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Abstract

Stellite 6 components are manufactured from gas-atomized powder using binder jet 3D
printing (BJ3DP) followed by curing and sintering steps for densification. Green parts are sintered
at temperatures ranging from 1260 °C to 1310 °C for 1 h. Microstructural evolution and phase
formation during sintering and aging are studied by optical and scanning electron microscopy,
elemental analysis and X-ray diffraction. It was found that solid-state sintering was present at
temperatures below 1280 °C with Cr-rich carbides present within grains; while supersolidus liquid
phase sintering was the dominant sintering mechanism during sintering at 1290 °C and higher in
which the Co-rich solid solution regions are surrounded by eutectic carbides. Sintering at 1300 °C
resulted in the maximum density of ~99.8%, mean grain size of ~98 + 6 um with an average
hardness of 307 + 15 HVy.1 and 484 + 30 HVy.; within grain and at the boundaries, respectively.
Aging was performed at 900 °C for 10 h leading to the martensitic transformation (fcc>hcp) as
well as an increase in eutectic carbides at boundaries and nano-sized carbides within grains where

the average hardness within grains and boundaries was enhanced to 322 +29 HVq and 491 + 58



HVo.1, respectively. Fibroblasts seeded on top of 3D-printed Stellite 6 discs displayed a cell
viability of 98.8% =+ 0.2% after 48 h, which confirmed that these materials are non-cytotoxic.
Presented results demonstrate that binder jetting can produce mechanically sound complex-shaped
structures as shown here on a denture metal framework and small-scale knee model.
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1. Introduction

Co-Cr-based (Stellite) alloys have been extensively used in aerospace, marine, automotive,
petrochemical, and medical applications due to their excellent properties such as high strength,
wear/corrosion resistance and hardness [1-4]. Applications as well as properties of Stellite alloys
are widely determined by their chemical compositions [5]. Alloying elements such as Cr, W, and
Mo contribute to strengthen Co-Cr-based alloys with the formation of a solid solution matrix;
however, carbide precipitates are the other strengthening segments [6,7]. Stellite 6 with a nominal
composition of Co—28Cr—4.5W-1.2C (wt.-%) was the first Stellite alloy developed in the early
1900s by Elwood Haynes [1]. Traditional processing methods for part production of Stellite alloys
include casting, forging, milling and hot isostatic pressing [8—13]. Due to presence of tungsten, it
is intrinsically difficult and expensive to machine this alloy. Complex-shaped components can be
manufactured by means of powder injection molding (PIM) [4]; however, it is not feasible to
produce parts with internal and external porosity/microchannel.

As an alternative, additive manufacturing (AM) has attracted attention to produce complex
parts from different materials. Mengucci et al. [ 14] studied direct metal laser sintering (DMLS) of
Co-Cr-Mo-W alloys followed by a post treatment that resulted in an intricate network of &-Co
(hexagonal close-packed (hep) structure) lamellae in the y-Co (face-centered cubic (fcc) structure)
matrix with a high hardness value. It was shown that the thermal treatments are capable of

increasing volume fraction of the e-Co (hcp) martensite as well as producing massive precipitation



of an hep Coz(Mo, W):Si phase and the formation of Si-rich inclusions. However, the applied heat-
treatment was intended for porcelain fused metal crowns; hence, the fabricated part was subjected
to a complex firing procedure specifically for veneering with a dental ceramic material. Ren et al.
[15] showed that as-deposited Co-Cr-W samples fabricated by laser AM had few cracks or pores
with a typical dendritic structure, and lamellar eutectic carbides microstructure. Additionally, some
y-phase transformed into e-phases after an aging treatment (at 900 °C/6 h) and lamellar eutectic
carbides transformed into a network of blocky carbides. Most of the carbides were rich in Cr and
a few sub-micron-sized precipitates were rich in W forming at the grain boundaries.

One drawback of fusion based AM techniques is the large amount of residual stress in the
fabricated part leading to crack formation [15—18]. Binder jet 3D printing (BJ3DP), a non-beam
based AM method, refers to the technology in which powdered material is deposited layer-by-
layer and which are selectively joined with binder and then densified through sintering [19-23].
Binder jetting of metals holds distinctive promise among AM technologies due to its fast, low-cost
manufacturing; stress-free, mechanically sound structures with complex internal and external
geometries as shown in this study on a complex-shaped denture framework with fine details and
small-scale knee model; and the isotropic properties of the final parts [24,25]. Also, by taking
advantage of traditional powder metallurgy, binder jet 3D printers can produce prototypes for
biomedical applications from [26—32] metal parts in which material properties and surface finish
are similar to those achieved with PIM or traditional powder metallurgy [33].

In this work, the microstructures and hardness of Stellite 6 (or Co—Cr—W alloy) specimens
produced by BJ3DP followed by sintering and post heat-treatment were examined. A detailed
analysis on the densification, porosity and phase formation were carried out to understand how

microstructural evolution occurred based on the sintering and post treatment steps.



2. Materials and methods

In this study, gas atomized Stellite 6 powder was supplied by Kennametal Inc. (Irwin, PA,
USA). The particle size distribution by volume percentile was analyzed using a Microtrac S3500
tri-laser diffraction particle analysis system via algorithms for spherical particles. A powder
particle sample of approximately 1 g was suspended in isopropyl alcohol which also possibly
prevented agglomeration. The particle size distribution result is shown in Figure la and the
obtained values are: dio = 90.4 pm, dso = 94.2 pm and doo = 110.1 pm. Morphology - exemplary
size distribution, and the dendritic structure - of the rapid solidified gas-atomized Stellite 6
powders are illustrated in Figure 1b. Most powder particles were spherical in shape having a mean
particle size of ~95 um with small satellites on surface. An inset SEM micrograph (see Figure 1b)
indicated a dendritic structure on powder particles which was typical of rapid solidification during
the atomization process [34]. Chemical composition of the feedstock powder is given in Tablel.
Carbon, oxygen and nitrogen content were measured using LECO (models ONH836 and CS844).

To produce 3D printed parts, an X1-Lab binder jet 3D printer (ExOne, North Huntington, PA)
was used to manufacture coupons from Stellite 6 powder with dimensions of 7x7x7 mm?. BJ3DP
parts were produced with an ethylene glycol monomethyl ether and diethylene glycol solvent
binder with a layer thickness of 200 um, spread speed of 20 mm/s, feed/built powder ratio of 2,
drying time of 40 s and binder saturation of 40%. Besides, an Innovent binder jet 3D printer
(ExOne, North Huntington, PA) was used to produce small scale-knee and partial denture
framework with the printing parameters of: layer height of 100 um, recoat speed of 90 mm/s,
oscillator speed of 2100 rpm, roller speed of 350 rpm, roller traverse speed of 15 mm/s, and drying
time of 20 s. Printed parts were cured at 200 °C in a Carbolite oven for 8 h and then sintered in a

Lindberg tube furnace under vacuum (the vacuum level was ~107° bar) with the following heating



profile: heating at 5 °C/min from room temperature to holding temperature ranging from 1260
t01310 °C in intervals of 10 °C with a holding time of 1 h and then cooling at 5 °C/min to 800 °C
and finally furnace cooling to room temperature. The measured solidus and liquidus temperatures
for the used alloys were reported by Kennametal Co. to be 1265 °C and 1361 °C, respectively, in
agreement with [35]. Thus, the selected sintering temperatures led to solid state or liquid phase
sintering. Four samples for each sintering temperature were prepared. An aging treatment at 900
°C for 10 h was conducted on selected samples with the highest relative density.

Relative density of the sintered samples was measured via the submersion Archimedes
method (three samples were immersed in deionized water) with an OHAUS AX324 precision
balance (0.1 mg resolution) as well as from cross-sectional micrographs with the ImageJ image
analysis software [36] after taking images using a Keyence digital optical microscope (three
samples at magnifications of x200). For microstructural examination of the sintered coupons, cross
sections were cut from the specimens, mounted, ground and polished using a Struers Tegramin-25
automatic system according to [37]. Then, micrographs were taken with a Zeiss Smartzoom 5
Digital Microscope. Grain and pore size measurements were carried out according to [38].
Microstructural observation and elemental composition analysis of the powder as well as the
sintered and heat-treated parts were conducted with a ZEISS Sigma 500 VP scanning electron
microscope (SEM) equipped with energy dispersive x-ray spectroscopy (EDS). Phase
identification and crystallography parameters such as d-spacing values and lattice parameters were
determined using an x-ray diffractometer (XRD, Bruker AXS D8 Discover) with Cu—Ka radiation
(A=1.54 A, 40kV, 40 mA) with a step of 0.02°, a scan speed of 0.5 s/step and 26 ranging from 35°
to 95° at room temperature. Vickers microhardness tests were performed on the cross sections of

samples with a Leco LM 800 microhardness tester (100 gf for 10 s). Twenty indentations were



performed at the grains and boundaries and average values were reported. Rate controlled tensile
test at 5 mm/min was performed on the samples sintered at 1300 °C for 1 h and an additional
sample aged at 900 °C for 10 h using a MTS 880. For the mechanical testing, an ASTM standard
test method for tension testing of metallic materials (ASTM Standards E8) was used.

To test the materials’ in vitro cytotoxicity, NIH/3T3 fibroblasts (ATCC® CRL-1658™) were
seeded on top of 3D printed Stellite 6 (samples sintered at 1300 °C with the root-mean-square
roughness, also called Ry, of 3.7 £ 0.2 um using a stylus profilometer (Alpha-Step 1Q, KLA-
Tencor, Milpitas, California, USA)) discs for 48 h and stained with fluorescent markers to evaluate
cell viability. Fibroblasts were cultured as recommended by ATCC®. Briefly, cells were plated at
a density of 3-5x10° cells/cm? in cell culture treated flasks and cultured in complete growth
medium (Dulbecco’s Modified Eagle’s Medium (DMEM), 10% Bovine Calf Serum (BCS), and
1% Penicillin/Streptomycin). Stellite 6 discs (five disks were tested) were made to fit the diameter
of a 12-well plate (BioLite) and autoclaved to ensure sterility. Discs were soaked in complete
growth medium for a minimum of 2 h prior to the addition of cells. Fibroblasts were seeded at a
density of 1.0x10° cells/well and incubated at 37°C (95% air, 5% CO) for two days. To evaluate
the cytotoxicity of binder-jet 3D printed and sintered Stellite 6, a LIVE/DEAD™
Viability/Cytotoxicity Kit (Invitrogen~ - L3224) was used according to manufacturer’s
instructions. Cell culture treated polystyrene (CCTP) was used as a positive control (+Control).
Ethanol-killed cells on CCTP was used as a negative control (-Control) and was prepared by
treating cells with 70% ethanol for 30 min. Briefly, complete growth medium was removed from
each well, then cells were washed with Hank’s Balanced Salt Solution (HBSS) (Gibco®) to remove
any interfering serum proteins from the discs. A warmed solution of 2 uM Calcein AM and 4 uM
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for 30 min at 37 °C (95% air, 5% CO3). Live/Dead solution was removed and replaced with fresh
complete growth medium. Five images were taken of each sample well using an inverted light
microscope (Nikon Eclipse Ti-U). Images (n = 15/group) were analyzed using CellProfiler
(Version 3.0) to quantify the total number of live and dead cells.

3. Results and Discussion

3.1 Density and microstructure studies

Relative bulk density of the green part was found to be ~48 &+ 1%. For the sintered parts, the
relative bulk density results (Archimedes method) as well as the solid volume fraction
measurements (optical image analysis on cross sections) are shown in Figure 2. Results show that
the density increased with increasing temperature. Sintering at 1260 °C and 1270 °C resulted in
porous samples with an average density of ~55% and ~57%. By increasing the sintering
temperature to 1280 °C, the relative density increased up to ~70% and reached a significantly
higher ~95% at 1290 °C. The highest relative density was achieved ~99.8% at sintering
temperatures of 1300 °C. Finally, increasing sintering temperature to 1310 °C resulted in surface
melting and shape change of the printed sample and the relative bulk density slightly decreased to
99.1%. Giilsoy et al. [12] produced parts from gas atomized Stellite 6 with average particle size of
~14 pm using PIM method with the maximum relative density of ~98.3% at 1275 °C. Other
researchers applied hot isostatic pressing (HIP) method to reach full density [9,39].

Figure 3 illustrated cross-sectional optical micrographs of shape, size and distribution of
grains, porosity and precipitates as well as microstructural evolution of the BJ3DP samples made
from Stellite 6 powder sintered ranging from 1260 °C to 1310 °C for 1 h and Table 2 summarizes
the quantitative results for all sintering temperatures. In general, a progression with increasing

sintering temperature from irregular, interconnected pores to disconnected spherical pores within



the grains or located at the grain boundaries was observed. This was accompanied by pore size
shrinkage. Sintering at 1260 °C (solid volume fraction ~56%) resulted in neck formation between
neighboring particles (see Figure 3a) and pores located in intergranular regions. Additionally,
small precipitates were formed within grains. Image analysis results are summarized in Table 2
and show nearly similar grain. Since Stellite 6 is a Co-based superalloy, it is expected that the
matrix is Co-rich with Cr-rich precipitates. OM analysis of the sample sintered at 1260 °C showed
that ~45% of OM micrograph consisted of Co-rich grains while ~12% was made of Cr-rich
carbides within grains. As the temperature increased to 1270 °C (Figure 3b), sinter necks expanded
and the solid volume fraction increased to ~58% with a grain size of ~70 um. Moreover, it was
found that the amount of Cr-rich carbides within grains increased slightly up to ~14%. A more
substantial microstructural change in terms of grain size and pore size started for the sample
sintered at 1280 °C (Figure 3c¢) where the solid volume fraction increased to ~71% with average
grain size of ~89 um. Besides, the pore network seemed to be broken down to smaller, closed
volumes. Furthermore, two types of Cr-rich precipitates were observed in micrographs of the
sintered sample at 1280 °C: as before, small-size precipitates within grains (~10% of the
micrographs) and new Cr-rich precipitates at grain boundaries (~6% of the micrograph). As the
sintering temperature increased to 1290 °C and above, significant changes in microstructure,
densification, grain and pore sizes were observed as shown in Figure 3d-f. For the sample sintered
at 1290 °C, the OM showed a solid volume fraction of ~97.5%, average grain and pore size of
~100 um and ~8 pm, respectively. Interestingly, no precipitates were detected within grains while
eutectic carbides probably enriched in chromium were observed at the grain boundaries (~16% of
the OM micrographs shown in Figure 3d). Sintering at 1300 °C significantly decreased the porosity

level and the solid volume fraction reached ~99.8% eliminating the majority of pores (average



size: ~5 um) from the grains and boundaries. The small spherical pores instead of irregularly
shaped pores is a desired condition in terms of strength. It was seen that the grain size decreased
slightly and within the standard deviation from ~100 um to ~94 um as the sintering temperature
increased from 1290 °C to 1310 °C. Furthermore, the Co-rich area fraction decreased from ~84%
to ~78% while the Cr-rich eutectic carbides (formed at the grain boundaries area) fraction
increased from ~16% to ~22%. It is known that the grain size during sintering increases with
sintering temperature and duration [40], which is also shown here when increasing sintering
temperature from 1260 °C to 1290 °C; while the sample sintered at 1310 °C showed no grain
growth or even slight reduction in the average grain size. It was thought that the eutectic carbides
precipitating at the surroundings of the Co-rich matrix at the grain boundaries played an inhibitive
role in further grain coarsening.

Finally, the slight differences between density measured via Archimedes vs solid volume
fraction extracted from 2D micrographs could be indicative of regions evaluated via OM with
slightly less pores or pores small enough to be missed in the 2D optical micrographs.

3.2, Electron microscopy and elemental analysis

Carbon (C), oxygen (O) and nitrogen (N) are of high importance with regards to phase
formation, mechanical properties and cytocompatibility (see Table 3 for wt.-% of these elements
in all samples). It was seen that the C, O and N content of the as-received Stellite 6 powder was
1.238 wt.-%, 0.058 wt.-% and 0.025 wt.-%, respectively, which increased to 1.570 wt.-%, 0.114
wt.-% and 0.142 wt.-% after binder jetting followed by the curing step due to the C, O and N
content in the binder. Interestingly, C content is below the original powder content for every
sintering step; for N and O this is also the case for the highest sintering temperatures. The increase

of the three elements after printing and curing is from the binder in the samples at this stage of



post-processing, while the reduction during sintering is caused by binder burn-out and potentially
due to decomposition/desorption of C, N and O rich layers existing on the surface of the original
particles.

Figure 4 showed SEM micrographs with EDS mapping elemental analysis results at different
temperatures sintered Stellite 6 BJ3DP samples. In general, Stellite 6 cast alloy has a
microstructure consisting of Co-rich matrix as the solid solution region with a light gray color and
an interdendritic eutectic comprising of Cr-rich M7Cs and/or M2Cs carbides [1-3,9,39].
Depending on the sintering temperature, different microstructures in terms of precipitate formation
were seen in the here produced BJ3DP samples. Sintering at 1260 °C (Figure 4a, porous final
microstructure) resulted in uniformly distributed fine carbides (dark phase) in a Co-rich matrix
(light grey region) with sizes ranging from sub-micron to 5 pm. This microstructure was similar
to the microstructure of hot isostatic pressed (HIPed) parts where nearly spheroidal carbides
enriched in C, Cr and Mn and poor in Co are uniformly distributed in Co-rich solid solution regions
[1,7]. As the sintering temperature increased to 1280 °C, the microstructure evolved further (see
Figure 4b): densification and necking growth occurred. Shape and size of the formed precipitates
slightly changed as well to fine granular precipitates mainly dispersed in the center of grains and
continuous precipitates formed at grain boundaries. EDS mapping indicated that, both, precipitates
within the grains and at the grain boundaries consisted of Cr, Mn and C. A zone around the grain
boundaries within in the grains showed no precipitates most likely due to depletion of precipitation
forming elements. Cr and C are solid solution elements within the used Stellite 6 gas atomized
powder. During sintering, Cr-rich carbides might form depending on the sintering temperature. At
temperatures below 1270 °C, Cr23Cs may form within grains. At temperatures above 1270 °C,

carbon might diffuse from the matrix to the grain boundaries and a eutectic phase may form in Co-
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Cr-C ternary composition. The eutectic carbides (mostly Cr7Cs with little trace of Cr23Cs) formed
at grain boundaries might be due to liquid phase formation above 1270 °C. As the sintering
temperature increased up to 1310 °C, the fraction of liquid phase increased as well leading to a
higher content of eutectic carbides at the grain boundaries. The formation of Cr23Cs was most
likely due to the controlled cooling at a rate of 5 °C/min at sintering temperatures below 1270 °C.
Similar results were reported in [3,12].

The microstructure of casted Stellite 6 consists of dendrites formed by Co solid-solution and
eutectic carbide phases, and dendrites between them due to slow solidification during casting. In
a study by Liu et al. [35], it was shown for a Co-28Cr-4W-1.3C alloy that the primary Co matrix
with a interdendritic Cr-enriched phase could form. A similar hypoeutectic microstructure
(lamellar morphology) was seen here when sintered at 1290 °C and higher (see Figure 4c, sintered
at 1300 °C) which consisted of the Co-rich matrix (light gray) and the continuous Cr-rich carbides
(dark gray) at the grain boundaries. No fine granular precipitates were seen indicating that all
primary precipitates converted to secondary precipitates at the boundaries. The lamella structures
were most likely formed during cooling at temperatures under 990 °C [8].

Typically, Co-based superalloys gain their strength from the solid solution hardening and the
carbide precipitates [41]. Cr is the most significant alloying element for Co-based superalloys since
it is not only a predominant carbide former but also contributes to the solid solution hardening
[11,12,42]. Cr and Mn in Co-based superalloys can form MC, M3Ca, M7Cs, and M23Cs carbides.
M3Cs and MC carbides may form with a high C content. Typically, M;Cs carbides form more in
intragranular regions and sometimes intergranular regions. Importantly, M;Cs; carbides are
metastable and partially transform into the M23Cs carbides during heat-treatments or under high

temperature service conditions [6,43]. The used Stellite 6 powder has a considerably high Cr-
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content of 30.2 wt.-%, and about <1 wt.-% C. Thus, M7C3/M23Cs carbides can precipitate as both
primary and secondary carbides due to the high Cr-content. The precipitates formed in the printed
and sintered samples are thought to be M23Cs carbides within the grains and mixed M7C3/M23Cs
carbides at the grain boundaries.

3.3. Influence of Aging on Microstructure

The effect of aging on the microstructural evolution was studied on the samples sintered at
1300 °C which showed maximum density of 99.8%. OM micrographs of BJ3DP samples sintered
at 1300 °C (Figure 5a-b) show Co-rich grains with an average grain size of ~98 um surrounded by
eutectic carbides (see Table 2), a solid volume fraction of ~99.8%, the Co-rich fraction of ~83%
and eutectic carbides fraction of ~16.8% at the grain boundaries. After aging at 900 °C for 10 h,
the average grain size stayed nearly constant with ~94 pm, the Co-rich fraction decreased to ~72%
and the eutectic carbides fraction at the grain boundaries significantly increased to ~27.8%.
Additionally, some eutectic carbides formed in grains with pores which might have helped to
slightly increase the relative bulk density.

SEM micrographs of the sintered and aged BJ3DP samples (Figure 6) show, similarly to the
OM micrographs, that the BJ3DP Stellite 6 samples sintered at 1300 °C consist of Co-rich matrix
surrounded by Cr-rich carbides. After aging (900 °C for 10 h), Co-based superalloys typically
experience a martensitic transformation (as indicated by intragranular striations in Fig. 6 ¢ and d)
in which the y-phase (Co-rich matrix) transforms to the e-phase [17,44,45]. Besides, bright white
sub-micron precipitates formed at the grain boundaries and within grains. The fine isothermal ¢
martensite plates formed during the early stage of the heat-treatment. As the heat-treatment

progressed, some precipitates may form in the microstructure in agreement with [7].
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EDS maps of the aged samples (Figure 7) indicate that three types of precipitates were present
after aging at 900 °C for 10 h: (1) Cr-rich carbides at grain boundaries that were formed during
sintering at 1300 °C and increased in size during aging, (2) nano-sized M23Cs carbides formed in
the Co-rich matrix during aging (as also was reported in [46]), and (3) W-rich M»3Cs carbides
(light colored precipitates at grain boundaries) that contained other alloying elements such as Si,
W and Mo forming MSi; (M = Mo and W). It was thought that the W-rich carbides might contain
silicide as a distinct, very fine sub-phase [35,47]. Ren et al. [15] fabricated Co-Cr-W parts by laser
additive manufacturing and reported the formation of similar precipitates after aging (900 °C for
6 h). In Co-based superalloys, W and Mo elements are added to enhance hardening via solid
solution of the matrix due to their large atom sizes. As the amount of W and Co are high in Stellite
6, the chance of carbides or intermetallic compounds formation is increased [7,15].

3.4. Phase analysis using X-ray diffraction

Figure 8 illustrated X-ray diffraction patterns of differently sintered (and aged) BJ3DP Stellite
6 samples. Only peaks of y-Co with fcc crystal structure were seen in the XRD pattern of the
Stellite 6 powder with the calculated d-spacing value of 2.07 A at the peak position of 43.80°.
After sintering at 1260 °C, the diffraction peaks shifted slightly to higher angles. By increasing the
sintering temperature from 1260 °C to 1300 °C, the peaks shifted from 43.86° to 44.08° and, thus,
the d-spacing decreased slightly to 2.06 A. This reduction in matrix d-spacing values can be
attributed to elemental depletion due to precipitate formation within grains or at the grain
boundaries. As the sintering temperature increased to 1310 °C, further peak shift was seen and the
d-spacing decreased to 2.04 A. In Figure 3 it was seen that more eutectic carbides were formed in
the sample sintered at 1310 °C compared to the one sintered at 1300 °C. XRD also showed that

hep e-Co formed after sintering at 1310 °C. Few additional diffraction peaks were seen in samples
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sintered at 1280 °C and higher indicating carbide formation during sintering. XRD pattern of the
sample sintered at 1300 °C followed by aging treatment indicated that the matrix was mainly
composed of hep e-Co. M23Ce/M7C3 carbides peaks were also found in the diffraction pattern of
the aged sample. It was reported that some but not all peaks of the M23Cg¢ carbide coincide with
the peaks of the Co matrix [12,47]. The peaks of M23Cs/M7C3 carbides in the sintered material at
1280 °C and higher became more apparent. Due to sintering at high vacuum and in the presence
of T1 sponge, oxidation was prevented and, therefore, no oxide diffraction peaks were identified.
The amount of Cr in the used Stellite 6 powder was about 30%, similar to Giilsoy et al. [12] who
showed that M23Ce-type carbides can precipitate as both the primary and secondary carbides in
high Cr content. Yingfei et al. [3] and Kilner et al. [48] reported that “pearlitic” colonies may form
during continuous cooling at around 990 °C at grain boundaries and consisted of interlayed plates
of M7C3/M23Cs and fcc Co-rich y-phase. Aging at 900 °C can increase these pearlitic colonies at
the grain boundary [8,49] which was observed in our study.

3.5. Mechanical properties

The microhardness measurements (Figure 9a) of the differently sintered and aged BJ3DP
Stellite 6 samples show a general trend of increasing hardness with sintering temperature most
likely due to the increasing density of the samples. Two different hardness values were measured:
within grains and at the grain boundaries. The average hardness within grains (due to low density
of ~57% and, thus, limited grain boundaries) increased slightly from ~220 HV¢ (sintered at 1260
°C) to ~284 HVy.1 (sintered at 1270 °C with slightly higher density). This was expected due to
their very similar microstructure (see Figure 3). However, the microstructure of the sample sintered
at 1280 °C showed first changes with increased necking and densification (~71% density), and the

formation of eutectic and secondary pearlitic carbides formation at grain boundaries. The density
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increase and carbide formation resulted in an average hardness of 286 HVo.1 and 370 HVy 1 at the
grains and grain boundaries, respectively. Higher sintering temperature resulted in further
densification while phase formation within grains and at the boundaries evolved further. Increasing
sintering temperature to 1310 °C led to the removal of carbides from the grains however, the
pearlitic carbide increased at the grain boundaries. Hardness measurements showed hardness
values between 318 HVo.1 and 453 HVy.1 within grains and grain boundaries, respectively, for
samples sintered at 1290 °C. Increasing the sintering temperature to 1310 °C resulted in hardness
reduction within grain (~300 HV¢.1) and enhancement at the boundaries (~491 HVy.1). This might
be associated with the Cr and Mn depletion from grains and formation of M7C3/M23Cs carbides at
the boundaries. Aging of the sample sintered at 1300 °C increased the average hardness values
within grain from 307 HVo1 to 322 HVy.1, and at the grain boundaries from 484 HV¢.1 to 492
HVo.1. This hardness increment can be attributed to the phase transformation from fcc to hep in
the Co-matrix, the nano-scale carbides within grains, and formation of more pearlite and W-rich
carbide/silicide at the grain boundaries. It was reported that the hardness of casted and
conventional powder metallurgy Stellite 6 samples is ~400 HV [50]. Giilsoy et al. [12] reported a
hardness of 460 HV s for PIM small-sized pre-alloyed Stellite 6 powder samples sintered at 1275
°C (relative density ~ 98.3%) which is higher than the here reported hardness. The improved
hardness compared to our study might be due to the used fine powder, grain structure and grain
size of the materials produced by using PIM as well as morphology and distributions of carbides.

Tensile test stress-strain curves of fully densified sintered and aged samples (Figure 9b)
showed a UTS, yield stress and elongation of ~853 MPa, ~575 MPa and ~10.5%, respectively, for
the sintered samples and ~885 MPa (UTS), ~581 MPa (yield stress) and ~1.7% (elongation) for

the sintered and aged samples. The UTS and elongation of the cast Stellite 6 are reported as 911
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MPa and ~1% (Kennametal), very similar to the sintered and aged BJ3DP samples, while the
sintered-only samples show 10-fold larger elongation with 8% lower UTS. It was thought that the
formation of higher eutectic carbide at the grain boundary and formation of martensite in Co-rich
grains led to the reduction of ductility. SEM micrographs of the fracture surfaces illustrated as and
inset in Figure 9b indicate mostly brittle fracture for both sintered and aged samples. In the aged
sample, some pull-off grains were seen due to the higher content of pearlitic colonies formed at
the boundaries. The crack propagation around the grains and across the intergranular pearlitic
colonies is similar to fracture surfaces observed for the cast and injection molded Co-Cr-W alloy
in [3,12]

3.6. Microstructural evolution during sintering of BJ3DP Stellite 6

The sintering process is an important microstructure and property-defining step in BJ3DP of
metal powder leading to densification of the green part due to diffusion at high temperature. The
green part strength is achieved during the curing step by crosslinking of the polymeric binder,
while desired mechanical properties can be attained after sintering and potentially additional aging
with a controlled large variation of final densities and microstructures. Figure 10 illustrates the
microstructural evolution at different steps during sintering and aging of Stellite 6. In BJ3DP parts,
the green parts density is usually 40-50% and the driving force of sintering is primarily based on
the reduction of surface energy.

In the as-printed and cured BJ3DP Stellite 6 samples, green part density was ~49%. At this
stage, bonding between powder particles is solely due to the cured binder. Controlled by the
temperature during sintering, different mechanisms including solid-state sintering or supersolidus
liquid phase sintering are present. For the used Stellite 6 powder, a low temperature sintering

regime exists at temperatures below 1280 °C with surface diffusion at contact points of adjacent
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particles usually as the dominant mass-transport mechanism during the early stages of neck
formation [51,52]. Thus, there is no significant dimensional change or porosity reduction in initial
stage or low temperature sintering. In this regime, primary carbides are formed within grains as
OM and SEM micrographs showed in Figure 3 and Figure 4, respectively. Stellite 6 powder is a
pre-alloyed compound produced by gas atomization method with alloying elements such as Cr,
W, Mo and C. Mo and W have large atomic radii and, thus, have considerably low diffusion
coefficients to find sufficient time to form carbides during the gas atomization step. Consequently,
Cr has a higher chance to form carbides in Co-based superalloys such as MsC, M3C,, M7C; and
M»3Cs carbides (M = Co, Cr, W, Fe, Ni, Si). Generally, the MsC-type carbides are Mo-rich and
the other carbides are Cr-rich carbides. In the used Stellite 6 alloy, there was 0.7 wt.-% Mo, thus,
MeC carbide was not expected to form and M»3Cs the most likely to form in the low temperature
sintering regime.

The medium temperature sintering regime takes place at temperatures from 1280 °C up to
1290 °C with grain boundary and volume diffusion being dominant. Therefore, parts experience a
significant amount of densification to up to ~95% (see Figure 10, intermediate stage). At this
stage, pore channels start to close and create isolated porosity via neck growth and the creation of
new contact points during pore shrinkage. Material migrates from inside the particles to the
surface, resulting in contact flattening and densification. Since the temperature is high enough, the
formed primary carbides within grains can migrate to the grain boundaries and form secondary
carbides.

The high temperature sintering regime occurs at temperatures higher than 1300 °C to
1310 °C. In this final sintering regime, the maximum density is achieved by elimination of closed

pores. Since the solidus and liquidus temperatures of Stellite 6 are reported to be 1270 °C and
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1360 °C, respectively, it is thought that partial melting was formed which resulted in the pearlitic
colony formation made of carbides and Co. Further heat-treatment. i.e. aging at 900 °C for 10 h,
resulted in the isothermal y = ¢ martensitic transformation and the increase of the volume fraction
of the pearlitic colonies. As seen in the SEM micrographs of the aged samples (Figure 7), two new
precipitates formed during the aging process including (1) W-rich carbide (red spots in Figure 10)
in form of MsC/ M23Cs contained other alloying elements such as Si and Mo and (2) nano-sized
M13Cs carbides. Microstructural results were in agreement with Liao et al. [53] and Yamanaka et
al. [54] observations. The phase transformation of y-fcc = e-hcp and the carbide formations were
in good agreement with the results of the thermodynamic calculations illustrated in Figure 11.

3.7. Biomedical application and cytotoxicity study of BJ3DP Stellite 6

Figure 12 illustrated examples of Stellite 6 BJ3DP parts showing the capabilities of BJ3DP of
complex parts for biomedical applications on the example of a thin-walled partial denture frame
and a small-scale knee joint, all sintered at 1280 °C for 1 h to consolidate parts. It is apparent that
parts with internal and external complexity can be produced using BJI3DP followed by sintering
step. During the sintering step, it is important to control densification rate and shrinkage in the
BJ3DP part in order to assure parts can retain the original printed shape. Based on our experience,
sintering in an alumina powder bed can provide uniform heat conduction during sintering as well
as prevention of sagging and deformation of overhanging structures. Depending on the required
porosity and mechanical strength, various sintering and aging treatments can be designed to
achieve desired microstructure and properties.

Merged FITC and TRITC fluorescent images (Figure 13A) indicate that fibroblasts
successfully adhered to the Stellite 6 discs, with the majority of cells displaying a FITC signal,

representative of healthy cells. The spindle-like projections exhibited by the cells signify normal
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fibroblast morphology and suggest that cell motility is not impaired. When comparing the Stellite
6 group to the +Control, no discernible differences in cell viability were observed; however, there
did appear to be a decrease in the cell density for Stellite 6 in relation to the control groups. The
disparity in the number of cells on the Stellite 6 discs could be attributed to the differences in
material composition. CCTP is known to have modified surfaces that improve cellular
attachments, whereas on materials such as Stellite 6, de novo synthesis and adsorption of matrix
proteins must occur for focal adhesion. The area of the Stellite 6 discs was also slightly smaller
than each well, which could have resulted in a decrease of total cells exposed to the Stellite 6
surface. A semi-quantitative image analysis was performed to measure the percentage of viable
cells and the total number of Live/Dead cells in each treatment group. Cells cultured on top of
Stellite 6 discs displayed a 98.82% + 0.23% (mean + SEM) viability, which did not vary
significantly from the +Control (99.37% + 0.18%) (Figure 13B). A significant decrease in the total
number of Live cells in comparison to the +Control was confirmed in the Stellite 6 group after
quantification (Figure 13C); however, the relative number of Live/Dead cells and cell viability
indicate that the Stellite 6 material is non-cytotoxic.

4. Conclusion

This study has investigated the microstructural evolution, mechanical behavior and
cytotoxicity properties of the binder jetted parts from gas atomized Stellite 6 powder during
sintering. Based on the results, the following conclusions are drawn:

1. As-printed parts had a green density of ~48% and after sintering between 1260 °C and
1310 °C for 1 h, relative density of 55% and 99.8% were attained, respectively.

2. Microscopy observations showed that the grain diameter of the sample sintered at 1260 °C

was between 64 + 2 um, while it increased to 98 + 6 um after sintering at 1300 °C. Additionally,
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an evolution in carbide formation was seen such that in grain carbide precipitates formed at
sintering temperatures <1290 °C where solid-state sintering was the active sintering mechanism;
while at temperatures of >1290 °C, supersolidus liquid phase sintering was present and the pearlitic
carbide colonies formed at the boundaries where an average hardness of 307 + 15 HVy.1 and 484
+ 30 HVo.1 within grain and at the boundaries, respectively.

3. Phase analysis and microscopy observations showed that aging treatment at 900 °C for 10
h resulted in the martensitic transformation (y-fcc = &-hcp) as well as an increase in eutectic
carbides at boundaries and nano-sized carbides within grains where the average hardness within
grains and boundaries was enhanced to 322 +£29 HVy1 and 491 + 58 HVy 1, respectively.

4. Fibroblasts cultured on top of Stellite 6 discs exhibited normal cell morphology and
attachment to the material surface after 48 h. Quantitative image analysis of Live/Dead cells
showed no significant difference in cell viability between the Stellite 6 group and CCTP (+Control)
providing evidence that Stellite 6 supports cell survival.

5. This study showed that binder jetting was capable of manufacturing complex geometries
with fine features such as a partial denture framework and small-scale knee joint.
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Table Captions:
Table 1. Chemical composition in [wt.-%] of Stellite 6 powder Reported by the manufacturer.

Co Cr

i

Ni Mn

C

Si

Fe

Mo P

S

Bal. 30.2

4.5

1.9 1.2

1.1

1.0

0.9

0.7

<0.005

<0.005

Table 2. Image analysis results on OM micrographs (shown in Figure 3) obtained from the BJ3DP

Stellite 6 samples sintered between 1260 °C and 1310 °C. Sintering at 1300 °C led to the maximum

relative density thus aging treatment was carried out to characterize microstructural evolution as

well as properties of the heat-treated BJ3DP Stellite 6 part. Dark grey areas are precipitates defined

as within grain Cr-rich carbides and eutectic carbides at the grain boundaries. Complementary

elemental analysis will be discussed shortly.

Samples Solid Porosity Cr-rich fraction as carbides Co-rich Grain size | Pore size
volume [%] [%] fractionas | [um] [um]
fraction Within At grain boundaries | matrix
[%] grain (eutectic carbides) [%]

Sintered at 1260 °C 56.3+1.7 [43.7+£19 | 11.4£1.5 | n/a 448+19 | 63.6+23 | ---?2

Sintered at 1270 °C 58.1£0.9 |41.9+0.8 | 13.9+4.3 | n/a 442411 | 69.7+6.3 | ---

Sintered at 1280 °C 70.7+1.1 [2934+09 | 10.1+3.8|5.6+1.2 550+0.8 | 88.5+74 | ---

Sintered at 1290 °C 97.4+0.8 [2.6+£05 |[n/a 15.7+£24 83.7+2.5 | 99.7+9.8 | 8.2+43

Sintered at 1300 °C 99.8+0.2 | ~0.2 n/a 16.8+0.1 83.1+0.1 | 97.8+6.2 | 6.2+09

Sintered at 1310 °C 99.8+0.3 | ~0.2 n/a 21.4+1.7 784+1.7 | 943+49 [ 48+2.1

Sintered at 1300 °Cand | 99.9+0.1 | ~0.1 <1%" 27.7+2.2 718424 |1 935429 | 3.1+£1.2

aged at 900 °C for 10 h

! n/a: It means that no precipitate was seen in the optical or electron micrographs within grain/at boundaries.

2 .——: Continuous network of porosity is present.

* Few precipitates enriched in Cr-Mn-C were seen in the SEM observations (see Figure 7).

Table 3. Measured carbon, oxygen and nitrogen content of the as-received Stellite 6 powder, binder

jetted cured samples and post heat treated parts in [wt.-%].

Samples Carbon l Oxygen Nitrogen
[wt.-%]
As-received Stellite 6 powder 1.238 0.058 0.025
Binder jetted and cured parts 1.570 0.114 0.142
Sintered at 1260 °C 0.800 0.030 0.059
Sintered at 1280 °C 0.792 0.055 0.067
Sintered at 1300 °C 0.803 0.003 0.007
Sintered at 1300 °C and aged at 900 °C for 10 h 0.892 0.004 0.003

25




Figure Captions:

Figure 1. (a) Particle size distribution result and (b) SEM micrographs of the Stellite 6 powder.
Figure 2. Comparison between variations in the relative bulk and average densities (obtained from
Archimedes method) with the solid volume fraction results (obtained from optical micrograph analysis
using Imagel] software) for the differently sintered BJ3DP parts from Stellite 6.

Figure 3. Optical micrographs of polished samples after sintering at different temperatures (a) 1260
°C, (b) 1270 °C, (c) 1280 °C, (d) 1290 °C, (e) 1300 °C and (f) 1310 °C with a holding time of 1 h
(magnification 200x and 500x). It was seen that the pore distribution changes with increasing sintering
temperature resulting in higher density of the BJ3DP part. Above 1290 °C, eutectic carbides formed
at the grain boundaries.

Figure 4. Scanning electron micrographs with EDS mapping elemental analysis results taken from the
BJ3DP samples sintered at (a) 1260 °C, (b) 1280 °C and (c) 1300 °C.

Figure 5. Optical micrographs of polished samples after (a,b) sintering at 1300 °C for 1 h and (c,d)
additional aging at 900 °C for 10 h (magnification 200x and 500x). After aging, the fraction of eutectic
carbides at grain boundaries grew while the grains consisting of Co-rich matrix shrunk. Quantitative
analysis results are given in Table 2.

Figure 6. SEM micrographs of polished samples after (a,b) sintering at 1300 °C for 1 h and (c,d) aging
at 900 °C for 10 h (region of higher magnification are indicated by dashed box). After aging, eutectic
carbides grew at the boundaries while the grains size of Co-rich grains decreased. Intragranular
striations in ¢ and d indicate a martensitic phase transformation after aging from fcc to hcp.

Figure 7. Scanning electron micrograph with EDS mapping elemental analysis results taken from the
BJ3DP sample sintered at 1300 °C for 1 h followed by aging (900 °C for 10 h).

Figure 8. XRD patterns taken from as-received Stellite 6 powder, and after BJ3DP followed by
sintering at different temperatures (and aging).

Figure 9. (a) Hardness values and (b) stress-strain curves obtained from the BJ3DP Stellite 6 samples
depending on the sintering temperature and aging treatment. SEM micrographs insets were taken from
the fracture surface of a sintered sample (1300 °C, 1 h) and additionally aged sample (900 °C, 10 h).
Figure 10. (A) Schematic showing phase formation and microstructure evolution model for differently
heat-treated BJ3DP Stellite 6. (B) Detailed microstructural model with relevant information about
phase formation during sintering and aging treatment.

Figure 11. Thermodynamic modeling results of (a) equilibrium-phase fractions of Co-30Cr—4.5W-Si-
0.8C system as a function of temperature predicted by the Scheil-Gulliver model and (b) equilibrium
step diagram predicted using TCFE6-TCS Steels/Fe-Alloys Database in Thermo-calc® software.
Figure 12. Photographs of prototype sample parts binder jet 3D printed from Stellite 6. Top row
displays green parts and bottom row indicates sintered samples at 1280 °C for 1 h. (a,e) top-view and
(b,f) bottom-view taken from a partial denture; and (c,g) back-view and (d,h) front-view taken from a
knee joint.

Figure 13. In vitro cytotoxicity of NIH/3T3 fibroblasts cultured on Stellite 6 discs. (A) Fluorescent
Live-Dead images of cells after 48-h culture. Left to right: Stellite 6, cell culture treated polystyrene
(+Control), cell culture treated polystyrene — ethanol-killed cells (-Control). (B) Cell viability
displayed as a percentage of live cells. (C) Number of Live/Dead cells per 4X magnification field for
each treatment group. Statistical significance was observed between treatment groups denoted by
different letters, analyzed by factor: Cell Viability (a-b); Live (a-c)/Dead (e-f) cells. (a-f = p < 0.0001,
error bars are represented as SEM).
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Figure 2
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Figure 3
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Figure 9
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Figure 10
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Figure 12
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