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Abstract

Binder jet additive manufacturing (BJAM) presents an avenue for advanced manufacturing of
various high-value materials due to high deposition rates, scalability, and geometric flexibility.
However, conventional organic binders in BJAM introduce residual carbon upon pyrolysis, often
leading to imprecise alloy composition in the final sintered part. The undesirable residual carbon
from binder burn-off limits the application of BJAM for high-performance alloys due to their high
sensitivity to carbon addition. In this study, we have designed poly(vinylpyrrolidone-co-vinyl
acetate) (PVP-VAc) as a clean burn-off binder for BJAM, where excess oxygen groups in VAc
enable cleaner burn-off and reduce residual carbon retention. Compared to a widely used
commercial binder, the optimized PVP-V Ac binder reduced residual carbon retention by over 90%
in H13 tool steel. The significant reduction in residual carbon enables predictable printing and
subsequent sintering of complex H13 tool steel geometries, an alloy known to have substantial
challenges around distortion due to the sintering window shifting from carbon addition. The design
of a clean burnout binder provides a major path forward for BIAM by enabling new AM designs
and applications for composition-sensitive high-performance alloys, such as nickel-based
superalloys, titanium alloys, and high alloyed steels.

Introduction

Additive Manufacturing (AM) presents technological and industrial promise for its ability to create
complex parts from high-value materials that are difficult to form using traditional manufacturing
methods. Its lightweight designs with high-value materials using less raw material can boost
process efficiencies and reduce greenhouse gas (GHG) emissions [1]. Binder Jet AM (BJAM)
represents one of the most promising AM processes for industrial adoption due to its similarity to
powder injection moldings in combination with high throughput and low operator burden [2,3].
Many of the advantages of BIAM stem from BJAM's use of inkjet technology [3,4]. In the process,
the inkjet printhead selectively deposits a binding fluid (binder) into layers of powder to bind the
powder and build up a bound 3D part layer by layer within the powder bed (Fig. 1) [3,5-8] through
diverse binding mechanisms. The bound porous composite preform (green part) can be post-
processed in various ways, such as sintering to reach full density or higher mechanical strength
(Fig.1) [5,8,9]. The binder selection is a critical aspect of the printing process as it can significantly
impact the properties of the final part [10]. However, the application of BJAM is currently limited
in alloys and geometries due to the adverse effects including structural distortion or compositional
alteration caused by the residual binder upon sintering [11]. Therefore, the breakthrough in the
manufacturing ecosystem resides in a binder design to mitigate these adverse effects for more
efficient high-value alloy materials manufacturing.
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Figure 1: A schematic of the BJAM printing and post-processing: The molecular structure of
poly(vinylpyrrolidone-co-vinyl acetate) is shown within the binder droplet, with the oxygen
molecules in the vinyl acetate repeat unit highlighted in red. After the binder is deposited into the
bed in the prescribed geometry, the bed will be cured in an oven to remove the solvent from the
binder and solidify the organic portion. The curing, debinding, and sintering temperatures shown
in the graphic are representative of H13 for the process flow for this binder and alloy.

Most binders in BJAM utilize an organic component (e.g., monomer, oligomer, or
polymer) which solidifies upon heating to bind together the powdered material [12,13]. After the
organic binder forms the initial green part, it is typically removed in a debinding process before
powder densification (Fig. 1). In BJAM, thermal debinding is the most common method to remove
the organic binder portion from the green part [14-16]. During thermal debinding, the organic
component undergoes pyrolysis, a series of complex reactions where the organic molecule
decomposes into volatile and non-volatile species with lower molecular weight [17,18]. Depending
on the debinding temperature, atmosphere, and binder structure, undesirable residual carbon is
commonly formed as a non-volatile product during the debinding process [15].

The residual carbon can alter final part properties and distort the final geometries of many
high-value alloys as it changes the chemical composition of the alloy [11,19]. A representative
example is H13 tool steel, one of the most commonly used alloys for hot and cold working tools,
owing to hardenability, strength, toughness, and its high resistance to thermal softening. The use
of AM to add features such as cooling channels in these tools and dies could boost process
efficiency, reducing the GHG and nitrogen oxide (NOx) emissions associated with downstream
manufacturing[1]. One of the most critical adverse effects of residual carbon in H13 tool steels is
significant distortion during sintering, caused by the commercial binder leaving behind 0.028-0.07
weight percent (wt%) residual carbon in the H13 alloy [11,20]. This distortion is due to the
supersolidus liquid phase sintering (SLPS) temperature of H13 tool steel being sensitive to the
amount of carbon. The SLPS temperature can vary significantly with the addition of carbon, often
leading to significant distortion in BJAM due to the presence of residual carbon [11]. After
sintering, the resulting H13 alloy properties, such as hot working and wear-resistant properties,
can be significantly impacted by the alteration in sintering and the addition of excess carbon. Thus,
an organic polymer binder that produces less residual carbon is highly desirable for printing H13
tool steel and other alloys.
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Minimizing the residual carbon produced by the binder is the key to expanding the
printability of carbon-sensitive alloys, such as H13, which are conventionally challenging to
achieve precise printed structures. In the following work, a clean burn-off binder is designed that
consists of poly(vinylpyrrolidone-co-vinyl acetate) (PVP-VAc), a copolymer of
poly(vinylpyrrolidone) (PVP), and poly(vinyl acetate) (PVAc). PVAc releases oxygen during
polymer decomposition, which is expected to react with residual carbon from PVP to produce
more volatile components to reduce the residual carbon left behind after thermal debinding
(Fig.1)[21-23]. Unraveling how the alteration of the binder molecule affects carbon retention is
crucial to controlling residual carbon and expanding the range of high-performance materials used
in BJAM to form high-fidelity structures for industrial tooling and power generation components
[10,24]. The design of a clean burnout binder (PVP-VAc) to mitigate the adverse effects of the
binder on sintering provides a pathway for the predictable formation of various high-value alloy
materials such as nickel-based superalloys, titanium alloys, and high alloyed steels.

2. Experimental

2.1 Materials

The study used gas-atomized H13 powder procured from Sandvik Osprey Ltd, and the powder was
identical to the powder used in Nandwana et al.'s study on the microstructural evolution of BJAM
H13, which has a d70 of 13.68 um, a d50 of 19.72 pm, and a d90 of 32.03 um, respectively[11].
The 1-vinyl-2-pyrrolidinone (VP) and vinyl acetate (VAc) monomers were obtained from Sigma
Aldrich and run through a column to remove the inhibitor before polymerization. 2,2-
azobisisobutyronitrile (AIBN) from Sigma Aldrich was recrystallized from methanol. Ethanol,
diethyl ether, 1-propanol (ACS grade, 99.5+%), and deionized water (H,O) were obtained from
Sigma Aldrich and used as received. Iso-propanol (70%) was obtained from McMaster-Carr and
used as received. Commercial Poly(vinylpyrrolidone-co-vinyl acetate) (PVP-VAc) (W-635) was
obtained from Ashland, which had a number average molecular weight (M,,) of 13,000 g/mol.

2.2 Synthetic Method for Poly (1-vinylpyrrolidone-co-vinyl acetate)

The synthesis of PVP-VAc was adapted from Thang et al. [25]. A free radical
polymerization method was utilized in which AIBN was used as the free radical initiator. 1.806 g
of the AIBN initiator, 1.8wt% compared to the monomer mixture was added to a 2L round bottom
flask containing 53.7 mL of VP, 47.1 mL VAc and 1,458 mL of ethanol. The solution was sealed
and purged with nitrogen to remove oxygen for five minutes and then placed into a temperature-
controlled oil bath at 65 °C. The solution was kept stirring at 65 °C for 18 hours. After 18 hour-
reaction, the reaction mixture was purified, and any excess monomer was removed by precipitating
the solution into diethyl ether. The solid polymer was separated from the residual monomer or
unreacted initiator using a centrifuge. The excess solvent was evaporated from the polymer, and
the isolated yield of PVP-VAc reached 88.9 %. The structure was confirmed using 'H NMR
spectroscopy using a Bruker Avance III 400Hz.

2.3 Binder preparation
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Two different PVP-VAc binder solutions were prepared. The first binder solution was
prepared using commercial PVP-VAc (W-635), and the polymer (5 wt%) was mixed into a
solution of 80/20 = H,O/1-Propanol. The second binder solution was by mixing the synthesized
PVP-VAc into a solution at 10 wt% with the remaining 90 wt% consisting of a mixture of 80/20
Water (H,0) (80 wt%)/1-Propanol (20 wt%).

2.4 Binder Jetting

An Innovent binder jet printer from ExOne Corporation was utilized for printing 3-point bend
specimens. ExOne Corporation provided their aqueous binder AquaFuse. Three samples were
tested at 85 %, 100 %, and 105 % saturation for the low molecular weight (MW) synthesized PVP-
VAc formulated binder and the Aquafuse binder. The printer was equipped with a printhead
containing four SL-128 AA modules from Fuji Films. This configuration creates 80 pL droplets
and has 128 nozzles with a 50 um diameter nozzle size. To dispense powder the ExOne Innovent
that was utilized in this research was equipped with the pneumatic vibratory manifold with an
additional oscillating foot to assist with the dispensing of powders

A new binder is introduced to the Innovent system in an identical fashion that it would be
introduced to an X1-Lab binder jet printer, which is described in Gilmer et al.[23]. Heat is used
during printing as well to remove solvent from the mixture. The operation of the heater is described
in Dvorak et al.[21]. During printing, saturation is used to determine the amount of binder that is
deposited within the powder bed. A description of saturation can be found in Gilmer et al.[22].
Values utilized to print the specimens tested are listed below (Table 1).

Table 1 Printing parameters for 3-point bend specimen

Parameters 85 % 100 % 105 %
Saturation Saturation Saturation
Layer Thickness (pum) 25 25 25
Y Droplet Spacing (um) 67.2 76.2 72.5
X Droplet Spacing (um) 84.7 63.5 63.5
Powder Packing Rate (%) 60 60 60
Last Drop Volume (pL) 48.4 48.4 48.4
Dry Time Between Layers (sec) 3.5 10 10
Roller Speed (RPM) 225 250 250
Roller Speed (mm/s) 10 10 10

After printing, the entire powder bed is placed into the curing oven as described in Gilmer et
al.[25]. The same parameters were utilized for curing the synthesized PVP-VAc binder that is
utilized with the commercial binder (200°C for 2 hours) to ensure no confounding variables were
introduced.

2.5 Sintering and Debinding Parameters
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Sintering parameters for the printed parts using synthesized PVP-VAc binder were developed
based on previous work by Nandwana et al., where the samples were heated at a ramp rate of 10
°C/min to 900 °C and held for three hours to allow for binder burnout and debinding [11].

The samples were sintered at 1360, 1380, and 1400 °C at a ramp rate of 10 °C/min and
held for five hours for densification. The binder burnout and sintering were conducted in a single
step in a vacuum furnace equipped with graphite heating elements under a vacuum of 107> mTorr.
The samples were allowed to undergo furnace cooling at the end of the cycle, and the average
cooling rate was recorded to be ~4—7 °C/hour.

2.6 Characterization
2.6.1 Binder Characterization

The viscosity of the binders was measured by Electromagnetically Spinning Viscometer
(EMS) utilizing an EMS-1000 from Kyoto Electronics Manufacturing Co. [22,26].

2.6.2 Mechanical Characterization

Mechanical testing of the green parts was performed using a custom-made three-point bend
instrument and were tested according to the protocol established in Gilmer et al.’s previous work
on custom binder formulation [22].

2.6.3 Chemical Characterization

Chemical analysis on the powders and the samples was conducted for carbon using
combustion infrared detection per ASTM E1019-18. "H NMR spectra were recorded on a Bruker
instrument (400 MHz) and internally referenced to the residual solvent signals of CDCl; for 'H at
7.26 ppm. A dimethylformamide gel permeation chromatography unit was used and further
description of the instrument can be found in Jacobs and Brantley [27].

2.6.4 Thermal Characterization

The coupling of the Thermogravimetric Analysis (TGA) (TA Instruments, Discovery
model 5500) with a Cirrus 3 MKS mass spectrometer (MS) made it possible to identify the MS
fractions of the evolved gas during thermal degradation of synthesized and commercial PVP-VAc
binders. The TGA was completed by ASTM E1131, ISO 11358 at a ramp rate of 10 °C/min in
Argon atmosphere. During decomposition, the gaseous species were introduced into the Cirrus 3
MKS mass spectrometer (MS) via a heated (300 °C) stainless-steel capillary to the MS inlet orifice.
The samples were then ionized and passed through a mass filter to the detector, where the ionized
gas was sorted by its mass charge ratio, and the ion current was measured.

2.6.5 Structural Characterization

X-Ray Computed Tomography (XCT) measurements were performed using a Zeiss
Metrotom 800HR 225 kV XCT instrument. A .25mm copper filter was used during the scans,
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which were performed at 180 kV at 55 mA. A 1000mS integration time was used for the images,
which were averages across two images. The scan image/voxel resolution was 7.08mm. XCT
using these parameters was performed on two samples printed at different saturations and sintered
using the same parameters to show the difference in densification due to the residual carbon
amounts. Data acquisition and reconstruction with the XCT setup were performed using the Zeiss
Scout and Scan software v.11. VG Studio Max 3.4 was used for the data analysis, with VG
easy pore module for pore analysis. The thresholding used in this software specifically bases the
pore analysis on contrast in the XCT image

3. Results and Discussion

When the design of PVP-VAc binder was considered for the BJAM system, the
commercially available PVP-VAc polymers was initially evaluated. However, they present a
significant challenge to be used in inkjet deposition systems due to their inherent high viscosities.
The high viscosity of the binder solutions with commercial PVP-VAc (W-635) necessitates low
polymer loading in the binder formulations, as any viscosity greater than 20 mPa*s is not printable
in the current inkjet systems (Fig.2a). Attempts were made to print with these lower solid loading
binders with the correct viscosity range, but parts printed using these low solids loading binders
(e.g. 2.5 or 5.0 wt%) were fragile and did not survive the depowdering processes (Fig.2b). In
BJAM, lower solids loading often leads to lower green strengths in the green parts, which leads to
breakage during the depowdering of the green parts [28,29].

a b
concentration (wt%) viscosity (mPa*s) Crack
2.5 11.5
5 13.6
7.5 17.4
10 21.6
12.5 26.3
15 353

Figure 2. a)Viscosity as a function of the weight percent (wt%) of the commercial PVP-VAc in
the solution b)Image of broken bar formed using low-concentration binder

In part, the MW of the polymer dictates the viscosity of the formulations [30]. Therefore, a lower
MW polymer is needed to formulate a binder solution with a higher loading of PVP-VAc polymer
and increase the green strength to form viable green parts. Thus, a lower MW PVP-VAc polymer
was synthesized to increase the polymer loading and improve the green strength of a PVP-VAc
binder.

3.1 Synthesis and Structural Characterization of Low Molecular Weight PVP-VA



266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

282

283
284
285
286
287
288
289
290

201

292
293
294
295
296
297
298
299
300

301
302

The lower MW PVP-VAc copolymers were prepared through free-radical
copolymerization in a solution of ethanol, using AIBN as the free radical initiator (Fig.3). The
reaction at high concentration and short reaction time generally produces higher MWs with
reduced yield, which leads to higher viscosity solutions, and makes them unsuitable for binder
solution in this application [31]. To synthesize low MW PVP-VAc, a highly diluted solution (8
wt% monomer in 92 wt% ethanol) as well as high concentration of AIBN was used in combination
with a long reaction time (18 hours) for achieving high yield. The reaction condition produced a
low M;, of 8,600 g/mol and a polydispersity index of 2.21, which was determined using DMF GPC.
In comparison, when a higher concentration was used for the polymerization at approximately 50
wt% monomer and 50 wt% solvents, the resulting number average molecular weight (M,,) was
much greater in the range of 60,000 g/mol. The lower M,, compared to that of 13,000 g/mol for the
commercial PVP-VAc enables jettable binder solution at higher concentration. The conversion to
PVP-VAc was calculated using Eq.3, where H is the conversion of monomer (%), m is the product
weight (g), and m, is the initially charged monomer weight (g). The reaction yielded 88.9 %
conversion to polymer from the starting material.

H =7 % 100 3)

The ratio of VAc/VP is critical due to insolubility of VAc and solubility of VP in polar
solvents such as water. If the ratio of VA in the polymer is too high, it will not be able to be utilized
in aqueous binder systems, which is the most common system utilized in BJAM. The ratio of VP
to VAc in the polymer was determined using '"H NMR and determined to be 33% VP to 77% VAc
as a random copolymer. The ratio of 33% VP to 77% VAc remained soluble in water, making it
ideal for utilization in an aqueous BJAM binder system.

VP 33% VAc 77%

0
N, o oaen o L3
0 )j\ Ethanol O~ N7 o

N +
/\
\ 0" ™S 65°C, 18h
VP VAc :

Figure 3: Free radical polymerization yielding PVP-VAc
3.2 Binder formulation

Once the polymer is synthesized, it must be formulated into a binder. Binders in a drop-on-demand
system must have specific rheological characteristics to eject from the printhead orifice and form
a stable droplet. The Z parameter (Z = 1/0Oh) (Eq. 4) is often used to determine the printability of
a fluid from an inkjet printhead, where Oh is the Ohnesorge number (Eq. 5), a combination of the
rheological characteristics of the ink.

1
Z number = oOh 4)
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Reis and Derby used numerical simulations and proposed a Z range from 10 > Z > 1 for stable
droplet formation [32]. This range of Z numbers places the jettable solution viscosities from 1-20
mPa*s and surface tensions from 20-40 mN*m!, with these two properties having the most
significant effect on the printability of the binder [28,29]. When the Z < 1 corresponds to a lower
Reynolds number, the fluid has a high viscosity. The high viscosity will cause viscous dissipation
in the liquid, when the piezoelectric element expands, preventing the liquid from ejecting from the
printhead [33]. Conversely, if a binder has a Z > 10, this corresponds to low viscosities and
formation of satellite droplets upon ejection, which will cause inconsistent binder deposition and
lower print accuracies [32,34-36].

Binders utilize a mixture of a polymer with solvent to provide the rheological
characteristics necessary for printing in an inkjet system. When formulating the binder, two types
of solvent systems can be utilized in BJAM: aqueous or non-aqueous. Aqueous systems are the
most common since they present a safer approach than non-aqueous systems that often utilize
flammable or hazardous solvents. Aqueous systems use water as the primary solvent in the system
but, in most cases, have additives incorporated to increase the wettability, decrease surface tension,
or reduce the drying rate [37-39]. Several surfactants can be added to an aqueous solution to
achieve the desired decrease in surface tension, such as ethanol, methanol, butanol, propanol, and
isopropanol. 1-propanol was chosen in this work due to its compatibility with PVP-VAc and lower
vapor pressure than other organic solvents. The synthesized low MW PVP-VAc in water/1-
propanol mixture provided a range of possible formulations suitable for printing (Table 2). 10-20
wt% of PVP-VAc in water/1-propanol = 80/20 solution gave Z numbers ranging between 2.54-
5.89, calculated using the rheological properties of the fluid.

Table 2. Parameters and properties (loading, density, viscosity, surface tension, nozzle radius)
used for calculating the Z and Ohnesorge numbers equations four and five.

PVP-VA Density Viscosity Surface Noz;le
. . Radius Ohnesorge
Loading (p) w Tension (L) Number (Oh) Z number
(Wt%) (g/mL) (mPa.s) (¥) (mN/M) i)
10 1.01 5.05 35 25 0.17 5.89
15 1.01 7.94 35 25 0.27 3.74
20 1.01 11.7 35 25 0.39 2.54

As their Z numbers fall between 1-10, all these formulations can form stable droplets that are
printable in the Innovent printer. We down-selected a formulation with lower viscosity and higher
Z number due to those parameters known to form stronger green parts [23,40]. Thus, the 10 wt%
solids loading was down-selected for printing in the remainder of the experiments.

3.3 Green Part mechanical properties

The strength of the green part is one of the most critical properties in BJAM, as the green strength
determines if the part will survive the depowdering stage without failure or distortion. If the green
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part breaks during the depowdering process, the part's geometry will no longer match the designed
final part geometry. There is an established positive correlation between the volume of binder
within a green part defined by the saturation/wt% of binder in the part and the flexural strength of
the part from this work and previous work [22,23,41]. Thus, it is essential to consider saturation
when determining the strength of the green parts (Fig. 4). For this work, green parts of H13 steel
tool were fabricated utilizing the synthesized PVP-V Ac binder with a 10 wt% solids loading. The
results shown in Figure 4 show that the green strength increased linearly with the increase of binder
saturation/ amount of polymer within the sample.

7.36 MPa
714 MPa o
o
105% Sat.
6.20 MPa 100% Sat.
[ ]
85% Sat. P

Figure 4: Flexural strength of the synthesized PVP-VAc binder at saturations of 85%,100%,
and 105% with H13 steel particles.

At an 85 % saturation (0.88 wt% in the printed H13 part), the flexural strength of the green parts
exhibits 6.20 MPa, comparable to the commercial binder at the same saturation with stainless steel
420, 6.65 MPa [22]. Since stainless steel 420 is one of the most commonly utilized alloys in BIAM
and this green strength is commonly used for handling of parts, it is expected that this green
strength should be sufficient for depowdering and handling of green H13 parts formed with the
PVAc binder. Upon depowdering of the printed samples, all of the parts printed with PVP-VAc
survived depowdering, supporting this expectation. The flexural strength can be further improved
at higher saturation, reaching 7.14 MPa and 7.36 MPa at 100% saturation (1.04 wt% in the printed
H13 part) and 105% saturation (1.07 wt% in the printed H13 part), respectively. As discussed in
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the previous section, one of the major observations from the various binder formulations tested is
that higher Z number fluids with a lower viscosity show a trend of having a higher green strength
from this work and prior work by Gilmer et al. [22,23]. It is assumed this is due to the fluid being
able to incorporate better into the powder bed, but it is difficult to decouple the impact of fluid
properties from other factors, such as polymer loading.

3.4 Binder Thermal Debind and pyrolysis

The binder burnout and pyrolysis of the organic component in the BJAM process is a
complex chemical and physical process that has garnered minimal attention. Most studies centered
around thermal debinding have focused on aspects of the debinding process, such as the ramp rate,
hold time, and hold temperature. Some aspects of the chemical processes at these temperatures
have been explored by varying the burnout atmospheres. However, no studies in BJAM to date
have considered the organic molecule used for binding or attempted to manipulate the molecule to
alter the debinding behavior of the part.

Polymer removal by thermal debinding involves the thermal degradation or pyrolysis of
the polymer into volatile gas species and non-volatile solids such as residual carbon [15]. Pyrolysis
is a complex reaction but can be simplified by considering thermal degradation as a free radical
process [42]. The dissociation of bonds is caused by thermal energy and produces free radicals.
Thus, the dissociation mechanism can be considered a free radical degradation based on the types
of chemical bonds involved and the stability of the small molecules produced during the
degradation [42]. In the free radical degradation mechanism, the weakest bond will break first. In
the case of simple carbon-carbon bonds, the molecule with the lower number of bonds is the
strongest. This means that the bonds will break in the order of 3° > 2° > 1° > CHj [42]. After the
bonds break, intramolecular rearrangements will produce more stable free radicals. The type of
polymer and bonds are thus important for how the polymer will degrade. If the polymer consists
of a simple carbon backbone, such as polyethylene, random scission between the bonds is known
to take place where the chain will break down into a distribution of smaller molecules. However,
a common degradation mechanism for copolymers is scission between the two copolymer units,
thus reverting the chain into its monomeric form [42,43].

This PVP-VAc copolymer’s degradation mechanism of bond-breaking between the
constituent monomers can be observed by comparing the pyrolysis behavior of the individual
polymers and the copolymer system. The burnout behavior of VP and VAc unit is shown by the
pyrolysis behavior of PVP and PVAc homopolymers observed by TGA (Fig.5). Due to the higher
stability of the bonds in the PVP molecule, it does not degrade until a higher temperature than
PV Ac, which begins to degrade before 400°C [44—46].

11
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Figure 5: TGA curve showing the degradation of PVP, PVAc, and PVP-VAc. The curves
illustrate the varying degradation temperatures of the constituent molecules in the PVP-VAc
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copolymer showing how the polymer breaks down into its constituent polymers.

800

Due to the breakdown of the PV Ac structure in the copolymer at lower temperatures, more
oxygen (O,) is available from the acetate monomer to form gases such as carbon dioxide (CO,)

and/or carbon monoxide (CO) during binder burnout. The excess O, should reduce the solid

residual carbon as more carbon can escape as a volatile gas. TGA-MS data confirm that one of the
significant degradation products is O, during PVAc pyrolysis (Fig.6a). In contrast, when PVP
undergoes degradation, O, production from the polymer degradation is minimal compared with
that of the PVAc degradation (Fig.6b). This reduced O, generation reduces the subsequent CO,

formation (Fig.6b).
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Figure 6: a) TGA-MS showing the degradation of PVAc and the O, and CO, produced because
of the degradation. b) TGA-MS showing the degradation of PVP and the O, and CO, that is
produced because of the degradation. c) TGA-MS showing the degradation of PVP-V Ac and the
0O, and CO, produced by the polymer degradation.

When PVP-VAc undergoes degradation, O, is one of the major early degradation
products due to the breakdown of the polymer chain into its monomer components and the
degradation of the PVAc portion (Fig.6¢). Furthermore, the continued presence of CO, after the
degradation of the PVAc portion, as shown by the MS fraction, corroborates that the excess O,
from PV Ac increases the formation of volatiles during polymer degradation. This excess O,
should generate more CO, intensity in the MS and would result in a binder with less residual
carbon than the commercial binder after the debinding process.

3.5 Sintering & Chemical Characterization

The cubed-shaped printed parts were heated at 10 °C/min to 900 °C and held isothermally for 3
hours for debinding cycle, followed by ramping up at 10 °C/min to the final sintering temperatures
of 1360, 1380, and 1400 °C for 5-hour sintering process. The impact of PVP-VAc burn-out
behavior on the reduction in residual carbon was systematically investigated using combustion
analysis to quantify the residual carbon amounts (Table 3). To compare with current binders
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431  utilized in BJAM, the residual carbon values for the PVP-VAc binder were benchmarked against
432  the residual carbon produced by the commercial Aquafuse after binder burnout and sintering, as
433 the commercial binder has been shown to produce levels of residual carbon that negatively affect
434  the shape retention and properties of many alloys [11]. When compared with the commercial
435  Aquafuse binder, the use of PVP-VAc binder printed and pyrolyzed at similar conditions resulted
436  in a reduction of residual carbon retention by over 90% in the combustion analysis results (Table
437  3) when used with H13 tool steel. Such reduction of residual carbon in the other alloys is expected,
438  while the exact degree of residual carbon reduction would depend on the type of alloy.
439 To understand how the PVP-V Ac binder produces less residual carbon, we conducted the
440 TGA-MS (Fig. 6) to analyze the molecules produced during the debinding process. The TGA-MS
441  of the PVP-VAc polymer during heating indicates that the PVP-V Ac polymer produces CO, after
442  the degradation of the oxygen-containing portion of the polymer. The carbon susceptible for
443  oxidation produces this CO, during the polymer degradation, as this would remove carbon atoms
444  as a gas phase instead of leaving them behind as a solid char. The combustion analysis (Table 3)
445  indicates the reduction in residual carbon upon pyrolysis of PVP-VAc compared to other polymer
446  systems that do not contain oxygen in the polymers. The strategy to reduce residual carbon utilizing
447  PVP-VAc binder eliminates the carbon contamination issue for many alloys, such as H13, and
448  makes it possible to find predictive sintering windows by not altering the chemical composition
449  (Fig.7).
450
451  Table 3. Carbon content in sintered H13 parts with commercial binder and varying saturations
452  (Sat) and sintering temperatures (Carbon content (%) data from commercial binder was reproduced
453  from [11]) the standard deviation for the residual carbon values is 0.00122%. The percentage of
454  carbon reduction was calculated by the following formula [(Commercial binder carbon content —
455  PVP-VAc binder carbon content) / Commercial binder carbon content] x 100]

Carbon Reduction

Binder Binder Content Carbon Content (%) Carbon Content (%) (%) from
(Wt%) Commercial Binder PVP-VAc Binder = Commercial Binder
to PVP-VAc
85% Sat 1360°C 0.88 0.541 0.135 75.04
105% Sat 1360°C 1.09 0.557 0.135 75.76
85% Sat 1380°C 0.88 0.363 0.073 79.88
105% Sat 1380°C 1.09 0.406 0.064 84.23
85% Sat 1400°C 0.88 0.456 0.013 97.14
105% Sat 1400°C 1.09 0.499 0.030 91.13
456
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Figure 7: Image of two H-13 samples, one printed with 85% saturation and the other printed at
105% saturation. Both samples were sintered at 1400°C and showed minimal distortion at high
binder saturations.

To evaluate the sintering mechanism and how the chemistry of the sample affected the sintering
process, the final densities and porosities of a sample printed with the PVP-Vac binder were
compared to a sample printed with the commercial binder. To quantify the porosity/density of the
sintered samples, X-ray Computed Tomography (X-CT) was utilized. The 85% saturation sample
has a density of approximately 96%, while the 105% saturation sample has a sintered density of
approximately 95% after sintering at an ultimate temperature of 1400°C following the parameters
discussed in section 2.5. The porosity can be seen from the X-CT image, which is comprised of
small pores in the sample dispersed throughout the part with no large pores being present (Fig. 8).
These final densities are slightly lower than those of the same saturation that were measured by
Nandwana et al. [11]. This could be for various reasons, but one of the reasons is likely because
the samples did not enter into the liquid sintering regime that the samples in Nandwana et al.’s
work experienced due to the reduction in carbon content. Other reasons include the difference in
density measurement techniques, Archimedes vs. XCT, as well as variations in green density.

In addition to porosity measurements, the distortion was measured by using calipers to
measure the X, Y, and Z dimensions of the samples, and calculating the percent (%) difference
between the printed and sintered samples. In each sample, the percentage of distortion was
calculated to be below 10% from the printed to the sintered samples, and the majority of samples
had distortion in the single digits. For the samples shown in Figure 7, the distortion for the sample
printed with the PVP-VAc binder at 85% saturation was 4% in the Y direction, 3% in the X
direction, and 2% in the Z direction, and the 105% saturation prints had a distortion of 1% in the
Y direction, 5% in the X direction, and 5% in the Z direction. The degree of distortion in this study
was considered minimal compared to the major distortion seen in the samples from Nandwana et
al.’s work, where the samples were distorted due to entering the liquid sintering phase because of
excess residual carbon[11].
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Figure 8: Image capture of the X-ray Computed Tomographic scan performed on the PVP-VAc
105% saturation H13 cube sintered at 1400°C. The blue in the image represents void space
within the part, while the gray represents solid material.

4. Conclusion

We have presented a simple binder design consisting of PVP-VAc polymer that dramatically
reduces residual carbon production. High MW of commercially available PVP-V Ac was tested but
limited the solids loading of the binder due to its high viscosity, which led to poor mechanical
green strength in the green parts. Thus, a lower MW PVP-VAc was synthesized to accommodate
a higher loading of 10 wt% and maintain a suitable viscosity of 5.05 mPa*s for ink jetting. This
higher solid loading of PVP-V Ac in the binder enables the formation of parts with a green strength
equivalent to that of the commercial binder, adequate for depowdering and handling. The two-step
degradation of PVP-V Ac reduces residual carbon retention by greater than 95% compared to the
commercial ExOne Aquafuse binder. The release of O, during the degradation of the PV Ac portion
in the polymer facilitates CO, formation and diverts the residual carbon formation during PVP
degradation. The PVP-VAc binder will help create a more predictable binder decomposition
during the debinding process and reduce the residual carbon formation, which results in reduced
distortion during SLPS sintering. The clean burnout PVP-VAc binder expands the range of
printable high-performance alloys like H13 steel, which have been thus far challenging to print
accurately due to distortion. Specifically, when H13 steel was printed with 105% saturation of
PVP-VAc binder, the green strength reached 7.36 MPa, and subsequent sintering at 140001C
resulted in a 91% reduction in carbon content compared to the current commercial binder. This
reduction in residual carbon formation during the sintering of H13 steel lowers the overall carbon
levels of the alloy to keep it within the expected range. This results in the alloys’ sintering process
being predictable, and thus prevents liquid formation in the component during sintering, which can
often result in the deformation of the component. Beyond H-13 tool steels, this clean burnout
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binder or similar analogs will enable the printing of other alloys, such as Ni, Al, or Ti alloys, all
of which are sensitive to residual carbon during the forming process. Unlocking the ability to print
these high-performance alloys using low-carbon binders in BJAM will present a new opportunity
to deliver high-complexity parts that previously were difficult to form from these alloys.
Furthermore, the O,/CO,-generating binder design can be utilized not only in BJAM but also in
other powder metallurgy applications to reduce the residual carbon, which can broadly impact
materials manufacturing and processing technologies.
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