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Abstract

Advancements in additive manufacturihgve facilitated its adoption ithe aerospacéndustry, wherealower
production volumefor highvalued components is requirelowever, the poor surfacguality of additivey
manufactured partss detrimental tocomponent lifespanand requires additional pogirocessing stepdiere, we
addresssurfaceroughness and neasurface porosities ibinderjet additivdy manufacturedinconel 625arts
usingan electrospark depositio(ESDjechnique.Localized surface melting and material transfem the ESD
electroderesults in a neasurface region with increased dens{fyom 62.9% t®9.2%6)andincreased hardness
(from 109 HV to 962 HVJhe use of a AA043aluminumalloy electrodeformsa nickel aluminidentermetallic
coatingwhen deposited on Inconel 62&ith the potential for use inapplicationghat require resistance thigh
temperatureoxidation

Keywords: Bindejet additive manufacturing,Electrospark depositiotnconel 625AA4043 Nickel aluminide
Qurfaceporosity

1.0Introduction

Additive manufacturingllows for faster and more cosgfffective low-volume manufacturing o€omponentsand
replacement partén the aerospace industifpr a wide range of materia[&¢5], where theparts have bulk properties
comparable to those made by traditional manufacturing procedsesthey suffer from greaternearsurface
porosity and surfaceroughness This hasheen reportedto negatively influence the mechanical properties of
additivdy manufacturedparts [6¢8], providing an incentive fothe use of a post-processingstep that addresses
surface finish This isespeciallytrue in binderjet additive manufactung (BJAM) which can suffer from density
variationsas a result oporousregionsthat develop neathe surface9]. Particles in the neasurface region exhibit
some necking but do not show extensive coalescence like particles within the bulk. One potential catifseddien
literature for this neassurface porosity is binder oversaturation, which results in infiltration beyond the desired part
boundary[10]. If more than the equilibrium amount of binder is used, binddt gpread to unsaturated areas due
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to capillary and surface tension forceBhis forms a porous region at the surface, where the branching binder does
not adequately hold the powder particles together and resintiower coordination number and poor sinterifil].

The typicalCNQcomputer numerical controBurface machiningtep used toremovesurface defectfaces several
drawbacks as a subtractive techniquet requires that parts are created larger than their desired final geometry
The resulting longer printing timeas well adoss of material, geometric limitations of CN&chining and low
machinability of superalloy materglencourage the implementation adlternate surface finishingprocesgs
Electrospark deposition (ESD) is a pulaerideposition technique often used feurface modification of conductive
substrates, includinghe application of wear and corrosion resistant coatii§j2,13] ESD has the potential to
achievegoodsurface finisj14,15] reduceporosity, andalloy the componensurfacefor use inspecific applications.
Here, wedemonstrate tte applicationof anESD process using &A4043 aluminum alloy electrode to modify the
surface of 8BJAMInconel 625substrate Good surface conditions were achieved by optimizing enamgyt during
the ESD process, with increasing energy input resulting in decreasinguréace porosity. The resulting coating
not only reduced ear-surfaceporosity below 1%and increased surface hardness gy to 900% it also formeda
nickel aluminideintermetallic coatingwith potential use in applications that require high temperatwidation
resistance

2.0Materials and Methods
2.1Binder Jet Printing Process

An Inconel 625 powddratchwith anaverage particle size afpproximately 24 punwas used in thé8JAMprocess
Figures laand 1b showthe mostly spherical shape of the powdgarticles,and Figurelc shows the particle size
distribution. The nominal and measured composition of Incosb is listed imable |
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Figurel. a,b) SEM images of Inconel 625 powparticles and c) theumulativeparticle size distribution

Tablel. Nominal and EDXeasuredcomposition(wt%)of major alloyingelements ininconel 625

Label Cr Mo Nb Fe Al Si Ti C Ni
Nominal 20.023.0 8.0-10.0 3.154.15 5.0 0.4 0.5 0.4 X n d 58.0bal.
EDX 205 103 3.7 4.8 0.9 0.7 0.7 584

The printing process was performed as described elsewfi&leA summaryhowever followsA 3D SYSTEMSorp
Z 510/310 bindejet powder-bed systemand 2 mmby 10 mm by2.5 mm rectangularCAD model was useA 70
pm layer heightzb60 bindey 360 dpresolution 100%coreand 200%shellsaturation and 35 °G-hourpost-printing
hold temperaturewas usedPrinted samples wereoated withzb60 binder an®-wt% polyvinyl acetate PVA to
add strength andthen driedwith a 100 W tungsten lamp.



2.3Sintering Process

The &-printed partswere subjected to a sintering processa high purity argon environmemiith 250 Pa of positive
pressurefor joining of the powder particleShe heating profile involvednanitial 3 °C/min rampup to 327 °Cunder
a 5% hydrogen (argon balance) atmosphamd a hold period of 3 hourduring whichthe binder burnoff occurred.
Thenthe atmospherewasswitched to high purity argon analramp rateof 5 °C/minwasused to reach1200 °CA
holding period of5 hours was used for sintering the paréd.the end ofthe holdng period,the partswereremoved
from the furnaceand water quenched

2.4 ESD Proceésg and Materials

Depositionof AA043was performed using a Huys Industries ESD maahiirea manuakpplicator ESD works by
repeated discharging of a capacitor at high frequency through a consumable electrode onto a conductive substrate.
This results in short duration pulses of high current, such that a very small amount of molten material srait$fer
each pulseAtotal coating timeof 40 secondsn a0.5¢cn? area was kept constant for each set of parameters tested.
The chosen capacitance and voltage values are stiowablell, with frequencykept constant.Input energy Q)
with each deposition pulse is calculated using the energy of a capacitor,

o gow &
whered is the capacitance angis the voltageTherefore, only the capacitance and voltage are considerieen
optimizing ESD parameters in this study, although frequency can also have some effect on the deposited material.
A visual example of these coatings is showRigure2.

Tablell. ESDroatingprocessparameters

Label Capacitance  Voltage  Frequency  Energy
Low 80uF 100V 170 Hz 400 mJ
Medium 120pF 100 V 170 Hz 600 mJ
High 120uF 130V 170 Hz 1014mJ

Figure2. BJAMInconel 625 part witiEESDroatings depositedisinga) mediumandb) low energy parameters
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All depositions were performeghanuallywith the use of an argon cover gas (atl¥fhin) anda bidirectional raster
scan pattern was used to cover the surfatheAA4043electrode used for ESD coating was 2.1 mm in diameter and
the compositionwasdetermined by EDX to 1% Aland 6% Siwhichis close to the nominal AA4048mposition
(94.8% Al and 5.2% Si).

2.5 CharacterizatioMethods

Analysis was performed withZeisdUltraPlusscanning electron microscope (SEMbh an energydispersive Xay
spectroscopy (EDX) attachmerdpable of area mappind\ll SEM images are obtained with a 20 kV accelerating
voltage and 60 pm aperturé&razing incidence-bay diffraction GIXRPanalysis was performed using a PAjtiahl

- Rrt Pro MRD HIXRDwith CuK(alpha) radiationa scanning rangieom 20 to 100°, a scan step size of 0.1° and a
5 second step timePeaks are matched with the use BANalytical X'Pert HighScore Pdofware.Optical images
were obtained with the use of an Oxford BX51M optical microscope @ilporosity measurements were made
using Imagethresholdanalysis on cross sections of the sampfaaface roughness measuremenfs2 mm by 25

mm areasvere performed with &eyencdaser scanning confocal microscagred waveform correction during post
processing of resultdicrohardnesameasurementavere obtained using &/olpert Wilson 402 MVD micro Vickers
hardness tester (100 gf and 15 s dwithe) on cross sectioned sampled the ESD electrode and additive
manufactured substrate.

3.0Resultsand Discussion
3.1Analysiof AssinteredBJAMPart

As-sintered BJAMparts displaya dense inner regiorF{gure3a) andhighly interconnected pores near the surface
(Figure 3b). These regions are characterized by theigher (92.8 + 0.8%) anldwer (62.9 + 3.0% density,
respectively The outermost powder particles ifrigure3b appea brighter due topoor connection with the bullof
the sample resulting incharge accumulatiomvhen the sampleinteracts with the electron beam duringcanning
electron microscpe (SEN) imaging.lt is expected that a combination of factarentributeto this porous structure:
binder spreading during printing, higher binder saturation in the shell,kander degassing through the surface of
the partduring sinteringcanlead to particle separation anldw density. However, he bulk densityis higher when
comparedto other BJAMInconel 625 samples itne literature that were sintered athe sametemperature[17],
attributed to a smalleiparticle size ané longer sintering timeThe particle sintering kineticsare directly affected
by the availablesurface energywhich acts as a driving force during sintering. §heater surface area per unit
volumeprovided by smaller particlegsults ina higher surface energy araffaster sinteringorocesq18].
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Figure3. SEM image of crossectionedBJAMpart after sintering a) within the bulind b) near the surface



SEM analysisdicatesthe presence ofwo different types of segregation within the final sintered pantraparticle
segregationappeas dark underinverted backscatteimaging(Figure4b) ¢ whichin this casas indicative ofarger
atomic numberg while interparticle segregatiorappearswhite or gray indicatng the presence of lighter elements

in higher quantitiesIntraparticle segregation b and Merich (indicated inTablelll and Figuredc by arrow }and

is differentiated by itsdistinct lack of oxygerOnepossible candidate fahis phaseof Inconel 625s NbCwith Mo
substitution Carbidescommonly form in Inconel 62&fter solidification[19,20] aging andannealing[21,22] and
sintering ofBJAMnconel 62917]. A TimeTemperatureTransformation (TTT) diagram of solution annealed Inconel
625indicates thata NbCphase can be expected to form under 1 hour at temperatures between 800 and 1000 °C,
and finely dispersed carbides have been reported to form after exmosur the order of 10 minutes at these
temperatures [23]. This carbide formation mechanism is suggested because of the slowupmgie (5°C/min)
used during sintering, and the very fast cooling rate from water quencaiteg sintering. The lack of aeliable
carbon EDX peakexpected fotthis characterization technigy&hile the detectionof Ni, Cr and Feehen measuring
this cabide can be explained by considering the small precipitate size and larger interaction volume tidt&xq,
XRD analysis was used to confirm the presence of a NbC phigseeb).

Tablelll. EDX composition (wt%) in intrand interparticle segregation.

Location Nb Mo Cr Ni O Fe Ti Al Si
Intraparticle (Nbrich) 48.2 9.9 11.3 | 26.0 25 2.2

Interparticle (Crrich) 6.1 1.6 50.7 115 163 2.2 1.0 1.2 0.6
Interparticle (Nbrich) 33.2 36 16.1 208 213 25 2.5 0.1

20um

Figure4. SEM of crossectioned Inconel 62BJAMpart after sintering using a) secondaectronimaging, b)
backscattetrelectronimaging with inverted polarity (darker shade represents increasing atomic number), and c)
EDX map with two phases of interest labelled 1 and 2
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Figure5. XRD analysis of a sinterBAAMInconel 625 part

Interparticle segregatiorexhibits a strong oxygen peak during EDX analgsisvell asCrrich and (Nb,Mo)-rich
regions.As Figuredb shows,there are two interparticle phases present; the bright white phase indicates lower
atomic number while the gray phase is composedaheheavier elementsTheir respective compositions are listed
in Tablelll, and one oxide phase could be clearly identified using XROs{ddentification of other oxid phases is
limited by small volume fractions, background radiation, peak overlap, and peak matching uncert8intteshese
oxide phases appear within the sintered part, they cannot be attributed to oxide formatioen samples are
removed from the funaceafter sintering Formation ofCroxideshave been shown to preferentially occim Inconel
625 at temperatures abov&00 °C while Nb and Toxides form abovd 025 °(24], suggesting thasome oxygen
waspresent in the system prior to densification of the passe of a reducing atmospheoe vacuum17]throughout
the entire sintering process is likely teduceor eliminatethis interpaticle phase Additionally, some XRD peaiks
Figure5 indicate the presence afhromium carbidepreviously reported to occuslongthe interparticleregionas a
result of Cr interaction with the bindqfi.6]. Due to thebinder burnoff step prior to sinteringperformedin this
study, chromium carbide was present to a significantly smakéznt, with no clear visual indication afchromium
carbide phase ithe crosssectionalimages in Figure4. Since XRI3 a large area characterization technique, it is
likely thatsomelocalizedregions were not fullyemovedof binderand formation of chromium carbidgtill occurred
Binder residuakan also lead to elevated levels of carbon in the system during sintexinigh promote NbC
formation.

3.2 Characterization of ESD Coating
3.2.1Effect of process parameters amrfacecondition

The mprovement in surface condition witSDof AA043 is found to depend on the input energy. The lowest set
of parameters results inraapproximately 5Qum thick coating, howevemost of the interconnected network
remains underneatt{Figure6b). Increasing energy inpuesults in a thicker coating, with the highest parameters
(Figureéd) eliminating the neasurface porosityand achieving a coating density of 99.2 + 0.3%



Dark coating region

- ",'.‘ 2 ‘h‘,;'. Sk (S e -

s SEN $ :
¢ 2T a A ! e N
; > : 8% SO i s BN
- , 57 ey f e ¢ ¥
e oLt o3 ~ o g “Mr : SRt 3 ) B 1
o e : : Zol T S B Y L Yo

T00

Figure6. SEM surface image of Inconel @ Msamples with a) no coating, b) low energy coating ¢) medium
energy coatingandd) high energy coating

During the ESD process, localized melting occurs on both the surfaceBafapart and the consumable electrode.
Formation of thealuminidecoating is expected to occur as th&d043 deposition mixes witthe melted Inconel
625 substrate,depicted in the process schematickigure7a-c. The quantity of localized melting on the electrode
and base metaka function of the eprgy input with higherenergyshown to enhance maseansferto the substrate
at ESOrequencies under 1kH25]. Thiscanexplain the reduction in the outer porous region showrfrigure6 with
increasing input energyA gnall energy input results in superficial melting, leaving a porous region underneath the
dense coatingA higher energy input results in greater meltingaporizationand ejection of materialwhich
contributes to the elinmation of the interconnected pores. A second mechanfisndensifications observed by the
partially melted Inconel 625 powders near the bottom of the coating. A small anafuntiltration occurs, in which
the molten NiAl mixture flows into open pore§-igure7d,e). The depth of infiltration observed was limited 70
pum due to the rapid solidificatioof the moltenmixture.
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Figure7. Exaggeratedchematic ofESD surface alloying proces®winga) overview of electrode and substratb)
capacitor dischargeand c)mixing of /4043 and Inconel 6255EMimages ¢e) show infiltrationand partial
meltingas depicted in c).

Visual analysis of coated BJAM parts reveals that surface roughness is influenced by the deposition energy, with
more uneven buildup and material splashing visible at higher deposition eRéygye8b. All surfaces demonstrate
the presence of scattered aluminum oxide particles while displaying slightndormity in the Al, Cr, Si and Ni

distributions (shown irFigure8c).

Figure8. SEM surface image of a) low energy coated sample, b) high energy coated sample, ¢) EDX scans of low
energy coated sample surface
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