observed that the side in contact with the crucible exhibited a greater pore fraction, particularly
within the range of 0.8-1.0 mm from the bottom face. This observation suggests that air or residual
burnt binder may have become trapped in the H»-sintered samples, consequently impacting their
tensile behavior adversely. Specifically, in the H»-sintered shell structured sample, there was an
observation of detachment between the shell region and the unbound area.

An earlier investigation by Jamalkhani et al. [6] uncovered that grain boundary regions
abundant in delta-ferrite experienced a higher concentration of strain, leading to increased void
nucleation. This phenomenon was attributed to the superior strength of delta-ferrite compared to
austenite (in grain), as well as its body-centered cubic crystal structure, which possesses fewer
active slip systems compared to the face-centered cubic crystal structure in austenite.
Consequently, void nucleation and growth were observed in areas containing delta-ferrite along
grain boundaries. In terms of void growth, under triaxial stress conditions, voids tended to grow
rapidly in the direction of tension, as evident in the necked tensile specimen of vacuum-sintered
samples. Moreover, voids exhibited a propensity to grow and eventually coalesce perpendicular to
the direction of tension, leading to crack formation and eventual failure. Additionally, the 2D
shadow projection on the XY plane revealed deformation bands along the fracture surface of the
vacuum-sintered samples, forming at a 45° angle from the tensile axis, with central cracking
observed. However, the fracture surface was perpendicular to tension in Hz-sintered samples and
surface cracking was also seen on the right side of the 2D shadow projection on XY plane.
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Figure 10. p-CT outcomes depicting the fracture surface of the failed tensile samples, spatial distribution of pores
within the fractured part post-tensile testing, and 2D shadow projections on the XY and XZ planes demonstrating the
distribution and dimensions of pores within the fractured tensile specimen. (A,B) Vacuum-sintered and (C,D) H-
sintered samples. (A,C) bulk and (B,D) shell structured specimens.

3.5. Possible challenges in traditional printing vs. shell printing

While the binder plays a crucial role in bonding particles and defining the shape of the
printed part, it has a detrimental impact on densification [9]. This is because it reduces the initial
density of the green part and introduces a higher proportion of pores in the as-printed components.
Essentially, the presence of the binder leads to increased porosity in the binder jetted parts, which
becomes challenging to eliminate during the sintering process. If binder residue hinders grain
growth during sintering, it can cause a delay in both densification and grain coarsening,
particularly in parts with higher binder saturation. For large and intricate binder jetted parts, relying
solely on thin shell wall printing may not suffice. Our u-CT observations revealed the potential
for cracks to form between the upper overhang structure and the underlying unbound powders in
the green components (as shown in the example in Figure 11A). Should such cracks develop in
binder jetted green parts, they will not completely close during the sintering process, ultimately
reducing the mechanical properties of the part (see sections 3.3 and 3.4). Also, the mechanical
testing results showed that a marginally reduced elongation in vacuum-sintered, shell-printed
samples compared to the bulk printing condition may be attributed to a slightly higher fraction of
pores in the shell, leading to potential crack initiation at the bound-unbound interface, as depicted
in u-CT micrographs in Figure 11B. Micrographs illustrating the spatial distribution of pores
reveal internally connected longitudinal pores or gaps (in red color) post-tensile test, substantiating
our hypothesis of crack initiation at this interface and lowering elongation. Consequently, future
research will focus on evaluating the strength of green parts, and if necessary, explore Design for
Additive Manufacturing (DfAM) strategies to address the trade-off between improved properties
in the sintered part and reduced strength in the green part. To achieve the enhanced properties
offered by the shell printing approach, careful part design will be essential to minimize issues like
slumping in overhang features. Additionally, further investigation into the impact of different
binder types will contribute to our understanding of DfAM strategies aimed at minimizing binder
usage while maximizing green part strength through shell printing.
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Figure 11. (A) 2D projected u-CT micrographs from a green sample showing possible cracking at the interface
between the top overhang shell structure and its beneath unbound powder. (B) pu-CT showing spatial distribution of
pores within the fractured part post-tensile testing, and 2D shadow projections on the XY plane demonstrating the
distribution and dimensions of pores as well as appearance of longitudinal cracks.

4. Conclusions

In conclusion, this study investigated the intricate realm of binder jetting additive
manufacturing, a revolutionary technique transforming material production and geometric
intricacies. The investigation revolved around the interplay between binders and sintering
atmospheres in influencing densification behaviors and resultant mechanical properties. A novel
binder deposition approach termed "shell printing" was proposed, which strategically deposits
binder solely in chosen regions, enabling tailored variations in binder content within green parts.
This innovation effectively consolidated unbound powders within a shell geometry. Sintering
experiments were performed under two distinct conditions, vacuum and H», to unravel the
enhancement of densification of both shell and core regions. The research not only unveiled that
the green density of bulk specimens was eclipsed by that of shell printed counterparts, but also
delved into the intricacies of porosity, grain size, tensile strength, ductility, and fractography. The
outcome illustrated the profound impact of shell structure and sintering atmospheres on final
microstructure and mechanical attributes of binder jetted components. Specifically, H»-sintered
specimens exhibited reduced density relative to vacuum-sintered counterparts. Grain size analyses
pointed to smaller grains in H»-sintered parts, a consequence of residual pores hindering grain
growth. Furthermore, H>-sintered samples showcased an elongation of 25% and UTS of 460 MPa,
while vacuum-sintered parts displayed 70% elongation and UTS of 550 MPa. Fractography
analyses using microscopy and p-CT unveiled ductile fractures in vacuum-sintered samples,
whereas Ha-sintered components exhibited a composite fracture mode, encompassing both brittle
and ductile features, owing to the presence of residual pores in the microstructure. In essence, this
study not only enriches our understanding of the intricate interplay between binder jetting,
sintering atmospheres, and resultant material properties but also introduces innovative strategies
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that have the potential to transform the perspective of advanced manufacturing, specifically in
reactive materials such as copper, titanium, bronze, Ni-Mn based magnetic shape memory alloys,
and NiTi shape memory alloys.
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