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Abstract

Three binders, polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP) and polyacrylic acid
(PAA) are studied to elucidate the principal fundamental features giving rise to an excellent
binder in a polymer-stainless steel particle array, used in the context of binder jetting. Using
an out-of-printer screening approach, samples were compared based on compression tests,
specifically the 0.2 % yield strength as a function of void volume fill factor, ¢, leading to a
quasi-sigmoidal generalized curve for green body strength development. PVA demonstrated a
strong tendency to form inter-particle bridges at low ¢ and the highest rise in strength, while
PAA samples exhibited a lower tendency to form inter-particle bridges and a weak exponential

rise in strength. This paper relates these behaviors to polymer strength, capillary properties and



polymer-metal interactions and ultimately provides a rigorous selection process for binder

efficacy.

Introduction

Binder jetting (BJP) is an advanced manufacturing technique where the alternating
deposition of a metal powder bed, then printing of a polymeric binder are repeated until a
three-dimensional part is formed. The resulting piece is called green body. It is composed of
powder particles held together by the binder. To obtain a pure metallic part, the piece must be
treated thermally in two steps: first, to remove all the binder by pyrolysis and then, to sinter
the powder particles. It is one of the most promising techniques, industrially, as it possesses
many advantages over the other additive manufacturing techniques: it has a broader material
versatility (including polymers, ceramics, food and metals), one of the highest resolutions and
speeds, one of the lowest building volume restrictions and consumes less energy .

Despite all of its advantages, BJP is only the fourth most used additive manufacturing
technique for metallic printing °. Even though, in some applications, BJP can compete with the
most popular techniques !, the main disadvantage holding it back is related to the mechanical
properties of the pieces. During their fabrication, green bodies can be fragile &7, which can
cause high production losses. Additionally, if the binder leaves high amounts of residue after
debinding, the final pieces can have poor properties due to high porosity and impurity content

1.2.8 Therefore, the binder choice is of capital importance in the BJP process. However, binder



selection is mostly done by trial and error, a consequence of a lack of understanding of the

fundamental interactions that make a good binder.

Theoretical framework

When the binder is printed, it penetrates into the powder bed and fills all the interparticle
voids. The binder is all interconnected at that point. As the solvent dries, capillary forces drive
the binder towards the necking regions: interparticle contact points * '°. Ideally, the process
finishes by the deposition of all the binder in the inter-particle contact points, such that the
full strength of the binder is used to maintain part integrity °. However, if the binder is too
concentrated, the ingredients might start depositing onto the particles before the liquid is fully
localized at the necking regions (early precipitation) !'. Additionally, depending on how it wets
the powder surface, the binder might deposit in three different ways % (1) the nonwetting
state, where the polymer is randomly located on the surface of the particles; (2) the pendular
state, where the polymer locates at the necking region between particles; and (3) the coated
state, where the polymer is evenly distributed on the surface of the particle. Pendular and
coated states can be obtained if the contact angle of the binder on the powder is lower than 90
°. In other words, one can obtain a pendular and coated behavior if the binder wets the metal
surface adequately. However, if the binder’s viscosity is high, the coating behavior is also
obtained, as a high viscosity liquid can resist the capillary pressures that pull the binder towards

the necking regions.



The physicochemical properties of the binders can be characterized thanks to the

dimensionless capillary number Ca '3
Ca = ail (1)
were 17, i and y are the viscosity, the velocity of the fluid in the powder bed and the surface
tension, respectively. The capillary number Ca is considered as an indicator of the capacity of
the binder to undergo a capillary displacement. This dimensionless number highlights the
relation between the surface tension and the viscosity in a capillary flow . If Ca increases the
capillary flow is less favored.

The resulting green bodies are granular materials held together by interparticle bonds. The
bonds in one part of the piece can break without transmitting the stress to the other bonds.
This means that interparticle connections are what gives strength to the pieces, regardless of
the individual strength of the particles '+ 15, strength being the capacity of the body to withstand
aload. Based on geometric considerations, Onoda estimated the volume of binder between two

spherical particles to be %

nr?h
Vbridge = T (2)

where 7 is the radius of the bond and h, its length (Figure 1 a). This model also proposes a

method to calculate the number of bonds in a green body, assuming that the particles are

spherical and mono-sized:



Vmetal k _ Vmetal T

Vparticle 2 Bl %TL’R3 Zp
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3)

where V,,,¢¢q; is the total volume of metal in the green body p, the volume fraction of pores
and k = m/p the average number of neighbour particles around one particle. Finally, with
these and other geometric considerations and assuming that the bonds are all pendular and that
the binder is all located at the necking regions, Onoda proposed that the green strength was
proportional to the square root of the volume of binder in the piece and to the binder strength.
The strength of a single particle-particle bridge can be also modelled as the strength of a

hollowed cylindrical beam:

_ Ubindern(r4 - r(;L) (4)
Fbond - 4hr .

where F is the maximum load, r, the outer radius of the bond, 7y, the inner radius and h, the

length of the bridge, as depicted in Figure 1 a. Figure 1 b shows the trend of equation (4).
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Figure 1. Cylindrical beam model: a) Schematics of the beam model applied to a pendular
bridge. b) Bond strength as a function of bond radius for a single bond according to equation

(4) for two different binder strengths.

Among the eight types of binding materials ' !¢, organic polymer-based binders are often
preferred as they are easily decomposed during debinding. Also, they do not require a specific
reaction to work and can bind a large variety of materials. However, although the strength of
the green bodies rises as the binder content in the pieces increases, the quality of the final
metallic piece decreases, as residual carbon may cause deviations from standardized metal
compositions. In other words, a binder that strongly holds the piece with the lowest possible
amount of binder is desired. Research on binding materials is mainly focused in improving
green strength, but does not systematically consider effects of concentration, and the different
regimes this may bring about. Indeed, strength improvement is pursued by using new
polymeric materials such as phenolic resin 7, by tailoring the polymer chain’s architecture 1,
and by tailoring the polymer chain’s chemistry .

To the best of our knowledge, there exists only one binder selection algorithm to develop
binders for BJP 6. A few selection algorithms from other branches of inkjet printing such as
circuitry printing ?° could potentially be adapted to some level for binder selection. However,
these existing algorithms mostly focus on meeting the printing process requirements and not
on the interactions between the binder and the particles, necessary to predict green body

performance.



Therefore, the main objective of this research is to develop guidelines for binder selection
based on polymer — polymer and polymer — metal interactions, while considering the effect of

binder concentration.

Materials and Methods

Powder, Polymers and additives
Stainless steel 316L powder with average diameter of 13 yum was purchased from CNPC

Powder and used without any treatment. The density of the pure metal is 7.9 g/cm?® and the
surface mean diameter D,;= 15 um. See supplementary information S1 for additional details on
the powder material (Figure S1. BSE SEM images of the SS 316L powder and Table SI.
Composition of the SS 316L powder).

Three different polymers were used in this study: polyvinylpyrrolidone (PVP), polyvinyl
alcohol (PVA) and polyacrylic acid (PAA). These polymers were selected as they have been
used previously as binders in binder jetting and other manufacturing techniques, and are thus
useful to gain access to comparative data * 82130, Additionally, these polymers contain different
polar functional groups and have different mechanical properties that confer contrasting
properties to the final green bodies. Finally, they can be used to produce ecofriendly binders
as they are soluble in water. Indeed, water is retained as the dispersing medium used in this
study because of its non-toxic nature, and because it wets SS 316L (contact angle between water
and stainless steel is around 54 °3!). PVP 40k, PVA 9-10k (80 % hydrolyzed) and PAA 100k 35

wt. % water solution, were purchased from Sigma-Aldrich and were used without further



purification. Here, “40 k”, “9-10k” and “100k” are the molecular weights in g/mol for the three
polymers. In the case of PVA, the hydrolysis percentage indicates the amount of hydroxyl
functional groups in the chain. The densities of the polymers are 1.25 g/cm?, 1.27 g/cm? and

1.41 g/cm? for the PVP, PVA and PAA, respectively.

Binder preparation and characterization

Binders with polymer concentrations ranging from 3 wt. % to 50 wt. % were prepared. The
polymers were added to DI water and stirred with a magnetic stir bar for 1 - 24 h in a hot-
water bath at 60 ° C (to accelerate dissolution). Finally, the binders were filtered with 0.45 ym
Millipore MIL-SLHVO033RB filters, except for the 50 wt. % binder, as it was too viscous for the
filters.

The density of the binders was measured by micro-pipetting 0.33 ml of binder (+/- 0.003 ml)
and weighting it on a microbalance ((+/- 0.0001 g) — values reported are the average of 5 tests,
along with the 95 % confidence interval (95% C. I). The dynamic viscosity of the binders was
measured with an Anton-Paar MCR501 rheometer, using a DG26.7 test geometry and a C-
PTD200-SN81036684 Pelletier module (23 °C). The measurements were done in rotation with
decreasing shear rates (1000 — 0.01 s-1). Surface tension was measured with a Data Physics

tensiometer OCA 15 EC using the pendant drop technique.

Sample preparation

Samples were prepared with an out-of-printer approach in order to bypass the optimisation

of printing parameters for every binder and to avoid the printhead limitations concerning



viscosity and surface tension. This avenue allows us to separate the printer parameters’ impact
on the green bodies’ properties from the fundamental interactions. It also allows us to study
the full range of final dried binder concentrations in the green body, from 0 to 100 wt %. Most
of the works exploring binder concentration in binder jetting are limited to small concentration
variations due to the constraints of the printhead and the binder’s printability '7- 1832, Thus, this
approach is not an analogy to the printing process. It is a model work that facilitates the analysis
of the interactions of the binder and the metal particles and helps screen various binders, while
keeping the printer free for production during binder development.

The sample preparation follows the steps in Figure 2. First, the binder and the metallic
powder are mixed on a crucible until the formation of a malleable paste (Figure 2 a). The paste
is then put a cylindrical mould (1 cm of height, 1 cm of diameter). The mould consists of two
3D printed PLA pieces (side walls) and a microscope slide (bottom support). These pieces are
held together with an elastic band (Figure 2 b). Once the paste is molded, it is dried in an oven

at 60 °C for a day and subsequently demoulded (Figure 2 c).
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Top view
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Paste forming Drying (24 h, 60°C) Demolding Real demolding

Figure 2 Green body preparation schematic: a) paste preparation, b) mould assembly and c)

sample preparation.

To characterize the amount of binder in the green bodies, a parameter called fill factor ¢ was
defined as the ratio between the volume of dried binder, V};,,4er, and the volume of the piece
that is not occupied by the metal powder, V'

Vbinder Vbinder _ Vbinder

¢ = V7 (5)

Vpiece - Vmetal Vair + Vbinder

were Vpjece is the volume of the green body (metal + binder + air), Vp,etq;, the volume of metal
as if the powder was one full metallic piece and V,;,, the volume of air. The binder

concentration Cj, is the polymer concentration in the liquid solution:
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C. = mpolymer
®Tm +m +m ©)
solvent polymer additives

while the green concentration Cg is the amount of solid polymer in the piece, after the

evaporation of all the liquid:
m
Co = )
where m stands for “mass”.

The volume of metal in the green bodies was practically constant through the different ¢
values. In average, it is 0.43 + 0.02 cm? (error is a 95 % C. I.). However, depending on the C,
values and the corresponding viscosities of the binders, the first step (Figure 2a) is modified.
Low C,; samples were made with C;, values between 3 and 35 wt. %. In such case, the green
bodies were made by adding 0.33 ml of binder solution to 5 g of powder. Binder volumes were
measured with a micropipette and the powder weight was measured with a microbalance. This
resulted in C; values between 0.2 and 2 wt. %. Note that C;, values below 3 wt. % were not
used, as they resulted in green bodies that broke during the demoulding step. More details on
the resulting binder distribution in the green bodies are available in the supporting information
S2 (Figure S2. Binder distribution on a green body with respect to the height of the piece.).

For the medium C; samples, a €}, = 50 wt. % was used. The proper amount of binder solution
was added to the powder by weight, using a microbalance, as the binder’s viscosity was too
high to use a pipette. This resulted in a C; value of 5 wt. %.

Green bodies with high C; (50 wt. %) were prepared by hand-mixing the binder ingredients

and the powder in a crucible. In other words, the binder was not prepared as a solution. The
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ingredients were all manually mixed with the powder at the same time. Once moulded, dried
and demoulded, these samples were heated in a convection oven (Precision Freas 6255 Oven
from Thermo Scientific) to sinter the polymer granules that were not dissolved during the hand
mixing stage. These sampled were first held at 60 °C for 1 h. Then, the temperature was
increased in steps of 10 °C every 10 minutes up to 180 °C (90 % the melting temperature of
PVA). The oven was then turned off to let the samples cool down (30 min).

Finally, pure polymer samples were obtained with a similar technique as that of the 50 wt.
% green concentration samples. To form the paste, the polymer granules were hand-mixed
with water in a crucible without any metallic powder. Once demoulded the samples were heat
treated to sinter the polymer: 60 °C for 1 h, followed by steps of 10 °C every 10 minutes up to
190 °C before and a cool down of 30 min.

The maximum temperature of the heat treatment of the 50 wt. % green concentration
samples was lower than that of the pure polymer samples because the metallic particles
improved the heat distribution in the piece. If these samples were held at higher temperatures,
the polymer would completely melt.

To recapitulate, we analyzed four types of bodies. They were classified with respect to the
paste formation technique we wused to prepare them: low concentration, medium
concentration, high concentration, and pure polymer. Table 1 summarizes the paste formation
techniques and indicates the binder concentrations (C,) used and the final green

concentrations (Cj) obtained.
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Mass and dimensions

The mass and dimensions of the green bodies were measured with a caliper (+/- 0.01 mm)
and a microbalance (+/- 0.0001 g). Measurements were repeated 3 times for every sample. These
results were used to calculate the density of the green bodies and to define its 95% C.I. The
densities of pure SS 316L (7.9 g/cm?) and pure PVA (1.27 g/cm?, 9-10 kg/mol, 80 % hydrolyzed)

were used as references to calculate the relative density.

Table 1. Summary of €, C; and paste compositions.

Type of sample Paste composition Cy Cy
Low concentration 3 -
35 0.2 -2 wt.
0.33 ml of binder + 5 g of powder W, % W
%
Medium 50
concentration 0.56 g of binder + 5 g of powder wt. 535 wt. %
%
High
'8 . 2.5 g polymer granules + 2.5 g metal + water’ - 50 wt. %
concentration
Pure polymer 100 wt. %
3 g polymer granules + water’ - (without
&POY 5 metal
particles)

" Enough water to form a malleable paste.

Mechanical testing
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The samples were tested in compression (Figure 3 a) with an MTS Insight electromechanical
testing system with a strain rate of 1 mm/min and a load cell of 1kN, 20 kN or 50kN, depending
on the green strength. The tests were done on 3 replicates or more (N > 3).

From the compression test data, the 0.2 % yield strength was calculated (Figure 3 b) and a
95% C.I. was defined. The 0.2 % yield strength was preferred to characterise the green strength
over the yield point because the green bodies did not show a clear transition between elastic
and plastic behavior 3%°. The 0.2 % offset value was also preferred over the ultimate strength
since a piece that bears a load higher than the 0.2 % yield strength is already deformed and
thus unusable. Therefore, the maximum load that a green body can handle should be estimated
using this value and not the ultimate strength or the yield point. Figure 3 ¢ and d show the

difference between the samples before and after the compression test.

a) Compression b) | / o] c)
direction // \
g ‘
Compression plate &
Green body Strain | ' d)
¢ Ultimate strength
Fixed plate Yield point

0.2 % offset yield strength

Figure 3. Green body strength analysis by compression test (N > 3): a) mechanical test
schematic, b) data analysis schematic, c) green body before compression and d) green body

after compression.

Scanning electron microscopy
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SEM images were taken in BSE mode to analyse the interactions of the binder with the
powder and the failure mechanisms. The images were taken with a JEOL JSM 7600F
microscope, at a potential of 5 kV, a working distance between 13 and 17 mm and an emission
current of 219.2 yA. In the case of high concentration PVP samples (C; > 1 wt. %), the charging
effect forced the use of an electroplated gold film. In all the other cases, no surface treatment
was required. The surfaces were not smoothened because the samples were too fragile. With
the help of Image], the length of the interparticle bridges was measured on SEM BSE images.
Six bridges were measured, and every bridge was measured 6 times. See supplementary
information S3 for more details on the interparticle bridge length measurement (Figure S3.

Bond length measurement with Image]).

Results & Discussion

Binder concentration and mechanical properties

PVA
The 0.2 % yield strength of PVA green bodies is plotted against the fill factor in Figure 4.

The trend resembles a quasi-sigmoidal curve, which can be divided in two main regions: an
exponential-like increase of strength from 2.1 to 18.3 % and a tail-off, a long reach of the
maximum strength from 18.3 to 93 %. Even though the strength increase is slower after the
inflexion point at 18.3 %, it continues rising significantly up to around 50 % before reaching a
plateau around 70 %. The maximum strength (60 + 10 MPa) is that of pure polymer samples

(i.e. containing no metal particles).
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Figure 4. 0.2 % yield strength of PVA green bodies as a function of ¢ and C; (solid line to guide

the eye). Error bars are 95% C. L.

The inflexion point arrives at very low C; values: a ¢ value of 18.3 % corresponds to a C,
value of 1.92 wt. % and ¢ = 39.6 % corresponds to C; = 5.35 wt. %. In other words, the strength
increases until the point where the binder replaces a significant fraction of the air volume in
the piece and that happens around €, = 20 wt. %.

Based on the data on Figure 4, the model curve of the green strength as a function of @ is
proposed in Figure 5. The behavior of the green bodies as a function of binder content is divided
into three regions, limited by the red points and dashed lines. Region A corresponds to the
range of concentrations where binder starts accumulating in the interparticle regions without
forming interparticle bridges. Therefore, no green bodies can be formed at this stage. The
transition to Region B occurs when the first binder bridges are formed. At that point, the
strength of the pieces starts rising in an exponential-like manner. Finally, Region C is a long

reach for the maximum strength, the pure polymer strength.
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Strength

v

100

)

Figure 5 Strength as a function of the fill factor model curve. Region A: induction regime
where no interparticle bridges have formed; region B: interparticle bridge network formation

and bond coarsening; region C: tail off to pure polymer properties

Onoda’s theoretical model of green strength predicts a fast increase at the beginning of the
strength-concentration curve followed by a plateau '?. However, it does not account for the
exponential shape of the curve. That exponential trend at low binder concentrations has been
observed experimentally before 7. However, due to printhead limitations in BJP, only small
variations of concentration were previously studied. For this reason, the trends seem linear in
some studies '®%. Considering the bridges as hollowed cylindrical beams is more in agreement
with the experimental data obtained, in terms of the shape of the trend. Figure 1b clearly
reveals the exponential-like increase of the strength of a single bond as its radius increases, the
radius being directly linked to ¢. Since the strength of a green body is the sum of the
contributions of every interparticle bridge (eq. 8), it is reasonable to obtain an exponential-like

increase for the green strength too.
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1 8
O_green = A Z Fbond,ini ( )
green ;

This said, equation (8) overestimates the real green strength because it does not consider the
effect of stress inhomogeneities and crack nucleation and propagation mechanics. Additionally,
it does not consider the impact of the binder location in the piece. Nonetheless, one can
conclude that the exponential-like increase is driven by the interparticle bridge coarsening.

The exponential-like increase takes place up to @ = 18.3 % (in PVA), where the bonds start
touching each other. By dividing the binder volume of the piece by the number of bridges
(eq.(3)), one can obtain the volume of binder between particles, assuming that all the binder is
located at the necking region. With that information for the samples at 18.3 %, the inflexion
point, equation (2) tells us that the interparticle bridges’ length is approximately 1.10 um. The
real length of the bonds, measured with the help of SEM images for 6.9 % samples, is 0.62 +
0.05 um (erroris a 95 % C. I.). The bridge size measurements were done on 6.9 wt. % samples
since the interparticle bonds at that concentration are more defined. A bridge length of 0.62
pum is reasonably close to 1.10 um considering that all the binder is located in the interparticle
regions only in ideal cases. In reality, there is always binder deposition in non-optimal
locations. In Figure 7 c, one can see that the 12.4 % sample has already a significant amount of
binder outside the necking regions even though, the interparticle zones are not saturated

(white arrows). This is normal, as that sample is close to the inflexion point concentration.
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Therefore, the inflexion point is the point where the interparticle necking regions get saturated
and the binder starts depositing elsewhere.

With that in mind, the shape of the model curve in Figure 5 can be further explained. The
exponential-like increase takes place due to the interparticle bridge coarsening and to an
increasing number of interparticle bonds that are being formed. The formation of an
interparticle solid network of metal particles linked by the binder is completed in Region B.
Thus, binder jetted samples fall in this region. Additionally, the transition from region B to C
takes place when the binder’s fill factor in the metal powder is high enough to saturate the
interparticle regions. At that point, interparticle bridges touch each other and the binder starts
filling the remaining pores as the concentration increases. For that reason, Region C is a long
tail-off that reaches the pure polymer strength.

Before the inflexion point (® = 18.3 %), the relative density of the green bodies stays constant
since the volume and mass of the polymer are negligible with respect to the volume of metal
(Figure 6). After that point, the density of the bodies starts increasing, which also indicates that

the necking regions are saturated and the pores between particles are being filled by the binder.
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Figure 6. Relative density of PVA green bodies as a function of ¢ (dashed line to guide the eye).

Errors are 95% C. 1.

Comparing Figure 4 and Figure 6, one can see that for low ¢ values (0 to 18.3 %), the relative
density stays constant even though the concentration and the strength increase. This is rarely
seen in BJP, as changes in concentration are often achieved by changing the binder volume
through the printing parameters. In other words, to change the final binder concentration of a
piece, normally, the printing parameters such as saturation ratio or droplet volume are adjusted.
This results in an increase of binder concentration in the final piece, but also in an increase of
liquid binder volume. This increase of liquid in the green body results in a densification of the
powder bed because of the action of capillary forces that pull the particles together ¥. For
instance, Melcher et al. obtained a decrease of 4.4 % in the porosity of green bodies by
increasing the printing liquid saturation from 0.21 g/cm? to 0.35 g/cm? 3%. However, the strength
variation of the green bodies was not measured in that study. That said, other works have
maintained the liquid saturation while changing the concentration of the binder, similar to the

method used in this work 1832, In the case of '8, an augmentation of C;, of 6 wt. % resulted in a
g b
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reduction of the green bodies’ porosity of ~ 5 % and an increase of green strength from 0.56 to
0.96 MPa. Therefore, binder concentration variations in the green body can result in a
densification of the pieces for two reasons: increased capillary pressures and increased space
filling in the bodies 32. This is not the case in our method, as the different samples up to ¢ =
18.3 % maintained a similar density even if the binder concentration varied. Interestingly,
those samples were prepared using the same liquid volume (0.33 ml), but different C}, values.
Therefore, with our out-of-printer technique, the final dried binder content increased, but the
powder packing density was unaffected. Hence, this method results in an increase of ¢ without
having a significant impact on the relative density up to the inflexion point. Thus, this data
shows that even if higher densities result in higher green strengths, the impact of binder
concentration is much more important in BJP.

The relative density of the low ¢ bodies varies between 63 and 65 %, which is comparable
to what can be obtained for SS 316L 7 and other types of SS ¥ in the printing process, generally
close to 60 %. It is important to notice that the density of the pure PVA samples was of 93 %,
which indicates that these samples had a porosity of ~7 %.

Figure 7 presents SEM micrographs of green bodies after compression tests for three different
¢ values. As the fill factor increases, the polymer is more and more visible (seen in these
micrographs as dark areas, especially at particle contact points). Interestingly, the polymer is
almost invisible in the lower concentration sample (Figure 7 a, $=3.5%). However, its 0.2 %
yield strength is 2.6 MPa, indicating that the polymer is located between the particles. As

concentration increases, the shape of the binder bridges becomes more apparent. In Figure 7 b
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(¢ =6.9%), the circular and semi-circular binder marks are places where particles were bonded.
Additionally, in the same figure, we can observe that the binder tends to interconnect the
binder bridges. Slim binder lines identified with yellow arrows are connected to the annular
marks, which indicates that there is a certain amount of binder that is not useful, i.e. that does
not participate in interparticle bonding. The higher fill factor sample shows signs of polymer
decohesion (Figure 7 c, ¢ = 12.4 %). Between the particles, the polymer seems to be torn (red
arrows). It leaves two polymer sides with uneven, rough shapes. This implies that the PVA-SS
316L samples fail in the polymer phase, and not at the polymer-metal interface. Therefore, the
interactions between the binder and the metal are stronger than those between the polymer
chains. In other words, the strength of the green bodies is governed by the binder phase

strength.

Figure 7. BSE SEM images of fractured PVA green bodies with different ¢ values: a) 3.5 %, b)
6.9 % and c) 12.4 % . Yellow arrows point at the slim binder lines coming out of the annular
mark. Red arrows point at places where the polymer failed cohesively. White arrows point at

interparticle necking regions.
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The properties in solution of PVA could explain the presence of the binder lines observed in
Figure 7 b. Normally, the binder forms a continuous matrix when it is liquid and as it dries, it
is pulled towards the necking regions under the effect of capillary pressures and results in
individual interparticle bridges (Figure 8 a). In this case, as the binder dries, it turns into a gel
because the polymer concentration increases **. Through hydrogen bonding, PVA chains form
a physically crosslinked network: the hydroxyl groups of one chain can react with the hydroxyl
groups of other chains *- . For this reason, as the liquid dries, the cohesive energy of the
hydrogel is sufficiently high to maintain the binder interconnected. Finally, when the binder
is almost dry, the concentration of PVA reaches saturation, which makes it deposit even if it is
not located at the necking regions !° (Figure 8 b). This said, these interconnections are not
maintained through all the piece and they become thicker in samples with higher binder

concentration. At low concentrations they are not apparent.

a) Pendular network b) Pendular interconnected c) Coated network
network

Particle
Dry binder

Figure 8. Binder-particle networks. a) Pendular network (preferred): all the interparticle bonds

are pendular. b) Pendular interconnected network (less preferred): the pendular bridges are

interconnected by thin binder lines (examples pointed with red arrows). c) Coated network
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(not preferred): weak interparticle network due to the binder distribution. More binder is

needed to form interparticle bridges.

PAA and PVP
In Figure 9, the 0.2 % yield strengths of PVP and PAA green bodies are compared to those

of PVA samples for various fill factors. Interestingly, PVP and PAA also show an exponential-
like increase, as proposed by the model curve. However, the strength increase is lower for PVP
and even lower for PAA. According to the cylindrical beam model, it could be caused by the
mechanical properties of the polymers. In fact, the mechanical strength of the binder has a
direct impact on the increase rate of the strength (Figure 1 b). Tensile tests of pure PVA, PAA
and PVP films indicate that the strengths of those polymers are 44 MPa (M,, = 26 kg/mol) %,
27 MPa (M,, = 90 kg/mol) * and 16 MPa (M,, = 75 kg/mol) #, respectively. As PAA and PVP
have lower mechanical properties than PVA, it is normal that their strength increase is also
lower. However, PVP gives better properties to the green bodies than PAA even if PAA is

expected to be stronger based on pure properties.
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M

Figure 9. 0.2 % yield strength of green bodies made with PVA, PVP and PAA binders as a

function of ¢ (solid and dashed lines to guide the eye). Errors are 95% C. L.

The binder distribution in the green bodies could explain why there is a switch of green
properties with respect to pure polymer properties between PVP and PAA samples. The SEM
images in Figure 10 show how these three binders behave and form inter-particle bridges in
their respective green bodies. On one hand, PVP’s behavior is similar to that of PVA. They
both form pendular bridges and have annular marks where the particles were bonded. On the
other hand, PAA tends to preferentially coat the metallic particles (Figure 8 c). At small
concentrations (top images in Figure 10), the PAA sample contains annular marks where
particles were bonded, but it also contains several non-annular marks all over the metallic
surface. This means that a significant amount of binder is not participating in the inter-particle
bridging, which reduces significantly the mechanical properties of the sample 2. This behavior
is therefore undesired. It explains why PVP gives more strength than PAA even if it has lower

mechanical properties. The coating behavior of PAA is more apparent in the bottom images of
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Figure 10. One can clearly see that the particles in the PAA sample are completely coated by
the binder.

PVA PVP PAA

D=14.90%

1
GOld plated ~ 28

Figure 10. BSE SEM images of PVA, PVP and PAA green bodies with different ¢ values. Red

arrows point at places where the polymer failed cohesively.

As previously said, PVP and PVA display similar binder distributions. However, PVP does
not tend to have interconnected bridges. It forms regular pendular bonds such as those depicted
in Figure 8 a. this difference can be explained by the strength of attraction between the chains
in solution. That interaction can be characterized with the help of the cohesive energy density
(CED) 4, In fact, PVP has a lower CED than PV A (305 J/cm3 for PVP, 519 J/cm3 for PVA ?* and
543 J/cm?for PAA %) Therefore, as the PVP binder dries, it is unable to resist the capillary
pressures that pull the binder to the necking regions whereas the PVA binder can resist the

capillary forces because it forms a crosslinked hydrogel *'. Therefore, because of the attraction
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of the polymer chains in solution, which can be characterized with the CED values, the binder
might resist the capillary forces pushing it to the necking regions while drying.

Interestingly, there is only a 4.6 % difference between the CED of PVA and PAA (i.e. 519
J/cm? and 543 J/cm3, respectively). Even if their CED values are similar, PVA forms a pendular
interconnected network and PAA forms a coated network. Thus, the interactions of the
polymer chains in solution can only partially explain the formation the different binder
distributions. Therefore, whether the binder coats the particles or forms pendular bridges
depends on the relation between polymer-solvent affinity (CED) and metal-polymer affinity
(binding energy). In fact, PAA can form covalent bonds with the iron oxide present in the
stainless steel surface ¥ whereas PVA and PVP form hydrogen bonds with the hydroxilated
oxide surface of the metal ***. Contrary to PVA and PVP, PAA samples could resist being
immersed in water, which confirms that the interactions of PAA with the metal are much
stronger. In the case of PVA and PVP, at low polymer concentrations, the -OH groups on the
metal surface adsorb the solvent molecules (water, in this case) which form hydrogen bonds
with the polymers . As the water dries these bonds break and the polymers return to the
solution. This is not the case with PAA, as the covalent bonds cannot be easily broken.

Evidently, if the binder is too viscous and has a low surface tension, capillary forces cannot
transport the binder to the necking regions as it dries, which causes the binder to deposit over
all the metallic surface (coated regime, Figure 8 c) 2. However, this is not the case in our study,

as can be seen in
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Table 2, where the physicochemical properties of the binders used to prepare the top samples
on Figure 10 are presented. In fact, the PVP forms pendular bridges even though it has similar
properties to PAA. Also, PVA has the higher capillary number, which indicates that it is the
worse binder to form pendular bridges. This clearly indicates that a binder can be in the coating
regime even if it has a low surface tension and a high viscosity. These results also suggest that

the coating behavior of PAA is not related to its physicochemical properties.

Table 2. Physicochemical properties of the 3 binders used to prepare 0.69 wt. % (C,) samples.

Sample Surface tension Viscosity™ (cP) Ca™ (eq. (1))
(mN/m)

PVP 67.7 +0.1 83+0.1 0.12

PVA 43.0+0.1 16.1 £ 0.1 0.37

PAA 65.0 £ 0.1 10.7 £ 0.1 0.16

* Ambient temperature.
** Assuming a velocity of 1 m/s to simplify the units.

The SEM images of Figure 10 also show that the three binders fail by polymer decohesion.
Particularly in the bottom images, one can see signs of ductile-brittle failure in the polymer
phase for every binder (red arrows). This means that the strength of the PVP and PAA samples

is also dictated by the binder phase strength, as was shown for PVA previously. In the case of
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PAA, the samples do not reach their maximum possible strength (i.e. pure polymer strength)
because of poor binder distribution (coated regime).

It has been shown that as C, rises, the adsorption of the polymer onto the metallic oxide
surface increases 2! °!. At low C, values, the adsorption is negligible. As C}, increases, the
adsorption increases too up to a plateau value. Further increasing C;, does not change the
amount of molecules adsorbed onto the metallic surface. This behavior impacts the formation
of the first monolayer of polymer from which the bridges will initiate. It explains why PAA
does not form a homogeneous coating at low C;, values (Figure 10). Initially, the concentration
of PAA is too low to form this first monolayer, but as binder dries, the concentration increases,
and a more significant adsorption takes place. Therefore, when the PAA concentration is
sufficiently high to adsorb significantly into the surface, the liquid is no longer coating the
entire particle. As a result, the polymer is not deposited evenly over all the metallic surface. It
only forms homogenous coatings when the initial binder concentration is sufficiently high to
start adsorbing onto the metal surface while the liquid is still coating the particles. The
formation of that first polymer monolayer is another factor explaining why the exponential-
like increase in the strength vs C; curve is steeper for some binders. They reach adsorption
saturation at different C;, values, as has been seen in other binder - powder systems .

Comparing the model curve of Figure 5 to the experimental values in Figure 9, one can
observe that PAA presents the longest induction regime, followed by PVP and then, by PVA.
This is expected, as PAA tends to deposit over the entire particle surface. Therefore, it takes

higher PAA concentrations to form the first interparticle bridges. In the case of PVP, it readily



30

forms pendular bridges, which means that it has a short induction regime. However, PVP is
significantly weaker than the other polymers. Thus, the exponential-like increase as a function
of fill factor of this binder takes place at a lower rate, as weaker polymers form weaker
interparticle bridges. In other words, PVP needs the accumulation of higher binder quantities
than the other polymers to attain the same strength.

These results give us new insights into the characteristics of a good binder. First, it should
have a narrow induction regime (i.e. a short Region A from Figure 3.2). The binder should form
the first interparticle bridges and transit to Region B at the lowest possible fill factor, as Region
B is the region of interest for BJP. Additionally, in Region B, a good binder would show a steep
rise in properties as a function of the fill factor. In other words, it would have high pure
polymer properties and would readily form a network of pendular bridges. Among the studied
polymers, PVA is the one that best meets these performance criteria. Under these
considerations, it is the best binder over PAA and PVP.

It is to be noticed however that depending on the application, PAA and PVP might be better
suited. For instance, PVP is preferred for pharmaceutical applications because it is thermally,
chemically and pH stable *°. On its side, PAA is often used since it becomes water resistant after
reacting with a ceramic or metallic surface ?!. Therefore, PAA printed green bodies become
water resistant as well. Additionally, PAA displays a sudden change of properties in solution
between pH = 4 — 6. In C;=5 % binder, we observed an increase of strength from 0.23 + 0.08
to 6 + 1 MPa in that pH range. In fact, due to its polyelectrolyte properties, PAA’s carboxylic

groups become predominantly negatively charged at pH =5 or higher 2. Since the metallic
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surface is principally covered by OH:* groups at high pHs #-%, the interactions between the
polymer and the metal become stronger as pH increases.

That said, the addition of additives might also be detrimental to the green body’s properties.
For example, it is common use in BJP to add a proprietary ink to facilitate the observation of
the binder with the naked eye %% However, we noticed that the strengths of PVA samples
made with binders containing ink was drastically lower. In fact, pure polymer samples’
strength decreased from 60 + 10 MPa to 38 + 6 when ink was added to the polymer. These
results highlight the importance of assessing the impact of every new binder ingredient on the

properties of the green bodies separately.

Proposed binder selection algorithm

The general goal is to obtain the highest green strength while using a minimum amount of
binder, maintaining a high printing resolution and protecting the printhead. Considering this

and the findings discussed before, the following selection algorithm is proposed (Figure 11).
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1. Select

solvent

2. Create screening table

2d)

2¢c)

Low polymer
density?

Highest

Physisorption?
strength?

Adequate CED?

No

Yes

3. Green strength
No tests

Yes

Yes

5. Second green
strength tests
No

Yes

{ 6. Printing tests /

Yes

7. Debinding and
sintering tests

Yes
Final binder
formulation

Figure 11. Binder selection algorithm based on model conditions. Squares represent process

No
No

steps, diamonds, conditions, and parallelograms, testing operations. Diamonds inside one box

need to be all respected.

For Step 1, the solvent selection, we suggest to use the approach of Tam et al. It consists in
selecting the solvent considering the wettability of the powder bed by the solvent thanks to
contact angles reported in the literature %.

Step 2 consists in finding the adhesive agent of the binder by making a list of polymers that
can be dissolved in the selected dispersing medium. The polymers are then screened using
information found in the literature: interactions of the polymer with the metal (physisorption

vs chemisorption), interactions of the polymer in solution (CED), polymer strength and
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polymer density. Screening is done with a traffic light system: red = discarded, yellow = possible
and green = good to move to next stage. Other parameters such as cost, degradation products,
etc. can be considered at this stage.

Strong polymer-metal interactions lead to a coating binder distribution regime, as observed
with the PAA binder. Therefore, physisorption is preferred over chemisorption (condition 2
a). Additionally, the affinity of the polymer chains with themselves in solution must not be too
high, else the binder might not migrate to the necking regions properly, as was the case of
PVA. With information of the CED one can keep track of the polymer-polymer affinity in
solution. According to the results on PVP and PVA’s binder distribution, a CED between 305
J/cm? and 519 J/cm3 is acceptable, with values closer to the lower bound preferred (condition 2
b). Therefore, with the help of conditions 2 a and b, one can select the polymer candidates that
promote the formation of a pendular network.

For polymer strength, tensile test data for pure polymer films (or other mechanical tests) are
available in the literature. However, only data obtained with similar methods are comparable.
One must choose the polymers with the highest strength, as shown with the cylindrical beam
model, to obtain a steeper increase of green strength with respect to ¢ (condition 2 c).
Additionally, candidates with the lowest densities are preferred, as a low density promotes the
increase of the fill factor (condition 2 d). Thus, conditions 2 c and d allow the user to select the
binding agents that form strong green bodies with small amounts of polymer. In other terms,
a binder prepared with such polymers would show a narrow induction regime and a steep

increase of strength in the exponential-like regime.
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Step 3 consists in comparing the strengths of green bodies obtained with the polymers
selected in Step 2. For this, binders prepared only with the solvent and the polymers are used
to elaborate green bodies with different C; values. For this, the out-of-printer approach and
0.2 % yield strength analysis are used. This stage allows the user to determine which polymer
results in higher green strengths. Additionally, this process is important to explore the interval
of ¢ values in the exponential-like regime. Knowing this interval of ¢p values, one can select
Cp and C; for the next steps.

Step 4 concerns the binder formulation. In order to elaborate a binder that respects the
printer specifications, the use of the algorithms of Utela et al. ' and Tam et al. % is
recommended. These algorithms can be used namely for the selection of additives and co-
solvents.

Step 5 is a series of experiments to screen the additives added to the formulation in Step 4
based on the mechanical properties of the green bodies (made with the out-of-printer method).
One must prepare binders with one additive at the time. The resulting green strengths are
compared to the values obtained without any additive in Step 3. Any ingredient that decreases
the strength of the samples with respect to that obtained in Step 3, should be replaced, if
possible.

Steps 6 and 7 were not the focus of this work and need to be further explored. That said, Step
6 is a printing test and formulation modification stage. It is to be noted that the printing
parameters should be optimized for every binder with the help of existing methods 716, else a

comparison between the binders reaching this stage is not possible. Finally, for Step 7,
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debinding and sintering tests must be accomplished to verify the quality of the final piece 3%
55'

It is to be noted that this work is not intended to be a direct comparison to binder jetting.
We developed an idealized case where the fundamental aspects of the formation of green
bodies are accentuated. We propose an algorithm that extends beyond the scope of this research
as a framework to be completed by future research. In fact, due to its complexity, the printing

process must be studied in segments. This work is meant to be one of them.

Conclusion

This project aimed to develop binder selection guidelines through the investigation of the
mechanical properties of SS 316L pieces prepared with PVP, PAA and PVA binders. A method
to prepare model green bodies without using a binder jet printer was developed. The strength
of the samples was carefully studied with compression tests and the 0.2 % yield strength was
the principal property examined. The binder content in the green bodies was varied and
studied with the help of the fill factor, ¢, which is the percentage of empty volume in the piece
occupied by dry binder.

The samples showed a quasi-sigmoidal trend of strength with respect to ¢, which served to
develop a model curve. The curve is divided in three regions: an induction regime, an
exponential-like regime and a tail-off to a plateau value. In the induction regime, the binder

starts depositing on the metallic surface without forming any interparticle bridge. The
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exponential-like increase takes place due to an increase in the number of interparticle bridges
formed and due to the coarsening of the bridges. Finally, the tail-off takes place because the
remaining empty spaces between particles start getting filled by the binder.

PVP and PAA followed a similar trend to PVA. However, the rise of strength of the PVA
green bodies was steeper, as it has higher pure polymer properties. On the other hand, PAA
samples showed the lowest performance. SEM images showed in fact that PAA tended to coat
the metallic particles. Therefore, not all the binder was used to give strength to the samples as
opposed to PVP and PVA that formed pendular interparticle bridges. In the case of PVA, the
binder tended to link the binder bridges with thin binder lines. These lines are probably formed
because PVA has a higher cohesive energy density than the other polymers. On its side, PAA
coating behavior might be explained by the higher affinity of this polymer with the metal
surface. PAA forms covalent bonds with the metallic surface while PVP and PVA form
hydrogen bonds.

A selection algorithm integrating all these findings is presented. The algorithm could
facilitate the selection of binders for all kinds of applications in binder jetting as well as in other
manufacturing fields such as metal injection moulding and direct ink writing. Additionally, the
conceptual and fundamental understanding gained from this study will serve as guideline for

printing parameter selection.
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