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Abstract

Binder Jetting Additive Manufacturing technology, besides its high-productivity manufacturing potential, it also offers a
high accuracy fabrication route for less common metal alloys or special purpose applications. In the present work, Binder
Jet 3D-printed Invar36 alloy parts’ surface quality improvement is studied. Invar36 is a Fe—Ni alloy which presents near zero
coefficient of thermal expansion below its curie temperature (279 °C) and it is widely used for high precision instrumenta-
tion in space environment. D90 <22 um grade Invar36 powder was used and printing process parameters were optimized
following the Taguchi DoE methodology, to reduce sintered parts’ surface roughness. Additional sandblasting and elec-
tropolishing operations were performed and part surface roughness was reduced from 5 um Ra to 1.5 pm Ra. Near surface
closed porosity emerged and enlarged during the electropolishing process, leaving a non-homogeneous surface appearance.
Consequently, a Hot Isostatic Pressing (HIP) thermal treatment was applied to reduce part overall and near-surface porosity,
reaching a relative density of 99.8%. After the sandblasting and electropolishing of HIP-ed parts, surface roughness was
further reduced to 1 ym Ra maintaining and homogeneous and clean surface. The results of the study showed that Binder
Jet 3D-printed Invar36 parts with low surface roughness can be obtained, getting this process and material closer to future
space optics developments.

Keywords Binder jetting - Electropolishing - Invar36 - Surface roughness - Surface porosity - Additive manufacturing -
Space

1 Introduction difficult to be machined [1-3]. Due to these features, it has

been widely used as a highly reliable precision material in

Among all existing alloys, the Invar alloy family presents the
lowest CTE below their curie temperature. This iron-nickel
based alloys, present a superior dimensional stability (vol-
ume INVARiance) due to opposing effects of the expansion
during the material heating and magnetorestriction effects of
their microstructure [1]. The Invar36 alloy (Fe-36wt% Ni) is
one of the most used one among the invar family. This alloy
present excellent mechanic behaviour at cryogenic tempera-
tures, but its ductility and low thermal conductivity makes it
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components where high dimensional stability is required:
thermal mismatch solving in PCB-ceramic joinings, main
optic mirror clampings for dealing with mechanical interfer-
ences [4], secondary optics and refocusing mechanisms [5]
and for the new Jammes Webb space telescope backplane
fittings and interfaces, for example.

One of the objectives of this study is to explore alternative
processing routes for the manufacturing of parts for space,
and more specifically those related with optical applications.
Traditionally, machining processes have been used to fab-
ricate optical mirrors from blank material, which has the
detrimental effect of generating residual stresses [6]. Also,
the machining process for very small and fine invar details,
like the vane strips of the XMM observatory is indeed very
challenging [7].

To this aim, Binder Jetting (BJ) Additive Manufacturing
(AM) technology has been selected as an appropriate fabri-
cation methodology for this alloy, which is an indicated AM
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processing technology for materials with low machinability
and materials with challenging thermal properties for laser
or electron beam based AM processes.

Binder jetting 3D-printing is a powder-bed based AM
technology which employs a liquid binding agent for selec-
tively join the powder particles of consecutively build pow-
der layers [8]. The BJ process works as follows: first, the
powder is deposited onto a platform by a powder dispenser
system and then spreaded out by a roller or doctor blade
forming a new powder layer. After that, one printhead selec-
tively deposits the binder onto the powder-bed printing one
section of the sliced CAD file of the part. This process is
repeated until the entire part is printed. Then, the binder
is cured to make the part consistent for handling purposes.
Finally, the part is retrieved from the powder bed and sub-
jected to a sintering cycle were the binder is burnt out and
the part consolidates due to a metallurgical bonding of the
powder particles.

The sintering of particulate materials printed with BJ
technology usually involves the presence of porosity and
difficulties to achieve full dense parts [9, 10]. Different
approaches have been studied to obtain full density via BJ
such as the use of bimodal mixtures [11-13], spray-dried
granules [14], slurry based powders [15], sintering process
(addition of sintering additives, liquid-phase sintering mech-
anism, pressure-assisted sintering, [9, 16, 17] etc.), among
others.

On the other hand, in addition to the problem of porosity
itself, it is well known that parts built by AM, and in this
case by BJ, use to have a final poor surface quality due to
stair step effect and due to powder particle surface bonding
caused irregularities [18]. Also, the powder bed and sample
porosity have a direct impact on the sample surface quality
[19]. For some components, such as parts for space related
optical applications, the modification of AM part surface
is required to achieve a specific surface quality. The most
common surface treatments reported in the literature for
AM parts include mechanical treatments such as machining,
grinding or blasting, laser treatments, and finally chemical
and electrochemical processes [20]. For applications were
residual stress need to be avoided, chemical or electrochemi-
cal treatments are usually the most recommended ones.

As the porosity and the difficulties of reaching full den-
sity materials are some of the major concerns of Binder Jet-
ting technology, Hot Isostatic Pressure (HIP) thermal cycle
has been considered for the present study. HIP is a thermal
cycle where an inert gas is introduced isostatically pressing
the introduced powder or already solid samples, to sinter
and/or increase its density, by the dissolution of entrapped
gas in the material matrix or on the material surface [21].
Although the main applications of HIP technique consist
into the full density sintering of loose powder compacts,
it also has been widely studied for full consolidation of

@ Springer

additively manufactured parts by various techniques, such
as Selective Laser Melting [22-24], Electron Beam Melting
[25-27] or Direct Metal Laser Sintering [28]. On the other
hand, there are few studies up to date where the HIP tech-
nique is applied to Binder Jetted parts. The existing works
have proved its value for sintered BJ sample density increase
[29-31]. Nevertheless, a minimum of near 90% of initial
relative density of the samples is required for a successful
HIP treatment, as closed porosity is needed for the isostatic
pressing of the samples [30].

Electropolishing (EP) is an electrochemical process that
uses anodic dissolution to remove material in a controlled
way, in which concentrated acid electrolytes are usually
employed for metallic alloys [32]. However, different met-
als need different types of electrolytes and the properties
of electrolyte directly affects the final EP effect [32]. The
electropolishing of a wide range of different metal alloys,
manufactured by AM or conventional manufacturing tech-
niques, have been reported [33-36]. However, up to the
authors knowledge, there is no literature available regarding
the electropolishing process of Invar alloy parts produced by
Binder Jetting technology.

In this context, this work has been focussed both on the
printing process parameter optimization, and on the study
of the electropolishing process effect over Binder Jetted
invar 36 alloy parts, to reduce the surface roughness as a
preliminary study for further space related application
developments.

2 Materials and methods
2.1 Binder jetting of invar 36 alloy

Gas atomized Metal Injection Molding (MIM) Invar36 pow-
der grade was selected for this study. The powder composi-
tion and particle size distribution provided by the supplier,
Sandvik Osprey LTD, is shown in Table 1. Usually, spherical
gas atomized MIM grade powders present a good balance
between powder packability and flowability for Binder Jet-
ting, which permits a wider range of processing parameter
window together with a good sinterability and achievable
densities [37]. SEM microscopy (Jeol JSM 5910 LV micro-
scope with Oxford Inca 300 EDS accessory) was used to
analyse the morphology of the powder particles and, Laser
Diffraction (Malvern Mastersizer 2000) for measuring the
Particle Size Distribution (PSD).

As the main objective of the present study is to reduce the
surface roughness of the printed parts, a Fractional Factorial
Design of Experiments (DoE) was performed selecting the
most relevant printing parameters according to the literature
[18, 38—40]. On the designed DoE, the effect that each pro-
cess parameter has over the printed part surface quality was
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Table 1 Chemical composition Chemical analysis (wt%)

and PSD of INVAR 36 powder

supplied by Sandvik Osprey Fe Ni Mn Si C
LD Balanced 363 0.12 0.03 0.01

Particle size distribution (um)

D10 D50
5.8 12.3

D90
21.9

Table 2 Selected study parameters and their levels for Taguchi exper-
imental trial

Level 1 Level 2 Level 3
Study parameters
Saturation (%) 55 65 75
Recoat speed (mm/s) 60 70 80
Roller revolution (rpm) 300 450 600
Drying time (s) 10 15 20
Fixed parameters Level
Recoater vibration (rpm) 1900
Layer thickness (um) 50
Roller traverse speed (mm/s) 3

studied by means of ANOVA analysis, to select the most
appropriate parameter levels. Taguchi methodology was
followed, as it permits the analysis of multiple variables or
parameters in a shorted experimental plan [41, 42]. In this
case, a Ly (3"4) orthogonal array was used to set up the
experimental trials.

Table 2 shows the selected parameters of the study, which
are the same parameter levels selected by a previous study
performed by the authors [43], in which the effect of process
parameters over the sample densities was studied. Each of
the selected DoE factor or parameter drives one of each BJ
printing stage: binder deposition (saturation), powder depo-
sition (recoat speed), powder spreading (roller revolution)
and binder drying (drying time). The selected parameter lev-
els or values have been selected with the objective to have
a stable process from which valuable defect-free samples
can be obtained.

The fixed parameters were selected according to literature
recommendations. A decrease of the powder-bed layer thick-
ness seems to improve the surface finish of the part, and thus
a 50 um layer thickness was selected according to [18]. It
is remarkable that that powder particle size is usually lower
than the half of the layer thickness according to the data of
the literature [37]. On the other hand, the selection of low
roller traverse speeds was done as it seems to increase part
quality [9] and process robustness [44], as well as powder
packing capabilities and surface quality [45].

In the same way than in the authors previous study [43],
six rectangular samples of 20X 20X 5 mm were printed
for each experimental trial using an ExOne Innovent BJ
machine. The selected sample size responds to the need of
having larger surface areas for surface roughness measure-
ments. The curing of the green parts was performed at 180°C
for 4 h, and then parts were sintered in a Carbolite GERO
high vacuum furnace for 8 h at 1140 °C. Sintered density
was measured by Archimedes methodology using a Mettler
AE 240 weight balance and isopropanol-2 as liquid medium.

2.2 Surface and morphology characterization

Surface roughness characterization was carried out using a
Taylor-Hobson profilometer (Intra 50 mm model). The aver-
age value of standard surface roughness Ra (arithmetical
mean) is reported according to the ISO 25178 standard. The
measurements were performed on six random areas, thee in
x axes and three in y axes, per sample. The top surfaces of
the printed samples were the selected ones for all the rough-
ness measurements.

2.3 Surface treatments: blasting + electropolishing
and further surface analysis

Sintered parts were blasted in two stages: firstly, in a Nor-
blast” FN-30 T model blasting machine for 15 min, using
corundum of 106—-150 um particle size as the abrasive
material and 5.5 bar air pressure, and placing the samples at
7-8 cm from the nozzle. Secondly, in a Norblast’ S9 model
blasting machine for 3 min, using round-shape glass micro-
spheres of 40—70 um as the abrasive, 5.5 bar pressure and
5-6 cm sample-nozzle distance.

To clean blasted surfaces and to further reduce their sur-
face roughness, an electropolishing process was performed.
Electropolishing was carried out under a 0.75 A electrical
current during 20 min, with a two-electrode system. Invar36
samples were set up as the anode and a stainless-steel foil as
the cathode. Distance between electrodes was kept in 3 cm.
Selected electrolyte was 100% ortho-phosphoric acid being
the working temperature 70 °C.

In addition to the surface roughness characterisation, the
surface morphology of the treated samples was observed
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using a ZEISS Ultra Plus field emission scanning electron
microscope (FE-SEM). Confocal microscopy (Leica, Mod.
DCM3D) was used to determine the sample profile and
topography after electropolishing. Dye penetrant inspec-
tion (ARDROX-9813) was performed to characterize the
surface porosity.

2.4 Hot isostatic pressing heat treatment

Some of the printed samples were subjected to a HIP ther-
mal cycle, to further increase their density, prior to the sur-
face roughness reduction treatments mentioned before. The
HIP heat treatment was performed at 1100 °C and 100 MPa
for 2 h in Argon using a heating rate of 10 °C/min and a
cooling rate of 55 °C/min.

3 Results and discussion
3.1 Powder characterisation

The morphological analysis of powder particles carried out
with SEM is shown in Fig. 1. As it can be observed, the
powder particles are near-spherical in shape with some satel-
lite particles attached, inherent to gas atomisation process.
The powder section reveals the presence of pores entrapped
within some particles, generated probably during the atomi-
sation process [46]. The presence of both satellites and pow-
der internal porosity may affect the optimal consolidation of
AM parts [47].

As mentioned before, the increase of the packing density
of the powder in Binder Jetting AM is desirable if high final
sintered densities, better dimensional control and better sur-
face quality is pursued [13, 48-50]. The Fig. 2 present the
PSD curves of the acquired powder, which shows a limited
fine particle content (<5 um). Although the redesign of the
raw material for, for example, adding higher fine particle

12

10

Volume %
()]

1 10 100
Particle Size(um)

Fig.2 PSD curve for the Invar 36 alloy powder used in the present
study

content to enhance the sintering activity, or creating bimodal
mixtures to increase the powder packing density, is one of
the best options, this study is focussed on the reduction of
surface roughness through the optimal process parameter
level selection for a commercial grade invar36 powder.

3.2 Sintered part surface roughness and parameter
optimization

Process parameter optimization was carried out by the study
of the signal-to-noise ratios (S/N) through Taguchi robust
design methodology. S/N ratios of response variable were
calculated for the “lower-is-better” quality characteristic
with the following equation [19]:

S/N(dB) = —10logy, l% > (RZi)] ’
i=1

where R, is the ith surface roughness repetition for each trial
conditions. Measured overall results for each manufacturing

pLY x1500

Fig. 1 SEM micrographs of a bulk Invar36 powder and b the cross section of some particles, showing entrapped porosity [43]
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trial are summarized in the Table 3. As it can be seen, the
overall top surface R, of the sintered parts range between
5.29 and 7.53 pm, and the sintered densities between 90 and
93%, in function of the manufacturing trial.

The ANOVA table and the process parameter effect on
surface roughness reduction are shown in Table 4 and Fig. 3,
respectively.

The results from ANOVA table indicate that the drying
time has the mayor influence (51.1%) on the decrease of the
final part surface roughness. It has been found that larger
drying times increase the surface roughness. The binder sat-
uration, with an initial contribution of 6% to result variation,

was pooled as an error term. In this particular study, where
no columns of the Ly OA were left in Blanc, it is compulsory
to assign one or more parameters as error terms, to have sta-
tistical significance of the computed results. This being the
case, the F values of the ANOVA for all studied parameters,
except for the drying time, were below 90% confidence level.
Therefore, the interpretation of the parameter main effects
must be handled with care due to the lack of high statistical
significance.

The interpretation of the parameter effects shown in
Fig. 3, can be divided according to the influence that each
printing stage (powder layer building, binder deposition and

Table 3 Results of surface

. Factors Sat- Recoatspeed Roller RPM Drying time Average Average rela- S/N ratios for
roughness, 'star}dard d}el:watlon ura- Ra (um) tive density surface rough-
and S{N ratios or eac tion (%) ness
experimental trial

1 2 3 4
Trials 1 1 1 1 1 5.85 93.1 - 15.35
2 1 2 2 2 6.52 91.9 -16.32
31 3 3 3 7.53 914 -17.59
4 2 1 2 3 6.77 91.5 —16.63
52 2 3 1 5.29 92.6 - 14.49
6 2 3 1 2 7.43 91.5 —17.43
7 3 1 3 2 5.27 92.0 —14.49
8§ 3 2 1 3 7.40 90.6 —-17.42
9 3 3 2 1 5.76 924 —-15.22
Table4 ANOVA table Source of variation DOF  Sum of squares, S  Variance, V' Variance  Pure sum of Percent
computed from calculated S/N Ratio, F squares, S’ contribu-
ratios tion, P
Saturation 2) 0.79 pooled
Recoat speed 2 2.37 1.18 3.01 1.58 12.61
Roller RPM 2 2.20 1.10 2.79 1.41 11.23
Drying time 2 7.22 3.61 9.16 6.43 51.10
Error (e) 2 0.79 0.39 1 0 25.05
Total 8 12.59 - - - 100
Fig. 3 Process parameter level Parameter main effects
main influence in part surface
roughness -14.5
-15
2 -15.5
e
z -16 /
Y -16.5
-17
-17.5
55 65 75 60 70 80 300 450 600 10 15 20
Saturation (%) Recoat Speed (mm/s)  Roller Rotation Speed Drying Time (s)

(mm/s)
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layer drying) has in the built part. It is worth mentioning that
the optimization of the process has been performed inside
the selected parameter range. Carefully looking to the Fig. 3
graph one can deduce that a more effective parameter lev-
els may exist, as the parameter effect curves do not present
maximum points for the studied levels.

On one hand, according to the present study results shown
in Fig. 3, lower recoater speed (which means more depos-
ited powder for each layer building) and higher roller rota-
tion speed, decrease surface roughness. These results are in
line with results reported in the literature. The higher roller
rotation speed enhances the powder flowability, enabling a
better layer packing and surface quality [51]. Additionally,
according to mathematical modelling simulations [52] and
experimental tests [39], the increasing of the powder feed
thickness/powder layer thickness ratio seems to increase the
powder packing rate due to the onset of some compaction
forces perpendicular to the powder spreading direction.

On the other hand, according to Fig. 3, the surface rough-
ness of the part seems to decrease with the increase of binder
saturation. Too low saturation levels could not permit the
proper bonding between powder particles, promoting the
detachment of some powder particles during the consequent
powder layer building, generating groove and defects and
thus decreasing surface quality [18]. Additionally, too high
saturation levels could promote part swelling [18] and par-
ticle gluing to the roller due to binder excess. Thus, it is of
great importance to find an optimum saturation level that
improves final part quality, which is subjected to the binder-
powder system capillary pressure or saturation equilibrium
[53].

The optimum saturation level can be tuned or adjusted
with the layer drying or powder-bed heating step. As it can
be seen in the results, the effect of the powder-bed drying
over the result variation is much higher than the saturation
effect, meaning that for a certain binder saturation level, the
selection of the appropriate drying conditions is more cru-
cial. As explained by [54], the effective binder saturation
level that the powder layer has is lower than the selected
print saturation, due to the partial evaporation of the solvent
by the heat lamp or powder-bed heating system. There are
some works that study the optimum or equilibrium binder
saturation conditions by means of simulation or experimen-
tal procedures for certain powder systems as well as the
binder drop and powder-bed interaction [53, 55-60]. None
of them introduces the drying time or heating factor, which
has been found to be influential for controlling the density
and dimensions of the green parts [18, 43], and as explained
before, it has a direct impact on the real saturation equilib-
rium of the powder bed/binder system. Therefore, there is
a real need for further studies and deeper understanding of
the effect of the drying step over the binder behaviour and
its saturation equilibrium.
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According to the results of the present study, the increase
of the drying time leads to an increase of the surface rough-
ness, this is, the increase of the transferred heat promotes
less surface quality. As hypothesized by the authors, an
excessive amount of heat accelerates the rapid surface
evaporation of the deposited binder, changing the capillary
pressure equilibrium and inducing a tensional state that can
modify the arrangement of some particles. Those particle
agglomerations will thus lead to the generation of cracks,
which would be difficult to further close during the sinter-
ing step, affecting the surface quality of the final parts. The
scheme of this process is shown in Fig. 4.

This cracking effect has been extensively studied in
hydrogeology [61-66]. The surface crack formation and
propagation is a common consequence of the desiccation of
water saturated soils. The water evaporation induced capil-
lary suction indeed has been found to be one of the main fac-
tors for the initiation of cracks in different soils and concrete
systems [67, 68]. Despite the differences in particle sizes and
compositions between soils and metal powders, the physical
phenomenon occurring in both cases are very similar.

Additionally, the successive creation of cracks layer after
layer can have an additional impact on the final density of
the parts. As it can be seen in Fig. 5, the increase of drying
time decreases both the surface quality and the final density
of the parts.

Following the Taguchi methodology, estimated perfor-
mance and its confidence interval at optimum parameter
conditions (Table 5) is 4.91+0.83 um Ra. A confirmation
test was run using the optimised process parameter levels.
Achieved Ra was 4.62 um with a standard deviation of
0.26 pm, which is within expected performance value range.
The average final relative density of the optimum samples
was 91.45%.

Once the printing process was optimized, additional sam-
ples were manufactured with the optimum parameter levels
for further surface processing operations, with the objective
of achieving a better surface quality.

3.3 Surface roughness reduction

As it was explained before, invar 36 printed and sintered
samples were sand blasted and then electropolished to
decrease their initial surface roughness. The sintered part
initial surface roughness was 5 um Ra. Sand blasting reduced
the surface roughness by 55%, and the later electropolishing
process further reduced the surface roughness achieving an
overall surface roughness decrease of 70%. Figure 6 shows
the morphology of as-built, blasted and electropolished
surfaces.

As it can be observed, as-built samples (Fig. 6a)
show the typical wavy-like sintering irregularities on
the sample top surface. Blasting media removes those
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Table 5 Optimum parameter conditions for surface roughness reduc-
tion

Parameter Saturation Recoat Roller rota-  Drying time
(%) speed tion (rpm) (s)
(mm/s)
Level 75 60 600 10

irregularities and a more homogeneous textured surface
is obtained. After the electropolishing process, a much
smoother surface is achieved. However, some pores came
out on the treated surface. Additionally, the were some
areas where there was higher open pore concentration.

Surface Roughness (um)

This higher pore concentration areas were directly vis-
ible, and they appeared forming some concentric marks
on the top surface of the samples, as can be seen in Fig. 7.
The distribution of those marks varied from sample to
sample, and in some ones, they were more appreciable
than in others.

A deeper analysis of the surface morphology by SEM
imaging, shown in Fig. 8, revealed more in detail those
higher pore concentration areas. The blue lines on Fig. 8
delimit the boundaries of those areas.

The porosity of these surfaces was also confirmed by pen-
etrant dye testing. Figure 9 shows a blasted sample and two
electropolished samples before and after the application of
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Fig. 7 Images of two electropolished samples with math concentric marks

Penetrant Liquid. Blasted surface did not show any signifi- To discard that these marks were produced by the elec-
cant defect while both electropolished surfaces, presented  tropolishing process, some as-built samples were also
these concentric marks with higher pore density. polished mechanically. Figure 10 shows an image of the
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Fig.8 FESEM micrograph of an electropolished surface were differ-
ent zones with high pore density could be observed

Fig.9 Images of a blasted sample and two electropolished
17x 17 mm samples before and after Penetrant Liquid test

mechanically polished sample and as it can be observed,
the porous marks still appeared on the surface, confirming
that they come from the sintered sample.

Moreover, it was observed that after the electropolishing
process the surface flatness was modified, unlike it usually
happens with electropolished samples produced by other
manufacturing processes. Electropolished Binder Jetting
samples became concave. Figure 11 presents the confocal
image and profile obtained for these electropolished parts.

This behaviour could be related to the internal porosity
of the samples. Samples produced by this technology have
a non-homogeneous internal porosity distribution, which is
more concentrated on the superficial are of the samples, and

Fig. 10 Image of a mechanically polished Invar36 sample with
17 mm of side lengths

between the built powder layers [69]. The obtained results
suggest that the surface roughness and aspect after elec-
tropolishing is affected by the internal porosity structure
near the surface of the samples. Electropolishing oxidises or
dissolves the elements on the surface homogeneously until
internal pores that are near the surface or between the layers
are reached. When those pores appear, the electropolishing
electric current density could increase near the pore-edges
and could enlarge them rather than further wear the surface
out. The sample areas with less pore density, for example on
the surface centre, continues electropolishing producing the
concave structure. The Fig. 12 shows an illustrative scheme
of the concavity issue and pore distribution in Binder jet 3D
printed and sintered samples.

Additionally, regarding the pore marks that also appeared
on the mechanically polished samples, some pore interlay-
ers were revealed due to the partial warpage of the sample
corners during the sintering process, as it can be seen on the
sintered part cross section shown in Fig. 13.

In this context, to obtain a homogeneous and flat surface
after the electropolishing of Binder Jetted samples, the part
internal porosity must be eliminated. For this purpose, HIP
treatment was applied to some sintered samples. Obtained
sample density after HIP postprocessing was 99.83 +0.01%.

Surface roughness and morphology of HIP samples were
measured and analysed, and compared with the previous
ones, as can be seen on Fig. 13. As it can be observed, sur-
face roughness slightly increased after HIP and the marks
still were visible. Further blasting and electropolishing
treatments were applied to HIP-ed samples, to remove the
remaining open porosity of the surface. A further surface
roughness decrease was observed, and the surface appeared
brighter without any apparent porosity marks.

These results suggest that blasting and electropolishing
processes were able to correctly smooth the treated part
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Fig. 11 Confocal image and profile of an electropolished Invar36 sample

surface. Since the part porosity was previously closed by
the HIP process, no marks appeared on the treated surfaces
after blasting and electropolishing, and a surface roughness
of 1 um Ra was reached.

The sample cross section and surface analysis before
and after the HIP treatment was also carried out by FESEM
(Fig. 14). Obtained micrographs showed that the HIP was
able to eliminate nearly all the porosity, and consequently
the concentric marks of the as-sintered samples.

4 Conclusions
The present work studies the different aspects of surface

quality improvement for binder jet 3D-printed invar36 alloy
parts, to evaluate the viability of the alloy and the process

@ Springer

for potential space optical applications. The main results and
conclusions of the present study are:

e | um Ra surface roughness can be reached with the
binder jetting process optimization and subsequent HIP
treatment, sandblasting and electropolishing operations.

e According to the results, the binder drying time has a
major impact on the reduction of the surface roughness
comparing to other printing parameters, probably due to
the capillary force induced crack generation during the
drying step.

e Electropolishing and sandblasting operations performed
to Binder Jet 3D printed and sintered samples decrease
the surface roughness from 5 um Ra to 1.5 um Ra. How-
ever, the obtained surfaces do not have a homogeneous
appearance due to surface treatment induced porosity
enlargement and varies from tested part to part. This
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Side view of the as-sintered Electropolishing process
sample. Porosity is mainly creates a concave surface due
concentrated between to possible current density Top view of the
powder layers. variations due to the electropolished sample,
inhomogeneous pore revealing the inner porosity of
distribution the part in concentric
-~ Pore layer

patterns.

Fig. 12 Scheme showing the Binder jet 3D printed and sintered sample internal porosity distribution and concavity issue after the electropolish-

ing process

Fig. 13 Surface roughness of 6,00
Invar36 material as-built and
after different postprocessing 5,00 T
treatments (B: blasting, EP:
electropolishing, and HIP) =
E 400
]
o
3‘ 3,00
4]
s
£
& 2,00
o
1,00
0,00

As received

inhomogeneity effect has been linked to the near-surface
pore concentration on sintered binder jetting samples.

e HIP thermal treatment almost eliminated the part poros-
ity, increasing the part relative density to a 99.8%. HIP
treated, sandblasted and electropolished parts showed a
homogeneous surface with a surface roughness of 1 um
Ra.

E+EP+HIP B+EP+HIP+G+EP

Further studies will investigate the optimization of the
electropolishing process for additional surface roughness
reduction of invar36 samples. Also, the complex shaped
part manufacturing potential of binder jetting process will
be studied, together with the additional post-processing
techniques, to validate the ability of the whole process
chain to manufacture next generation light weighted parts
for space applications.

@ Springer
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Fig. 14 FESEM micrographs of cross section and surfaces of blasted + electropolished surfaces before (left) and after (right) HIP treatment
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