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Abstract
Binders used in binder jetting often pose health and environmental risks during processing and post processing operations. 
The print-heads which are used to deposit binder selectively on the feedstock are prone to clogging, despite the trend of 
print-heads being highly customised to suit different kinds of binders. These factors often hide the advantages of binder 
jetting as an additive manufacturing process, especially its scalability and its faster printing rates in comparison to powder 
bed fusion methods. The work presented here takes a step back and focuses on the development of an aqueous, polyvinyl 
alcohol (PVA)-based liquid binder that is easy to manufacture and store, safe to handle, and can be reliably jetted to print 
parts. The feedstock considered was Inconel 718, a nickel-based super alloy which can be effectively processed by binder 
jetting without niobium segregation. PVA was added to the Inconel 718 powder in dry, granular form to manufacture a 
modified feedstock. The study also investigated the role of molecular weight of the PVA used, sintering environments and 
post-processing methods like hot isostatic pressing (HIP) on process responses like part densification, tensile strength, and 
hardness. Three different types of PVA were chosen which had molecular weights 10,000 g/mol (low molecular weight 
or LMW), 26,000 g/mol (medium molecular weight or MMW), and 84,000 g/mol (high molecular weight or HMW). The 
compatibility of the liquid, aqueous PVA-based binders with virgin Inconel 718 was examined by measuring the contact 
angle. The liquid, aqueous binder having MMW PVA reported better wetting with the Inconel 718 powder with a wetting 
angle of 26.6 which was lower than the wetting angle of 42.4°, seen in case of a commercial resin-based binder. The green 
strength reported by the MMW PVA liquid binder was 220 kPa which was higher than the other two PVA-based liquid bind-
ers. Green parts, upon successful printing, were sintered at 1260 °C. It was observed that a part printed using MMW PVA 
had a densification of 96.16% when sintered in 99.98% by volume argon gas, which increased to 98.96% after undergoing 
HIP. The same part reported a densification of 88.69% when sintered in a 95% by volume N2 and 5% by volume H2 gaseous 
environment, which was later attributed to the uptake of nitrogen by the chromium present in Inconel 718, which prevented 
necking between particles. Tensile specimens printed using MMW PVA, sintered in a 99.98% argon environment, showed 
the highest ultimate tensile strength of 220 MPa, which increased to 1010 MPa after the HIP process, which can be compared 
to commercially available Inconel 718.
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1  Introduction

1.1 � Background and literature review

Additive manufacturing (AM), ubiquitously termed as 3D 
printing, is a group of manufacturing processes which are 
used to fabricate fully functional parts, often directly from 
a CAD model. These parts are built in an incremental lay-
ered manner. AM as a technology offers a host of advan-
tages which include geometric flexibility, light weighting, 
efficient use of feedstock, lower tooling costs, and com-
pressed design/development cycles [1–3]. Studies have also 
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indicated that AM is a more sustainable and cost-effective 
manufacturing technique due to factors such as reduced 
material waste generation, localised material recycling, and 
improved product utilisation [4], which makes it a suitable 
process for materials which are expensive and are of stra-
tegic value.

Selective laser melting (SLM) is the most widely used 
AM process for the manufacture of parts having complex 
geometry, which are relevant to the aerospace and automo-
tive sectors. Porosity, balling, shrinkage, and development 
of tensile residual stress are some of the challenges during 
processing of steel, titanium alloys, and nickel super alloys 
[5–7]. SLM of metals often uses structural supports to pre-
vent distortion of parts and can require post-processing heat 
treatment to relieve thermally induced residually stresses [8, 
9], which in turn increases the post processing time.

Binder jetting is an alternative AM technology where an 
adhesive binder fluid is selectively jetted on to a powder 
bed causing powder particles within the jetted region to 
loosely stick together forming a ‘green’ part. The printed 
‘green’ part is then subjected to post-printing processing 
which may include stages like curing, debinding, and sinter-
ing. Binder jetting has demonstrated it capability of being a 
material agnostic processing technique, having the capability 
of printing metal alloys and ceramics with good resolution 
and without the problems encountered by SLM as discussed 
earlier [10]. Raza et al. processed Inconel 718 by SLM and 
obtained a coarser grain structure as compared to binder jet-
ting, which was attributed to the formation of spherical MC 
type carbides and γ/Laves phases during SLM processing of 
Inconel 718 [11]. Niobium depletion and formation of brittle 
Laves phases were also observed during laser-based AM of 
Inconel 718, which changes the alloy composition and is det-
rimental to the mechanical properties of the fabricated parts 
[12–14]. The segregation of niobium can be avoided during 
the post processing of the green parts fabricated by binder 
jetting by sintering them at 1260 °C in an argon environment 
with a ramping rate greater than 10 °C/min [15].

Currently, commercial binder jetting systems depend on 
using liquid binders which use solvents like phenolic res-
ins and diethylene glycol. Different solvents require print 
heads to be customised to suit their rheological properties. 
The customisation approach increases production costs and 
resistance to standardisation of BJT in industry. The use 
of phenolic resins also causes clogging of nozzles during 
periods of downtime [16]. Commercial binders composed 
of furan or alkyl-based phenolic resins [17] are expensive, 
require substantial investment in health and safety, pose dis-
posal problems, and require specialised ventilation units. 
The problems highlighted justify efforts to investigate new 
materials as potential alternative binders which would be 
easier to handle in any state, readily available, and low envi-
ronmental impact upon disposal. A feasible way this can 

be achieved is by customising the feedstock powder with a 
generic dry binder and additives. The homogeneously mixed 
binder would then be converted into a green part by the dep-
osition of a generic solvent like diethylene glycol, alcohol, or 
water. This strategy would allow customised feedstock pow-
der to be produced that can then be processed using low cost 
off the shelf print heads. These would not require any form 
of customisation and can be easily replaced upon damage, 
without contributing significantly to the cost of technology.

Polyvinyl alcohol (PVA) can be potentially, a suitable 
alternative to existing commercial resin-based binders in 
binder jetting of metals. It is a water-soluble synthetic poly-
mer which is chemically stable, has good adhesive proper-
ties and is known to be safe for use, and does not require 
any special training or equipment for handling. The work of 
Hallensleben et al. suggested that aqueous solutions contain-
ing up to 5% of PVA by weight is non-toxic to aquatic life 
[18]. This indicates that PVA as a chemical compound has 
a lower environmental impact. The toxicological informa-
tion of PVA and furan, a common component used in com-
mercial resin-based binders, indicates that PVA is a safer 
compound to handle [19, 20]. This justifies investigation 
of the suitability of PVA as a binder. The compatibility of 
water with PVA, its abundant availability, and ability to wet 
surfaces vindicates its suitability as a solvent.

Miyanaji et al. have investigated the wettability of com-
mercial binder on a powder bed of stainless steel (SS 420) 
as the contact mechanics and infiltration of binder within the 
powder bed affect the bonding between the powder particles 
and the inter-layer bonding, indicating the importance of 
wettability in binder jetting [21].

PVAs are usually chemically consistent in their prop-
erties; however, different molecular weights of the same 
polymer reflect on the physical properties like solubility in 
water [22]. It was prudent to investigate the role of molecular 
weight of PVA on its suitability as a binder in the form of 
analysis of process responses like wettability with the metal 
substrate and porosity.

1.2 � Gaps in research literature and summary

The study explores the use of binder jetting as an alternative 
AM method to process Inconel 718 to circumvent problems 
like tensile residual stress and niobium segregation at the 
grain boundaries, which are the characteristic challenges 
faced during SLM-based processing of Inconel 718. There 
is insufficient literature which has reported the processing 
of Inconel 718 using binder jetting. Preliminary work on 
processing of Inconel 718 using binder jetting has suggested 
better control of microstructure of sintered parts in compari-
son to SLM. The work also looks at developing a generic, 
liquid binder composed of PVA and water and evaluating 
its suitability in printing green parts of Inconel 718. While 
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PVA and long-chain molecule-based compounds have been 
explored as liquid binders for ceramics and some grades of 
steel [23, 24], they remain unexplored as a suitable binder 
candidate for processing Inconel 718. A modified feedstock 
has been used, composed of Inconel 718 powder and dry, 
powdered PVA to maintain the non-toxicity of the liquid 
binders, increasing its ease of handling, storage, and dis-
posal. The quality of printed ‘green’ parts has been intercon-
nected to wettability and stability of the liquid binder with 
the metal powder, hence the choice of de-ionised water as a 
solvent throughout the study.

2 � Materials and methods

2.1 � Preparation of modified feedstock

PVA beads (Alfa Aesar, Heysham, UK) of 10,000, 26,000, 
and 84,000 g/mol of 99% purity were converted into fine 
powder by ball milling them in a cryogenic micro mill (Cry-
oMill, Retsch, Haan, Germany) for 12 h. The PVA powders 
having molecular weights of 10,000, 26,000, and 84,000 g/
mol would be referred to a low molecular weight (LMW), 
medium molecular weight (MMW), and high molecular 
weight (HMW) samples respectively throughout the rest of 

this study. The powders were then used as a raw material to 
prepare the modified feedstock and the liquid binder.

The modified feedstock was prepared by mixing Inconel 
718 powder (particle diameter 15–45 µm, LPW Technology, 
Widnes, UK) with each of the LMW, MMW, and HMW 
PVA powders in a high-speed mixer (DAC800FVZ, Synergy 
Devices, High Wycombe, UK) at 600 RPM for 60 min. For 
each type of PVA based on molecular weight, two differ-
ent compositions of feedstock were prepared, namely, 5% 
and 10% by weight, respectively. Figure 1 shows a micro-
graph taken using a scanning electron microscope (SEM), 
which highlights the modified feedstock containing 5% wt. 
MMW PVA which is homogeneously dispersed in Inconel 
718 powder.

2.2 � Powder rheology of the prepared feedstock

The permeability and the variable flow rate (VFR) of the 
different feedstock were measured using an FT4 powder 
rheometer (Freemantech, Tewkesbury, UK). The param-
eters were measured in accordance with ASTM D7981-20 
standard on compaction of powders [25]. This standard was 
adopted in favour of more widely accepted standards like 
ASTM B964-23 (using a Carney funnel) and ASTM B213 
(using a Hall funnel) due to the compaction which pow-
ders undergo during the powder spreading process in binder 

Fig. 1   SEM micrograph of 
modified feedstock. Particles 
demarcated by dashed squares 
indicate PVA particles mixed in 
an Inconel 718 feedstock
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jetting. Virgin Inconel 718 was initially characterised as a 
benchmark to understand the effect of the addition of dif-
ferent PVA powders on the spreadability of the modified 
feedstock. The rheological studies were based on the rota-
tion of a stainless-steel blade which would be inserted into 
a cylindrical glass vessel of 25 mL containing a sample of 
the feedstock. The resistance to dynamic flow experienced 
by the rotating blade due to the powder present in the vessel 
would be directly proportional to the VFR. The methodology 
was best described by the work of Søgaard et al. [26], whose 
work evaluated the feasibility of using the FT4 rheometer as 
a reproducible characterisation method.

2.3 � Preparation and characterisation of liquid 
binder—aqueous solution of PVA

The liquid binder was made by dissolving the powdered 
PVA in deionised water slowly using an overhead stirrer 
(T25 Ultra Turrax, Oxford, UK) while maintaining the solu-
tion at 80 °C. Three different concentrations of liquid binder 
were prepared for LMW, MMW, and HMW PVA, namely, 
0%, 5%, and 10% by weight. The concentration values in 
either the liquid binder or modified feedstock were taken 
effectively as 5% and 10% to ensure that the total PVA con-
tent was within the toxicity levels as discussed in Sect. 1.1.

Figure 2 is a scatter plot where each dot represents the 
coordinates (x,y,z) ∼ (molecular weight, PVA concentra-
tion in liquid binder, PVA concentration in modified feed-
stock). The dots are coloured red whenever the amount 
of PVA is 0%, either in the liquid binder or the modi-
fied feedstock, as these sets of experimental parameters 
produced fragile parts which collapsed, often under their 
own weight. This was experimentally observed as has been 
discussed at length in Table 1.

Rheological characterisation of the liquid bind-
ers included measurement of their surface tension and 
dynamic viscosity. The surface tension of the liquid bind-
ers was measured using a tensiometer with a Wilhelmy 
plate attachment (K20, Krüss GmbH, Germany), and the 
dynamic viscosity was measured using a DV2T Brooke-
field viscometer.

2.4 � Sessile drop test of liquid binders

The compatibility of the different binders with the modi-
fied feedstock was initially assessed by performing sessile 
drop tests in accordance with ASTM D7334 – 08 (2022) 
[27], where the contact angle θ, made between the droplet 
and the feedstock spread on a powder bed, was measured 
after 30 s of droplet deposition. A major deviation from the 
ASTM standard was the use of a powder substrate instead 
of a solid surface. This was done to simulate conditions 
of the adhesive wetting the powder during binder jetting 
and has been done in multiple studies [28]. The wettability 
of the different PVA-based binders was compared with a 
binder which is used in commercial binder jetting systems. 
The wettability test consisted of depositing a droplet of 1 
µL using a variable adjustable volume pipette (Eppendorf, 
Germany) on a pocket of depth 200 µm. The droplets were 
generated at a height of 2 mm from the surface of the pow-
der bed. A Levenhuk DTX 50 digital microscope was used 
to capture the droplet deposition phenomenon at a rate of 
200 frames per second. The contact angle was calculated 
by drawing a tangent to the drop profile at the common 
point of contact of the three phases which was done using 
an open-source image analysis software, ImageJ as used in 
previous work of Zavala-Arredondo et al. [29].

Fig. 2   3D scatter plot of experimental parameters

Table 1   Summary of attempts 
to print green parts with 
variation in composition of 
PVA in the liquid binder and 
modified feedstock

Liquid binder Conc. (→) 0% wt. PVA 5% wt. PVA 10% wt. PVA
Feedstock Comp. (↓)

0% wt. PVA Green part disintegrated Green part disintegrated Liquid binder did not jet
5% wt. PVA Green part disintegrated Part printed, cured Liquid binder did not jet
10%w wt. PVA Cured part disintegrated Cured part disintegrated Liquid binder did not jet
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2.5 � Processing, post‑processing, and testing 
of parts

Dog bone tensile samples were printed using a commercial 
inkjet system (Jetlab 4xl, Microfab Technologies, Texas, 
US) where the binder was deposited on the modified feed-
stock with a layer thickness of 200 µm. The dog bones 
were printed following the guidelines of ASTM F3055-
14a with the dimensions being reduced by a factor of two 
to fit the sample in the powder bed of the Jetlab 4xl sys-
tem. Printing capacity was gradually built up as shown in 
Fig. 3. Green parts were printed in line with ASTM B312 
for the green strength trials. A single printhead (MJ-AT-
01, Microfab Technologies, Texas, US) having an orifice 
diameter of 60 µm was used to deposit droplets onto the 
feedstock in a ‘drop on demand’ manner. The binder was 
dispensed at a voltage of 27 V, pulse width of 21 µs, and 
an operating frequency of 250 Hz. The traverse speed of 
the printhead during printing was maintained at 10 mm/s. 
This process was repeated across multiple layers to create 
a ‘green’ part which was then cured in an oven at 60 °C 
for 12 h in a low-temperature oven (3608-6CE, Thermo 
Scientific, Waltham, US) and then sintered in a tube fur-
nace (LTF 14/25/180, Lenton Furnaces, Hope, UK). The 
temperature profile is specified in Fig. 4. Two different 
purging environments were used: (a) pure argon from start 

to finish; (b) 95% N2 + 5% H2 till 1260 °C and then argon 
for the final sintering at that temperature [30].

The binder present in the green part was removed 
mostly at 600 °C, following the ASTM E1131-20 stand-
ard for thermoplastics before the part was pre-sintered 
and sintered at 1090 °C and 1260 °C, respectively. Ther-
mogravimetric analyses of the different binders in their 
solid, granular state at 600 °C and 1260 °C were conducted 
respectively in an argon environment.

A hot isostatic press (AIP 10-30H, AIP Inc., Ohio, US) 
was used to compress the sintered parts in a bid to see 
its effect on process responses including porosity, tensile 
strength, and hardness. The samples were heat treated at 
1200 °C and 120 MPa for 3 h and was allowed to cool to 
room temperature within the press. Tensile specimens of 
samples sintered solely in argon were processed in hot iso-
static conditions for reasons explained in Sect. 3.8.1. Cubi-
cal samples of dimensions 10 × 10 × 10 mm3 were HIPed 
for the other combinations for hardness testing so that all 
the samples could be processed in a single HIP cycle.

Tensile testing of the printed dog bones was conducted 
using a Universal Testing Machine (50 ST, Tinius Olsen, 
Red Hill, UK) with a 50 kN load cell and a clip-on axial 
extensometer (Model 3542, Epsilon Technology Corpo-
ration, Jackson, US) which measured the strain until the 
point of fracture. The strain rate was maintained within the 
range of 0.003–0.007 mm/mm/min as per the specifica-
tions of ASTM F3055-14a ensuring that the sample failed 
within 1 min. Green strength of the printed samples was 
conducted by measuring the deflection of the green parts 
using a standard flexural strength measurement setup fitted 
onto the same Universal Testing Machine with a rate of 
displacement of 1 mm/min.

(b)

(a)

40 mm

Fig. 3   Sintered specimens; a cubical; b tensile dog bone

Fig. 4   Thermal profile of the sintering process of the green parts [30]
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The hardness of the samples was measured using a 
HM-210 testing machine manufactured by Mitutoyo with 
an incident load of 10 kgf. The hardness was measured in 
SI units.

The phase analysis of the samples was completed using 
an X-ray diffractometer (Empyrean system, Panalytcal BV, 
Almelo, Netherlands). Cu-Kα radiation was used with the 
Cu tube set at 40 kV and 45 mA. An X ray mask of 1 mm 
width was used to filter the incoming X rays which were 
then sent outwards via a divergent slit having a width of 
2 mm. The scanning was performed between 30 and 100° 
with an incremental step of 0.1°. The X ray beam was passed 
through a parallel plate collimator after diffraction, and its 
intensity was monitored by a PIXcel detector which was set 
at 0D mode.

3 � Results and discussion

3.1 � Thermal behaviour of binder

One of the parameters which would determine the suit-
ability of a binder is the ease with which it is debound or 
removed from the green part. This step can be achieved by 
either solvent based or thermal debinding. The specimens 
in this study were thermally debound at 600 °C according 
to the ASTM E1131-20 standard [31]. PVA is an organic 
material and improper debinding may result in presence of 
carbon residue within the part which would compromise 
the composition of the alloy. Thermogravimetric analysis 
of the binder was performed at both 600 °C and 1260 °C to 
quantify the residue left behind due to thermal degradation 
of PVA, as seen in Figs. 5 and 6. The final plot at 600 °C 

is suggested that the residue present was 7.5% by weight 
which reduced to 0.03–0.04% by weight during the final 
sintering step which happened at 1260 °C. While there is 
no literature available for Inconel 718, Cai et al. reported 
presence of 0.05–0.06% by weight of carbon at 1380 °C 
while processing SS316L using PVA based binders [24].

3.2 � 3.2. Printability trials

The effect of the composition of the modified feedstock 
and the concentration of PVA in the liquid binder on build 
quality and structural integrity of the parts was investi-
gated by trial and error. The addition of excessive or a 
minimal amount of PVA in liquid binder during the print-
ing process could lead to problems such as poor surface 
quality and lack of inter particle bonding respectively 
as discussed extensively by Lores et al. in their review 
[32]. Table 1 describes the trials which were performed 
to obtain an optimum amount of PVA within the liq-
uid binder as well as in the modified feedstock. It was 
observed that the green part usually disintegrated when 
the combined PVA content in liquid binder and modified 
feedstock was low, indicating poor inter particle bond-
ing. A higher presence of PVA in the modified feedstock 
resulted in the crumbling of the part after the curing pro-
cess. This could be attributed to the lower water content 
in the binder, which led to drying out of the part in the 
curing oven. The trend exhibited in Table 1 was similar 
across PVAs of all three different molecular weights used. 
It was understood that the PVA content in the liquid binder 
and the modified feedstock would have to be 10% and 5% 
by weight, respectively, independent of molecular weight.

Fig. 5   Thermogravimetric analysis of different binders in their granu-
lar form till 600 °C

Fig. 6   Thermogravimetric analysis of different dry binders till 
1260 °C
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3.3 � Rheological characterisation of modified 
feedstock

The ability of the feedstock to spread easily is important in 
AM processes like binder jetting. Any undue resistance in 
the flow of the feedstock would be detrimental to the entire 
printing process and would compromise with the tight 
dimensional and geometric tolerances which are expected 
from most AM methods. The studies of Clayton et al. sug-
gested that the suitability of a feedstock for any AM process 
required the measurement of different parameters like per-
meability and specific energy [33]. Studies have also indi-
cated that the FT4 powder rheometer measured properties 
like VFR and permeability in a consistent manner [34].

Figure 7a, b depicts the variation of permeability and 
VFR respectively of different feedstock, including pure 
Inconel 718. All the modified feedstock containing PVA of 

different molecular weights had increased permeability in 
comparison to pure Inconel 718. The total energy of pure 
Inconel 718 increased with every iteration of the stain-
less-steel blade as it interacted with the sample present 
within the cylindrical chamber. The feedstock composed 
of Inconel 718 and HMW offered the least resistance to 
the moving blade over twelve iterations but offered limited 
improvement in permeability. The combination of Inconel 
718 and MMW PVA had the highest permeability but dis-
played an inconsistent trend during the VFR experiments. 
The conflicting values led to a measurement the shear 
stress of the different feedstock to understand the behav-
iour of the entire consolidated powder bed, when a fresh 
layer of powder is being spread. Figure 7c depicts the vari-
ation of shear stress over a range of standardised normal 
stresses, and it was interesting to note that the variation 
between the HMW and MMW feedstock was minimal, and 

(a) (b)

(c)

Fig. 7   Rheological evaluation of different feedstock: a permeability; b variable flow rate (VFR); c shear stress
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both behaved similarly throughout the range of different 
applied normal stresses. Pure Inconel and the combination 
of Inconel 718 and LMW yielded high shear stress, which 
would indicate poor powder spreadability and inconsistent 
layer thickness.

3.4 � Rheological characterisation of liquid binder

It was observed that a liquid binder containing 5% PVA by 
weight and a feedstock containing 5% of powdered PVA 
by weight was a suitable combination. However, the effect 
of molecular weight of PVA was unknown. The studies of 
Mohsen-Nia et al. indicated that the rheological proper-
ties of PVA were dependant on its molecular weight and 
degree of polymerisation [35]. Figure 8a, b depicts the 
dynamic viscosity and surface tension of the liquid binders 
containing LMW, MMW, and HMW, respectively.

The liquid binders have a higher starting value of 
dynamic viscosity compared to deionised water as seen 
in Fig. 8. The values of dynamic viscosity of the LMW, 
represented by the red lines, are the lowest of all the liquid 
binders, which would suggest a better ability to penetrate 
the powder bed and wet the Inconel 718 powder. However, 
it was important to ensure consistent jetting of the binder 
to understand the role of molecular weight in the wetting 
of the powder particles evenly to ensure a strong green 
part. The Ohnesorge number is a dimensionless number 
which has traditionally been used to understand if a liq-
uid is jettable from a printhead of fixed diameter [36]. 
The Ohnesorge number ( Oh ) can be calculated as given 
in Eq. (1).

where � is the dynamic viscosity, � is the surface tension, � 
is the density of the liquid being jetted by the printhead, and 
L is the diameter of the printhead. The Oh was calculated 
for the liquid binders made of 5% concentration of LMW, 
MMW, and HMW, respectively. However, it is usually rep-
resented in the form of its reciprocal, which is termed as the 
Z number, as provided in Eq. (2).

The studies of Derby et al. suggested that the range of the 
Z number for stable jettability should be such that Zϵ[1,10]. 
The range of the Z for the three liquid binders was calculated 
to be in the range of 74 to 78, but consistent jetting of the 
liquid binders was observed as has been also reported by 
Tekin et al. and Vadillo et al. [37, 38].

3.5 � Wettability analysis

The selective addition of binder across the powder bed is 
required to essentially ‘glue’ together powder particles 
near each other and create near net shape components with 
sufficient temporary structural integrity (allowing it to be 
gently handled as a ‘green’ part) before undergoing further 
post-process furnace cycles (binder burnout and component 
densification through sintering). The structural integrity of 
this ‘green’ component and geometric accuracy/resolution 
is directly dependent on the wettability of the liquid binder 
jetted onto the binder [39, 40].

(1)Oh =
�

√

��L

(2)Z =
1

Oh

(a) (b)

Fig. 8   Temperature based variation of a dynamic viscosity and b surface tension of different liquid binders, bench marked against deionised 
water
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Measurement of the contact angle formed by de-ionised 
water when dropped on a powder bed of modified feedstock 
with PVA of variable molecular weights was undertaken. It 
was observed that the water completely percolated into the 
porous powder bed instantaneously and well before 30 s had 
elapsed. This was a common observation made when the 
experiment was repeated with the different types of feed-
stock consisting of PVA granules of different molecular 
weights.

Figure 9a through d depicts the interaction between virgin 
Inconel 718 feedstock and a droplet of aqueous binders with 
LMW, MMW, and HMW grades of PVA along with a com-
mercial resin-based binder. It was observed that the binders 
with dissolved MMW and HMW PVA had better wettabil-
ity than the commercial binder. An interesting observation 
was that the LMW binder had the highest wetting contact 
angle. The interaction between the different PVAs and the 
powder substrate can be explained based on their molecular 
weight and length of the polymeric chain. The molecular 
weight of the monomeric unit of PVA, [CH2 − CH(OH)] is 
44 g/mol. It can be calculated that the low, medium, and 
higher molecular weight samples of PVA had 227, 590, and 
1909 units of this basic PVA structure. There are usually a 
few distinct types of interactions in an aqueous solution of 
conventional, atactic PVA: (a) hydrogen bonding between 
two adjacent −(OH) groups in the same chain, (b) hydrogen 
bonding of the −(OH) group with the surrounding water 
molecules, and (c) Van der Waals interaction between the 
basic [CH2 − CH(OH)] , where the H atoms donate its sole 

electron to the C atom [41]. Gravity can also be a physical 
factor which could affect the outcome of the sessile droplet 
test. The kinetic energy possessed by the droplet while hit-
ting the surface of the powder bed would result in substantial 
deformation of the powder bed which would be detrimental 
to the printing process. It would also lead to loss of control 
on droplet deposition process due to its rebound or disinte-
gration. The volume of the droplet and the height at which 
the droplet was released were kept minimal to prevent any 
distortion of the powder bed or the droplet.

The intramolecular hydrogen bonding tends to slightly 
dominate the other forms of interaction in dilute solutions of 
long chained PVA at low temperature and encourages intra-
molecular cross linking [41, 42], which decreases the inter-
action between the PVA chain and surrounding molecules 
which allows the solvent (in this case, distilled water) to 
spread more on a surface. When the drop of binder impinges 
on the modified feedstock, the water can potentially start 
interacting with the PVA granules present within the modi-
fied feedstock. No immediate dissolution of the PVA would 
occur with the aqueous component of the droplet at room 
temperature. Their interaction could be captured by the 
Flory–Huggins equation [43, 44], which is:

The right-hand side is dependent on the number of moles 
n1 and volume fraction, �1 of the solvent (which is water in 
this case), the number of moles n2 and volume fraction �2 , 

ΔGm = RT
[

n1ln�2 + n2ln�1 + n1�2�12

]

Fig. 9   Wetting angle pro-
duced by a droplet of liquid 
binder (composed of different 
molecular weights of PVA) on 
a substrate of virgin Inconel 
718 feedstock at the instance 
of 30 s from initial contact: a 
water + 5% LMW, b water + 5% 
MMW, c water + 5% HMW, and 
d commercial binder

10 µm 10 µm

10 µm

10 µm

+ commercial binder
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of the solute (PVA). �12 is termed as the mixing parameter. 
R is the gas constant, and T  is the temperature in Kelvin. 
The calculations suggested negative values of ΔGm for PVA 
which became less negative in value with the increase in 
the molecular weight of the PVA. The values, which are 
provided in the Appendix, indicate that the immediate inter-
action between the aqueous component of the binder droplet 
and the granular PVA in the modified feedstock is negligi-
ble due to the low values of ΔGm . When the temperature is 
raised above room temperature, the value of ΔGm implies 
increased spontaneity of the dissolution of dry PVA into 
water. The dry PVA dissolves slowly into the moisture pre-
sent in the green part during the curing process in the oven 
at 60 °C, thus increasing the robustness of the green part 
over the curing process.

Figure 10 summarises Fig. 9 in a quantitative manner, 
where it is observed that the medium and high molecular 
weight PVAs have lower contact angle as compared to 
the resin-based binder used by commercial binder jetting 
systems.

3.6 � Green strength of printed parts

Miyanaji et al., in their review, mentioned the importance 
of printing robust green parts to achieve good mechani-
cal properties once the parts are sintered [45]. Zhou et al. 
performed compression tests on green parts made of 
hydroxyapatite, using maltodextrin and commercial thick-
ening agents based on PVA as candidate binders [46]. Fig-
ure 11 depicts the deflection of the samples printed using 
the various feedstock. The green part printed using MMW 
PVA showed the highest flexural strength, withstanding a 
maximum load of 140 N for a deflection 0.4 mm. The parts 

printed using HMW PVA also shows similar behaviour but 
underperforms only marginally compared to MMW. This 
is because of the better wetting exhibited by the MMW and 
HMW PVAs on their corresponding feedstock, which ena-
bles better inter-particle bonding resulting in more robust 
green parts.

3.7 � Porosity of printed parts

Figure 12a1, b1, and c1 is the SEM micrograph of the trans-
verse polished sections of the printed parts which were sin-
tered in pure argon. The corresponding porosity mappings 
are represented by Fig. 12a2, b2, and c2. The SEM micro-
graphs and the porosity mapping of the parts sintered in a 
mixture of 95% N2 and 5% H2 are represented in Fig. 13a1, 
b1, and c1 and a2, b2, and c2, respectively. Visual inspec-
tion indicated that the thermal cycle which was conducted 
solely with argon provided good particle sintering compared 
to Fig. 13a1, b1, and c1, which were sintered in a mixture 
of 95% N2 and 5% H2 and displayed inconsistent sintering 
and particle pull out. Porosity mapping with ImageJ quan-
titatively confirmed our observations, where the densifica-
tion factor was above 90% when the sintering process was 
conducted in only argon gas for all the samples. The use of 
MMW PVA as a binder lead to the highest densification fac-
tor of 94.66%, which was better than the HMW and LMW 
binders. No literature was found which could correlate part 
porosity with the choice of binder. Figure 4 suggested that 
the burnout of the MMW PVA was more sensitive to the 
change in temperature and the burnout was gradual com-
pared to the LMW and MMW PVA, leading to reduced 
porosity.Fig. 10   Summary of wetting angle measurement experiments

Fig. 11   Force vs. deflection of green parts prepared with different 
feedstock and binders
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3.8 � Mechanical properties of printed parts

Figure 14 depicts the results of the tensile testing which 
was performed on parts made with the three different feed-
stocks, namely, Inconel 718 with LMW, MMW, and HMW 
PVA. It was observed that parts printed with the MMW PVA 
had the highest ultimate tensile strength (UTS) of 246 MPa 
when sintered in the presence of only argon. The part using 
the same MMW binder but sintered in the combination of 
N2 + H2 gas had a UTS of 178 MPa. The dog bones which 
were printed using LMW PVA as a binder underperformed 
with values of UTS being lower that 125 MPa for both 
the sintering environments. This would indicate that the 

molecular weight of the PVA had a role to play in determin-
ing the tensile strength of the dog bones. The sample printed 
using HMW PVA and sintered solely in argon underwent a 
catastrophic failure and has not been presented in Fig. 14 as 
the failed results do not contribute to the technical discus-
sions in any constructive manner.

The degree of influence the sintering environment has 
on the tensile strength of the printed parts is important as 
all the combinations of binders had higher values of densi-
fication factors when sintered solely in argon compared to 
the N2 + H2 mix. The mixture of gases was used to discour-
age chromium evaporation and provide a reducing environ-
ment to neutralise the tendency for Inconel 718 to become 

Fig. 12   SEM micrograph and 
porosity map of parts sintered 
in argon environment using 
different modified feedstock: 
a1, a2 Inconel 718 + LMW; 
[ �f=90.23%]; b1, b2 Inconel 
718 + MMW; [ �f = 94.66% ]; 
c1, c2 Inconel 718 + HMW; [ �f
=92.79%]
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susceptible to oxidation above operational temperatures of 
800 °C [47, 48]. It was observed that the nitrogen in the 
gas mixture led to nitrogen uptake by the pre-alloyed chro-
mium to form hard and brittle Cr2N phases, thus robbing 
the alloy of chromium. The presence of Cr2N was detected 
by doing an X ray diffraction scan of the specimens which 
were sintered in the N2 + H2 mixture. Figure 15 represents 
the diffraction plots of samples printed using MMW PVA 
in the binder and the feedstock. The specimens sintered 
in the N2 + H2 mixture have Cr2N phase detected at a 
2θ value of 63.7°. The removal of chromium interfered 
with the necking ability of the particles during sintering 
[49] which led to incomplete sintering and poor tensile 

strength. Figure 16a, b represents the SEM micrographs 
of the fractured surfaces of the samples sintered in N2/
H2 and only argon, respectively. The lack of necking due 
to nitrogen uptake can be seen in Fig. 15b. The forma-
tion of dimples, a sign of ductile fracture, is minimal with 
particles being pulled out from each other. Figure 16a 
indicated more pronounced dimpling and intra-particle 
fracture, which results in improved necking in between 
adjacent particles. There was no evidence of Cr2N found 
using X ray diffraction on specimens which were sintered 
in the presence of argon, which resulted in proper neck-
ing action between the particles which translated in better 
performance during tensile testing.

Fig. 13   SEM micrograph and 
porosity map of parts sintered 
in N2/H2 environment using 
different modified feedstock: 
a1, a2 Inconel 718 + LMW; 
[ �f=82.42%]; b1, b2 Inconel 
718 + MMW; [ �f = 88.69% ]; 
c1, c2 Inconel 718 + HMW; [ �f
=89.63%]
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The hardness of the sintered samples can be seen in 
Fig. 17. The results suggest that the samples sintered in an 
argon environment exhibited higher micro-hardness than 
their counterparts sintered in N2/H2 gas mixture. The poor 
hardness was due to porosity and improper sintering seen 

earlier in the samples sintered using N2/H2. The sample 
printed using the MMW PVA had the highest hardness 
value which was better than it HMW counterpart by a fac-
tor of 1.26.

Fig. 14   σ vs. ϵ curve of Inconel 
718 samples printed using 
Inconel 718 and PVA of differ-
ent molecular weights sintered 
in different environments

Fig. 15   Phase analysis of samples printed with MMW PVA-based binder and feedstock with different sintering and post-processing strategies
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3.9 � Effect of hot isostatic pressing

Figure 18 depicts the improvement in densification of parts 
printed using MMW and HMW PVA (5% by weight in the 
liquid binder and 5% by weight in the modified feedstock as 
dry binder) that underwent hot isostatic pressing (HIP) after 
being sintered in a pure argon environment. Figure 18a1, b1 
represents the micrographs which reported contiguous sur-
faces in comparison to their pre-HIP micrographs as shown in 
Fig. 12b1, c1, which had discontinuities and porosity across 

the surface. Figure 18a2, b2 reported densification factors of 
98.96% and 98.65% for MMW and HMW PVA, respectively. 
The porosity of the samples after completion of HIP is at par 
with other studies involving commercial systems and bind-
ers where Inconel was processed using sintering procedures 
which are more complicated to carry out [15].

The mechanical properties of the printed Inconel 718 
improved in terms of hardness and UTS as seen in Figs. 19 
and 20, respectively. The samples printed using MMW 
binder showed an increase in hardness by 42%. The tensile 
samples sintered solely in argon underwent HIP and reported 
higher UTS than their non-HIP counterparts, which can be 
attributed to the improved densification which occurred in 
the tensile specimens’ post HIP. The MMW sample had a 
UTS of 1010 MPa which is like commercially available 
Inconel 718 which are used for load bearing applications. 
However, the ductile nature of the MMW sample seems to 
have reduced as compared to Fig. 14 as the characteristic 
slope which is suggestive of plastic deformation is missing.

4 � Global synthesis of results and discussions

The characterisation of different aspects of the modified feed-
stock and the liquid binder was done to achieve successful 
jetting of a liquid binder through a piezoelectric printhead 
and subsequent processing of a modified feedstock which 
was composed of Inconel 718 powder and dry granular PVA. 
The initial interaction between the liquid and dry, granular 
PVA at room temperature was calculated to be negligible. 

Fig. 16   SEM of fractured surface of parts printed using Inconel 
718 + MMW PVA and MMW PVA binder, sintered in a argon and b 
N2/H2. The red dotted circles exhibit ‘dimpling’ which is indicative 

of ductile fracture. The green dotted circles show intra-particle brit-
tle fracture. The white dotted circles show the necking of the particle 
with its neighbours. The yellow dotted circle shows a lack of necking

Fig. 17   Hardness of Inconel 718 samples sintered in different envi-
ronments
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However, the elevated temperature during the curing stage 
would increase the interaction and, subsequently, the green 
strength of the specimens post the 12-h curing process. The 
role of molecular weight of the PVA on their suitability as 
both a dry and liquid binder was explored, and three grades of 
PVA—10,000 g/mol, 26,000 g/mol, and 84,000 g/mol—were 

taken. PVA samples having higher molecular weight were not 
considered considering the increased resistance to dissolu-
tion in aqueous medium when the molecular weight of PVA 
is between 100,000 and 150,000 g/mol [50, 51], even using 
water at elevated temperatures. Sessile drop testing indicated 
that the 5% by weight of MMW PVA had the lowest contact 

Fig. 18   SEM micrograph and 
porosity map of parts sintered 
in argon environment using 
different modified feedstock: 
a1, a2 Inconel 718 + MMW; 
[ �f=98.96%]; b1, b2 Inconel 
718 + MMW; [ �f = 98.65%]

(b2)

(a1) (a2)

(b1)

Fig. 19   Hardness of samples sintered in different environments which 
underwent HIP

Fig. 20   σ vs. ϵ curve of Inconel 718 samples sintered in 99.98% argon 
which underwent HIP. Inset: Fig. 14 for purposes of comparison
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angle, indicating the most conducive interaction between 
metal powder and liquid binder. This fact was backed up the 
independent results obtained after rheological evaluation 
of the modified feedstock and the liquid binders. The VFR 
rheological tests showed that the combination of dry, granu-
lar MMW PVA with Inconel 718 metal powder had the best 
permeability whereas the MMW based liquid binder had the 
best linear stability in terms of surface tension with increasing 
temperature. The effect of sintering environment on specimen 
porosity and mechanical strength was investigated. The supe-
rior interaction between the metal powder particle and MMW 
binder led to high densification factors when sintered in an 
99.98% argon environment, but this was offset when sintered 
in a combination of 95% N2 and 5% H2 due to the formation of 
Cr2N which interfered with the necking process during sinter-
ing, which was visually confirmed by SEM micrography. The 
lack of necking and low densification in specimens sintered in 
(95% N2 + 5% H2) environment directly contributed to poor, 
abrupt tensile testing and comparatively low values of UTS. 
The specimens which were sintered in 99.98% argon environ-
ment had lower UTS values than their formed counterparts, 
which quickly improved once the specimens were HIPed.

5 � Conclusions

1.	 The addition of PVA increases the permeability of 
the resulting feedstock which would encourage bet-
ter spreading of the powder. It was observed that the 
modified feedstocks containing 5% by weight MMW 
and HMW PVA had pressure drops of 5.50 mbar and 
4.92 mbar, respectively, at an applied kinematic normal 
stress of 7.50 kPa. Pure Inconel 718 powder reported a 
comparatively low value of 4.37 mbar at the same kin-
ematic normal stress of 7.50 kPa.

2.	 Contact angle measurements in between the liquid bind-
ers of PVA and a powder bed of virgin Inconel 718 pow-
der revealed that the liquid binder composed of with 
5% by weight MMW PVA had the lowest contact angle 
of 26.6° which outperformed the commercial binder’s 
42.4°. This was attributed to the optimal chain length of 
the polymer which encouraged better spreading of the 
binder droplet.

3.	 The use of MMW PVA in the feedstock in the form of 
granules and in the form of liquid binder also gave the 

highest flexural strength of 140 N for a deflection of 
0.4 mm (220 kPa), marginally outperforming its HMW 
counterpart which could withstand a load of 107 N for 
the same deflection (168.50 kPa).

4.	 Pure (99.98% by volume) argon gas was found to be the 
better sintering environment than a combination of N2 
(95% by volume) + H2 (5% by volume) in terms of densi-
fication irrespective of the molecular weight of the PVA 
used in the liquid binder and modified feedstock. The 
densification factor, �f  of samples printed using MMW 
PVA in argon and (N2 + H2) sintering environment were 
calculated to be 94.66% and 88.69%, respectively. The 
inferior performance of the combination (N2 + H2) sinter-
ing environment was attributed to the uptake of N2 by the 
Cr present in Inconel 718 which hindered inter-particle 
necking which occurs during the sintering process.

5.	 HIP of sintered samples leads to an increase in hardness 
and UTS. This improvement is the most marked in sam-
ples sintered solely in argon and furthermore, printed 
using MMW binder. The MMW sample provided a 
UTS of 1010 MPa which is comparable to commercially 
available Inconel 718.
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Appendix. Effect of Flory‑Huggins equation on the contact angle of 
binder on modified feedstock  For lower molecular weight PVA:

Substituting the values in the Flory–Huggins equation

n1 = 9.99 × 10
−12mol;�1 = 0.042

n2 = 1.06 × 10
−8mol;�2 = 0.958

ΔGlower
m

= RT
[

n1ln�1 + n2ln�2 + n1�2�12

]

⇒ ΔGlower
m

= 8.314 × 303 ×
[(

9.99 × 10
−12

)

× ln(0.042) +
(

1.06 × 10
−8
)

× ln(0.958) +
(

9.99 × 10
−12 × 0.958 × 0.32

)]

⇒ ΔGlower
m

= (−0.07�J)
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Similarly, for medium and higher molecular weight samples of PVA:

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
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copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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