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Editorial

Dear readers it is my great pleasure to invite you and read the third issue of the ‘Additive Manufacturing
Journal’. Additive Manufacturing Journal is comprised of high quality, peer reviewed conference papers
presented during the 9th International Conference on “3D Printing and Additive Manufacturing
Technologies- AM 20197, held on 6-7th September 2019 at The Lalit Ashok, Bangalore, India. The journal
consists of high quality, peer reviewed technical papers from various scientists, research scholars an industry
professionals. 1 hope the research work featured in this journal will be helpful to the readers to further

enhance 3D Printing and Additive manufacturing research work.

Dr. L. Jyothish Kumar
Managing Editor
Additive Manufacturing Journal
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Application Of Computational Fluid Dynamics In
Developing Process Parameters For Additive
Manufacturing
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elfeed of Inser parnmeters, powder packing denslry and poribels
size distribation on halling defeets are stoidled. Fr is fomed that

Iilgh sean speeds amd a powiber size Msiribmtion skewed fowards
larger skze particles can poteniially conse melf poal e brealk Inin
Iskemdds (balling) of malien metal, sdverscly sffecting the surface
qualliy. The last sindy wses salliffleation coie nnd tesapevuiure
gradienis predicied by fhe CFD models te assess solldiflcation
marphology sl grain slze fer single loyer sean fraeks LPBF
pwocesses. Such high-flidslity mnlil-physics slootations peovide
Imsighis inte additive manofaciuring processes ai the arbcre amal
Iness-sriles.

Jeocess
pool dynamics which in taen affets the quality of the part.

Addidve Mumiscmring Society ofTndia = 2019
6T Bepremiber 2019, Pangnbore, Indin

Computatiom] foid dymenics (CFD) modelling can help
researchers vndersiand the effects of TAASECS O

mﬂlgingwplgn_mu_amlumlm@dnnim,
phase changs and solidification. These mmerical models,
which are based on & dgoross solution of dw conservation
edqations of mads, monssmnn ad snengy, can provids neefl
insightts such as fivid convection in the melf pool, femstion
of kevholes, temperadure graenis ond solidification rmes,
Curent wodk presenis [ur case siudies rom indostry and
aeadanyia that highlipht the nse of CTFD and momerieal modals
i;ml - of =

L CaseSmmyl
Duoring ihe netal AM process, te shape and size of the
melk pool and the resvlting theomm] grodients heve i impact

on the microstruconrs and the smciuml properties of the final
part. Undemstanding ihe dynamics of the fow in the melt pool
and pradiciing the correct dimensions of the meli pool is thos
ihe ey (o deeper understanding of the process. The first case
smady fomees on pesdiodng the mel pool dnsensions Le.
depth, width mﬂh:ﬂﬁ[’ﬂu medt pool uﬂmpuﬂ Q‘D

Fig. 1, Sohwsnils of BU525 mbairss, aed nonlsal posiiens of ssan ieoln,
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The experiment consists of laser powder bed fugion
{LPBF) with single scan tracks on bare metal sobstrates (0o
powvder) of mickel-based superalioy INGZS. Three different
powes and gpeed combinations are performed with rmltiple .
replications of each The laser weed is a eontinmons-wiave .
{CW) vitesbinm fiber (Yb:fiber) laser, with a wavelength of
1070 g, Ineslto messorenents of fhe melt pool leagih are
performed, Fig_ 1 presents an ilipsiration of the sobsirate, ond
the meries of 10 scon tracks Each track & 14 o Iong with PR
hatch spacing of 0.5 mm. The tracis begin 2 mm ontside of L Sbisares |
fhe field of view of fhe comem as the in-sitn melt pool length 68 03 05 pA 10
Iesurenents were Hnited to steady state. The length of the
melt pool is measured as the distmce between the leading
edge and ihe trailing edge of the melt pood, each of which are
defimed byrihe solidus temperature. The scan tracks were then
cioss-sectioned perpendicular to fhe laser track ot the center
position. The cross-sections were then polished and etched in
order to measore mekt pool widih gnd depth, NIST condueied
fhese experiments on two machines, first ong referred o a8
Addithve Mamuihemring Testhed (AMMT) sad
gecond one ag Commercial Build Machine {CBM). For this
case shudy results from AMMT were msed as the melt pool

depth and width were reported only for AMMT.

the void is implememed wsing the Clamsivs-
Clapeyron equation.

Radiation beat trgnsfier from plossevapor to the part

Swrface tenslon induced Massogond convection is
nleo accounded for.

C. Rexulis and discussion

o

[t =132 mg

|laf t=0.11 ms

TABLE L PARAMETERS POR THE ENPERTENTS WITH AMMT

Coze | Loser pewer | Scam Roplicafle | Laser spet size
(W) speed | ms (D) dlammeter &
A ] h@ T (=
3 B0 70
iC T3 L300 4 T jes Fz 8 MMt pond evolnton fir Cass A
B. CFD model

Evolution of the melt pool depth, width and length ns a
foetion of fime can be seen in Flg 3. for Case A Similar
ey paliems are seen for case B mnd C a5 well, As con be seen in
Flg. 3, for ihe process parameters mead for this case study, the
depth of the meht pool 1s shallow as a resolt no laser kevhole
formation is ohserved. Due to the shsence of laser keyhale,
laser reflections of the melt pool surfice do not play an
impostant role in deciding the dywnamics of the melt pool. For
all the cases veed for this stedy, he dimessions of fhe melt
pool are primarly controlled by laser power, scon spesd, heat
transfer and phase changs.

Mk bk 5

Sillesh hinck 1

V=, Symmetry heandary aandiisn
A1 mm

Fig 3. Schemail: showing tie geonseiry for the CFD modal

TABLEIL Conwanmsos oF NIST EXPERTMENTAL AND CFD RESULTS
I the CFD moded (nsing FLOW-3D" software), as per the

experimental data three sinmiations (for Case A, Band ©) |-t RS- SR e - M
were sehp, each for p diffrent combingtion of lnser power A ] 350 | 14700 00 | 3e00E S0
and scan speed. The CFD models simmlated single scan track 55400 7.60 | 123,50 36,00 | 35008 | 35600 |
for epch oase, FLOW-3D incorporates o propristary volnme- C | 20060 3506 | 10600 3052 | 37048 320.00

of-finid method (TroVIOF) fhat acourately tracks the evolotion

of Hiquid metal-pir interface as the loser begm iridates the
subatrate. Energy from fhe lsser bemm is applied on the
sobstrate naleg 4 gansginn heat fux distribotion over the laser
spot divmeler. Following is the list of physical models
incleded in the sinrolation

s Mplten mefal flow is assumed to be Newtominn,
lamimar and incomgiressible,

s« A Gmssian distribntion for the Iaser bemm power is
utilized.

»  Bvaporation isfoced recodl préstue that conhiols te
amonat of beat and mass ok froemn the melt pool Listo

Table II sommzarises the results for all fiwee cases. From the
table we con conchnde that the predicled dmensions of the
melt pool sre i good Agréedmant with the experimanial data.

M. Cass SO0y 2
Eeyhole-induced porosity ls a major conse of defects In
meinl AM s well ns in luser . Sach defecis

Tong University, PR. China developed 3D CFD models using
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Fig. 5 showcases bhe mesh weed in the computational
almmintion o6d indicaes the relevant fioid and vold reglons.
The sumerical procedore involves the solwtion of mass,
FLOW-3D® poftware. Additlonally, the free serfice is
tracked using the TroVOF method.

C. Reswity annd discussions
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Fig. 7. Provess of bubbile fametion doe o (P =2.5 kW,
w =1 m/min Time at () 0.23540 =, Time at @) 03180 = Time seap foom n)
o 4} 80003 &

In Fig. 7 (a){e). the mechanism hehind keyhole-induced
porosity is shown. As the larer beam shines oo the meft pool
sarface ot (.234 seconds, it cameca the mele pool to depress due
o evaporation indoced recoil pressore. This meli pool
convection canses the re-circulation in the rear molien pool,
whick lends fo the rear kevhole wall collepsing on the froat
Ieeyhole weall, and resmles in babhles trapped in the metr poal

Huwewq.nntn]lhﬂ:hlmnﬂumehpuolrmll
pocoaity. Only when a bubble iy capured by the advancing
solidification front as seen in Fig. 7 (a-{z) does the trapped
Iuble hecome & void. Another huhhle that iz formed in Fig.
T (&) goes on to recombine with the free sorfhee of the melt

TABLE ITL WELDTNGG PROCESS BARAMETERS
Laver Welling Bemmn
Fower (IEW) | spesld (mfindn) | inelinetbos
i amghe ('}
Fifect of | 23 10 )
wekding spewd | 540 1040 ]
o G0 124 ]
Titect of beam | 23 10 =15
I flmatbon Z5 3.0 o
angle 23 3.0 13
(30 3.0 30
X 10 a3

In Table T, the laser welding speed i increased from
3m/min to 12m/min while also increasing the laser power to

- -

Fig 8. Disiobution of poosity i lngihedine welding sections fom
simmlations with fxdlowing sets of prrametens (5} P= 2.5 EW, v =3 na'nds;
(b)) P=3.0 kW, v= 10 m'min; msd {c) F= 6.0 EW, v= 12 mmin

Volume 1 - Number 3 -2019 - 3-10

Fig- 9. Distobwtion of povmity in lomgitwdined vections fom
experimants with Billvwing s of pammaters: (0) P =1 5EW, v—3 minin;
(b)) P 3.0 KW, v 10 mfmin; amd {c) P = 6.0 EW, v = 12 m'min.

A look at the process simu lations belps discem fhe reson
for high powers and welding speeds being beneficial o the
welding joint. It is seen i Fig. 10 that at high speeds wnd
powers, the width of the kevhole opening at the fop & greafer,
g:r.m. the collapse of the rear keyhole wall cnfo the

paos, and Laser's position ralative o keyhole sorfos for: (2) F= 2.5 BW, v
= 3 nv'min and (b7 — 6 KW, v — 13 nvimin

Additionally, s large fincnmtion in keyhole dapth is ohserved
for the low speed and low power case, although the depth of
penerration of the lser beam is the same. Thiz change in
dq:thullikﬂjrmﬂ:ﬂtmtfhylnhm&pmgmmﬂu

hat o large speeds and powers, the melt pool behind the
keyhole is elongated, and thin is beneficial for the bubbles 6o
frons. The lser beam also predomi motiy shines on the flhoat
keyhole wall, dms minimizing mrbuleace in the larger rear
maolizn pool.

Mexr, the role of laser beam inclination angles on laser
welding is stodied. Snnetbnuphcimmhmwddm

dynannics. A# listed i Table 110, the aagles of inclinarion are
varied between -13%, (7, 15, 3P, and 45%,

la) (bl
I. .. .
f 5 i

P ity arcai Falia %)

L [ {5 3 Il is

el sigle ()

Poomiy soen rano

lea it gl 1)
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Fig. 11. Pors srea pevceninge of diffrent incknotion meghe: (o) cxpesiment
vt e () stw]nthon reamiis,

Fig 1I plmme-puempwhhﬂw

Fig. 12. Caloulsted velocily felds and fonsperaiure distribution in ihe molien
pnale for Hifscent ineHnstion saples s laser powrens (a3 2.5 FW, 3 osfndn
amd 130% ¢b) 3 KW, 3 m'min snd 30°% ned () 3 KW, 3 s and 43°.

Te undersbmnd why lager beamn angles of imclination
show a reduction in porowity, icls worth investigating the melt
pool dynamice ns shown in Fig 12 At a 15° angle of
inclination, there is intense re-ciroulation ohserved in the rear
molen pool, and the kevhol: collapsing widt bubble
formation iz seen. Two vortices are observed ata 307 angle of
inclination, which arise doe fo recoil pressure nnd sudfcs
tension Torces, and thiv comsey the reac wall 1o be 12ss steep
compared to the 137 angle of inclimation rear moted pool wall.
Finally, at 45", the rear molten pool now has laminae fow
poing away Tom the reac keyhole wall doe to gravicy and
recoil presaure becoming more aligned, thus driving the fow
dowoward amd backonard. Onee again, a more siabie rear
moleen pool evenmally leads to mitlgation of pocosity.

IV, CaseStory 3

Peopeas paraineten snch a2 laser scan spead, laser power,
packing density and pacticle size distribution have a direct
impacton the melt pool dynamics in & laser powder bed Thsion
process. The highty transient namure of the melt pool affeces
ihee Tl socfce guality-of the solidified meli region. This come
sudy condncted by ressarchers from Ohio stste wmversicy
mﬂﬁmﬂmyﬂp&ﬂm&rd&pﬂﬂ

on the balling defect for LPBF processes in
Ztmm:el'“?lﬂ[ﬁ_l.

Volume 1 - Number 3 -2019 - 3-10

A CFD model

In weddition to the physical models vsed in case stodies |
nnd 2, this case study wees discrete element method (TYEM) o
moded the metal powder particles. The DEM model ls capahle
of modelling (powder) particle-particle intecaction and the

different powder particle disiritmiions for varying particle
i

B. Resuity ond discusrion

As illusicated in Fig. 13, balling defects occor when the
mdhnpudmmumﬂhuhmmd
islomds of molien metal. Such defects can be atibuted fo void
formations i the melt pool, which eventoally break fhe meilt
pool inio separaie regions as seen in Fig. 13(a) — 13(1).

]

i

4
1

Fig. 13. Evolution uf usdten pool profibe ilinstorizg e focmtion of balling

Temparature (K}
J00 518 T 954 1r2 J !BH]‘

Fg. 14 1D view of dee malt pood showing the fommation of “lomg™ dus
blarangnnl affiset. (Feanning spead = 1.1 mk, lemor power = HOW, and
powder pocking density = 35%. )

The thermal gradients in the melt pool prodoce gradients m
murfhce tension which then indoces Marangoni flow in the
direction opposite o fie laser scon. As the Mamogoni =ffect
pushes molten metal fo the rear end of the melt pool, a
distinctive bump is foemed. With incressing lengih-to-width
ratio of the melt pool, Raeigh Toydor instabilities pet in and
cause the melt pool to break down fato tiny isiaads of molien
meral which then solidify to adversely affecr the macfies
yuality [7].
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Fig. 15. Malten pool profile £ (i} Particle size disribation with igher
porccainge of smaller patichos (k) Particle sizo disiribution with ighor
parceinge of larger partioles

The effect of particle size distribotion oo the balling defiect
can be seen do Fig. 15, For both resolts shown in Fig 15 (o)
and (b) the porticle size vories between some minfam o
ie lacer power and sean speed. Bui for slmwlation with
porticle size distribotion skeved towards larger particle size
(Fig. 15 by we see fhot the molten pool surfice is less smooth
and has e edge a2 campared to fhe nesnlic in
Fig. 15 (a} which has particle distribution with larger
percentage of smaller panticles. This can be attriboted to the
et that with.some laser power scan speed larger particles tend
to show partinl meling ss compared to smaller particles.

(a) p=

Fig. 16, Muitzn pool profile for (a} Laser o speed of 2.3 m's (1) Laser
son apeed of 1.1 m's, All other conditions, Le, laser power = 200W. power
packing density — 38% o zane

Fig. 16 iflostvades that of higher scon speeds length to widih
ratio of the mek pool can bacome high enomgh to canse e
melt pool to bresk up and comse bafling defecte.

Volume 1 - Number 3 -2019 - 3-10

V. Case STomy 4

The microstructure evoltion in kser powder bed fuslon
is imvestigated flwid flow and heat transfer

718 wing cadsting heoretical modela. The samerical modsls
are validmeed by calibroting the dimensions of the melt pool
for two partially lnser scan tracks, and i can be
szen below in Fig 17 that the ernss-sectional dimensions
eompare well between experimets and simmlation.

Solldifeation prrameters at fhe molten pool slde edge aind
the motten pool tradling end are calenlated. These locations
comespond to the muxinmms nd minimmms of solidification
porameters, and by osing existing analytieal models for
wﬂdhgmﬂnhﬁdhgmhhﬂmhﬂmm
dendrite 1s the domioent mosphology n INTIS made by
LPEF, The primary desdrite srm spacing (FDAS) is aoother
mgortant microstructore parameter and die dendrite size was
estimamted to be betwesn 1.32 and 1.87 min. The calenlated
solldificodon morphology and PDAS are consistent with
observed results. The reader s lavived o refer

articl for more information on fhe
mefhodology and resolts. The reader ks iovited to refer to te
clted joowsal artiele [7] for more Information oo the
methodolozy and resulis,

(a)

to the cited

Overlap
——p

200pm

Mesh=4 ym
(b)

This stedy demongstrates that the CFD models based on
solving fondamental equations of mass, momentmn and
energy conpled with the laser models can be successinlly
used o improve the understanding of the metal and heat flow
dymamics doring metal AM processes, These high-fidelity
help resedrchers and enginesrs develop
process parameters for metal AM processes there
the need W canry out expensive experimental

EEEE
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FULL PAPER SUBMISSION FOR 9"" INTERNATIONAL CONFERENCE ON ADDITIVE
MANUFACTURING TECHNOLOGIES - AM 2019 (AMSI)

IN-SITU LASER REMELTING (LASER POLISHING) OF TOP SURFACE OF
Cobalt Chrome (CoCr) SAMPLE BY Selective Laser Melting (SLM) PROCESS

Aphishelk Kymar'', C. §, Kumar |, A, K, Nath'
Unfeelianical Bngineering Deparment, Tndinn Tnstinie of Techaology Klnogpar, Todia
e n—

Absiract: Additive maoufacturing is a part of Direct Digital Manufactoring (Major part of Foueth
Industrial Revohntion) process which is an automated fabrication process based on the layer by layer
mass customized additive mamuifactring process. The major drawback of this process is that it gives
high surface ronghness. So Polighing is done to reduce surface roughness. Conventional polishing is
contact processes thus have many limitations. So o overcome these limitations, Laser polishing
operation i done which is a contactless polishing process. Laser polishing involves melting a thin
layer of the substrate, with surface tension causing the material to flow from peaks to valleys. In laser
polishing, the material is not removed but is relocated as & molten pool. Polished surface mainly
depended on the surface material, initial topography and laser beam density. The energy density
delivered to the workpiece plays a major role in the thermal cycle, fluid dynamics, microstrocture and
consequent surface profile, and is controlled by changing the input power and scanning speed. In this
experimet, In-situ laser surface remelting was done that iz laser surface remelting done on the same
machine (EOS M 270) in which sample was built, thus reducing produetion time and cost (Cost
Effective Process). Cobalt-chrome or cobali~chrominm {CoCr) is a metal alloy of cobalt and
chromiym, Cobalt-chrome has a very high specific strength and is commonty used in gas turbines,
dental implants, and orthopedic implants. The experiment was performed in different process
parameter that is varying Scanning speed, Hatching distance and Hatching direction, no. of powder
layer remelted. Thus we got improvement in surface roughness from around average initial surface
roughness of 14 - 15 microns to 1.02 micron, thus 92% improvement of surface rouglmess in both
longitudinal (Along with scan speed) and transverse direction {Direction perpendicular to scan
speed).

Keywords: Additive Mamfachuring, Laser Polishing/Remelting, Selective Laser Melting, Surface
Roughness, Cost Effective process

1. Introdnction layered) technology. The principle of Layer techoology is
based on the fact fhat amy object, at least theorstically, can
1.1. Additive Manufacturing be sliced imto layers and reboik wsing these liyem,

regardless of the complexily of its geometry,
Orlentpied on  the peomeiry ooly, manofictoring
technology, in general, is divided into three fundamental Additive mamnthetoring (AM) is an sotomated fabrieation

ik [1]' process based on layer technology. AM integrates two
;mmmﬂ Seppor-ynit The sobisciss of Sabsequent Liyws i suenck i

form the part. Both processes are doug shnmitinecusly.
S uldtos IOV TG MtIOIORS. The AM build process just requires fhe 3D data of fhe

Additive manmfactoring creatss the degired shaps by
port, commonty called the virtoal prodect model. Tt s a
adding maerlal, prefinibly by singgering conoured layens o oin of AM it not only the geomenry but the

on top of each other, Therefore, it ks also called Iayer (or
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material properties of tie part as well are genernied during
fhe build process.

In general, AM deals with ndding material instend of Hts
removal. First, a computer-sided design (CAD) file of the
degired pant needs to be created or desigeed. This CAD
file can be completely designed by a desizner, or if can be
crented by scanning an object. Subsequently, fhe CAD file
will be converted mip kayvers with specific thickness,
pandlly ranging from 20 o 100 pm [2], nelg sopporting
soltware sch g5 Antofih  (Materiplise, Lowvain,
Belgium). Finally, an AM machine will fabricate the part
layer by layer [3]. All AM mochines nesd a source of
energy o fabrcxte fhe croas-section of ench loyer. There
are a variety of epergy sources, inchding those based on
laser, electron beam, and wittasonic [4).

Different types of maserlals are uvsed in the AM
techniques, including powder, wire, and cheet. Although
powder-bed-based methods are oaly capable of using
powder [5]. the flow-based methods can uiilize sither
powder or wire [6,7]. The sheet i the only type of
material vsed i sheet lmingtion fechmigues.

1.2 Post-manufacturing Processing
After fabrication by AM techiicpees, post-processing tasks
gre psnally required to produce desired functionality gnd

Pt to the mbstrate to sapport and restrain the main parf)
removal [3, 6]. AM parts may have vndesimble surfhce
texture fentores that need to be removed. These nclnde

mmmummm
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Laser polishing ihat is laser surtice Temetting is matnty
Tocnsad,

2, Laser Swurface Remelting (Laser
Polishing)

Grinding and podishing techniques are widely veed to
reduce the roughness of surfaces and tiws enhancing the
owfice relaled properly. A mpew method to aftain soch

high-gmality surfaces Is polishing with laser mdiation. In

2.1 Types of Laser Polishing:
Tlneuﬂnwl}pmnflmnpuldlmgpmn{ﬂmad

¢} Polishing by Remelting — Metals
In this experiment, Laser polishing by remelting wis
done,

Polishing by Remweliing — Metals: A thin surfhce layer
is molien and the sorface tension leads to o malerind flow
from the peaks fo the valleya. No material is remooved b
reallocated while molien, X is a new method for the
amtomatic polishing of 3D sarfices. For metals for fhe
process varimt polishing by remelting, two sub-varigots
exist macro polishing and micro polishing. [8]

2,2 Mechawism of Laser Surface Remelting

(Laser Polishing)
Laser polishing lovolves melting o thin laver of the
sobstrate, with sorface tenslon cansing the material to Sow
from peaks to valleys, In laser polishing, the materinl is
not removed, ot is elocated as 2 molten pool. Polished
p by g ied on the sorf jerialimitial
topography, and beer beam density. The lser beam melts
a microscopic layer on the surfice, which re-solidifies
under shielding gas protective conditions, resniting in a
smoother surface. The polishing mechonism is based on
the fosiom of a nderolayer of material dwe to the action of
the kaser bepm, Melt pool dynmmies sipnificantly infloence
the surfice profile. The energy density delivered to the
wirkpiece plays o major role i the thermal cycle, fluid
dynamies, microstroctore, and consequent surface profile,
g is confrolled by changing the inppt power and
scamning speed [9]
The swfice roughness of the Inser polished region
slgnificamtly depends on fhe melt pool velockty, which
itself is influenced by fhe laser power and speed. Increase
in inpot energy resolts in inercased melt pool velocity,
which subsequenfly peoerates periodic strigtion patterns in
the laser polished sorfice and should be avoided. A laser
polished zone with good surface profile and roughmess can
be achieved by restricting the melt pool convection to a
minimmm, Low mell pool velocity helps achieve wider
laser polished trock widih, Increase in medt pool velocity

12
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!:WHEI.I‘IE nml:pugld:pﬂ:wﬂhm_aigu.tﬁml: shows owipot surfice ronghness vale, Sample built in
ingrease 8

stress gmalysis were done, Laser radiation is absorbed on
the surface; the energy is converted to heat and the surface
laver is melted very quickly. Subscquently, the heat is

di_ssipalcd into bolk muaterial and the surface laver re- IniﬂuleuuParam:ur Chart

Wasrk Fumrnr spemd | Pormgr ipanl Hllrl e

solidifies, = g ; .‘f’:!...i P 0 ool gl vy e e
e | | mbals] am| s o '

3.1 Material mfﬁ‘ ml el e e

Cobali-<chrome or cobali-chrominm {CoCr) is a metal :ﬂ«'t i | [o] o= o 12is

alloy of cobalt and chromium. Cobalt-chrome has a very e | | wefrls| am a s

high specific sirength and is commeonly wsed in gas s |5l EEE 3 i .

turbines, dental implants, ad orthopedic implanis. Coball- ;:::;f_;;‘ st Mo i s i s

chrome-molybdenum allovs are widely used in orthopedic [

implants. The alloy has a much higher tolerance in the e |

Buman body that cobalt or nickel, and thus, much less

toxicity, COM is a low carbon, wronght version of ASTH

F75 cast alloy,

3.2 Process

In this experiment, Laser surface remeliing of CoCr
samples were performed in the same machine where the
sample was built. For this process, the bulk part of the
sample was built in a standard EOS process parameter. On
the lop surface, process parmmeter: Scan Speed, Halching
distance and Haiching direction was changed, Also, three
sets of the sample was made in which on the first set of
sanaple (A a single exposure (Mo powder laver recoated
al last laver) was given. In the second set (B), one laver
thickness of 80 microns of powder was spread by recoater
blade and then single cxposure of specificd process

parameter was given, In the third sample (C), two laver S T N
thickness of 80 microns of powder was spread by recoater 2 : S Tk
blade and then EI'.]'JJ-;_[{'. exposure of specified process £ z b 13
PHTATICICT Was gIven, T T im0 TE
In surface roughness analvsis, Average sarface roughness g ; _1 "i;ﬁ:_ i;:
(Longitudinal) mean that surface roughness is measured T ¥ [T 1
perpendicular to the direction of scan direction of the laser _- & —H 1
beam that is the breadih of the sanple while average 1) | EFSIHIX e X TED 1]
surface roughness (Transverse) mean that surface E 5 +—tanr o
roughness is measured along the direction ol scan : . :;UE -
direction of the laser beam that is the length of the sample. b : : :!_?f .l;:
A ¥ [ )

3.3 Observation

Initial process parameter table shows parameters set
before dodng the experimeit and final observation table
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Table 1. Observarion Table (Surface Reunglmess)
4. Resnlt and Conclusion
Tl resulicis shewmin wibolor St

Thees, it con. be conchnded that there wos a 24% redoction in

enfice ronghness by laser ourfhee remeliing in the some
ineyehing (EOS b 270 in whicls tle spmphe was built. Mintmmmn
sorfhiee roughness obkined by messotng & with Taylor and
Hobson contuct profifometer was 109 micron, SEM fmage of
thee smple i shom to feakore Inser polishing operafion

miRTACE

NAMTFLE

Fig 1. SEM Innge of'best sanepie

SEM image analycle dhows oo improvement in sorfes
ronghness doe w0 metl pesk remelted down o willey giving a
emoolh serfice.

Thaee, in this Trsihn Ier murface remelling was
done which s coat effisctive and ficler post-procescing process.
Fotore works inchnde rasldnal strass simmlation sed optimi=ation
of kuser polishing sorfce energy by mafhematical modeling of

FiNAL LAXEE

h RN TEI
L ISHET

Volume 1 - Number 3 -2019 - 3-10

the geometry of sodice rovghoess and applying variows
optimization fools.
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A novel method to generate mesh support for printability
and minimize distortions within fabricated part
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Abstract - Farions lattice and mexh supports are being widely

unconnecied regions which gels atiached in snceessive kryers.
Another role of support 13 to balance the part during printing
50 fhat it renwins secorely attached to the build platform
during the mamficturing process.
There has been lot of work done in genergtion of support using
Fused Deposition Modeling (FDM) becavse of the ensy
acceseibility and testing wveing FDM process. However,
support building for metal prioting to realize fhe topologically
opliniized stmctores have not gained mmch attention volike
FDM, The supports in metal printing play ao additdonal role
that affects the quality of printed objects, In metal printing
(SLS, SLM), these swpports belaves hike a heat conductor,
while the metal povrder acts as an insnlator. Tims, the supports
being heat condoctor defines fhe rate of fosion across the
mounted successive luyers amd determines the bwild up any
residwal stress after fabricatlon. The residoal stress within
metals affects fhe mechanical properties of the product. If the
residial siress is higher that yield efress. the part would
undergoes plastic deformation on apphving load. IE the resldual
stress is higher than the ultimate stress, it would lead to crack
or froctmre within the part. Another important aspect in the
metgl printing is the deviation in the peometric dimengloning
g tolersnce of fhe finul mamnfictored product, which, if not
mespected, would lkead o mejection of the parts. These
deviations can arise doe to the residoeal steain arlsing dwe to
mneven cooling of the melt pool or spring back coused by the
supports, During the process of bullding part, the supports gat
deformed doe to ils own weight, forces generated by re-coater
or weight of the buildup maierial. As a resull, the supported
zomes of the part get displaced from ite original position at the
time of removal of these supports.
The focns of this paper is to address issues in the overhang
regiong (or gupport zones) of the part baving gmall arep, Swch
zones needing support are often sopported in the way other
overhanging areas are sapported. As a result supporls defined
under gpch zoneg may get large deformation due o small areg,
large load, ete, which might not even result in krge distortion
within tive fabricated part buot also may affect printability
process itself. The following considerations should be token
while geperating supports on such zones.
1. Sufficient smmber of supporks should aochor the zones
with small area to resist the forces or the mgment arising
due to the re-coaler ot every successive laver.
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This paper develops a new method o generate smpports for
amall-gized zones meeding sopport. The mefhod rolls the

mgximal dise on fhe boundary of the zone, which generates
fhe locns of center of disc contained by the part and build tray.
The line joining the center of the disc of the foot-points on
mgximal dise forms fhe skeleton of e support. The method
aulrmatically geperated loge eovelop based on the sharp
featowre of such zones. The reenlting skeleton of the supports
are skinned with appropriate sive of the sphere or disc nsing
minkowski operator in order to minimize fhe deformation of
the supports during the build process.
IL LITERATURE SURVEY

Most of the methods developed for generating support mainky
focns on minimizglion of the muooust of material for supports,
minimizing its print thme and ease of removal of the supports
during post-processing.  Another complimenstary view is to
replace the need of sopport by either optimizing the part
orientation or changing the design features such that they need
minimal or nio support.

The simplest kind of support i the volome sopport gensrated
over the overhang area. Such supports are very usefol for
metal printing ¢SLS, SLM) éo condoect heat resulting in
minimizing regideal stress, bot it produces 4 lot of sacrificial
waste and fhey are difficult to be removed from narrgw and
deeper zomes. The natural approach is to oplimize these
support strochores geometry. Strapo etal [1] vsed an
opthimization algositu to develop graded cellular supporns
where the gradation is controlled according to fhe robusiness
of suppart required, thus, providing signifleant amovat of
mgteria]l saving, Husseln etal. [2] investigated the celhular
supports for metallic part based on SLM. Their preliminary
investigations suggest the high distortion of fhe parts dve to
high thermal gradients present in the phase transition process.
Hipwever, they recommended five vee of fe lattices strocivres
like dimmond and gyroid as svilable supports to redoce
build tme and material. As the
material in lattice sopport is redwced,
difficult to be fhbricated within SLM for a
resolotion. Vidhya apd Anend[3] applied the
approach to generate the supports. These mnlt cells are stacked
together wusing Dijkstra’s shortest path algowifim [4]
significant amomnt of material saving compared to the solid

=

i
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support, along with advantages of providing good accessibility
t0 remove the sopporks, They have described their approach
Varlons tree=Hke support stroctres [5, 6] have been developed
for FDM to aave filoment materials. Dwmae e al]7]
considered the stability of the paxt during the build process.
They developed the bridge scaffoldings supported by pillars at
the extremities, which are more strong and stable in
comparison. 1o the tree supports. Anpther way to penemfe
support structores is to wse different malerinl, which can be
dissolved or sacrificed in ofhier ways. Varions methods
supporting FDM [8, 9, 10] and SLM [11, 12] have besn
developed. These mefhods are not yet matmed for any
practical nsage in metal printing and need lot of Investigation
for finding the type of material fhat can be nsed a8 support
comesponding to fhe different metals,

. METHODOLOGYT

The method starts with ideolification of the small-sized
overhang area on the part in step 1 based on fhe deviation in
normal across its adjacent faces. Using these small sized zones
of the part and the build texy, the topologleal skeleton of the
enpports are cofstrocted in step 2. Viardons shapes are
embedded over these skeletons in step 3 in order to sotisfy
The mumber of skeletons and thickness of the skin over these
skeletons can be adaptively refined or regeneraied on the fly
by the nser.

Tdenriftearion of Candidare Support Zones: The overhang
regiong of support z00es o0 A pact having small-skzed area
are identified by the sizep change in normal across its
neighborbood points. For exmmple, figore 1 and 2 shows
amall-gked point and edge sopport, where the maxinmm
possible deviation in normal of faces incident on the poiut
and edge respectively is quite large.

The input to the mefhod is mesh representation of the
given CAD model I is represented nsing graph stroctore [13]
to stores the topological information.

S =(V,EF)
where F ig set of £ices, ench fiace is bounded by set of edges E
and each edge is bovnded by the set of vertices V.

1.

(&) Point Suppon

{b) Edge Support

Figmre 1: Support zones marked in red
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The zones needing sopport Z are defined as the subset of the

original mesh representation 5. The procedure to identify
ench emalls-zad =ones is as follows:

Procadure:

Find the mesh elements 5 = 5 needing support based on
the orientation of each face ie. normal o to each face
shown be down-faging with regpect to the build direction
or dot product (o, z)-<20.

Find the mesh elements corresponding to the small-zized
zone Z 5 soch that the deviation in fhe normsl across
he nedghborhood fces is beyond certain threshold Timit,
If the normal deviation s beyond the threshold valne
across the neighborhood faces incident on a vertex and
vertex 1s locally mindma, it would be called as poiwd
support. If the pormal deviation is beyond the flweshold
value aeross e neighborhood faces incident on an edge
and edges is locally minima, it is called as edge support.
Shnilarty, the mormal deviathon across a face 15 beyond
threshold, it wonld be sifree fype support zome.

2. Cousirwction of Topological Skelefon of fhe stupports:
(a) Any point P € Z, the normal is defined by wsing the

nonpal of the corresponding face for the surface hpe support
zone. The normal iz undefined for poief or edge supporr,

which is evalwated by the lingar combination of the normal at
the faces incident on corresponding polot or edge.

Figuore 2 shows a point P on fhe edge support. If the normal at
the face incident on polut P are respectively ny and m,, then the
normal at P s n, = am4(1-g)n:, D<=s<=1. Thme, in
weneral, normal at auy point P shared by faces By, Fo, FrwFa
having comresponding normal 48 Dy, Be..0s i evaloated as
followes:

Dy = a1+ B2k -S3.008 sevsmSNaLlN
where 0<= 51, 52, 53..58<=1 ond 51452+ Sretan=1.

- - Normaisat P
nt P

A
e .-_

Figure 2 (a) Support Zones with sieep change in normal (b)
Set of all possible nowmal at P

(by For a given normal ng, the maximal disc is evahmted
tangential to the normal and condained by the part or Build
tray. Fignre (a) shows the evohition of the maximal dise, (b)
shows the maximal dige, the e joining the foot-podnts (podnt
of contacty and cemtesr formes the sleleton.

Volume 1 - Number 3 -2019 - 3-10

Fignre 3(a) Maxtmal disc along the chosen normal (b) Line
joining the foot-points and center form the skeleton of the
Snpport.

The step (b) is repeated for all possible normal at point P to
form a set of skeletons of support as shown in flgure 4.

@)
N

Figure 4 Set of skeleton for the support using the locus of
maxitmal dise

If the set of soch skeletons T i wepresented vsing poly-lines
wiltten as T = (C, P, Q), where C k center of dise, P s polnt
of contact on e support zone gnd Q is the point contact with
elther part or bulld tray.
3 Embm'n‘hgrhwehmmmwmmkmqm
. MMMMMTMMWMWCM
disc or any other self-sopporting wnit cell to generate
the skin of support, This is achigved by using
minkowski operator. If the sphere M of radivs r is
wsed to skin the sopport, wheve the choice of radins r
is meer-driven based oo the loading condifion and
type of the material vsed, fhe support geometry is

repregented as follows:
T@M = {t+ m|t€ T,m € M}
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(((

F:gmsshmngofm:qpmhlem
dlmﬁelddpommmhdbymdnuufqhu:m{l}
oylindrioal dise of fiwed radime in (b) cylindrical diso of
variable tadins in (o)

The skeleton of the support i embedded with self-supporting
umit cells 1.e. sphere and disc a8 shown m figure 5 (8) and (b).
The mdine of fhe disc i varied from high to low along the
direction of build o schieve gradient in size in figore 5 (c).

IV. RESULTS

dmmhgmnlhdilrlhlrpmmﬁ{n]dup:nhmﬂu
deviation in normal rather thon the urea of supported zone.
Thus, high stress on such zones does to small area gets
Simdlely figure G6{b) shows fhe sopport zone having well-
defined normal bt higher deviation across adjscent poins oo
these zomes. Such zones wonld antomatically get suppocted by
elements forning an npward ninbrella with an inrermediate
branching. Such intermediste branching would save lot of
material compared to the set of erected vertical supports.

la

Figure & Supports generated by peoposed method are bocdesed
in red. The sopport in (a) snchors ss sn inverted ombrelln
while it anchors as upward umbrella in (b).

V. DiscuUssion AND COMCLUSION:
This methed is vseful for small-sized zownes having sharp
features o large evatire. In ofber overhong regions, this
meﬂmdwunldhmmmtnnl]hrnpmmhbeuud
becomse  each skeleton of supports needs  expensive
cemputation of maximal dise. Hence, other overhang zomea

Volume 1 - Number 3 -2019 - 3-10

e simple may casting method o penerare support sleleton
As shown in figure 6(b) region bordered by blne geperates
gnpports nsing developed method, which could have been
simply supposted using ray-casting method itself It is to be
ooted that not all support skeletons constmeted nsing maximal
dise conld be need m mpport. The sef of lines joining fool-
point and ceater of dise, which are not self-aupporting, have o
be filrered omt from snpport akeletons.

The developed method shows how to genegate more suppocts
required in the overhany regions with the sharp featores in
order to nentralize the possible kigh siress in soch srea and
minimize support defornmtion. However, mppoits cnaning
tranch ont in fhe middle; thms, saving material that would
otherwise have heen consmmed in extending all supports to the
hottom. In addition, this wethod allows the nser o adaptively
grade the thickness of suppost by appropristely skinning the
support skeletons o keep deformations vnder Limit in order to
respect the geometric dimensioning and toleranee of thbricated
pat.
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Comparative Study on Additive Manufacturing
Technologies from Stereolithography to
Continuous Liquid Interface Production — A

Review
Ribin Varghese Pazhamannil and Dr. Govindan P

AM technelegios frem e CLIP. This ardele
ennrepiraies on the research dene in the ares of Continmons
Lismid Interface Poeduction.

molecnlar visealization, micro fuidics eie, [3] The ASTM Fid2
techni- cal commiliee defines additive masnfactoring (AM) as
the “process of joining maderiols to make olbjects from three-
dimensiong] (DN model data, wewilly layer upon layer, o8
opposed 10 subtractive mamficmering methodologies™ [4], &
i akeo knowl 28 rapdd profotyping, rapld mamofnetoring, Iyer

The main challenges ficed by designers amd production
engingers are to meet the costemer denangds which are way
ahead of the prodection rate. This should be solved to be
snecessfol over competitors. Addithve mamufictorng wses an
efficient techniqoe of bolldiseg complex anchiteetures o short
desien and produetion eyele tme at low cost due o absence
of tooling needs [5,6]. Corrently, the applications are shifting
to- wards end product manmfsetering which demands securte
dimensions, good mechandeal properties cte. This requincs
determination of relationships between process pormmeters
ad end-wee properties. The woddng prisciples of AM gives
severil advaniages like near-net-shape capabilities, superior
design, geometrical fexibility, melti-materlal fibreation, re-
production at a global scale aad matedal, energy and cost
efficiency [7].

Alihough several rapd protoryping technigees exist, all
cinploy the sime base five step process [8.9] The steps
imvobved are;

= Create a CAD mode] of the reqoired desizn.

» Comvert the CAD model to 5TL formzat,

« Hlice the STL file into kayers nccordimg to our require-

FOELE,

« Comstroct the modeal one layer afog another.

- Clean and fisksh the model,

Since 19%0s, AM processes hove been investigaled and they
include Stereolihography (SLAJ, Selective Laser Sinvering
(SL8), Material Jetting {MT), Binder Jetting (BI), Direct En-
ergy Deposition (DED), Fosed Deposition Modelling (FDM)
and Laminated Object Masfactoring (LOM) [10-16]. The ma-
tesials weed in all these processes inchode photo-carable resln,
polvamide, wax, ABS, polycarbomate, metal/cermmic/polymer
powders, adhsshve coated sheets ete. The varlovs types of AM
technologied, e merits and damerits o discnssed in the ot
seoHon,

T. TyreEs OF ADINTIVE MANUFACTORING
TECHEHOLOGIES
4. Fused Deposition Modelling (FDB):

The FDM process wis twvented ood polemied by Scott
Cromp in 1988, FDM iz a filament extrosson-based process
wihilch lacorporates materials science, extruslon process, CAD
sysiem, ond the compuier mmmerical condrol to fibricate 3D
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parts direetty from a CAD model. In the hisio FDM procsss,
fikmment is drawn info 2 liqgoefier hend, where fhe filiment &
beated to o semi Hoprld state aad then extruded thromeh o noz-
zle to fill each Lver of the part onlo a temperadore-condrolled
platform, The computer-coutrolied head moves in X=Y plme
wiille he platform moves in fhe Z-direction a5 reqmired by
fhe selected loyer fiickness [17]. The principle of operation
i materiol extrosion The materials vsed are thenmoplastic
filmments typicalty ABS, Nyvlon, FLA, PC, Composites, Nono
fillers ete. Advantges of FDM inchudes low cost, simplicity,
low mnintananes sfe. Limbtatlons inehnde void creation. low
gocuracy efe. One of the major conses of part accoracy in
PO i the shrinkoge which doss not

otcnr in a voiform manoer along fhe different ais [18].

Schemuntic of the ficed deposition modelling process is shown
i the below figwee 1.
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Fig. L. Fusad Tieposition Madefing

B. Stereviithography (SLA)-

Stereolithography lmvolves the curing or solidification of g
ligmid photosensitive polymer through the vee of an irradiation
light sowrce, winch swpplies the energy that is needed to induce
a chemical reaction boading large sumbers of stuall molecoles
and forming a highty cross-linked polymer [19]. The process
cin be divided info two oamely top down aond bottom up
processes. The principle of operation is vt photopalymeriza-
fipa [20-23], When cering is dong with @ laser i is known
& vechor sumuing stereolithegraphy and when cured with a
projector (DLP) it is known a8 projecton stereolithography.
The materials which can be need are ligwid photopolymens
(aeryiie or epoxy based). Main advamtage is its bigh nocuracy.
Disadvaninges inchade expensive, reqmires significant support
stroctares ete. In top down process. the platform moves down-
ward after each layer of liguid resin is cored. In bottomn up
process, fhe build platform lifte the port bemg cored from the
pool resin after ench layer. BLA was the Brst rapid prototyplag
fechnology developed. Stereolithographic process & shown in
the following fgore 2.
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O Laminated Obfec Mumgching (LOM):

Helgys introdoced the LOM technique which creates parts
using & unddque additbve process. A loyver of maderial with an
odhesive conting on oné side i5 placed on o platfiorm with
adbegive sde down. A heated roller posses over the maberial
gund gticks the matergl to the platform, A lnser beam then
traces fhe colline of ooe slce of the part and cutting throwsh
the lover of the mamtesial. The laser beam then cross halches
ther materinl that doss not form part of the cross sction apia
cuiting through the layer. The plaiform is them lowered one
Inyer thickness, amother layer of materin] is smek onto fhe
previous lkiver and the procedure is repested with the memt
crogs section slice of the part. When ol cross-section slices
have been added, the solid block of material is removed from
the plotform. The crosshatched aress of the block are fien
broken avway from the fioal part [24-27]. This process nses
the principle of sheet lominntion. Materinks nsed are polymer
compoaitas, ceramics, paper, metal filled tapes ek, Advin-
tages inolnde high speed and low cost. Disadvaninges are the
requirsment of post-processing depending on the mateardal and
Timited avadlability of materials. The process s shown in figene
3

D. Selective Laver Stateving (SLS):

BLE nses the some geometry a5 SLA, except thiat 515 usesa
C02 lawer to simier or fose a powder laver rather than soladify
liquid photo-polymer. The SL5 process deposits powdersd
maierial layer by kayer om a platform. The C02 lnser benm
s msed 1o hent o cross-section of ong slige of the part, Onge
the laser bemm heats e powder, the ftoenced parficles ae
sintered or fosed wgether. Another lnyer of powder is then
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-V Posstinming
wiew

Laver aullise
anid ¢rmshimteh

Rimieriad Supply Rl

g 3. Laminated Ciject Maanhcinring

deposited on top of the first Layer nsing a Toller mechanism and
anofher slice of fhe pact 19 sindened onbe the sinfersd naderial
in the previous sice, The layer thigkness of SLE is between
0080 = 0500 nnn The uisslivkered power in cach layer chi
work a8 a suppaort strocture for the part. Finally, when the port
is built, fhe voesiniered mserial can be easily boushed off [28-
30¥]. Madexials wivich can be used are Stadnless steel, Tiborm,
Abuwlvton, Cobalt Chromee, Steel, Plaste cte. Lacge mnge
of material oplions and no support strochore Tequirements ane
fhe main populadties of iy process. Lindtatlons inchade high
surface findsh ete, SLS is shown below in figyre 4,

BLANMER

Tig. 4. Selective Luser Siwtering

E. Muterial Jeiting (A7)

Material jetting is capable of creating objects in a similar
mgner 65 that of 4 two dimengional ink jet primter. Magerial
is jetted onto the build platform vsing either contitmous or
Drop on Demand (DOD). Moterial 1= jetied onto the buold
surface where it solidifies and the model is buli Lopes by byer.
Mdaterial i deposited from a nozzle which moves horizonmlly
acyoss the build platform. Machines vary in complexity and
in their methods of controlling the deposition of material. The
mmberial lavers are then cured or hordening using uliraviolet
{UV) light [31,32]. As material sme deposiied in doops, the
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number of maderialy available 1o be used are also Hnvited.
of complex structures, fst and efficient are the major advan-
inges where ns high mmintenance is its drowback. The process
1y shown below in figure 5.

| suppor Materit

Eheld Mataral

L Euring Lamp ,

Print Heads

/ 77| Oiyecs beng tabricated

y —

Liveling Blade el Flaflarm
Fig. 5. Moterl Fettng

F. Binder Jetitng (B):

Each lxyer beging with o thin disecbotion of powdersd
moberial over e sucface of powder bad. A binder nwberial
pelectively joins the particles wheve the object i formed.
The bed is fhen lowered by a fixed distance. Powder is then
deposited and spread evenly mcmoss the bed with a voller
nnhmnn,auiamnndh;unbuﬂtl‘humnpnhdnﬂ
the entire model is fabvicated. The completed object is
embedded ingide wnprocessed powders and 45 eximaoted by
brushing away the loose powders [33,34]. Here powder base
andl Hemid bindess are vsed. The powder 1s spread evenly and
the binder ghes o the desived shape. Materinls commmonty
wied include gypeum, swnd, metal, ocroode, polymers eto.
Mechanical properties sre weak and powder form only can be
wsedd. But the process is fist, stmple and relatively cheap.
Binder jetting process o shown in fgure 6.

Sereasfing foiler
Basld Ereseicpe

Gimer Pail

Ceramic Powder Bed

Piston

Fig. 6. Binsler Jetting
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% Direct Energy Deposttion (TIETY:

Direct energy deposition is a major swbset of comendly
available AM processes, i which a high-energy density heat
sonroe, snch ns o laser, electron beam, or arg is vsed to create
a melt pool into which metal powder or wire 8 lojected.
Severil processes Hee Laser Engineered Net Shaping (LENS),
Direcied Light Fabrication (DLF), Direct Metal Depositicn
(DMD) gre incinded in this type [35,36], A nozzle gombined
with 4 mwltl-axis anm deposits nelbed material anto aspecified
sorface. The nozzle con move in mutiple directions and 15 not
fined 10 a specific axis. Materials which cou be vsed inclode
Cobalt, Chrome, Titaniom, Polymers, Ceramics. Flexibility s
s imeln advantage. B can be vsed for repair of sthochones.
Limited maolerial wee mnd post processing may be required fir
This process [37]. The process is cxplained below o figure 7.

||_Laser oscilistor |1

“ Powder hoppar ||-
L

11

Lasar beam ——— ¥ )

Thawemal sanssr VA I
-~

|
Coaxlal gas —:—— )

\ I.. | I.|II
Povacdirs—
Dirocon

Depasited Layer

Main
control unit

Induction
heating

cantralber | Substrate

Induction coil
HRg. 7. Dimeci Energy Deposition

Additive manuictoring techiiqoes can be classified based
on the shate of materiol nsed to moke fimal 3D produocts. I is
well explained in fe table I [38-52).

The progress of the lechnology development in the aven
of additive mamdctoring has been aozing thereby lngrov-
ing industrinl applications. AM iz capable of producing low
vohrme high variety complex prodocts when compared o
snbtractive machining. AM fechmiques also offer cosiomised
product development especlally in medical areas. We have
ATl those processes were based on layer by loyer mgowfise-
disemesed. The matn drowbacks of AM technologles discnssed
above are maioly large time consomgrdon and weik overall
strocrore [53], In lacks the eritical imformation soch as pro-
cess repeatability and consistency of mammErctored prodocts
[54.35]).

. CONTINUOUS LIGUID INTERFACE PRODUCTION

In 2014, a game changing advancement in this area was
developed by CarboniD where fhe wse of layer by layer
mamfhichuring which was msed for past 33 years were avosded
[56]. The technology was titled “Continmons Liquid Interfice
Production’. CLIP is based on the principle of photopolymer-
t=ation, ¥ is acwally growing objects from g pool of regin,
Controlled nsage of light and oxygen helps to prodoce parts
continmousty from the resin. Light is nsed to cove regin and
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OXVEEn cts 45 the inhibditing agent [57]. Fuporioat parts of
CLIP inchmde:

= imaging unit

= oxyzen permeable window

= build plytfiprm
Ench of these is shown in figure 8.

!

Continuous Elevation

Dead Zone

e
\\ﬁ:ﬁi Liquid my

G; /' EX Y]
Permeable
Window
- Imaging Unit

Mirror 45

Fig B. Parts of CLIP

Instend of printing parts layes by layer 42 in eomventional
AM sechodgwes, CLIP nses light o care resin and oxygen as an
Jubibiting agent to print coutiwoously., CLIP 1s made posaible
with the oxygen permeable window below the IV hmage

projection plane. Photopotymerization s inhibited between the
window and the part therebry creating dead none. Maodntenames

of dead zone thickness is the key for soecessiol application
of CLIP a5 dead zome created helps in conlinuoms production
of parts. The build platform is first lowered into the resia
pool and is lifled gradually as the object is being cwed. The
projector projects the series of cross-sectional limages relative
to the object being created and the cxygen acls as the inhibiting
agent thereby creating a dead moae,
The working of CLIP is shown in figure 9.

Continuous Liquid Interface Production

Fig. 5. Working of CLIP
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TARLEI
Cosersarosos oF AM PROCESSSE BASED 08 STATE OF STARTING MATERIAL
Sinbe of Sturting Mnberisl Proves Mnterinl Propusation Eayer Croation Mberials
s SLA Logmd rosn in & vl “Larwer Dt TV oumble rosi, commic
Ty Hight propear FUSpenRion
MI Liaueiel. palymeorin fui Tkt printing Palyrmars
Filansenr Pasne TOA Filamnenr melied in noods Comtiemans axmrmson and Thermnoplnaties wates
depoaition
Solid sheet Lo Larsew cuiting & b Plastic,  mvetal
oo i s e
Puoewrclar SLS Poader b bad Laser scamming Thonmopingtes, waxes,
mcinl powder, comamic
povedar
Br Pormpclar i e Disog o desumd hinler Palyrer, meeml, semuticd
printing il afher poaders
DED Poveder injevtion thurough On~demand powder Mieml
nonze infeetion f wialted by Inser
Above the dead zone, the curing part is confinoousty drwn = g @

out of the resin bafh, thereby creatmg soction forces necessary
o renew reactive resin. The first CLIP developed msed m
muorphons  fiooropolymer window (Teflon AF 24000 with
excellent oxygen permesbility, UV trnsparency, sud chemmcal
Inerness. Now, researches are golng on in developing oxygen
permenble windows and new membranes wideh con polentinlly

paconeeters namely photon  flux  (Bg),  photo-  indtigtor
absorption. coefficient {0y ) and resin curing dosage (D)
and the relation is shown in equation 1.

Dand zowe thickmes = € [—';;”}_M 3
Where C 1s fhe proportionality constant.

The dead zome Is creqted by oxyzen permeption throngh fhe
window. When pore oxyien i meed belowr the as-permeabile
window, the dead mome thickness increases (wice a5 compared
to air), I mirogen 15 wsed, the dead zone vanishes, resuliing in
adhesion of the cured resin to the window,

Above the dead zome, photopolymerization tales plice at a
certgin cored thickness, which depends on &y e D t0-
gether with the exposmre time () and the resin absorption coet-
ficient {cr) and s explained u equation 2.

Cored thickness =2 in (221 @
biote that o s the lmverse of fhe chamcteristie optical
abaorption height (b of the resin. From the expressions of
dead mome thickness end cored thackness, o simple relstionship
mbﬂmpiﬂipmd.hq{i-&,muhim}' and Dollpr Dy in

Print speed for CLIP iz linvited by Tesin cure rates and
viscosily and not by stepwise loyer formation. For a given
ha, speed con be increased by increaging o o o m or by
using a rogin with lower D Desd zone thickness
decrenses as increnses andd will Fecome oo thin for

thickness below this iy lead to window adhesion pelabed
defects. Once the minimum dead zone thickness s reached,
the spesd of prodncHon can be increased only by

Comperieon of CLIP with other AM techadques cam be
nnderstood from the table IT [$8-a5],

A. Researches Undergone in the Area of Comtimous Ligeid
Interface Production

In 2014, Joseph M DeSimone et al. [37] introdeced o new
additive

polymeric parts with fextore resolotion below 100 mierome-
ters. Dead zone erenied vebng oxyeen permenble window is
fhe kxy for the cootimpous production, Severl cootrol
paraimeters afferting fhe speed of prodoction i smdied. This
work shos tot conplex geometrias can be degwn omt of the
resin pool  af raes of botdreds of millineters per hout wiich
ik b dnproved furthes by proper investgation.

Bima Japmgziewiczn of al lovestignted the mechanical
properties of CLIP fibsicated parts uwaing de optimized
printing parmmeters to explore bulk properties as a fonchion of
im- proved sucfice fimish without sncrificing build time ns
well as fsotrople mechandeal propertizs emabling fabrication
of lwge overhangs, o5 in the case of the open book
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CLIP OTHER AM TRCHNERIES
Spead bn 25-3) thnes frster Slower than CTIP
High qualify products Inlwwm
Fulwiopdon of cwethangs without TNodds suppo
Dead =onaie Wa dend monadn ereated

ELA uses phodopodyser sailon bt comsifers oxymen o5 an ansmy
Par——

Mimx siwir-cosing,
SLE, DED cam be meed for metal mammhcmring

ihpﬁx.&ﬂh}mﬂwmnnfﬂnmhn
profotyping and into

Aghley R Jolmson el ol [67] demonstrabed
ability 1o use CLIP to rapddly generate microneedies of
amy gpeomelry and compositon in 2006, The work
showed thal CLIF is the fistest and most versatile

Andrew T Miller et gl stodied e deformation gad
fnfigoe of toogh 3D pricded elasiomer scaffiolds processed
by fosed de- posilion modeling and continpoons Ligwld
interfpce  prodoctlom, They examined the effecs of

of the solids produced via different AM fechniqmes.
Elsstomeric FLMs fomod to be tolemat of architectures omd
noiches, Limitntion of the work inciades one type of aross
hatch aremation and Hmited momber of srchitechires and
noiches [69].
mmlammnm&mmwmm]
exploined the vse of CLIP in wiphd prototyping and
comparieon of SLA and CLIP 5 shown Sorface
comparison with CLIP and other AR techmiones is done.
Surfisce topology of the parts produced via CLIP seemed to
be far betier when compored o other AM processes.

Redoctlon of stodr-cosing effiect & observed which s

otherwise seen in loyer by layer approach. Experiments are
mym&mmwmm
is sindied.

The stody dome by Dawis J MeGregor et al. [71] in
2018 pregents design, production aod mechanicgl property
testing of hexamonal kuttice parts made veing CLIP. They
tested B4 parts over fowr different deslgns and in three
polymer ‘moterinle. The parts had relutive demsity
ronging from 0.06 0 0.23 and f=ntore sizes o2 small o=
0.35 mun Ezperimend revenled #hat wall lengths deviate
ﬂmrbdgntﬂ'pttgtpm 3% mod wall thickness by

w4, Compression testing nilowed messwrement of
pﬁmﬁhnﬂﬁuﬂhwﬁﬂmcﬁuhm
vahre. This is the largest stwdy on the sccurcy and
pexfonoance of AM lattice paris and the first mmade using
CLIP. Weammiong Lin et al iovestigated the uwse of
track eiched membrime (TEM) a5 oxygen permeabls
window and showed fhat it will enbonce contimoos
lguid inderfwce prodvction. TEMs were made from
polvethylene terephdhalade by  doradisk  dng  with
accelernted heavy lone. CLIF process b demonsirabed
with printing speed of 300 mm/hr 0 pure oxyzen which
matches with fhe theorcticalty predicked maxioowm
printing speed. Meptimpm printing speed of 470 mnyhr is
obtained even wsing obr, Cooypen permesbility of the
hibricated PET TEM is one order of magnitede laower
than Teflon AF 2400 films [72],
Cmﬂmummlﬂmhngﬂmmﬂlm

layer by loyer conventional techuicque. This will belp in
rapid developmend of end vee produocts with prescribed

Muterisls fhat can be meed shoold be exploned
and improved for indostrin] applicationg.,

IV, APTLECATIONS

The developments i the area of additive
isanofichoring bas Jed to beoader applications. AM &
gmitable for prodwetion of Jow volome and high
complen  geomelry produocts. Bot the Ratest technology
CLIP o be mied for bigh voloime prodwetion alse a8 s
speed s mmch ficter than convertiongl AM techniques
and & takes only few mimmies for production, The
mgchanieal propertics of the products are also kmgroved
dne 1o contimons prodoction and con be wtilized for end
use products development. hojor appHeations of AM
nchnde:
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I} Acrosphee: Acrospace commponessts hive compléx
geometrics which are difficolt to mmmtictone wsing
subtmetive mochining process. They also mse
advnced materiple for the prodocts. S0 AR

is best swited fiw fits

Fuabricotion of complex components for sutellites,
helicopters mnd jet engines was done neing AM [73-
TE]. AM techmiques are also wsed to repair afrcraft
engine parts soch a5 compressors, forbine and
combwstor castings, blades cte. [T9=85]. Anofher
serospace applcation is the bolldiog of wind fonnel
testing models for adrcrafl, misslles, arfolls ete.
[84]

2} Amtomobile; Product development acconding to fhe
madeet needs i3 0 must to survive in awomotive
secior. AM ftechmology helps i developing
components of new products i short tme and low
cost. AM processes have been vsed to make small
cumiities of strachoril and finctionsl parts soch os
etgine exhansts, geor bow components, dove shafls
and breaking svetems, These uvse high complex
stiwctorés  which are otherwise Jdifficokt to
manufictore. Matofctoing fonetional commponents
for meing cars is goother application [87-92]
Engiae parts were made msing Iattice strochures to
reduce welpht and improve mechandeal properties
[93,94].

3) Blomedleal: Researches in the area of AM as
well me in biomaierials hove improved the
spplication of AM in medical fleld. Costomized
product delivery is possible with the help of additive
seafiolds, artificlal organs, medical devices, bologle
chips ete. e the major apphications [95=101].

The potential spplcations of the techmplogy CLIP is not
yet explored ns it is o recent development. Althongh metal
e hring & not possible vin CLIP, it has a wide rnge
of applications due b0 ils speed and improved mechanical
properfies. Medical sector cin be improved a8 CLIP is
capable of poiuting cwstomized inplants o fw mimobes. A
recent applicoton of CLEF Is the sonowmcensent of
alphacdgedD shoes for athletes by Adidas. This i fhe first
shoe to come with Adidas® oew 4D midsole. Adidas
claime that the new 4D ndsole is designed 1o deliver the
mpst infoltive energy retoen oo rpoRing shoes [L02-104], In
addition, it alss sdds breafhable coshiouwing for Pandmers.
Move applications can be developed out of this new
fechoology for iis continuous produchion.

V. COWCLTEIONE

The various fypes of additive memuthciormg teclhmogoes
are discosged in detail sterfing from lover by layer
Sterentithographic process to Comfinnous Liguid Interfice
Prodoctlon. The wee of AM techoiques are disenssed and
its applications in serogpace, aolomntive, blomadical ate.
are explored. Alhough advandages and tmitatons of each
type de explained, AM techniqoes con be mainty divided
imo loyer by lover monpfcturing and volmmelic
mmmipchodne, CLIP vses Heht oud oxyeen do o ooomirolled
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MALGET b0 eredde parts continoomsly oot of the resin pool.
This process have improved e soifce foish without
sacrificing buoild thme and mechnnienl There are
twn broad caslegories of the muderinls mvnilable from
CwbondD), prototyping resins, ond engineering resins,
While the prototypmg resin is used for the cosmetic
models and the enginesring resine ore vsed for the
practical spplications. This review on AM techoologies
ahow that CLIP is superior to conventional AM processes
gvailable, There are mamerons chilienges i this new
techmology. The scope of rescanch o fhe arca of
Condiitotms Liguid LiterEwee Production s very high as it is

fhe lxest techoology ond has the capacity to prodoce
ngnufehring

memincwring etc. gre the major chollenges that needs to
be resolved. Butundonbtedly it can be said fhat technology
developments amd researches o the Additive
Mapnfictoring area are in the sght pace for creating 4
heghter foture.
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ABSTRACT

The primary objective of this examination is to build up an arrangement of new polyamide blends
with inventive propertics. The composite blends of polyamide 12 (PAL2) reinforced with 10, 20
and 30 wt% of glass fiber (GF) were prepared and delivered in a form of wire in a filament extroder
machine and taken for the further process. Stamdard Tensile strength specimens were created by
melting and compounding techniques, and they were smoothly printed by means of a commercial
processing method of fused deposition model (FDM) by three dimensional (3D) printer, The
printed sample owtcome indicates that incorporation of filler stacking with equally distributed
particles and higher weight percentage (30 wi%) of glass fiber has inflwenced in higher mechanical
properties of virgin PA12 and lower weight percentage (10 wt% and 20 wt%) gives moderate
mechanical properties for the same. These composites were found to perform well with FDM
method as it lays the groundwork for the next stages of progression in sutomobile applications.

Keywords: Polyamide 6, Glass fiber, FDM, SEM analysis, Mechanical properties.

1. INTRODUCTION classified into binder jetting, material jetting,
direct energy deposition, sheet laminations,
Additive  Manufacturing  (AM) material extrusion, powdes bed fusion, and
technologics have turned into a new standard vat polymerization [2-3]. Those innovations
in design becawse of product geometric, have been developing quickly, changing the
creation and customization conceivable application potential outcomes and abilities
outcomes. It is yet another imaginative a8 far ag time, quality, plan and execution [4].
progress rolled out possible by the AM make it feasible to construct a substantial
improvement from simple to advanced scope of models or practical segments with
mr:mms Additive mmmﬁwturing utﬂiztis complex geometries those can't or difficult to
information from 3D object scanmers that is made by ordinary technigques, [5-6]. Among
later convested to a stereolithography (STL) the various rapid prototyping techniques,
file or the drawing made in the CAD software including  Stereo  lithography  (SLA),
is approximated by triangles and sliced Selective Laser Sintering (SLS) [7],
containing the information of each layer that Laminated Object Manufacturing (LOM) [8],
will be printed [1]. There are variows types of the Fused Deposition Modeling (FDM) [9]
AM processes which are available in the technique is the trendiest one, although
market for Industrial Needs. They are
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already exigting last theee decades. Right
now, FDM is the method, demonstrating the
higher potential for product fabrication, with
the capacity to contend with ordinary
polymer processing methods [10]. The
computer model is sliced into layers, and the
information from the model is used to build a
part by wsing continvouws filament feedstock
which will be enabled by FDM with remote
mamafacturing  capabilities [11-12], The
applications of polymer composites for
different engineering components are gaining
popularity in the industrics. These polymer
composites are reasonable swap for
traditional materials because of high strength
and stiffness. In order to enhance the
mechanical properties, different
thermoplastic polymer blends can be
reinforced by different types of fibrous
material [13]. The polyamide 12
(PA12/Nylonl2) is extreme, having high
rigidity, flexible and aster. They are wrinkle
proof and highly resistant to abrasion and
chemicals [14]. It is widely used, because of
its excellent all-round properties, easy
moulding and masufactucing. Traditionally
PAI12 is an exceptionally stable polymer and
not promptly debased in the environmental
condition. Thus, natural contamination from
manufactared plastics has been perceived as
a vast issue, to dodge this it has been reused
[L5]. In order to reduce the consumptions of
the polymer, natural or synthetic fibers are
incorporated in  the matrix.  The
reinforcement of fibers in the matrix has
increased the mechanical properties of 3D
prinked polymer composies parts [16].
Carbon fiber or glass fiber reinforced
thermoplastic laminates in matrices soch as
polyetherimide (PEI), polyetheretherketone

Volume 1 - Number 3 -2019 - 3-10

(PEEK) and polyphenylene sulphide (PPS)
have already been used extensively in the
asrospace sector due to their excellent
mechanical propertics, heat stability and low
flammability [17]. In the recent decades,
natural fibers as an alternative reinforcement
in polymer composites have pulled in the
congideration of pumerous analysts and
researchers because of their preferences over
traditional glass and carbon fibers. [18].
Matural fibers may play an important role in
developing biodegradable composites to
resolve the current ecological, enwvironmental
problems but compared to natural fibers,
glass fiber hos improved the mechanical
properties of the virgin polymer [19].

In light of the writing audit, it was
inferred that incorporation of the fiber
particles in the polyamide have lessened the
vohmne of utilization of the polyamide and
amazingly improved the mechanical
properties of the wvigin polyamide.
Surprisingly only a few researches have
concentrated on carrying out the experiments
on mechanical properties of polymer
compogites filament processed through
FDM. But there is no thorough study on the
specified ones. Based on the detailed
literature survey, after identifying the
research gaps the following three different
compositions of glass fiber percentage (10%,
20% and 30%) with PA12 an FDM process
were prepared and the metallorgical and
mechanical properties of these composition
were appraised.

2, EXPERIMENTAL SETUP
2.1 Materials and methods
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The PAI2Z is semi crystalline
polyamide which is most ordinarily known as
nylon 12 or polylawrolactam. PA12 filaments
are extreme, shows high tensile properties,
elongation and luster, PA12 has the density
of 1.01 g/eow’, melting point of range 178-
180°C and it can protect heat wptol50°C.
PAI2 having poor biodegradability to the
environment that is the reason behind recycle
of polymer. Ghlass fiber has generally
tantamonat mechanical properties compared
to other fibers. It has density of 2.58 g/em®
and no true melting point but softens up to
1200 °C, where it starts to degrade. Despite
the fact that not as rigid as carbon fiber, it is
considerably less expensive and essentially
less brittle when wtilized in compogites. For
present study blend of different compositions
of PA12 and GF in granules form has been
selected as target material for investigation
becanse of their all-round material properties
and mek processing capabilities.

2.2 Extrusion of the material

The primary process before extrusion
of material is to dry the material at 90°C for a
minimum of 6 hours. This is done by placing
the desired weight percentage of granmlates
into the “Heragus Ingtroments” in warmed
atmogphere. The preheated material is
extrnded using the 3Devo-NEXT Filament
Extruder iz shown in Fig 1, at extrusion
temperature of 175°C, nozzle diameter of
1.75mm and length of 10m. The four set of
experiments were carried out to extract the
filaments such as virgin PA12, incorporation
of 10%, 20% and 30% glass fiber with PA12

respectively.
2.3 Fused deposition modeling

Volume 1 - Number 3 -2019 - 3-10

Tensile test specimens of ISO 523-
4/1B/5 has been modeled with the help of
SolidWorks software and saved as “. stl”
format. This file is then imported into
“glic3t™ and the G-codes are generated. The
generated G-codes are uploaded to the
kithling and kiihling HT500.2-3D printer is
shown in Fig 2. Four different combination of
prepared filament are feed into the 3D printer
in order to produce the tensile specimens at
extrusion temperature 215°C, fill angle 45°,
hed temperature of 60°C, and layer height of
0.3mm and filament diameter of 1.75mm.
The printed specimens were taken for testing.
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2.4 Testing of the specihnen

The tensile properties of the 3D
printed specimens were tested according to
ISO 523-4/1B/5 standard in Instron 5584
universal testing machine (Fig 3). The
specimens were loaded with a speed of 5
m/min. The important parameters such as
maximum load, elongation at break were
noted for pure polymer and three different
compositions of polymer and glass fiber. The
tested specitmens are shown in Fig 4. With the
help of these wvalues tensile strength,
elongation at break and Young's modulus has
been calcnlated for the same and shown in
table 1. To ensure the fibars distribution in
the matrix SEM analysis (Philips XL
MESEM) was taken a portion of the same

specimen.

Table 1. Measurement of mechanical properties of PA 12 with Glass Fibers

Samples/Responses Tensile strength Elongation at break Young's modulus
{MPa) (%%) (MPa)
PA 12 23.37 20.8 1385
PA 12+10wt%GF 28.04 10.1 2056
PA 12+20wt%GF 36.03 6.3 2948
PA 12+30wt%GF 40.56 4.7 4026
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3. RESULT AND DISCUSSION

3.1 SEM analysis

The micrography of the samgle PAI2
with10 wi%GF, PAI2 with 20 wi%GF and
PA12 with 30 wi%GF was taken by using
SEM amalyzer for the 100x magnifications
were shown in the Fig 5(a-c). From SEM
analysis, it is inferred that ghss fiber were
present and uniformly dispersed over the
polymer matrix of all three compositions
becanse of composites filament were
prepared through extruder and it was printed
by FDM machine under optimal parametrio

condition. Fig 5(a-b) reveals that wide and B
average distribution of glass fiber content in
the polymer matrix due to  lower weiglt GF

percentage addition of (10wt and 20wt%)
reinforcement respectively. Fig 5(c) depictz
that high dense and homogeneons
distribution of glass fiber comtent in the -
polymer matrix due to 30wt% reinforosment Fig 5(c). SEM for PAI2 with 30 wt%GF
of ghss fiber. The micrography of 30wt

3.2 Tengile
glass fiber veinforced polymer reveals that ftreogth
more amount of particles were distributed
over the polymer matrix, it results in i
improvement of strength. During this SEM 11 [=a=Tensiie Strength]
observation absence of reinforcement .
argumentation was ohserved. E"‘-

3 u1

E!J-

P12 ﬁ
E:"E
P
- GF

T T T T
PAER PATZ+10wi%EF PATZH2Dwi%GF PAIT+I0ei%GF
Samples (Mo's)

Fig 6. Tensile strength

Fig 5(a). SEM for PAI12 with10 wtleGF
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The Tengile strength of wvarious
creations of glass fiber reinforced PAL2
composites is appeared in Fig 6. It becomes
evident that there is an improvement in
tensile strength of wirgin PA12 due to
reinforcement addition. PA1Z with 10%wi
GF composite reveals an increased tensile
strength of 28.04 MPa which is about 25%
higher than that of flawless polymer blend.
PA12 with 20%wt GF composite Teveals an
increased tensile strength of MPa which is
about 45% greater than that of virgin polymer
blend and PA 12 with 30%wt GF composites
has increased the temsile stremgth of 40.56
MPa which is about 80% higher than that of
virgin polymer hiend. Incorpovation of GF
with virgin polymes blend results in rapid
impeovement in tengile strength of the virgin
polymer. Further incorporation of GF resalts
in gradual improvement in tensile strength of
compositions of PAI2-GF offers higher
registance to  deformation becamse of
reinforcement of glass fiber content,
henceforth thus builds the stiffness of the

PA12-GF composite under axial loading,

3.3 Percentage of elongation at break

The elongation at break of the
different compositions of the PAI12-GF
blends demonstrates in Fig 7. Fracture steain
is the ratio of changed length to the original
length after breakage of the specimen, Virgin
PAI2 has the elongation wp to 20.8%
whereas PA12 with 10.1%wt GF has the
elongation up to 10%6 which is about 5086 less
than that of pure PAI2 blend PA12 with
20%wt GF composite and PA12 with 30%wt
GF has the elongation up to 6.3% and 4.7%
respectively which is about 67% and 78%

Elongation (%}
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less than that of neat polymer blend. This
indicates that incorporation of ghss fiber
with unadulterated polymer has reduced the
elasticity of the pure polymer blend quickly.
Further filler loading results in gradual
decrease in the elasticity of the unadulterated
polymer blend.

—m— Elongation

1 S

T
FAt2

3l I N 1 1
FAIZ+HHRGF FAIZHEI0WNOF PATZ +HIvAROF
Samples (No's)

Fig 7. Elongation at hreak
3.4 Young's modulns

Young’s modulus measures the
stiffness of the solid material. It characterizes
the connection amongst anxicty in a material
in the direct versatility administration of a
uniaxial deformation Young's modulis has
been calculated from obtained results and
shown in Fig 6. As we discussed earlier,
incorporation of glass fiber with pure PAI2
hlend improved the tensile strength of the
pure polymer blend. Improvement in tensile
strength inflvencing the Young's modulos of
the PA12-GF composites. PA12 with 10%wt
GF reveals an increased Young's modulns of
2056 MPa which iz about 48% greater than
that of virgin PAI12. Similarly PA12 with
200wt GF and PAl2 with 30%wt GF
compogites has the Young’s modulus of 2048
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MPa and 4026 MPa respectively which is
about 110% and 1% higher than that of
neat polymer blend. Reinforcement of ghss
fiber with PA12 results in impulsive change
of Young's modulus. Further filler loading
has improved the Young's modulus of the
polyimer blend gradually.

=== oung's Modulus]|

T T T T
PAT2 PAT2=10WINGF PaE2=20wi%GF PA T2+ MWISGF
Samples {Nao's)

Fig 8. Young’s modulus
4. CONCLUSION

It has been inferred from the present research,
the printed specimen of glass fiber
reinforcement polysmide matrix in FDM
process has been contributed as follows.

1. Uniform distribution of the glass fiber
in the polymer matrix in all the three
combinations test samples of PA12
with 10wt%, 20wt% and 30wt% GF
were observed in the FDM printed
samples.

2. Higher propesties were attained duoe
to uniform distribution and 30wt% of
(3F in the matrix for printed samples.

Volume 1 - Number 3 -2019 - 3-10

3. After incorporation of 10wt% of ghss
fiber, tensile sirength and Young’s
moduhis of the polymer matrix were
increased by 25% and 48%
respectively. Whereas elongation is
decreased by 50%.

4. Iocorporation of 20wt% of glass fiber
has increased the tensile strength and
Young’s moduls of the virgin
polymer by 45% and 110%
respectively. However elongation is
reduced by 67%.

5. Reinforcement of 30wt¥ of glass
fiber increased the temsile strength
and Young's modublns of the pure
polymer by 80% and 190%
respectively. Though elongation is
decreased by 78% of the bpeat
polymer.

6. Incorporation of glass fiber in all
three composition (10wt%, 20wt%
and 30wt %) has positively affected
the tensile strength of the pure
polyamide.

Acknowledgement

On behalf of all team members of this
research the comresponding author wishes to
thank Mr.8ibi chakaravarthi, Former Project
Member, Westphalian University of Applied
Sciences and  Sri Erishna College of
Engineering and Technology for all support
required to carry ount this research,

Amthors Contribmtion

Dr R.Soundararajan have put the idea of this
work and edited the complete article.
Mr.J.Jayasuryaa has appraised the resmlts,

35



Additive Manufacturing Journal

composed and free hand written the article,
Mr. T.Mithulprapav  and Mr.R.Jayasurya
have conceived the experiment specimens for
teating and sunmarized the reaponses.
REFERENCES

[1] Kaufizi V.Wong and Aldo Hernandez, “A
Review of Additive Manufacturing”
Department of Mechanical and Aerospace
Engineering, University of Miami, Coral
Gables, FL 33146, USA

[2] F.Calignano, D.Manfredi, E.Ambrosio,
S.Biamino, M. Lombardi, E, Atzeni, A.Salmi,
P Minetola, L.Juliano, P.Fino, Overview on
additive manufactoring technologies, Proc,
IEEE 105 (2017) 593-612,
http; i 1911 20162
098.

[3] S. A M. Tofail, E.P.Koumoulos,
A Bandyopadhyay, S.Bose, L.O"Donoghue,
C.Charitidis, Additive mamfacturing:
scientific and technological
challenges,market uptake and opportunities,
Mater, Today 0 (2017) 1-16,
http://dx doi.ore/10.1016/i 12017.07.0
01,

[4] G.W Melenka, B.K.O.Cheung,
J1.S.Schofield, MRDawson, JP.Carey,
Evalvation and prediction of the tensile
properties of contimions fiber—reinforced 3D

printed sractares, Compos. Struct. 153

(2016} 866-875,
hito://dx doi.ore/10.1016/i 016
07.018.

[5] M. Alimardani, E.Toyserkani,

JP.Huissoon. Three—dimensional mumerical
approach for geometrical prediction of

Volume 1 - Number 3 -2019 - 3-10

multilayer laser solid freeform fabrication
process. J Laser Appl 2007;19(1):14e25.

[6] AXYakovlev, E.Trunova, D.Grevey,
MPilloz, LSmurov. Laser-sssisted direct
mamufacturing of functionally graded 3D
objects, Surf Coatings
Technol2005;190(1):15¢24.

[7] J.Kruth, P.Mercelis, J.Van Vaerenbergh,
L.Froyen, M.Rombouts, Binding
mechanisms in selective laser sinfering and
selective laser melting, Rapid Prototype. J. 11
{2005) 26-36.

[8] B.Mueller, D.Kochan, Laminated object
manpfacturing  for  eapid  tooling and
patternmaking in foundry industry, Comput.
Ind. 39 (1999) 47-53.

[9] M.Too, EKlLeong, C.Chwa, Z.Du,
S.F.Yang, C.M.Cheah, S.L.Ho, Investigation
of 3D non=random porous steuctures by fused
deposition modelling, Int. J. Adv.Mamf
Technol. 19 (2002) 217-223,

[10] J.Kruth, M.Len, T.Nakagawa, Progress
in additive mamafacturing and rapid
prototyping, CIRP Ann. Technol 47 (1998)
525-5440.

[11] 8.8 Crump, Mamafacturing of new type
curvilinear tooth profiled involite gears
uging 3D printing, U.S. Patent 5 121 329,
1992.

[12] W.A'Walters, In Solid Freeform
Fabrication Symposium Proceedings, 1992; p
301,

[13] HV.Divya, LL.Naik and B,Yogesha
2016 Processing techniques of polymer

36



Additive Manufacturing Journal

matrix compogites —A review Int, J, Eng. Res,
General Sci. 4 357-62

[14] M. Kawasumi, N.Hasegawa, M.Kato,
AUsuki, and A.Okada. (1997). Preparation
and mechanical properties of polypropylene-
clay hybrids. Macromolecules, 30(20), 6333-
6338.

[15] Y.Zheng, EXYanful, and
A.S.Bassi,(2005).A review of plastic waste
biodegradation,  Critical Reviews in
Biotechnology, 25(4), 243-250.

[16] DJiang, D.ESmith, Anisotropic
mechanical properties of orniented carbon
fiberfilled polymer composites produced
with fused filament fabrication, Addit. Manuf
13 (2017) 34-04,

Volume 1 - Number 3 -2019 - 3-10

hittp: Lorg/1
06.

[17] IDiaz. LRubio. Development to
mamfacture structural acronamtical parts in
carbon fiber reinforced thermoplastic
materials. J Mater Process Technol
2003;143-144:342 6.

1016/ 201

[18] D.Nabi Saheb and J.P.Jog, Natural Fiber
Polymer Composites: A Review, Advanced
in Polymer Technology: 1999, Vol. 18, pp.
351-363.

[19] M.Ramesh, KPalanikumar and
K. Hemachandra Reddy, Mechanical property
evaluation of sisaljuteglass  fiber
reinforced polyester composites.
Composites: Part B 48, 2013, pp. 1-9.

37



Additive Manufacturing Journal

Volume 1 - Number 3 -2019 - 3-10

Hard Facing of SS316LN by Direct Metal Deposition of Ni Based Wear
Resistant Alloy
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Abstract:

In the areq of hard facing Ni based alloys, Plasma Transferved Arc (PTA) was chosen for various Prototype
Fast Breeder Reactor (PFBR) components. Grid plate of PFBR is b massive strocmre with large nomber of
sleeves providing a foundation for the sub-assemblies. High cracking susceptibility of this process often
reqquired the development of eritical procedure during actual fabrication, Sound joints with minimal heat inputs
were decided as the promising answer for the above igsne. At this juncture, direct inetal deposition, additive
mannfacturing technique was identified. So, the present work pertnins to studies on direct metal deposition of
NiCrFeB over 88316LN for grid plate application in PFBR. The effect of Laser power on the microstructyre
and mechanical properties are analyzed. Results indicate that dilution iz minimal with rednced distortion.
Electron microscopy analysis snd X-ray diffraction study on the hard facing and interfce reveal the formation
of varipus strengthening phases,

Key words: NMiCrFeB, LENS, Microstructure, 53316LN, Dilmtion

LIntredwetion

Riging congemn reganding envirpnmental issnes, Angtenitic Stninless steel of 30 (S5316LN) series
lpcal pollutions and climpte change is posing a find its way for the major application as a sirpgiwml
threatening  question on  sustainability. Noclear materal in prototype fast beeed reactors (PFBR)
encrgy is a preferred option for bese load due to its good corrosion resistonce propecty.
electricity. Prototype Fast Breeder Reactor (PFER} Liquid sodium is used ss coolant in PFBR to
is a pool type Sodivm Cooled Fast Rencior (SFR) eliminate the protective oxide film present on the
and wses Mixed Oxide (MOX) fuel with 25 % surface of stinless steel and also nct s » reducing
plotonium oxide ond 75 % depleted vrunium oxide agent [2,3]. Due to high temperatore acquaintance
[1]. Nuclear Reactor components are exposed to in the reactor high contact stresses ore enconcaged
extreme atmospheres during their service lifetime, which resnlt in self-welding of the marerials and
inclnding high temperatures, corrogion, and high later this changes to galling the extreme form of
siresses.  However, the  high  tempemture adhesive wear,

mmmmdmslz “Immd‘““ l*’“"l. ' Monycxperimental sendics have been carried ot to
: : climinate the wear on the reactor materials using

faken iafthe: grid ‘plaies’ and olie ougoe cobalt based hard facing alloy (Stellite) but due to

eapexicany o e ot its radioactive contamination at high tempecature it
Therefore, the choice of structural materials forms cobalt 60 isotopes which degmde the reactor
broadly depends upon the foel (metallic or ceramic) life o the half In oeder to enhance struciueal

for the core and on the coolant (gas, sodium, lead) property, advanced materials and sophisticared
for the heat tmnsport circuit componemts [1]. designs have been developed. Ni-base surfacing
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alloys (colmonoys) exhibit inimitable combination
of high tempemtora strength and wear resistance
[4] and due to the addition of carbides and borides
it enbances the abragion property and have been
widaly msed in the fabrication of FFBR
components. This choice of hard facing material is
propoged at keeping indoced radicactivity to the
lowreat for maintenance and to resist the galling and
erogion at elevated temperatures.

Plasmn Transfer Arc was one the welling
techiicpees vaed In baid facing of cobalt hagsed
alloys over metal substrate but the resolts of
welding are characterlzad by a large temperature
increase in the workpiece, re-crystallization, and
weakening of the bage ally dvue W a wide
temperature distribution over the working area.

Contrary to this method, Direct Metal Deposition
(DMD} is a progressive additive maonfacturing
technology weed to repair and rebuild damaged
COMPORNENts, to mamficiure new components, and
to apply wear- and corrosion- resistant coatings.
DMD produoces folly dense, fonctional metal parts
directdly from CAD data by deposiding metal
powders pizel-by-pixel vsing laser melting and a
patetited dosed-loop control system t0 maintain
dimensional accuracy and material integrity [5.6].
Heat trangfer in the DMD laser cladding that
typically uges a 0.5 = 3.0 mm diameter lager beam
occurs in localized areas [7]. As a result, the heat-
affected zone (HAZ) and residual stremses are
minimal aad therefore a lower past distortion and
hetter mechanical characteristics are attainad.

LENS iz actunl » metal deposition teclnology that
produces a very fine weld bead, exposing the
component to very low heat than convendional
methods. This results in reduced “heat-affected
zone” god have more comtrol during the repair
process 8o that It does not damags the noderlying
part [8]. And, subsequently a LENS deposit {2
much finer and more accurate than welding
techuicpes, far legs finlghing work is requived

This technology allows real-time control over the
composition and micron level features of coatings.
Unlike other laser processing techniqnes, LENS ia
one of these sophisticated techoologies, and it has
many advantages in comparison with conventional
LENS process is, therefore, a good candidate for
the hewd-facing of Wi-base superalloy (Colmonoy
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5) over the sobstrate used for fabrication of grid
plates in che Noclear Reactors ie. S83161LN.

2. SELECTION OF MATERIALS:

The concerned materials have been selected
keeping in mind the constraints snd operating
conditions for the upcoming reactor smch as
working tempersture of 500°-630°.This work
pertaing fo improving the surface properties of
conventionally vsed base material a5 reference.
2.1 SELECTED MATERTALS:

2.1.1Base material

Baged on the initial analysis it has been found that
pteal alloys are exteasively nsed in sodmm fast
reactore owing to its favorable properties ot
glevated temperntures, After aoalysis of the
challenges faced by thege clags of steels it was
decided to clad them with Ni-haged snper alloy to

improve upon the existing stroctures. For this smdy
S5316LN was selected for laser cladding the hard-

facing alloy.

N L L]
Lt L)

Chemical Composition of Substrate Medal:

2 1L.2Colmonoy Allay

Mickel-based heard facing slloy Colmonoy-5 is
preferred in muclear power plants, dee o low-
induced madioactivity, Colmonoy s a Ni based
gmper alloy developad by the Wall Colmonoy [or
the protection and renovation of critical industrial
mn| onents. Wi-Cr-Fe-B (COLMONOY 5} hard

alloy conforming o AWS AS521
spectﬂmﬁm was depogited on 316LN stainless
steel substrote neing Laser Engineered MNet Shaping
{LENS) process. The welding parnmetens
employed for the deposition process are given in
Table. The thickness of the coating on this
gpecimen was typlcally between 1.5- and 2,0-mim,
Tahle 2 shows the chemical compogition of the Ni-
Cr-Fe-B hard fhce alloy. Specimens of an
approximate dimension of (10mo20émm) were
cut from the hard face coated blanks, and were
pround pnd polished mp to 0.25 mm finigh
following the standard metallographic procedures.
These were etched vsing agua regia solution to

- r AT ] k] L= ] L]

]
-t i (= LA LT () LY -
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hard foce coating was determined on  same

by n Vickers Hardness Tester using a
load of 1 kef for a dwell tme of 5.0 & and Rockwell
hardness using major load of 135 kef and minor load
of 3 kgf for n dwell time of 2,0 sec,

Fig (2} shows dendritic growth in dilution 2one

3.Experimental Methodology

Laser cladding was performed by means of a 5 Axis
DMD 105D AM machine M/s POM Inc., USA
with dipde laser system. The hard-facing powder
was fed to the spot of cladding by a pnenmaric
powder feeding system. The power of the laser
beam was set at 600w and shielding gas was used
to provide a protective atmosphere doring the laser
cladding process, Cladding parameters were used,
with the powder feed rate (PFFR) of 4 g/min and the
tronslation speed (T'3) of lasex beam was st at 600
mm/min, By modifying the deposition energy, one
can tailor the gtrength and ductility values. For low
energy input, throngh low power, the molten bead
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Fig (3} Microstructure of 55316LN cladded with

colmonoy 5

will solidify quickly with mininmm HAZ resulting
in high yield and ultimate tensile strength valves.

4. Metallurgical analysis
4.1. Micrographic analysis

The microstmucture analysis exhibits  sound
dﬂpmmmmﬂimpmuuumﬂmnh.]h
i is uniform with fine i
migrostractore with precipitites of carbides and
bovides of chromiom dispersed in solid solation of
y-INickel as shown in fig (1} The microstrocture
nege the interfpce and away from the interface
differs to some avail. The microstrocture near the
interfnce reveals colomnar dendritic growth of -
Nickel in a direction plmost perpendiculir to the
interfce.  The microstrnctore  also  reveals
mdmdnhcprmpmdmb:dumdbmm
as shown in fig (2,3). The concentration of
precipitate increases with incressing gradation
from the interface surfpce, The dendrites were free
from spikee or script like features,
4.2 Seanning Electron Micrograph

Beanndng electron micrograph shows a well fosed
hard face layer and substrate. Formation of dihtion
Inyer is evident. EDS mapping of AM Inyer shows
midnimal dibgtion of Cr and ML The coagulation of
Mi and iron is more predominant with Cr and Mo
particles pinning the bovndaries. Presence of Oz is
found to be negligible. The tendency for formation
of MisMb precipitate could be more than any

praalpdme.m,gmindistﬂhuﬂmliiuihemdu‘uf
50-70 microns with negligible porosity. The EDS
analysis also shows the composition of precipitates
thae cannoc be precisely identified as laves phase,
The dikotion layer formed in between layer and clad
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ig very smooth and variation of Fe and Ni content CONCLUSION:

fluctuates at 10% and can be seen in fig (5).

1. The microstructores of laser cladding layer
congist of Ni=rich solid solution, boride and
carbide

2. Tt was evidenced that this alloy can be usad to
produce sound cladding without cracks and

3 Dilution is found to be minimmin when compared
to other cladding processes.

Fig [5) Area Mapping done by SEM
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S5Microhardness Profile:

It was found that the miceohardness across the
layers were fairly vniforn with the cladding having
hardness valee about 2.5 times more than the
substrate. A gradation is through the heat
effacted zone, Due to mumal flow of constitpents
from either side the hardness of the dilution layer
whs maxitmumn at the cladding side and had a
decreasing trend near the substrate
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ABSTRACT

Fused deposition modeling (FDM) is one of the latest rapid prototyping technigues in which parts
can be manufactored at a fast pace and are manwfactored with a high accuracy, The parts were
made of newly developed polyamide 12 with 10, 20, 30 weight % glags fiber (PA 12 GF)
composite material by FDM process. The main moto of this research work is to carry out a study
in the friction and wear behavior of composites by sliding against metal under dry sliding
conditions by using a pin-on-disc tribometer. These tests were carried out on the pin on disk
tribometer under varying load conditions such as 5, 10, 15 and 20 N at the run time of 5 and 10
minutes respectively, Moreover the applied load and run time on the tribological behaviors of the
gliding combinationg of compositey ynder dry aliding condition that were carried out at Toom
temperature were also investigated. The results showed that the applied load and ron time
significantly affects the wear mate, friction force and friction coefficient of the respective test
samples. It is concluded that the newly developed composite of PA12 with 30 wt% GF shows
better wear and friction behavior that can be used in antomobile applications.

Key words: FDM — PA12-GF composite -Tribology behavior

1. INTRODUCTION innovated, it yields successful conditions
i 2 : hich can withstand an  assortment of
Rapid prototyping techniques have w . :
evolved as a major hub of producing strength and wear conditions [2].The wear in
componenty now-a-days duve to demand, polymers is a phenomenon that are not
Fusther produced plastic parts were used in mmﬂ?b?ﬂmlﬁﬁﬂﬂfm.
the realtime environment where the there are complex phenomenon in which
el L factors collectively affect them and

components with higher cost but low load Mmexous _
carrying capacity, components with low thus extensive research has to be carried out
exposure to heat. Despite all the advantages to understand their properties thoroughly [1-
of the plastics, some of its drawbacks inctude 2] Polymers have been used to manufacture
the low hardness, a result of which the gears, cams and bearings, thercfore the need
resistance of plastics to wear is very less and of the product to be long lasting and efficient
are often Tequired to be replaced periodically requires tribological study to be carried out
[1].Due to the growing requirements of the on them [3], In addition the common factors
industries, a good combination of the that attribute to wear of the materials are

reinforcing material with the matrix can be normal load, sliding velocity and temperature
[4].1t has been stated that the wear at low

43



Additive Manufacturing Journal

spead iz mainly caused due to abrasion,
whereas the wear at high speed and high load
conditions are mainly due to the adhesion
[5].The electroplating has been identified ag
a valpable technique in improving the
strength of these plastics[6]. ABS and PAG6
are two of the mogt important plastics that are
currently being used for a wide variety of
applications owing to their useful properties.
A stody was camied out to identify the
mechanical and thermal behavior of glass
fiber, CaCOshybrid reinforced ABS/PA6
based composition and it was observed that
this reinforcement has strong influence done
[7].

The wvse of inorganic material inside
the matrix can impeove the wear registance of
the material, but this degrades the fracture
strength of the material but the right
combination of swmch in organic materials
ingide the matrix can achieve the optitmm
parameters when the right production
techniques and right compogition are
vsed[8,9], The effect of micro and nano-
purticles on the tribological propertics amd
have concloded that the wear ig very lesg
when the alvminium nanoparticles are used
inside the matrix [10]. Various studies has
been conducted on the effect of ZnO
nanoparticles on the tribological properties of
ABS composites and concluded that they
significantly improve the properties of the
material [11].

It has been concluded based on their
study that compared to aramid and carbon
fibers being used as the dispersed phase glass
fibers phases produce the maximuim strength
[12]. Studies has suggested that at low sliding
velocities, the wear was a function of the time
and at high sliding velocities the wear
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depends on the temperature for epoxy resin
filled with 68.5% silica particles sized
hetween 20-40pm [13].

It has been identified that addition of
molybdermm disulphide raduces the wear by
improving the coefficient of friction of the
material. The decrease in the friction
coefficient has been atibuted to the
formation of the interfacial layers at higher
temperatures despite this, the high load
conditions still cause wear in the materials
[14].With the addition of graphite into the
matrix the coefficient of friction decreases by
a very large extent as this solid lebricant aids
in improving the formation of the interfacial
layer which in turn aids in the reduction of the
coefficient of friction of the material during
abrasion[ 1 5] Fatigue and adhesion
significantly contribute wear under dry
sliding conditions to the due to the which
occurs due to heat dissipation has been
reduced[16].

Thus, the literature study snggests
that there has been no works reported on the
proportions of glass fibers in the PAIL2
polymer and this research ig an attempt to
address this need. Here the PAL2 has been
processed using fozion deposition modeling
and the tribological properties of the material
mnder different conditions of loading and
runtime on the tribometer plotted against the
pure PA12 polymer and the results have been
submitted as such.

2, EXPERIMENTATION
2.1. Miateriak

The PAI2 i# a semi crysalline
polyaniide which i3 commonly known as
nylon 6 or polycaprolactam. PA12 filaments
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shows high tensile and good insulating
properties that protect heat up to 150°C
with melting point range 178-180°C and
density of 1.01 g/cm®. PA12 having poor
hiodegradability and most of the PAL2 used
in the experiment are recycled one. Glass
fiber (GF) is wsed as the reinforcement
material inside the PA12 polymer matrix.
Glass fiber has great mechanical properties

Fig 1, Filament Extruder

2.2. Extrusion of filaments

The PA12 and GF materials are dried
at 90°C for a mininmm time period of 6
hours. This is done by placing the desired
weight percentage of granvlates of the
materials into the “Heraeus Instruments”
exposed to a warmed atmosphere. The
prebeated material is extruded using the
3Devo-NEXT Filament Extrader with the
extrusion temperature of 175°C. The
Extruder has nozzle diameter of 1.75mm and
length of 10m. Four different filament
samples are extruded. First sample is pure
PA12 and the other three samples are

Volume 1 - Number 3 -2019 - 3-10

compared to other fibers, It has density of
2.58 g/lem® and no true melting point, but
gofteng up to 1200 °C, where it starts to
degrade. Though it is not, as rigid as carbon
fiber, it is considerably less expensive and
essentially less brittle. For the present study
pure PAI2 and three different combinations
of PA12 and GF in granule form are nsed.

Fig 2, 3D Printer (FDM)

combinations of PA12 with 10%, 20% and
30% glass fiber regpectively.

2.3, Fused deposition modeling

The test samples have been modeled
with the help of SolidWorks software and
saved as “stl” format. This file is then
imported into “slic3r” and the G-codes are
generated. The generated G-codes are
uploaded to the kihling and kihling
HT500.2-3D printer. The four prepared
filaments are fed into the 3D printer in order
to produce the test samples with fill angle of
45° bed temperatore of 60°C, and layer
height of 0.3mm and filament diameter of
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1.75mm, The prepared test samples were
taken for testing.
2.4. Tribometer testing

The tribological behaviors of the 3D
printed test samples were tested in pin on disc
wear tribometer, The prepared specimens
were tegted by wsing Ducom (TR-20LE-
MI108) tribometer machine to vary the
influenced process parameters such as

Fig 3.Pin on disk tribometer
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applied load 5,10,1520 N and run time
Smins, 10mins {comresponding sliding
distance of 875m and 1750m respectively),
also other process parameters were kept
constant such as sliding speed of 1.5 m/s, disc
diameter 165 mm and disc speed of 175 rpm.
The tribological behaviors such as wear rate,
friction force, the coefficient of friction are
taken for four test samples and the values are
noted for forther analysis ag in Table 1.

L— Virgin PA12
L— PA12+10%GF
l__ PA12+20%GF
g PA12+30%GF
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Table 1 Measurement of tribological behavior

Material Loa | Speed at 100 rpm (Sming run Speed at 100 rpm(10mins run
d time) time)
(N) Wear Frictio | Coefficien Wear Frictio | Coefficien
rate n taf rate n tof
(mm*/Nm | force(N | friction | (mm*/Nm | force(N | friction
) ) ) )
PA12 5 1,78 035 0.51 1.69 0.33 0.49
10 3.4 038 0.7 3.4 0.4 0.67
15 4.7 0.41 0.74 4.5 0.53 0.7
20 5.5 0.53 0.78 4.85 0.65 0.756
5 1.37 0.29 0.48 1.28 0.28 0.46
PAL2ZH10%G | 10 2,6 0.31 0.56 2,24 0.3 0.6
F 15 3.1 035 0.64 2.78 0.36 0.66
20 35 0.45 0.69 2.98 0.46 0.72
3 1.1 0.24 0.45 1. 15 0.23 0.42
PAL2120%G | 10 2.2 0.26 0.5 1.8 0.27 0.5
F 15 2.69 0.29 0.56 2.12 0.31 0.54
20 2.87 0.41 0.62 2.3 0.38 0.59
5 0.98 0.19 0.4 0.9 0.18 0.38
PAL2ZH30%G | 10 1.9 022 0.42 1.4 0.2 0.44
F 15 2.2 024 0.48 1.53 0.25 0.49
20 2.35 034 0.53 1.66 0.28 0.53
3. RESULTS AND DISCUSSION
3.1. Wear rate
e == [:TTH]
BE & PAIZ+I0% GF - ] = PALZ
- & PATZI GF = PAIZH0% GF e
v PA12+30% GF - T e
an - * PAIZ+30% GF -
E 40 . o) “ <
'E 1 ] f«"‘f . i aa "
! : __,“r# - : ------------- & ! : ,r"f) - -
e dul
i v o ¥
i'8 2 ®m om oW % B @™ o= B N A
Lo for 5 sl (M) Lsed for 18wl {4}
Fig 5. Wear rate for Smins run time Fig 6. Wear rate forlOmins run time

The wear of polymers occurs due to with the swpport of reinforcement filler
abrasion and adhesion mechanism. The materials. By adding glass fibers in a varying
registance to wear for polymers improves weight ratio, the experimental wear rate of
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the respective test samples were made highly
significant. From the Fig 5 and 6, the wear
rate decreases with increase in weight
percentage of glags fibres due to
enhancement of hardoess and fatigue
sirength. The addition of GF increases the
abrasion and sliding resistance due to its high
thermal stability, For lower load conditions,
the wear rate is observed to be peak for all the
test samples doe to the less adbesion between
the surfaces. While applying higher loads, the
adhegion between the surfaces gets
strengthened and makes the material to wear
more in shiding condition. For PA12 the value
increases steadily with the increase in applied
load and for other composites the wear rate
increase gradually from 5 to 15 N, after that,
it becomes almost stable for load of 15 to 20
N owing to sliding resistance. This sliding
resistance is due to uniform wear of material
while applying 5 to 15 N loads The
reinforcement of GF in PA12 matrix prevents
the transition from mild to severe wear at

3.2. Friction force
LT3
T & PATZ j'
Y - PAIZHIO0% GF .
L - PA124620% GF ’/
ot v PATII0% GF P -
s
L\ =3
£ aao #___,.,l/ A
o e p
3 -
E am . e
g = - &
am]{ v
g2l 0000 A
L1 e N
ax e
(1]
T ¥

Fig 7. Friction force for Sming run time

Friction force is characterized by the
resistance offered by bodies uvnder sliding
conditions. The primary tibological
properties contributing to friction force are
adhesion and deformation. Fig7 and 8 shows
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high load condition. The loads are applied for
specific time period of Smins and
10mins. When the loads are applied for
Sming, the wear of material is lower when
compared to 10mins, This happens because
the fatigue stress increases for the rise in the
time period. During the wear test, it is evident
that there is heat dissipation from the contact
surface of pin and disk due to friction which
confiting impale of [17]. This further
decreases the wear rate of material.

The PA12+10%GF and
PA12+20%GF composites have 40.3% and
44.4% lesser value than the virgin PA12 for
20N load and 10mins time period. The wear
rate of PA12+30%GF iz 55.6 % lesser than
the virgin PA12 for the same conditions,
which ig the eminent value for the taken
samples. The experiment unveils that
PA12+30%GF have better wear resistance
than the virgin PA12and other composites,

BT -
e | PAlZ : -
* Ph12+10% GF| L~
B8 | s pat2e20% OF | -
.-"’.
E LIS R _,-'”
E (r 3 P -
414 -
E A
838 - . -
E [ -
a0 @ S
L e L
[ F. T . -
ol
A ¥
L
KT T 77—

Fig 8. Friction force forl(mins run time

that the friction force decreases with the
addition of the reinforcement material. This
is because as the percentage of glass fiber
increases, the surface of the material becomes
smooth and it offers less resistance for
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sliding. The virgin PA12 shows greater
adhesion with the abrasive surface and are
deformed mwore. On the other hand, the
compogites exhibit lower adhegion and low
surface deformation. Due to this coniposites
have less friction force compared to virgin
PAL2.

For lower load conditions, the friction
foree is small when compared to higher load
because of low adhesion between the surfaces
and lower surface deformation. The friction
force increases when applying the load from
5 to 15N, after that it attaing an almost steady
state condition at the load of 15 to 20N owing
to lower sliding resistance.

Bor Sming time period, the friction
force is lesser than for 10mins time period
due to formation of strong molecular bonds

3.3, Coefficient of Friction(p)
wFrTE
g [

F 07 J_r”' "
i 058 ,-/ -
yy Y
" /
wn - -
i ~
[T 8 _—
- - - e
[TF v
i 8 & W 1z W O® W @ =;
Load for & min (N}
Fig 9.CoF for 5ming run time

The Friction coefficient is the ratio
between the friction force and the
corresponding applied load. It is a surface
phenomenon and it is infloenced by the
nature of surface when desired conditions are
applied. From Fig 9 and 10, the coefficient of
friction declines with addition of GF. This is
because when the asperities on the smface get
diminished and it becomes smoother. For

Cosfliclant of Fdaflon (M}
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between the contact surfaces. This bond
formation is the result of greater contact time
and it resists the sliding movement of sample.
More over due to the formation of trangition
layers on the sliding surface, the friction force
is again increased,

From the smdyPA12+10%GF and
PA12+20%GF have 42% and 58% lesser
friction force acting on them in comparison
with virgin PAl12for 20N load and time
period of 10 mimies. PAI12+30%GF
experiences 67% lesser friction force in
comparison with virgin PAL2 and other
composites for same conditions. The
experiment reveals that PAI2+30%GF
expetiences lower friction force than the
virgin PA12and other composites. This [14-
20].

[
= PAIZ ]
prES | ® PATRIOW GF| -
& PATI0% OF | - .
prw | BAEN GF | ——
] .
e /ﬂ
Buan 4 I,.r’ o &
[T '
/ ‘ d
e e -
- il
B i -
-
0
w
Ban

B R
Load for 18 i ()

Fig 10.CoF for 10mins run time
lower load conditions, the coefficient of
friction value is at peak due to high initial
surface roughness and this gradually
decreases for higher load conditions, Thigy iy
atiributed to fact that the surface gets
smoothened while increasing the load. By
applying 5 to 15 N load, the coefficient of
friction steadily decreases because of
uniform elimination of surface roughness and
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for 15 to 20 N load, it is slightly decreasad
becanse of less ronghness value.

The coefficient of friction has a
higher recorded value for Smins due to higher
resistance across the pin and the sliding
material but for 10mins, it decreases as the
composite surface is smoothened and much
of material is worn out in the form of
powder. ThePA 124+10%GF and
PA12+20%GF composites have 41.67% and
58.23% lesser walues in comparison with
virgin PA12Z and other composites for 20N
load and time period of 1) minutes. The
PAI12+30%GF67%  lesser values in
comparison with virgin PAL2 and other
compogites for same condition. From the
present study the PA12+30%GF composite
have lower coefficient of friction value. This
outcome stands with the assertion [14-20].

4. CONCLUSION

The tribological behavior of virgin PA12
and compogite of PA12-GF materials in
different combinations are studied at loads of
5,10,1520 N for tume period of 5 and 10
mimmtes at sliding velocity of 1.256 m/s using
pin on disk teibometer, The summary of the
above experiment is as follows

¢ The addition of GF increages the abragion
and sliding resistance due to its high
thermal stability and so PA 12+30%GF has
the lower wear rate for 20N load at
10ming,

s Ags the percentage of glass fiber increases,
the surface of the material becomes
smooth and it offers less resistance for
sliding and due to low adhesion and
deformation property, the friction force
for PA12+30%GF composite is lower than
other test samples for 20N load at 10mins.

s The values of coefficient of friction of
PA12+30%GF composite are lower than
other test samples as the smoothness
increase with addition of glass fiber which
is further enhanced when the loads and
time periods are increased,

Volume 1 - Number 3 -2019 - 3-10

¢ S0 overall tribological behavior of
PA12+30%GF is better than virgin PA12
and other two composites.

o This composite can be smitable for
tribological related applications in
automotive indwstry, also it is owing to
extended life gpan.
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Abstracr-3D prinding or additive mannfacioring (AM) is &
technology that gives preducis te consumers and ndwstrial
markeis as per thelr regmirement n terms of dimensions and
appearance. Materials that can be used in fased deposition
mldhﬂﬁhﬂhﬁlﬂr.lfﬂlmhwﬁtﬂﬂnlf
carbom nanotubes (CNTs) and graphene is a need of today.
Composites with sweh additives can chamnge fhe fuwbure of 3T
printing of next gemeration mamufaciuring indwsiry, This
paper elaborates few facts and findings from a research
carried owt previously, enhamcement in mechanical amd
elecirical preperiles of newly developed material =amd
challenge €0 be faced im developing a mew material width
better properties to be used im fumctional 3D printimg
products manwfaciwring.
Keywords: 3D printing, additive manufaciuring, graphene,
carbon nandiubes, earbon Mack

L INTRODAURCTTION
Ammmmmmmmm&
successive Inyers of maferipl on @ platfprm by using

whunamntﬂ'ulmﬂmﬁmnfﬂhmt[nmﬁalhr
lﬁmdh.}iuuumuﬂﬁumaapmlmd inte a
temperature  controlled melting chamber and then
extruded through a tip of nozzle as shown in Figure 1.
Addition of CNTa and other structured additives improve
functionality of 3D printed composite parts. Polymer
composites md their development as & malerial for 3D
printing ave of grestest interest among all researchers and
industry specialists,

Figure 1. A pictore of a extruder assembly from o FDM prinder
and a schematic of the extroder,

Polymer nanoflbers and glass nanofibers are of
considerable interest in many applications as secondary
reinforcement in structural composites. [2]

A polymers commonly used for 3D printing can be listed
a8 a Polylactic Acid (PLA) - a sustainable biodegradable
polymer and Acrylonifrile Buindiene Stywene {ABS) - a
strong terpolymer wsed in most of the 3D printed
processes, are two of the most popular polymers used for
FDM, and having a scope of addition of certain additives
in it for the formation of new and advanced materials for
the next generation and also for resesrchers. Apart from
thess two, Polyvinyl Aleohol (PVA) — a water sohuble and
biodegradable, Polyamides {(nylong) - strong, abragion
resistant and typically used for most of the mechanical
parts, All above potymers are with the potential for the
inchision of CWTs and graphene with all other structural
additives to extend their mmulti-finctional use in 3D
printed composites. Interlamings shear strength (TLSS) of
fiber reinforced polymer composite is an impertant
property for most of the structural applications. Malrix
modification is an effective method used to improve the
interlaminar shear strength of composite. [3]

A brigf abaut processes in AM:
Selective Laser Sindering (SLS):

SLS uses powdered thermoplastics. A laser on the powder
creates desired 3D printed object. A laser heats the
powder just below its melting point and fuses the powder
to create layers at specific locations. 515 uses
combinstion of polymers and metals. Also wnsed pownder
con be recycled. Particle size of the powder affects the
precision of print / 3D object. The process can be handled
with addition of CNTs in powder, cnly heat transfer
process has to be studied. [4]

Digital Light Processing (DLP):

DLP produces high resolution 3Ir objects. A light with
controlled exposure from DLP projecior or an instrument
nsing digital micromirror device {DMD) [5] on & vat of
photopolymer on a platform, hardens exposed louid
polymer, A 3D model of object in computer iy sliced into
2D layers and sent to DLP printer ane by one.

Stereollthography:

It is smme as DLP, uses photopelymers with laser based
light source, A laser beam strikes on the Hquid
photopolymer and polymer hardens. A recoater blade
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deposiis the next kayver of Hqmuid photopolymer. Printed
object reqmires cleaning and coring in ultraviolet light.
Craphene gxide [6] can be one of fhe pdditive materipl
wmed alomgwith polymers for 3D printing.

Many applications can be directly relsted to the addition
of CNTs and graphens a5 additives for 3D printing [7,8],
a sector nnder & rapdd growith. By 2000, the 3D printing
sector ook over 20 years to reach $1 billion and over the
following three years o reached 32 billion. Market
anglysis suggests it may reach upto $10 billion by 2019
91

Some deowbacks of 3D printing:
« A process of thermal extrusion
: dectricity,
+ Emission rte of nltra-fine particles is more for
PLA and highest for ABS printing [10]
+ Becority dsepe afier the fabrication of 3D
printing.

I POLYMERS IN 3D PRINTING
ID printed objects need specific mechaniesl and design
conslderations. After thermal extrosion, a 3D printed pont
shomld be with proper theological aud thermal properties
s it bas to be extraded md solidified with maintaining
layer by layer sccurity. The unse of palymess in 3D
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ghove a4 temperatore moge and then solidifies npon
cooling; this process can be repeated several times. At the
mplegular level, the polymer chains are assovigled via
iermolecular Van der Waals forces that are easily
broken oi elevated temperatures. In contrast, thermoset
pobymers lorden upon henting and are no lomger
moldable, decomposing at high temperatmres. Thermoast
polymers are ooly wsed with their corresponding
mooomers, with sn initistor added. a5 the printed
mgterials are cured by vliraviolet light or heat during post

pDeaEsing.

For 3D printing, thermoplastic pohmmers are the best
snitable polymers os they mel and mold doring the
exirpsion process and this has covsed popularity in the
production of fhese polymers. [12]
Ttnmﬂemnmmmﬂnllwdhmmm
e gmorphows thermoplastic teracrylonitvile-botadiene-
styrene( ABS) PLA,PVA polycaprobactone  (PCL)  and

aylon.
ABS Is n terpolymer dhat 1s made from acrylondtrile, 1-3-
butadiens and styrene (Figmre 2). The matio of each
monomer in ABS cin be selectively modified, based on
the synihesls mefhod wsed to yield different grodes of
ABS with the required mechandesl, thermal omd
processig properties. The percentage of styrene can vary
from 65-76% und serylomifrile by 24-35%. ABS with
CNTe and Graphene as Additives in 3D Printing is a
light-weight, rubber-toughened thermoplastic with low
meﬁMMpﬂmn
adopts the rubbery propesties from polybutadiene, e

tonghoess of acrvioaltrile, while malniaining  the
reflective property of polystyrene, which can be enhumneed
wsing scetone. ABS is chemically resistunt 0 water,
aqueons acids, and allkali sobutions bt reacts/dissolves in
carbom  tetrachloride, comcendraied  mitvie  acid,
concentrated sulforic acid, esters, md scetone. For 3D
printing, ABS can be produced in o varety of coloss by
adding pigments a8 raw ABS & tmngheent. Duoe to the
reactive donble bood in the of the
terpolymer, it may be oxidized in whraviclet Hglt, so

— = = ¥,
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Figore 2. Momoumers of ABS
PLA 5 n biodegraduble und low foxicity polvester
thermoplaatic made from lactde or lacte acid monomers.
[17Both can be derived from the fErmentation of
carbohydrates which i a renewable resource, so PLA is
considered an ecofriendly thermoplastic. PLA can be
produced in amorphons and eryetilline form. The nost
comnmcn way o produce high molecular welght PLA is
by the ring opendng of lactlde catalyzed by a metal. FLA
15 g hyproscopic fhermoplastic, PLA undergoes thermgl
degradation, sclesion of bonds and results in weiglt loss
which hes an effect on mechanical and rheological
properties [14, 15]. X is worth noting that the exient of
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degradation alse depends on ofher fictors nmging from
molecular weight to particle size. Amorphows PLA is
sofuble in most organde solvents, while erystalline PLA 1s
soloble at elevated temperatores.

PVA s a hydrophilie, water sohble, hdndegnﬂubln
thermoplastic polymer. PVA is synthesized by
hydrolyss or alcobolysis of poly (vinyl acetate) (I’Vﬁr.]
doe to the instability of its vinyl alcohol mongmer, It ¢an
be produced in iwo types: partinlly hydrolyzed or fully
hydrolyzed and can reach up to 99% hydrolysis, It hus
been used in the medical and industrial sectors, os PVA is
bipcompatible dwe to its bow toxicity md minimal cell
adhesion to its surface. PVA being sotuble in waler makes
it suitable as sopport material for printing complex objects
by forming a support structare. Initially, PVA rafts can be
printed or doal extrnslon printing techndques can be msed
to fill volds or tntricate fine detalls during the print. The
finighed object can fhen be inmensed in water to dissolve
the PVA and leave fhe other extruded polymer in place.
Ruobber slnstomer filaments made up of FVA with another
polymer, sold under name of “Lay-fel”, are commercially
available to produce micro-porons objects as end products
by innnersing printed objects in waler.

PCL is polymerized from a caprolacione {a five member
ring cyclic ester) monomer by ring opening catalyzed by

benzene, and tolene. PCL biodegrades in the presence of
microorganismes. It has 4 low glass transition temperatone
of -60°C [15]. which makss it Jess brittle than other
temperature, As PCL s low MP, i has low processing
ko form composifes.

Figure 3 Swocures of PLA, VA, PVA-co-I'V A mad PCL
Table 1. Compamtive sindy of common thermoplastc polymers

Palymer ABS PLA PVA PCL
220 fo 180 & (L8
Extrosion Tenp. 235°C 221rC 230°C Very low
Degrdation Temp. | 400°C m . 3
. FETT Hio
Melting Point (T} 250°C e | 20°C pfes
Giloss Transiion 0o 010
| Teue.(Ts) peg. | g | ¥E | W
: 30m55 | 4852 | NTwmsl | 10560
Tensile Strength MPa MPa MPa | 151MPa
Tiastio Tensllo WT02808 | 3500 | 4Bw | Hdm
Modulus MPa MPx | 14700Pa | 364DMP
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IV, CARBON HANOTDBES (CINTH)

Carbon nanombes can be mixed into polymers as they
possess very good mechamical electrical and thermal
properties and can be weed for 3D pristing. Multiwall
CNTe (MWCNTs} have structral defiscts which provide
suitoble mcleation sites that allow for strong interactions
with polymers [17] ood for cross-linking god
fimctionglization [18-20). A homogeneous of
carbon ngootubes in polymeric solutions ore essential if
they are to be vsed for enhanced CNT based filpments,
Ageregition of CNTs can be a problem for FDM,
possibly camsing blockages ot the nozzle ond flmx
instabiliyy while printing. Hence research can be made in
determining the concentration of CNT: o surpass the
pumlmlnnﬂnﬂuld{ﬂumnhzlmhmminmlaﬂng

required to reach the electrical percolation theeghold for a
CHT/Polymer composite can be oblained, as a first step,
by the nse of the power Law:

o o0 (P-g)”
Where o is the electrical condoetivity, ¢ is the MWCNT
vohmme concentration in the napocomposites, ¢, is the
critical MWCNT wvolmme concendration at electrical

percolofion amd a & a critieal expomentld] A
comprehensive table of percolation thresholds for CNTe
in polymer matrices was sseemblad by Baslwofer et al. [21].
It was akso noted by Baohofer that there were conflicting
results conceming fhe dependesce of the percolation
fhreshold on fhe aspect mfio, The excheded yolwme
mlymmndmtedbjrﬂelmdetalmmﬂﬂm
percolation  threshold of a fiber suspension wouold
decrease when the aspect ratio increased[22]. Rescarch by
Bal et al. demomstrated a decreasing set of vabees for the
percolation threshold when the CNT length increased [23];
Moartin et al. [24] found an incressing perenlation threshold
when the CNT length inereased. This problem can be
reconciled by considering dhe type of percolaton
fhiresholds, Bal ef al. possibly obtained statistical
fhresholds while Martn e al  acquired kinetic
percolafion. This is importout to know as theoretical
anplyses reported tend to ignore the movement of filler
particles and oaly seem to predict the dependence of the
statistical percolution threshold on the fifler aspect ratio.
Ulirahigh molecnlar weight polyeibylene (UHMWPE)
hae been processed with MWCNT:s mnd extroded o
prodoce filaments [25). However, it i not fenzible 1o
prodoce UHMWPE filaments by conventional extrosion
doe to the high Welssenberg effiects [26] that would likely
affect the fox during extrosion bofh fir flament
production and 3D printing. An altemative would be to
mse the gel-gpinning techmique [27] in which the polymer
is dissolved and spun, The addition of MWCNTs ¢ be
problematic os they tend b0 agzregate during the solvent
evaporation stage, but the problems were addressed by
msing o mnge of techolmes inchding sondeation, melt
mixing and extroglon [25].
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The compatibilizntion of a polymer is simply the addition
dnmmmﬂeﬂmﬁdpﬂmm
in gn ingregse in sipbility, Compatibilized polyolefin
tobber iz an example of 2 composite that can be made
conductive by the addition of carbon nanombes [28] or
graphege. The percolation threshold has been widely
stodied with carbon nanobe systems [20.50]. The sidy of
PC, ABS gnd MWCNT composiles confirmed that
localization of MWCHTs changes from fhe ABS to the
PC phase when fhe robber contént was redwced from 60 to
5% P At bw concentrations of mbber, MWCNTs
logalized in the PC phase resulling in on incresse in
conductivity and a low percolation threshold of soond
01.5-1 wi% [29).

Ternary systems could be an importand feamework for

namptwbes can be identified at the PCL phase and at the
phase  imlerfaice,. When e MWCNTs are ot
functionalized, fhey can only be located at fhe PCL phase
resulting in an elevated percolatlon hreshold. Ternary
reaches | wi%h [32] Potschke et al. developed a mefhod to
mix MWCNT: into thermoplastic matrices of PC and
polyamide-6 (PAG) by melt blending the PE based master
batch with high MWCNT loading. This improved the
CNT dispersion in PC gnd PAS oud alse redwced the
percolation fhweshold[ss). Tn geneval there are many
atrategies that can be applied 1o fhe mixing of CNTs with

Poatighone et al. reposted the assembly of conductive 3D
strocheres using o PLAMWCNT anpocomposites using
mmmmm@mmmmm

(DCM)o).They  reported
concentration of 0LG7T% with nnmdnutrh;nflu Sm and

the highest conductivity was obtaled with 5 wit%
MWCNT with 100 S/m. Postiglione foond that at o
composition of 3% PLA in DCM with 1 wi% MWCNT,
the rheplogicel effects prevent fie extrosion fhrough fhe

25 wi% of PLA i DCM with 1 wi% MWCHT: can be
printed out at o lower shear stress with a higher shear rate
(1=50 5') when compared to 30 wi% PLA in DCM with 1
wi% MWCNT: (shear rates 5-11 ¢'). Although fhe 25
wi¥ PLA/CNT mixture prints af a higher speed, a better
tesofotion product was oblined wsing a 30 wit%
PLA/CNT mixture at 10s™ and g low speed of 0.1 mm s
Grafling of single wall carbon nanotbes SWCNT: to
poly(L-lactic scid) bas been mvestignted(34] but so far
MWCNTs are doddiint, doe to thelr incressed
metallic choracter. However, Vatanl et al reported the
fabrication of a highly stretchable sensor by dispersing
Iwt% SWCNT (average dismeter 1.5 nm, length 1-5
micrometer) in & matrk: of a blend of ten photd corable
monomers (eyelic trhmethyiolpropane formal acrviste and
Acrylate ester)[35] The monomersSWCNT composiie was
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printed nsing direct writing imto a polyurethanssobstrate
on which the monomers were photo cured. The wires
sustained sirgin wp to 90% elongation end resistivity
change increased proportinnalty wit fhe strain,
Production of CNTs

Reseqrchers are behind development of stronger and
highly efficlent carbon panctobe based composttes
materigl for nee in 3D printing.

Production capacity of multi-wolled tobes by Timesnang
and Showa Denko, each prodocing over 2500 metrie tons
every year. Stll demapd of CNTS with conductive
adbesives and fire retardont plastics. [3¢]. In 2015, over
400 meiric tons of MWCNTs were nsed for conductive
polymer composites with estimates reaching 1700 metric
o by the year 2020,

Carbon nonohebes hove attraeted resenrchers toward the
development of prototypes and will contlmee to promote
imnoyvation over the next decade. The legacy of carbon
mgnolobes for mamotechnology may prove fo be an
important milestone,
Commercial CNT matarials for 31D printing

IDXTech 15 a company that provides filoments contalning
carbon nancmbes. Their DX Mano™ ESD ABE filaments
(contnining MWCHKTs) are available with diameters of
1.75 mim and 2.85 mm for ESD appleations. The filament
mmmmmmmmm

Extrmsion | FDR Platfhem Barfioe Tensila

? Temg. “Temp. Resmtonoe | Strength
ADX N 2 o 107 to 109

i axre 1 o 110°C o 42 Ml

Manocyl are one of the worldwide leading experts in CNT
based materials, producing research and industry grade
catbon momofubes. Ome of dheir  producd  lies,
PLASTICYL™, iz g collection of carbon nanotubes
thermoplastic concentrates for requiring
electrical condmetivity with good mechanieal properfies.
The concentrates contidn 10-20% of carbon mnohsbes
md gre avniloble in a diverse mmge of thermoplnstic
tesing, including PC, PP, PA, PET, HDPE and others,
Althoggh  fhese enhgnced Mermoplastics were not
epecifically almed ot fhe FDM sector, fhey have a
formmlation that makes them applicable, subject o the
tempesamre range of the extroder. PLASTICYL™ can be
used in mgmy applications and a surface resistivity mnge
of L to 1012 52

F-Electric 18 a PLA-baged filament prodoced by
‘Fonctionalize” that incorporaies carbon nanotubes. Fe
Eleviric is one of the best conductive 3D filament
nvailable im the madeet with a 0.73 Oom in volyme
resietivity.

Filament producion

3D printing can produce a lot of waste from failed
can be highly effective in reducing the costs of
printing. The process of reusing flmments is further
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complicated by the need to break down the wasbte so that
it can be anccesstully chaneled thyongh a feed soew to
the melting chamber (surronnded by a heater) as shown in
Fignre 4. Extmded filumeots can be collected on
antomaeed Spooler, allowing the spood to be detached and
mdm-snmmmmm
(malities i

Pablets

sy

Fubasrwant H.-l‘-'

Berew  Borew drive motor

Figmre 4 Diagran of a filement making

The use of graphene in 3D pristing started with the
Canadian company Grafoid. resuliing in the product
MesoCGiraf, which is prodoced from raw and nnprocessed
graphite ore in a one-step process. Use of graphene in 3T
printing will increase its eonductivity and strength.
There are some limitations with curent 3D printing
technodogy, especially when atempting o prodnce
filamenis with sdvance fooctionsl materials such s
metals, graphens and carbon nanotubes. Problems may be
associated with the size of parficles and temperature
vﬂthnsnfﬂmmnﬁunnmwiﬂinnpd}lmmiﬁx.
Research is still ongoing into meking FDM wmore
applicable to producing advanced finctional 3D printed
materials. The resesichers are vsing a comhination of

(371 Although graphene has also heen referred o az a
remarkable material, homogeneons mixtares of graphene
and polymess are esseotial o get the nmigne properties
[38]. Wei et al. atated that the major prohlem confroated by
graphens compogites was that of phase separation

fonetional groups oo its hasal planes, which meay assist
graphena's dispersion in polymer phasea [39].
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Figure 5 Grophene infosed PLA pelless and 1.75 mm filaments.

Conduoctive graphene filaments and pellets (Figure 5) for
D prnting cootain  highly conductive proprietary
panoearbon materials with FLA. Both the filsments and
pellets extruded are compatible with commercially
awvailable FDM printers. The vohune resiativity is listed as
1€3om which provides an excellent starting point for 3D
pnntod:mh‘ymnlmpmhmtumhm

by Semng Kwon Seol of the Korea
Emh'nmhnhgjﬂnmﬂllmhm’hhudmmmtda
proceas that is capable of 31 printing of pure graphene
manostmcmres [40]. This achievement marked the fimse
wsed m the additive. The research svailable in the jourmal
‘Advanced Materials® shows potential for expansion onoe
he challenges such ss reducing the size of the extrnded

V CARBON STRUCTURED ADTATIVES
Carbon Nanotubes sud Graphene are some of the popular
choices as additives for 3D printing. but carbon black
{CB) ond caxbon fibres are unique carbon stmcired
additives that have an extensive history in mamfacturiog.
applicatioes and stroctural reinforcement respectively.
Carbon black
Appearance of CB is soot like but differs from soot at the
molecular level. CB is produosd fiom the incomplete
combustion of heavy petrolemn produets speh as coal tar.
It is readily available and inexpensive. It is considered as
one of the most popular condnctive additives hecmse of
:mluwmnnﬂd:mmlmlnhqr[n]
A condoctive compogite  called
‘carbomorph’ which con he extroded through a consmmer
3D prioter.(16] In this wok, Leigh et al. reported on the
3D printing of a penaod fhom a compogite
of PCL with 15 wt of CB 08 filler. Leigh stated that the
composites with condnctive filler is peneeally observed
when the volume conceniration of filler resches a
threshiold of aronnd 25% [42]. However, their decizion to
mﬂlﬁwﬂimwmhmdmupmmm
the thermal and rheological parametess
successinl printing. The dhermoplastic polymer selected
for the composite was the polymorph PCL. Beading the
sensor resulted in a change of resistivity of 4%. The
conductivity of the prioted filoment made from the
PCL/CE composite was 11.1 S/m, which falls within the
mange of semicondnectons.
Resistance was tested neing 5 mm cubes of carbonweph
by two-probe measnrements with the two oppodite cube

57



Additive Manufacturing Journal

Pigure §i. Low-simciome mxl bigh-strecimre carbon blsck.
adapd fom Balberg [43].
electrical

Figure
Work by Balberg loto the phenomens in CB
polymer composites looked at the difficolties in
ingorporation of CB inlp polymers [43]. While be noted
fhat prévioms stodies in his reviews hod explained the
electrical data within the confines of infer-particls
tunneling condoction(43] andor that of classical
percolation theory, the observetions were fwr more
comvohsied. He noted that for different types of CB, the
sime yohme percent of the CB phase i fhe composiie
produces different values fior the resistivity [441, 451 By

depended stromgly on the particolar type of CB. The
particles could be treated in éerms of how spherical-like
strochore” CB, in comparison o “high-sirochers’ CB.
Clozely packed netunwk of apheres reprassnting the low
atroctuce in a polymer composite with nearest neighbor
tonneling. The black spherical stroctores are the CB
particles, and the blve shells represent the twneling
distance. The nearest-neighbor commections (black lines)
indicate fhe dominmt condocting elements that result in
percolation-like bebavior,

Fignre & alo shows a high-strocture CB  polymer
compoaite. The distinees betwesn the nearest inder-
particle sorfices bave a  namow,  nooediverging
distribution of the tomneling resistor valmes in the
network, PLA fikmenls with CB a5 o additive are
bave o volume resistivity of 15 wm, resulting in 3D
priuts that are 30 Qrom perpendicular to fhe kyers and
115 Qe dhromgh e layera.
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Carbon fiber
Carbon fibers plays a very mportant role in reinforcement
of composile moterinls becamse of their high tensile
sirength, low weight ind low thermal expansipn, FDM
has oue Limitation of low tramafer of strength in the
printed composites, bot e e of carbon fibers in 3D
prinfing can ereate high strengfh composiies. Ming =t al
reported prindong out posts from an ABSfcarbon flber
composite with different percemtages by weight. The
highest tensile strength reported for a 3 wi% composite of
carbon fibers in ABS, printed using FDM was 42 MPa
[#}. The tensile strength dropped as the perceninge of
carbon fiber incraased to 10 wi%h. The dwetilities of all
composites were less than the pore ABS. The 7.5 wi%
carbon fiber had the lorgest valne for the
Young's moduls. The reduction in the tensile strength
mnd ductility of composites exceeding 10 wi was dve o
the higher porosity of those composites.

A pew start-up, MarkForged Ing., bas been working on
improving the inlegration of cartbon fibers, The company
hias develoged o new printer which nees two separate print
heads, The first head dispenses a polymer such 28 nyvion
of PLA, while the other dispenses a carbon fiber tow
which is a coated thermoplastic. As the carbon fiber con
be mirodvced during ony port of the print process,
compodites can be produced wifhoot reinforced sections.
MaorkForged reported that tests demoostrafed thar the

with fibers mixed with FLA. Proto-pastn states that the
nbrasive patore of the filament may conse the extrosion
npzzle o fail prematurely,

¥L ELECTRICAL CONDUCTIVITY OF SWCHTs & MWCHNTs

Polymers are having selative dislectrie comstant in the
range of 2-5 and very low electrieal condoetivity < 10-12
Sfem. Electrical properties of the polymers cin be
improved by embedding them with different types of
filler. [47-33]

As per stody of Wong ef al. [34] the nddition of conductive
fillers such as medallic particolates/fibers, carbon black
and corbon sanctubes to the palymer matrices, above a
percolation threshold, lncreases the condnctivity abroptly.
[54-59] Practical realization of such polymerie composhtes
still needed practice &0 make them electrically fmproved
nt small filler concentrations so that they con retain the
mechymicyl propesties of pure polymers gnd nol spffer
from beittle beboeior.

The addition of fillers with 3 high aspect ratio showed
percolation at a very low concemrationfsl] eg., 0.04
wtY% silver napowire (aspect matlo = 835} for the
pobearbonate (PCVellver nonowire nanocomposites.[61]
Carmona[35] showed the percolation dependency on the
polymer matrices for o given carboo black filler,
SWCNTe and MWCHNTs have been used as conducting
fillers doe to their high aspect tatio wikich reswlts in low
percolation threshold with good conductivity for the
polviner IAnOComPOosies, [62-66]
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Hormbostelet al. and Po™echke et al. ja2, 64 stades that the
percolation wag oceurred at aroond 0.5 vol. % (1 wit %)
for SWCNT/PC nonocomposites, prepared by melt
extrosion using watreated SWCNT and SWCNT treated
with carboxyl group. Chen et al. [53] studied the MWCNT
filled PC nmocomposites md found the percolation of
about 5 wit. % which is less fhan fhat of preseat findings.
The higher valee of percolation s done o presence of
soine impurtes o the MWCNT sample s per TEM
image. The maximom achleved AC conductivity of both
the CNT/PC nanocomposites was about 107 Sfom (as
againgt 107 Sfem for contesl PC). This result indieates
theat addition of o emall amonst of CHNT has. improved the
clectrical conductivity of the oanocomposites by more
thum five orders of magnitode compared to PC matrix,

DISCUSSEMN

T fhe fiedd of nanotechnology, a mmiti-disciptinary feld
nf additive mamefwehering covers many aspects of

physics ond englneering Aseas  of
devduymﬂmﬁﬂmadwmﬂsmﬂumﬁm
of the filaments/material, pellets and resins for printing;
und the equipment wsed for filpment production, 3D
printing of bio-inspired materials can be consiferad a8 the
best example for the came. Kang &t al. recently produced
life-slred body pasts and tissues with Living cells acting as
the printing materials, The parts were stable enpugh to be
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mwsed a5 viable replacements that comid be tallored to
mdividwal needs rather thon peneric replacements [47].
Temperatwre mmge of the extroder assembly is a
lhmistion fise consones extimglon. Eniry
lewel printers can work with ABS and FLA filamets with
the nozzle temperatures in the ramge of 230-240°C. The
latest genertion of extruders swch as the E3D V6 , where
a biot end com withstimd a high temperatore extrosion wp
to HHPC to 400°C when the thermistor is exchanged for a
thermoconple. For polycarbonate and oylon based
filaments, elevaied tempersture 1s essentinl when additdon
of CNTs and Grapbene will be dose a5 an additive in 3D
Primting. Sometimes high temperature would create few
problems with mixed muterials. At higher temperatures,
polymers may degrade and the carbon nanostructured
additives may camse nofrvorable resulis during extrusion
Straftnsys offer a proprietary product called Digifnl
Materials which are a rmge of several hamdred
combinatione of Polylet base resing The Objet260
Contex 3D printing platforma use fe PolyJet resin and
are capable of depositing fhree materials with o Iaver
thiclovess of 16 pm. The build resolotion is 600 dpi on
both the X-anis gnd ¥-uxis, und 1600 dpi oo the Z-gxis,
The difficolty in producing mixed material filyments with
carbonl nanosttoctorés and the additonal problame
associated with fhe rheology and flux duwing FDM
extrusion are giving binh to other additive mapntacthuring
techniques soch as the Polylet system. Carbon memotubes,
grapheng ynd CB have been explored as additives for ST.S
[48-50]. Creating a hownogeneons distribution of fhe
carbon nanostctnres 1s the madn 1ssne, but this can be
achleved by ﬂnple mixing tedmiqneu. Pagel et al
reporied on process for the optimization of
PAIZMWCNT mmmmpndtu by SLS [48]. They
deacribed a procedone fir dispersing e MWCNT powder
initially in chioroform wsing witrasonic techuiques for one
hour. They ndded the polyrmide powder to the suspension
and contiveed mixing on a magnetic stir plale for 50 ndn
to homogenize fhe sobotion, Afler g fillmlion process with
a celhulose filler, the mibdure wis washed with acetons
and placed in an oven at 80°C for four howrs
blades were then nsed to bomogenize the final powder. A
C(O; laser (10 watts) with a beam dinmeter of 250 jm was
wsed to foge the powder. Polsed mode was need to operate
the Iaser ot 5 Bz and fhe asverage layer thickness
prodoced was 200 pm.
Tondegy s cowd tomorrow s market scemario of AM-
Few wpdditive mgmpfictmring processes show  pood
potential for prowth from 2014 to 2019, The worliwide
market for 3D printing, incheding e services gector, will
likely increase at 4 componnd anmal growih rate (CAGR)
of 322% from 2014 fo 2019 BCC Research akso
estiaies that “services’ will rench to $7.8 billion in 2019
with o CAGR of 31.4% from 2014 o 2019 (511

Tabla 3. Todmy's and comwrrore’s maarket scennrs of AM

AN Process Wondwiae Rovoone gomcraton | CAGE (Ye) |
Stercohhiogmapiy $1L.8 Dilliom. 273
Poilar 33534 mifion a3
FDM #1 billion 30




Additive Manufacturing Journal

SIS I $504 mwillion 5 X

The mejor advaotage in this 3D printing madet is the
high kevel of diversification in fthe teclmology and
applications. Advances in the design and fonetion of 3D
printers have catabysed the development of nmit-material
filpmends ind printing techniques that overcome some of
the Himitations of fhe durability of printed composites. 3D
printing may ako have a pronounced effect oo mode
traditional moowfictudig processes, affecting sy
aspects from the design and development of malerinls to
the cost savings through the rapld prodoction of custom
parte. For consmmers, it is the potentlal ko be able to print
replacement parts for household applionces.

STMMARY

Polymer composites wifh condoctive fillara/sdditives
have flie potentisl o bée nsed in many areas from
engincering to consomer prodoct development, with

(ydrophobiehydrophilic) and condwetancs.

The nse of conductive filler material such as metal in
puhmu{:z]hmgalmhthmuaﬂwhy
wihiich may affsct
tl:mﬂqandmu]nﬂmnfﬂr?-ﬂnﬂmhmm
this & to reach wpto a wormioble conductivity, the
percentage weight of filler may need to increase, which
cimses an inersase in fhe density and viscosity of

conductive fillers used are in 4 5120 pom diameter rangs,

widch can be a challenge by itself cansing blockages at
the nozzle opening of most types of FDM printers, which
typically have a ezl dismeter of 400 pm
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How does the Thermal Degradation influence
the spreadability, packing dynamics, and
electrostatic behaviour of metallic powder?
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Abstroc= To  answer the peed of the Additive the cost of AM will ot be ecommmic enough. Powder

Mmnufscturing (AM} raw matsrial characterization few
relevant methods are available in the market. There is 2
need that the flew fleld of the powder should be
comparable in the process of mensarement cell. Wikh
this informaiion In mind, GrannTesds has develaped a
warkflow for powder churacterization. Our main goal is
iv have one instrument per geomedry that mimics the
precess. In this paper, we have shown how this range of
Instruments can be used to follow the guakity evolutien of
a puwder after several processes. First, the standard
aluminiom aloys are selected and placed under different
thermal stresses. The powders sprendahbility
(GranuDrwm  Instremend), e packing dynamdes
(GranuPack Instrument) and the sleetrostmiic hehavier
{GrapuCharge Instrument) were them aombyzed. This
anakysis presends that i & possibe to montior fhermal
degradation by analyzing the ability of the powder to
bulld-up elecirical charge, Indeed. on one hand, a bow
Coheslve Index is abserved for a prwder easy te spread
and a fast packing dymamies yleld a mechanical plece
with a kswer porvsity. However, on flie other hand, the
pewders with high cohesive Index o amblent
temperature are showing better spreadability nnd high

L INTRODULCTION

In Additive Mmmfactoring (AM) processes, ndding one hy
ope anperfine layer of o time creates a three-dimensional
object. the termn AM tmplies adding material o
create the objent™. In contrast, if an object is created by
classical mesns, it is often necessary to remove material
through milling, wachining, ete. However, despite AM is
mive economic than olsssieal machining. Tn most cases,
only a small propontion of powder duat ds laid down in o
build process is welded into o component. The rest is then
nofised and conseqmentdy available for rense. Nopetheless,
powders properties shonld he the first considernfions e
they govemn machine ponmneters”. Indeed, if we consider the
unfinsed powder as contaminnted mnd not adapied for rense,

deterioration resnlis in two phenomena:

a) Products chemistry modifientiont Indeed, the
main concern i (o create 2olid stmonres compeised
of te pore alloys. Therefore, we mnst avoid sy
kind of powder contamination such o8 oxmides or
nitrides.

Change in mechanical properties (smch ==
shape/morphology, Particle Size DMsirilmtion
(PSDY: In fact. those pacmpeters ae relared
another key-pamameters, which sre powdes
flowahilicy and spreadability. In other words, aay
modifications in the powder charscteristica may
resnlt in a produet dhat canoot be evenly distriboted
aeroes the bed.

Material processed through AM, experience complex
thermnl process eyele. Therefore, there is a nead o hetter
piocessing of the powders and to redoce the varianes in
properties from machkine o amchine across materials and
machine type *,

b)

IE CONTRIFUTION

Regarding raw materials (or powders) characterisation, few
relevant measnrenent methods are availabde in the matket to
answer the needs of AM. Indeed, the stress state and the
ﬂnwﬂmnfdmpnwhlhﬂdhumpmhhmh
measnremant cell and in the process® Different receat
publications have evidenced that the classical flowmeters
ore mnabde o give pertinest information abonr powder
spreadability in powder-bed-bascd AM. In addition, the
sheac cell resters, the classical dheometers, and the exisremoe
of  compressive boad are incompatibde with the free surfice
flow wecd m AM devices. AM has a positive mnpact on the
environament by reducing cwbon footpeinty aod castgy
consumption. Therefore, the further work needs to be done.
With this information in miod, GrasnTools bas developed a
workflow for powder chamcterisation for AM® ¥, Our main
poal is to bave one iaOMOMOr per geometry that mdmics
secnrmtely and precisely the process.

This research s nsed to undestend and follow the evolotion

of the quality of a powder after several printing processes.
First, peveml standand alominiom allovs (ALSI10Mz) were
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selected and placed for different dorations st diffferent
ﬂmnlmmu[ﬁ'nmlmm The

Iower pod0aity in compatisod with a produce hander to pack.
TIL MATEEIAL METHODS

A Selecied Powders

Three different alumimem  allovs powders  (ARSTTOMg)
{ealled as sample A B, and C) and one Sminless Steel 2161
(55 316L) sample with different particle size distribubion
were selected. The samples gram siee distiibulion wene
measured by Laser diffracton anabysisT50 13320, these are
the supplier data, The high-resolution image and the
avallable matenal properties are listed in the foliowing
figure 1 and Table 1 respectively

di0-dP0 = 33-150m

Volume 1 - Number 3 -2019 - 3-10

It is important o note that these powders were stocked
our lab dunng several menths, Theretore, their propertes
may be shightly different than those commumeated by the
mandne lirers,

8. Methods

According to Soow, topics relaed to ¢he AM. soch a8
thermal distortion apd residoal stress and proccss modeling
efforts sre received recent attention. However, stndies
related o the powder feedsiock reqiremenis (spreadability)
(electric charges) syatems, eie. remain scarce. Recently
researchers have begmo fo investigate the iafloence of
powder characteristics on the AM process. la addition the
standard charnceerization rechnignes veed in dee i
Mnmmmmmﬂmm‘
Thercfors, our fipst cossideration is the powders propertics.
sinee they govern mechine paramensrs.
For this pmposc, fhree paamcters will be investigated in
this research:

i. Powders spreadability

ik Packing dvnamic

iil. Electrostatics.

parsmeters  also  ecorrelate the Imik powder
ﬂlmmmm“ﬁnpdwdﬂﬂmmy and angle
of repose, which gives the iandication of spreadahility. In
addition, orilizing the effeer of heat weatmene, again these

i. Powders - spreadability 5 the Bomogeneity  and
“smoothness” of the powder bed after the recoater
operation. This parameter is ¢ssential beeanse a smooth
surface 1% easier 1o prim and gives better paris. This
parameter will be imvesugaied unsing  the rotating
divm instivment  (GoeonuDisiat) with  the Cobesive
Index measurement”.

ii. Packing dynamic is the second key parameter,
hecanse, a powder with [ast packing, means a product
will low porosity. Since, pores represent weaknesses
within the material, they can act as crack nitiation
sites, This behaviowr 15 messured with the packing
dynamics  amalvser (GranuPack) using  the  Hausner
ratio {Hr)

iil. The powder tribe-elecirometer measures the ality of
& povwder 1o ereate electrostatic charges diring a flow

Fleare 1. Images.of Samples A, B, C ond 55 3161, powders

5 Materials ds | p (gmb

No. fum)

1 Anmiainm Sample-1 | 23 1334

2| alloys Sample-2 | 41 1382

3 |powders | Sample3 | 58 1380
(AISLLOMg)

p Sininless steel 316L 101 4344

TABLE I: MATERIAL MEOFERTIES

i contacl with a selected material The presence o
clectine charges in o powder induces cohesive [orces
leading o the formation of agglomerates. Moreover,
the resultmeasurement of powder tnbe-clectirometer 1=
highly sensitive to grains surface state (oxidation,
confaminants and roughnessp, Then, the sgemg of a
reeveling powder can, be gquannfied preciscly (=
h5nL)

B.1 Spreadobdility meosuremnent

Granulirnm is an wutomated powder Oowability-measuring
instrument, which is based on the method of motating drum
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|:|tm|:tpll.~“"". A horizontal  evlinder  with  transpacent
sidewalls colled drum is half filled wah the sample of
powder. The drum rotates around s wos ot an angular
velocity ranging from 2 rpam to &0 rpme A Charge Coopled
Device (CCD) camera takes smapshots (30 o 100 images
separated by §s) for each angular velocity, The au/powder
witerface i detected on cach snap=hot with wn edge detection
algorithm. Alterwards, the avernge mierface position and the
fuctuations around this average position are computed,
Then, for each rodating speed, the flowing angle {also known
i the hitecature as “dynanuic angle of repose”) oy 1% computed
from the average mterface postion and the dyoomic
cobicsive index oy B measwred  from the  interface
Mueoeations, The morphalogy of the material affects the
angle of repose. Smooth and rownd particles can™ pile up
(form low angle of repose) as compared e the small and
imterlocking particles. The angle of repose ranges Trom 07 1o
90t

In general, a low value of the flowing angle op comesponds
to a good fowability. The Nowing angle 15 miluenced by a
wide set of parmmeters: the friction between the grains, the
shape of the grains, the cohesive forces (van der Waals,
electrostatic and capillary forces) between the grams. The
dynamic cohesive mdex oy 15 only related 1w the cohesive
forecs between the grains: A cohesive powider leads to an
intermitted flow, while a non-cohesive powder leads 1o a
regular Jow. Therefore, a dynamic cohesive mdex closes (o
rero cortesponds . oo-a non-cohesive powder. When the
powder cohesiveness mereases, the cohesive index increases
aceordimgly

GranuDrum e

et

argle -~

Flowahllity
'i-'lg-rr 2. Maierial flow patiern m Caraem Diruam

I aebdition 1o the measurement of both the cohesive mdex oy
and the [Mowing angle opas a funcion of the rotating speed,
the rotating drum allows fo measure the first avalanche
angle and the powder acration durimg the flow

It s clear from the above Dgure 2. that moving fromm left (o
right, the cohesion mwereases and therefore the flowability
reduces. Toaking imto consideration the individual Gpune, we
can sce that as the cohesion mcrcises the pattern of the
inelined surface 15 tends (0 be megular and resuliing logh
angle of repose this s because of hugh van der wall forces
within the particles.

8.2 Packing dveamics Measureslents
Bulk  density, tapped  density and  the  Havsner  ratio

measurement (commonly named “tep-tap lest™) are very
popular for packing dynamics measurement becuuse of both

Volume 1 - Number 3 -2019 - 3-10

the sunplicey and the papidity.  Hausner ratio 5 basically
correlared with the Mowalnlity of powders and pranukar
materials. Moreover, the density snd the ability of o powder
fo mcrease it density arg imporiant parameters for storage,
transportation, caking, etc. The recommended procedure is
defined m the pharmocepeia. This simple test has three
major diawhacks, which are as follows:

i. The result of the messurement depends on the
nperator. Indeed, the filling method influences the
initial poewder volume

il. The volume measurements by naked eves are also
observer dependent and induce strong emmors on the
resulls,

iil. Frnally, with thi= simple method, we completely mass
the compaction dvnamics Between the mital and the
final measurements.

The packing dynumics amalyser imstrument i an awslomated
and miproved tapped density measurement method based on
the recent fundamental research results™?. The behaviour of
the powder submitted 1o successive taps 1s analysed with an
automilized device.
The Hausaer ratio (Hr), the initial density p{0) and the final
density after moftaps pin) are measured precisely, The tap
number s commonly  fized st n=53M. Morcover,
extrapelation of the maximum densiy ploc) ane extracted
from the compaction curves and additional mdexes con be
wsed, The powder is placed m o metallic twbe with 4
ngorous amomated mitialzaton proeess, Afterwards, a light
holiow cylinder s placed on the jop of the powder bed o
keep the powderfair interface fat durng the compacrion
process, The mbe contammg the powder sample rose up 1o a
fxed height of AX and performs free falls. The [ree fall
height is generally fixed fo A = 000 1m (lmm) or AS =
003m (3mmy, The height b of the powder bed is measured
automatically afier eich tap.
From height (k). volume (V) of the pile s computed. As the
powider mass (m) s knowns the density (p) 15 evaluated and
plotted afier cach tap. The densitv is the rano between the
mass {m) and the powder bed wvolume (V) With
the GranuPack method, the results are ]LTrlHqujh]:.' with a
smull gquantity of powder (Lypically 3x10° m' (35 mi)). The
Hauzner ratio 15 related to the compaction ratio and 5
caleulated by the following equation:

_ plE0o)
BT

Where, pifh) 15 the watial bulk density and pr300) the wpped
density computed obtamed after 5000 tups.

B.3 Electrostafic measurements

Electrostatic charges are ceeated mside a powder during o
Oow!™ ™. This apparition of electric charges is due 1o the
inboclectne: effect, which 1s o charge exchange a1 the
contact hetween two solids. Accumulation of charge on the
particle may couse repel and attracton of the particles and
resulting the bad flowability. During the low of a powder
msule a device (printer. mixer, silo, conveyor. ..), the
mhocleetnie effect takes place at the contact with in the
grams and between the grains and the device, Therefore, the
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charactenstics of the powder aid the natire of the materal
wsed o buld the device are important panumeienrs.

The GronuCharge mstument measures automatically and
precisely the quantity of the electrostabic. charge ereated
inside a powder during a flow in contact with a selected
matenal, The powder sample flows inside o vibrating V-tube
anid fall ina Faraday cup commected (0 an elecirometer,

Faraday cup . -. i

Flgure 3. An sliustration of GraneCharpe

The clectrometer mensures the charpe seguired by the
powider during the Mow mside the V-tube. In onder o obian
reproducible results, a rotating or a vibrating deviee is used
to feed the V-tube regularly

Thie tnboelectric effect 15 a result m oone object gaming
clectrons on s surface, and thercfore becommng negatively
charged, and another object losing electrons, thus, becoming
positively charged. Which material becomes negative and
which becomes posiive depend on the relative tendencies of
the materials imvolved o gain or lose electrons. Some
matenials have a greater tendency o gan electrons than
athers, 1 the same manner that others tend o lose electrons
easier. To represent these tremds, the triboelectric series wias
developed (Table 23,
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TABLE 1: TRIBOELECTRIC TREKD OF DIFFERENT MATERIALS

Cationic materials
L A
Himman Hamits, SKin
Gilass
Humman kair
o S
Sk
Afurmmium
Cotlan
‘Stael
W
JAmiier
Nicks]
Coppar / Sewer
G | Platinum
¥

Calophane Tapse

Mfostly neutral

_Polyvinylders chionde |
— Potyweihans |
. Powemnyiene |
__ Popropylens |
__ Polywmyichionde |
Silicon

L

_ Anionic materials =

Fable 2 lists matersals with tendency (o charge positively
and others with tendeney 1o charge negatively, In the maddic
of the table, there are listed matenalz that do not show
lendency o hehave cither way. However, this table only
gives information about  materials charging - behaviowr
tendency.

With  this'  resson the  pariculir powder  (nbe
electrometer was developed, which gives precise numencal
values shoul powders charging behaviour,

IV, Experimental Resukts

In order to mvestgate thermal  degradation,  several
expenments were camied ont. The viggin samples were
amalysed al the same room  hemidiylemperatune, ic
A3.0=15%KEH and 210l AR with
CrramuPack, GranuDam amd GranouCharge.

smee, we have sdvantage (o measure the Qowebility of high
lemperature matenial  with rotating  drum  instrument.
Therefore, we ook advantapge of this faciliny w check the
flow behaviour at high temperature. The samples were
placed durmg one or fwo hours at 200°C and  were
mumediately analvsed wsing GranuDrom (samples will be
designed as “hot™), The powders were afterwards placed ina
confainer until it reaches ambient emperature and were
fimally analyred {eald prowder)
using GraniDrum, GranuPoack and GranuCharge.

A Spreadahility
A Experimenial Protocol
Before experiment, o relative honadity (RIT, %) and

temperature  (*C) are recorded. Onee these steps” are
vompleted, the powder 15 poured mside the rotating: dam
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cell, anil then cxperiment I started,
The cohesive mdex is linked to the Auctuations of the
miterface (powderairy position, and it only represents the
three  contact forces (Van der Waals, Capillary, and

Electrostatic).  Therefore, the cohesive mdex  gquantifics
powder spreadability,
A.2 Reswlis

Figure 4 suimmarizes the results obtmmed wath GranuDin.
Figure 4 (a-d). represents the trend of cohesive mdex with
respect to the romting dnum speed (rpm). In each fgure,
three to four states of individual powder are compared,
which are listed as follows:

i Flow belaviour ot oormal temperatune and
relative humidity.
ii. Flow behaviour of hot powder (heated ot

200°C for 2 hrs.).

il Flow bhehaviour of cold powder, after heat
treatment Cheated at 200°C for 2 hrs. and then
allowed to cool at room temperature for next 2
hra. { Anncaling)),
iv. Flow bechaviour of kot powder, after heat
reatment (heated at 200°C for 2 bes. and then
allowed to coal at room temperature for next 1
he. {Annealing}).
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Flgure 4. Trend of Cohesive Inidex with respect 1 dnam rotating speed
(rpon ) for ditterent matenals (a) Sample A (b) Sample B (<) Sample C (d)
SSINEL (e} Comparison of Cohesive Index (5 aml S0rpm ansd Thissropy

{5 rpm) of all tested materals

First of all, judgimg by the low value of Thixotropy
porameter (eohesive index), it is possible 1o conclude that
which product is nof sensitive to the agglomeration and
which one 15 nol. From fipure 4 (a), it i5 clear that st normol
temperature and relative homidity (RH) the cobesive mdex
15 highest as compared to the other three curves and also
compared to the oher three powders as well (powider at
normal temperature) from rest of the figures (Figure 4 (b=d.
All four samples (Frgure -4 (o-d)) are showing the simlar
average tend ol cohesive mdex al norinal lemperature,
which 15 inereasing with increase ol rotating drum speed
{rpm). This trend 15 more domanant (high value of cohesive
index) for finest powder (highest possibility of van der
Waals forces: shear thickening), which iz obvious (Figure 4
)k With erease of powders particle size the rate of
mcrease of cobesive index is reducing (shear thinning) with
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iicrease of motating drum speed (Figure 4(a-d1). Particulaily
m Ogure 4 (cd and (d), oo very close o the specific
constant value of cohesive mdex, that means the rotating
speed 1 nol infuencing the cobesive mdex. Therelore, we
can conclode that st normal  emperature and  relative
humidity, probability o form the agglomerate 15 highest i
fimest particle and even s rate of change tapidly ncreases
with increase of rotating doim specd

Now, to compare the ¢lfect of thermal degradation, different
heal treatment processes are opled on each of the matenal.
[t 15 clear from figure 4 (a) that the powder at 200°C kept for
2 hes. has lowest cohesive index and i decreases with
merease of drum rotabing speed because there wall be no
humidity and chance w0 form the agglomerates will he
negligible. Sinnlar trend was observed in the other figures as
well, Therefore, we can say that the cohesive indexes al
processed materials are lowest and hove less mfluence as the
purticle sioe Increases,

Funher cases i figure 4 (a-d) are showing thal heated
powders are kept to be cold for next 2 hrs. Therefore, this
will has chance 10 absorb some amount of humidity and
resulimg imerease i cohesive mdex as compared o the hot
powiders.  Smmilar, phenomenon s observed  when ot
powder wis kept 1o be cool for next one hr.

It s also clear from Figure 4 that the trend of cohesive index
15 not particular with respect to the drum rolating speed.
Therefore, for the comparson of all tesed matenals two
spectiic cases of rotaling speeds are selected for the
cobesive wdex  and ome  speed for  the Thaxotropy
comparison are selected to prepare o bar chart for cach
material {Frgure 4 (e)).

From Figure 4 {e), for sample A {and shightly sample B) the
thermal stress’ completely change the powder rheological
behaviour, with a maodification from shear thickening o
shear thimning. Glabally, every powder achicves a hetter
spreadabality (1.6, a lower Cohesive Index) when heated up
and afier being cooled down. Sample © and 55 3 161 are not
highly alfected by temperature and only show a shear-
thickening behaviour, The effect of temperature scems also
0 be dependent on paricles specific arca. Indeed, the
smaller the particles the more mnportant the lemperature
intluences.

Additionally, the more the matenal thermal conductivity, the
more the effect on lemperature on il (1e A, 14 =
250W m—1 K—1 and 4, A6 }1=¢r=|?l‘|"’.m_]..ﬁ_]'|'

Finally, working at high temperature scems to be a good
chowe with  Alwmniwm  alloys powders, because theiwr
spreadability  increases. Even the cooled down sample
achieve a better spreadability in companson with the virgin
powders

B, Pecking Dynamics
Bl Experimenial prafocol

For gach expernnmest with the packing dynanmics analyzer
(GranuPueck). 500 taps were apphed (o the sample with Laps
frequency of THz and the measurement cell frec-fall was |
mm (= ap energyl The powder mass is recorded before
vach  experiment.  The sample 15 poured  nside  the
measurement cell by Tollowing the sofltware mstructions (e
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without wser dependency ). Measureisents were. repeated two
times for evaluating reproducibility and the sverage. value
aned stondard deviation were considered. Onee the packing
diynamics unalysis s done, the mibal bulk density {p)), the
[mal bulk density (at a number of taps, o= 500 ; e p{3007),
the Hausner ratio (Hr), and the Carr index (Cr) parameters
are recorded

B.2 Results

Figure 5 represents the [l compaction curves  (bulk
densities versus number of taps) and figure O represeats the
Hausner rativ, frec and tapped bulk density (n=3007 of cach
material respectively.

Figure 5 (o) and (b) represent the comparative smdy of the
bulk demsities (free and tappedy of all wvirgin samples
(sample A, B, C and 553160L) snd also alter their heat
treatments. Error bars are displayed on every curve and they
were caloulated wsing the average value and the standard
deviation calenlated with the help of repeatability tests, 1 s
clear from the graph that the finest powder {(sample A) has
lowest free bulk density and coarse powder (55 3161} has
largest free bulk densiy. In terms of tapped bulk densitics
lor wirgin powders, we con See that sample A, B and C
achieve approximately the same values if error bars are
taken into account (1.380g/ml). The S5 3161 prodoct s
without surprise the heaviest one (p{0) = 4 354g/ml)
Reparding the tapped densities, 55 3160 is stll the heaviest
powider (piny = 5.044p/ml), sample A comes o second
position (pin) = Lo63p/ml} followed by smnple B (pin) =
| iv45e/ml).

Finally, sample C has the lowest one {pin) = 1 581 g/ml).
Figure 6 represents the companison of virgm and processed
samples of all tested powders with respect to the Housner
ratio, free bulk density (p(0)), and tapped bulk density
(pin=3000). I the powder is heated up, its Haosner ratio
decreases. Nonetheless, this trend only occurs Tor sample B,
Coand 8% 3160 Indeed, for sample A, due o error bars size,
it s impossible to conclude. Similarly, the free and tapped
bulk densities are inereasmg after heating the powders. This
15 because of the high compaction the volume 15 reduced and
the density increnses.
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Flgure 6: Trend of Hausaer ratie, free bulk density, and tapped bulk
density for all tested powders (virgin and processed ot 200°C)

Finally, 11 ean be concluded that workimg at high
temperature has better packimg dyvoamics, which 1s simikar wy
spreadability. Only sample A 15 exhibiting the lower packing
dynamics after heat up. This is because of high -error bars.
Hausner ratio is decreasing with high temperature work and
also with increase i particle size because it results high
tapped bulk density (w=500), In this way, il also confinms
that the thermal degradation s beneficial Tor the AM.

. Electromiotics

1 Expertmental protocol

For each experiment with the GranuCharge, the vibrating
feeder was used (Figure 7). 55 316L pipes were selected:
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Stainless-Steeal

Pipes

Rotating feeder

Vibrating feeder

Flgure T1 GranoChacgps: Rotsting asd Vibrating feeder

The quantity of product vsed for each measure  was
approximately 40ml and the powder was not recyeled after a
measurement. Messurements are repeated three Lmes for
evaluating reproducibality. Belore experiment, powder mass
{my, mog) ar relaove humidiny (RH, %), and temperature
{(?C) ure recorded.,
Al the beginning of the test, the imital powder charge
density (g0, in pCkg) is messured by introducing powder
inside the Faraday cup
At the end of experiment, powder mass 15 recorded. Final
charge density 15 then caleulated at the end of experiment
g pCikg) and, linally:

Aq (A = gr— qa)-
C.2 Rewults

Table 3 and Figure & represent CrranuCharge raw data (o515
the standard deviation calculated with the repeatahility tests)y
and the resulls presented as a histogram {only o and Aqg are
presented) respectively:

TABLE 3: GRANUCHARGE RAW RESULTS

PrasdEr Ham o= (nCfg] oegle o il gt <bgrinllfl o<bg
Sample A o1% ] | s M (54
Sample & Zh ot 100°C I;IJ.H .""NI [ ij-l:f.' i |.-.:| I. [ IP.."‘.U‘ | Illi_'l‘;l _I
Samgle B 02 0 T L 0.0
sueiple B 20 ot 2007 Rl M O S L B
Sample C II_JH __II_!!II;!}_ | I:I_.'Il\l.l I!_Ii:'l"? i J..-l-.'F. 1 _II I_I-'-I.: |
__nsa L 007 | e o7 00
1045 .00 1060 0 L] 1.1
41 DLINA 1,068 | JII'HI:I_. a3 [1.HE }
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Fust of all, regarding virgin Aleminwm  allovs powders
mifial charges; s impossible w0 conclude due (o emror bars
seze. 55 3161 has the lowest amount of mitiel charges: this
1= mayvhe doe 1o the frct tis product has the highest PSD.
However, after a flow i contact with 55 3161 pipes,
sample A acquire a  lowest amount of charges, in
comparison with powder B and C_ which highlight sunilar
trends. Additienally, if a 35 3161 powder 15 rubbed against
a 55 3161 ppe, o charge density close o zero s observed
{tnboclecino serics),

Adter a thermal stress of 20°C for 2 howrs, powders
behwviour hecomes highly interesting. Indeed, for sample A
and B, initial charges decrease and final charge change Tom
negative o positive: Nonetheless, product B oas sill more
charged than A For sample C, the trénd s conserved
(positive initial charge mnd final charge after a Oow), but the
amounl  of charges @5 mereased  alter  the  thermal
degradation. Finally, 55 3161 powder has a shghily highesi
amotint of il charges, amd its charge density variation
becomes posiiive (but remaims low, e, 0.033nC/e).

V. OOMCLASION

In this research, the effect of thermal degradation on the
collective  behaviowr  of  several  Alwmniom  alloys
(AlS10Me) and 55 361 powder is myvestigated. The virgm
powders were studied under several conditions: ambient air.,
heated up to 20070 for two hrs, and heated up o 20050 and
agin cooled in ambient condition for next | and 2 hrs,

Three differemt instruments were used 1o measure and
understand the rheology and powder Oow dvoamics: the
Giranulrum for spreadability assessment, the GranuPack for
pucking dynamic anabysis, and the GranuCharge to evelwate
powder iriboclecineity in contact with 55 3161 pipes.

We had advantage 1o check the flowability of the processed
powiders at high temperature as well 10 18 fownd that
working with a powder at high temperatre improves the
product spreadabality; this effect seems o be more important
for povwdiers with high specific ares and for o material with o
figh thenmal conductivity, The GranuPack confirms these
resulis, where matenals afier thermal stress process improve
the Hausner ratio for every powder (except sample A, due to
errodr bars size). Finally, looking at the mibal charge, i was
interesting, because some preducts were highly impacted by
the thermal degradation process, simce their charpe sign wis
changed, The differcnoes between the Alunminium alloys and
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55 3161 powder was alse casy 1o highligln, since 55 3161
sample wos not highly charged after a low o contact with
55 3oL prpes.

6. Nomenclvbure
Letter Dreseriptivn Uniits
I Cobesive Index (=}
DOR Divnamic Angle of Reposs -
Cr Corr -}
Hr Hemsner ratio (=}
i Powder mass G
T Temperature o
RH Relative Homidity %
P Ilﬂulhnltﬂmﬂ]r gl
plo} Bulk density after n taps g/mL
ple) Optical tapped deasity g/mL
(M Inivial chacge density olig
& Fiaal mﬁlh_:f nCig
T Modelling compaction dynanc (=}

paraneler
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Developing Robust 3D Printed Parts for Automotive
Application using Design for Additive Manufacturing
and Optimization Techniques
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Abstraet - Addiiive Mannfacturing (AM) Is catching increased
attention in ée recent past due fo its critical contributions in the

famctionally capable parts with varions emhancemenis t» suli
variety of applications. AM s preven ¢ he the effectve way is
mannfictare pavis fasior and scensmibcal than eonvendonally
mmmmﬂ;ummmm

aghley makes AR the mast smbled ma far
Tk tea hseween diffsrent mdosoeles and domaing s
e need for beber collabarsfion lmeresses. 's imevessed
flexibility b mannfecinre funedmmal pads s poshing the
tuhdl'jr go for 3D printed paris. As fe skill requivemenis i
deslgn dhe compenenis for AM Is difereni than cenvesdeml

are  facing increased
challenges to deslgn fer AM. Primimg and pest precessing
methedelegies have close conneclon with gualiéy «f This

L INTRODUCTION

The Fowrth Hdostrial Bevoluwtion commonty kaown as
Indwstry 4.0 ie making o sionificant pact i bofh bosiness
md sociely by cremting varipus opportomities for liftme,
are beconung reality due the istroduction of iechnodogies such
ag AL Robotlcs and Additive Manofictoring (AM) [11. AM in
particular is the comerstone of fhe corrent industrial phase
with digitization of the mguofictoring, paraflsl with
Automation, Tnternet of Things, Big data ete (Figore L) Itis
oo argeed in the likerxtore fiat the digit=atlon of
mpnyfctoring process realized by AM con bring about o new
£rn with a boge potential to revolotionize the mumificturiog
process [21. AM is aleo efen ae 4 polentia] game changer in
mmﬂmmm,mpumdmedlmhngmhntmﬂyﬂmﬂmd
s prototyping process, AM are now uzed
fior end-of-use produets (1], Emergence of AM has made the
leading moupvEctoring companies 0 refhink on how they
comduct the mamfichoring activities. Tt enables the production
of high value, complex and costomized products. AM also
leads to eeduction of tme-to-madeet oid the cost of
mammcturing.

Abhijith Naik, Sujan Tand Sharanabasappa Desai
Gemaral Motors Technical Cenire India
5ih Floor, Crealor, ITPE, Witlisfleld,
Bangalore — 560066, INDLA
{abhifitheter &ronfushetty2003} (@ gmail com

Industry 4.0

Sintering (SLS) and Digital Light Processing (DLF), bat there
mavm’mtynfuﬂlu‘ﬂ!pmhnmdlhngm
Mgnpfactore (LOM), In terms of materinls, o variety of
pokymers, metals, coramics and composites can be psed e
AM. The use of fhese materials s dependent om he bype of
AM process used.

Alongside the advances that have been made jo AM ja
the industricl morkst, o i of conswmer D
printers’ have prolifersted in the maret. Most of thege home
EM(&;WMMMMM
dﬂiﬂupdhyﬂﬂﬂﬂﬁunﬂhﬂlthmmﬂmﬂlm
wus made possible following the expiry of the first patents
protecting this technology, a0 open source movernent that saw
hobbwyist activitles around the technology and erovrdfonding
thropgh plotfiems spch ns Kickstarter and Indiegogo, These
machines offer the promdse that individeal consmmners will be
able to desizn aed prodoce personalized prodwcts of their
convenience. The design freedome offered by AM allow
several pants made of the varions material con be replaced by
o integrated assembly, which will refoce of elimdoate cost,
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mmmdqnalllypmﬂmrﬂﬂﬂqmamﬂmg
operations, Assembly cost is minimized or even cut ot

ﬂmmghpnrt consolidation[4].
A.  Overview of the Priniing Process

The general principle of loyer maomfhetring indicates
fhiat the steps or procedures emploved by the AM machines i3
almost identical I general the following typical steps are
followed by all AM machines depieted in Fignre 2. The AM
based production of parts start from a software model fhat
fully describe the external geometry developed in a CAD solid
modeling software. The geometry data a8 a 3D solld or
surface is passed from the CAD environment
to the AM machine in STL or object (OBJ) file formats, These
file formats are today inchuded in most solid modeling tools
and are commonty vsed interface formats with AM machines.

CAD Ervironament

Fre Processing
[Slicing STL File]

|

Porst Fronessing
1 (Cleaning & Finishing) |
i

A Machine Envircnment

Fig. 2 Typical steps followed by AM machines

The STL file format is derived from the initial
commercial RP technology Stereolithography., STL also
stonds for Sandssd Tessellation Longuage and is curremtly
used a5 an indusiry standard format o export geometry data to
ID prinders. B represents fhe 3D model weing information
about the co-ordingtes and owtward soefice normal of
trimngles. The oulput to the AM machines enviromment is a
boundary representation of the 3D object that is approximated
by a mesh of teiangles, where the STL file can be owiput a3
ifher binary or ASCIT (text) format. OBJ file format is also
nsed a5 an exchangs format by many soffware programs as an
alterngtive 1 STL file format particulasly when information
abooi colors or materinls is desirable becmse the STL
fileformat lacks the ability to define and transfer data abouot
materlals or microstrncture . The file format has
both ASCH format (.obj) snd binsry format {mod).

B. Fused Deposition Modelimg Technology

FDM tecimology is one of the tedimologles developed to
transform layer mangfactoring from prototyplog to fnctiongl
parts directty from digital model i CAD systems. FDM
machine prints the part using diverse thennoplastic materials
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gnch 32 ABS and nylon by deposition-based process where a
heating jet deposits fhe melted plastic material lmyer-by-
layerin a similar way as an inkjet prinder. The nozzles of the
print bead are comtrolled by a motor and extrndes plastic
filyment that is mpidly cooled by surromding low tempershore
air (Figore 3.). Though the fibricated part vses only one
materiad, the FDM machines can extrude two materials:
themodel material and the support stroctore matérial. The last
mentioned is poarticoluly peeded when it is required to
provide sopport strocture for  horizomtally overhanging
fgtares of the component,

MATERIAL
FLAMENT

Fig. 3 FD Process

The printing acenracy (both dimesnsdonal and gecsnetrieal)
angd soeface finish, in menergl, cun improve with redoced liyer
thickness while material deposition. However, lower layver
thickness has adverse effects on the fabrication time leading to
high production costs{Z] Several roadblocks still pose a
chaflenge to mamsfhcture a successlnl fimctional part which
are flrther elaborated in the npeoming chapters.

L. AM BMPLEMENTATION CHALLENGES

customer’s expectations [ 5] While several AM technlques are

toking fhe centerstage as preferred mannfictoring fechniques,

several chollenges mmst be overcome to implement it

Endnstry 4.0, many of which are disenssed below:

=  Small-geale  prodoction: not  Jesigned fir mass
production, as raditional manpEicturing methods perfrm
fster at lower cost and yield better matexial quality[¢].

#» Lhwited skillset: Enowhow on AM processes. parameters
and murterinls is still lmited to very few designers md oot
yei well wderstood, Hence g challenge to ingorposate
DfAM technigmes.

+ Pereaption that Addithe Mammfietoring i only for
protolyping and nof for fimctonal part needs to be
removed!§].

* Dulgnlnga:m:pmmltnhepmdmdhyaBDp:lm

o rethinking of the design opprosch wsed.
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Understanding on AM processes, materiale ond
parpmeters is lmited to very fw desipners.

#« Proper standards to control quality 1s et w0 be well
established.

+« [Imperfections: Inferior mechanical properfies due o
defects and smdsotropy; rongh surfhee finish, variation in
material properties and dimensions of printed polymer
parts; dependence on processes vaed(5],

# Also, shelf life of the maderiale and its storage methods
are not well defined which may lead to degradation of its
mechanienl properties

+ Post Processing Mooy printing fechniques require
extensive post processing, which may be dne to the stadr
stepping effisct that ariges from incrementally placing one
lgyer on top of angther, or becamss finlghing layers are
needed. They are lnbour intensive[4],

s Cost: High guoality printers and AM materials are
expensive, slow speed of deposition (fhere are physical
limits on increasing these speeds), need for
postprocessing, higher costs for large production. Most of
these Hmitatons aré dog to the fhet fhat AM ie stll a
developing technology].

« Challenges in IP Protection:Commected systems and easy
availabltity of 3D printable dighal datn (CAD) have
posed a challenge o protect the TP rights and regolate the
usage of CAD dota to print fhe fonctional part. Absence
of IP standards and regulation have posed a serions theext
to connterfeiting of deslgne and may lead to brand
dibgtions as well{7],

I DFAM

Deslign for additive manofictoring i a topic that involves
mopacking the design freedom that AM provides and its vast
potential. Here, all aspects like Design, materials, machines,
process parameters, part properties, and  cmality are
intertwined, Capability and capacity of AM can only be
reglied by levesaging the design freedom fhat AM provides,
DiAM imvolves skills necessary to create designs that both
leverage the wnique design space of AM, wet importantly are
manuficterable.

{DEAM), one nmst inerease vahoe within the constraints of a
gelected AM process, or more often fhe end-to-end workflow
tools should be wfilized to create a high-perfememce design
while sslection snd conflgnration of the AM process should
be well fwoght over 40 maxhmize its beoefits and
acconunodate its challenges and limitptions, At first there
should be shift of designer’s mindset, from traditional design
for comventional mamfctoring and assembly {DEMAJ, o
deglpn for additive mampfctoring (DEAM), B ig essential 10
understmd the “job to be dome”™ by the prodoct, and fo
consider nger and customer inpot doring the design process.
Hence, the design space of AM provides a more effective
means o create products that are troly customer-focnsed.
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In DFAM, efficlent neage of material is achisved versns
light weighing a component from a conventionsl machining
process where material wastage &5 very high Wiih AM, we
are only adding materlal where it needs to be wihich
contributeés to higher material efficiency with Iuttice structure
or topology optimired desipn. Examples shown in Figure, 4
and Figore, 5 illpstrates the significonce of DEAM in part
printing strategy for efficient vse of support mnd model
materlals.

Support material reguired-
N Chamemigfer

Fig 4 Apply 43-degres chamfler in boild model withoot soppoet

Sup-part raterial not reguired-
Chamfer applisd

As model material #self can support the layer build, the
support mgterigl con be elimingted by providing a miniowm
of 45-degree chamfer (provided the fimctionality allows) as
ghown in Figure. 4 and Figure. 5. As discossed, the model
material can salf-enpport iself, provided the angle is gremter
fhon g miniowm volee of 45 degrees.also known as self-
supporting angle.

v v X
Fig. 3 Apply 43-degree chamder to build maodel withoot soppost
IV, MATERIAL CONSUMPTION AND CoOST

A Material Consumgption

For the AM process, various designg of products only
reuire different CAD files, This disconnects fhe diversity of
prodnct design from the material investment of production
toofing. The ability of AM % mamfactore parts of complex
peomelries also minimizes (he need to break vp the design
into small pieces. The final producis are produced with
mindmnm excess material.

From an economic stmdpoint, the reduction in the
amonot of raw material nsage is vesally offeet by the cost of
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the materials. PS(Polystyrens) ie a considerably low-cost
material, making the high percentage of waste affardable. For
AM on ihe other hond, the correnily available materials are fiw
more expensive than P8, especialty the photopolymer nsed in
the SLA(Btereclithography) devices. However, SLA
represents only ooe pmong many AM techuologies and the
materials vsed are as Jdiverse as the technologies, Many AM
techmologies wse similar or even the sume materials as ofber
traditional maomtheturing methods, inclnding mony different
metals, mylon and ABS. Thase technologies also have a high
efficiancy

in material nsage as demwmstrated with the SLA technology.
For the technologies that nse same or shnilar materlals as o
the more traditipnal mampfacturing methods, & clear redwetion
of wasted muterials is expected.

B.Setup Cost

The setup thne and e assoviated cost between AM and
injection molding are n mnique scenario. The cost to produce
and prepare a mold for injection molding process may range
froim 3-8 days depending on the complexity, The fudtial setop
capability of manufactring in a short fead time. Whereas,
AM requires very less or even close to zero tooling and
mintmal labor.

C Energy Cost

There & 4 variation in the cost of energy consomed per
methpd, For AM, the amount of energy comsumed is
significently less than injection molding becamse of the
mindmal area required for heating and the loases.
The mass of the primted object s the largest factor in
determining the energy cost for additive, wherens the total fon
time is the largest factor with injection molding,
D, Wastage Cost

Waste & typically oo mmavoidable aspect of oy
maonfictrlng operation, and AM have very low waste
percentage. Ower the past years, the research team collected
data on the typical waste percentage of additive parts. Owverall,
the tegm fomd that the svernpe waste percentuge of AM wsing
FDM techmology is around 12.8 % of total mass. Althoogh
AM have low materlal wastage, injfection molding also has
glgnificantly lower waste percentiles, Typically, in injection
mglding, fhe waste percentile is around 18 % by mpss, This
nnmber also varies greafly becamse of mass md cam be
controlled with mold deslgn and part orientation.

E.Labor Cost

AM and injection molding manofacring wsed for this
mnalysis demonsirated similsr and low labor costs of
without direct labor, once it s setup. The swme ls troe with
mgst AM a3 well. For mosgt additive processes, fhe machine
cin be setop i less than an hovr, whereas ingection molding
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To overcome cost factor dn AM, there are higher savings
mmﬂpwunhlfnmdmunnmnbaufmmwm

ﬂimldbemhinndwiﬂlmnﬂnrmﬁ:uynﬂ]iuﬂnwmi
space/Machine Additionally, small qoastifies should be
prinded oo smaller machines to redoce five hourly rate for
machines,

Product performance defined by is  funetional
tequirements and its benefit fo fe customer can also alter the
balance of prodection cost and sale price, ond therefore total
profit. If a product redesign tmproves performance, the
customer mgy be willing fo pay a price that ouipaces the
ingreased pro-duction cost of the new design[2].

On the aotomotive production floor, jize and fixtores ploy a
mgjor role in the manpfctering line, Jigs, costom-made tools
ueed to guide and hold another work piece during an operation,
devices wsed to hold a piece in a fixed location during an
industrial or assembly process, are used to produce reliable
products and repeatedty with high production rate. With fast
and near labor-free production, 3D printing {additive
mamufacturing) offers a powerfol solotion for producing jigs
and fixtores. 3D printing manufictoring aids con reduce lead
times, provide cost savings imgrove performance and add
efficiencies to the production Aooe, The benefit of 3D printing
is shorter lead times; some parts can be produced n o matier
of hours. Prototyping a jig or fixture o test its performance is
sometimes critical and can be accomplished with 3D printing
faster thon conventional masmihetoring. 3D primed figs and
fixtures are built firom 2 digital file rafher fhan hard tooling,
allowing designers to produce aids on-demumd and as needed.
The CAD file can be wpdated ond redesigned at any time, then
reprlnted and delhvered In dawe. With advantages soch as
quick tumpeounds, part consolidation ond near labor-less
production, 3D printing figs imd fixtures delivers an overall
cheaper ventowe. The process also rednces material waste and
helps vour avold costly expenses associated with inventory and
storage. The advantage of AM is to reduce number of parts
and assembliesfrom DEfAMdesign and print 25 one part. An
example o explain the concept of part consolidation is shown
in Figure, 6[13],
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m.qmmmsnpﬂmumpmmm-m

V. ROLE OF OPTIMIZATION [N PART DESIGN AND PEINTING

Conventiongl mefiods of mampficturing hive many
constraints. Desipoers are vsed 0 observe o part ind getting
convinced that the part may succesd in ijection melding or
not, a5 the design space required to manufactore the same is
limited. Anciher driving constraint ks the manniscturmbility,
for instance what fhe part tmmst look like to be cost effectively
injection molded, AM can give that larger design space by
creating fewer assembly parts and drive fthe design based on
fimction and perfbrmance.

Good kmowledge of AM processes enables designing of
parcts with more effective owtcomes. But if the additive
nmﬁuuﬂngnutﬂﬂwhhﬂldwhhmmﬂmalmh

in addition to veers knomledge
andlnuiﬂm,ﬂmdﬂsn:paumbemluﬂmly'mm
computational tools prodoce designs that are not necessarily
the sxme every time bot are good enough within cerlain
&hﬂdbmmﬁrjrmdlm

A classic example of a topology optimized part wifh
lattice stroctore optimization is shovwn in Figore 7. where the
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mmﬂnugcummdwﬂuﬁpmtuﬂmmlmdmg

nead it and we get mmch more efficlent nsage of that material
vergns  light  weighing 8 component from g
subtractive/machining process. Some tools are tailored to give
i viriety of deglons, g spectrom of cuteomes with different
kevels of performumce. And those conld be ranked n terms of
their cost to produce apd their strength or their performance
based on the appHeation. Deslgners can even end up with
besmtifhl, sometimes crazy locking part geometrles which are
very mupch funciiongl, It may have an organic shape with an
internal lattice geometry, The size and shape of the laitice may
change locally, becanse the software used in design adupted
the lattice according to the expected stress.

V1. Duscussion

DfAM motivites designers and engineers to look ot
problems with “fresh eyes” or with a “Legming mind ™ While
past knowledge and expertise has often been the valoe we add
in our work, it may well become one of the bizgest
contributors to generate new AM lnnovations. In this regard, 1t
is instructional to look back at prior methods of Design for
Maonfactore and Assembly (DEMA), which have ultimately
ghaped the way we think abount Design fir Addithve

A. Case study 1

Figure B, shows o quality defect (crack propagation) in
3D printed assemibly oid uvsed in mutemotive muenofachiring
plant. There were no visible defecls observed when paxt was
token ot of bwild sheet. However, a hairline crack was
observed when it wos post processed in o soap eolntion ot 85°C

to remove fhe soluble sopport material. Fvestigations proved
that the temparatwe gradient between the part and the soap
sobption. ¢ontributed to the ¢rack doe to thermal expansion, By

. reducing the temperntore gradient between fhe soap solotion

mnd the part, the crack propagation was eliminated.
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material deposition durimg the printing process.

Fig. & Hairline crack developed after post-procossing,
cansed due 1o ligh remperaiope gradient between pact and soap solution

N

Fig. 10 Poor dinsensionsl goaliny and socfvee finish of 3D primved pact consed
due o multrple remeons:
) inorpect boild odentation b) insudficient support b) ligh modsoarecoutentin
mended marterial, resuling o mow-unifrm meterial i

D. Case study 4

To explain the factors 0 be consldered for developing a
rolmst part, 2 3D printed Logo case sdy has been presented.
Varlons software tools are available in the market for print
and part optimization. In this example, GrabCAD sofiware
was weed for print optimization, A lattice siructure print
optimization technlqne was applied to print the Logo based on
the form, fit and fonctional requirements.

The indtlal pact design and ity peint orientation in
GrabCAD i showi in Figore, 11, The estimated consumption
of support material was 4.3 cobic inches. The estimated pring
time was 4.33 hours. It was the integrated part design where
the Logo and the monnt was printed as a single part. With the
help of GrabCAD softwars, the orientation and sopport
strategy were decided for printing.

i 3
hlutal hdater sl

Fig. 9Pani goes off the boild sheet duding printing:
omusesimoorreet bl o entation smnd Hnooreect support seatesy

. Case stindy 3. :
Support Mateilal
Figore 10, shows a classic exaqmple of 3 poor print quality | .;.L..,.u..,;.
and surfice finigh of the part. Tt was observed fhat the support L o2
materigl did pot reach the top surface of fhe part due to wrong Fig. 11GrabCAD image of Initial Design

build crientation. Also, the model neaterinl’s high moistore . .
absorption while in slorage has resolted in non-uniform Further, DiAM techniques were braimsiormed to redoce

the sopport material conswmption, a revised part design
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i Support Matsrial P

Fig. 12GasbCAD imege of Revised Design

The revigad design was successfully printed (Figore 13,)
npeing FDM  Fortes 400MC  Stratagyvs  machine with
Polycurbonate (PCL0) model materinl imd SRE100 support
materiol. Acinal conswmption of 1.3 cubic inches of support
and 9.8 cubic inches of model material were wtlized for
printing tiie Loga. The model was sucessstolly printed in 3.20
himers,

without the mvolvement of sny hand tools as the sopport
miaterial was nsed only at the base of the part. 3M 4130 220
Wet to dry grade emery was veed to obtain the final cguality

(Figuore 14),
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Fig. 14 Pinal Part after Post Procesing

This case study expluins fhe significance of DEAM and
how it con confribute to save materinl consmmption, printng
time and robust part print. The materlal consmmption snd the
time predicted by GrabCAD is closely ing with the
actmal material consamed and the printing time. With the
revised design, with minimal support material requirement fhe
part was printed faster fhan the bndtial desien wifhout

VI CONCLUSION

In this article, the role of AM in the Indnstry 4.0 em and
potential challenges to adapt AM technology in fhe cutrent
mgfacturing  scengvio was  discossed in delail. The
importance of DEAM and bow it plays a significint role in
terms of material consomption and component cost were also
disoessed. Introduction to part optimization and the nsage of
GrabCAD software for print oplimization was explained with
gpecific case stdles. AM iz emerging ae 2 potential game
changer in fhe modern manufchming sector while it also
inchades mgmy implementation challenges o relize its foll
potentinl It &5 concluded that chemyng the way designers
think to design parts for AM, effective nsage of Optimization
software for print/design optimization ond effective posts
processing techniqnes woold elp overcome the challenges to
develop a robmst part gt can fislfill its intended purpose,
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ABSTRACT

The Additively Matmfactering techiique was mainly used for ‘rapid prototyping’ of designs
and with contitmous research and development, AM can now not only satisfy the rapid
prototyping needs, but can assist with the requirement of end-use products as well. Fashion
dates back centuries, housing a variety of cultures and their traditions, As time passed, this
sector has evolved and today, it requires a constant need for change and development. With
3D printing, this constant need for change can be satisfied in many iniriguing ways. The
traditional methods of manufacturing footwear are cherished as they promise accuracy. With
developments in manufacturing techiriques, the same accurate designs, mmmally created by
an artist can now be 3D printed, saving a considerable amount of time and money, This
technology does not pose any sense of designing limitations, nor does it require a form of
intensive technology training. With a thorough understanding of FDM method and the
available materials, one can understand how this technology can bring about a drastic change
in the footwear industry.(2)

Key words: FDM, Footwear 3D Printing, TPU
1LINTRODUCTION according to the formula they are

producing it for and then melted and
The craft of creating footwear have been squeezed between large rollers of a
around for centuries, and for a long time it banbury press in the form of a large sheet.
was all done by hand. Process of shoe It is then folded over onto a large pallet
mamifactoring started with Charles and shipped to shoe sole producers, who

Goodyear making a breakthrough finally feed strips of it into an extruder which
after decades of experimentation, dating melts it again and forms it into the

back to 1844. The discovered process was required shape of shoe soles. using metal
called “vuleanization™ where rubber was outsole molds. Firstly, these molds cost a
heated to mix Sulplur with it — to create fortune and would easily wear out. This

the perfect mixture of rubber especially for mass manufacturing process does not feed
manufacturing shoe soles and is used till the necessity of customization. If at all,
date. He patented the method where he someone required designing the sole as per

used a combination of mixing, curing and their foot design, manufacturers would use
heating, a process still used today. clay impressions of their foot to make

soles matching them. Given these clay
Show soles were earlier made of wood or impressions were the only way, they were
canvas, and as time passed, Rubber not reliable enough,

composites were used. These compounds
are put into a hopper that mixes it

79



Additive Manufacturing Journal

With the application of 3D printing, a lot
of the limitations offered by the
conventional  methods  are  eradicated,
mainly the ability to personalize. 3D
printing also increases the efficiency. helps
optimize  the  incorporated  lattice
structures, is economical and environment
friendly.

2METHODOLOGY

To understand the application of FDM to
male shoe soles, one needs to understand
the technology thoroughly,

Fig 1. Fused Depuasition Modelling
FProcess

The technology of Fused Deposition
Modeling was developed by S. Scott
Cromp in the late 1980s and was
commercialized in 1990 by a company
named Stratagys. In this process the object
is built layer —by — layer from the bottom
up by heating and extruding thermoplastic
filament. The first step is to create 2D slice
of the object with the help of AutoCad or
any design software, The sofiware also
determines path to extrude the

ic material and support
material if needed. Then the material is fied
into the tempersture controlled extruder
head, where it is converted into semi liguid
state. The thermoplastic material is heated
just beyond its (Glass Transition
temperature (Tg). The head extrudes fine
filament of thickness in the range 0254
min and deposits in layers on a fixtoreless
base. Where a support of buffering is
needed, the 3D printer deposits a
removable material that acls as
scaffolding. When layer is finished, it
moves in the Z direction to the next layer.
The layering process is done vey precisely
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and bonded and solidified. Once the
process is complete, the support matecial is
removed and the object is finished. Mainly
polymeric materials such as Acrylonitrile
Polycarbonate, Polyamide, Polystyrene
etc. are used in FDM 3D printers. This
technology is widely used in various
industries such as asrospace, sutomotive,
medical etc. apart from that it attracts a
large mumber of professionals such as
engineers, designers, educators and they
can make any prototype or product for
their requirements.

On comparing this method w the other
AM technologies, it happens to be the
most  economical and s capable of
providing the consumer with the desirable
end product. To achieve the stage of
personalizing shoes using 3D printing, it 13
better if the technology is affordable and
so are the raw materials, making the final
product affordable by the common man.
The methods using resin based polymers
could also be used for this purpose in the
future once their application and service
costs can be made affordable.

New, improved and enhanced FDM raw
materialy constantly keep entering the
market making the vight material selection
extremely difficult, Although PLA(poly
lactic acid) and ABS (acrylondrile
butadiene styrene) thermoplastics have
always been the go-to materialy, they are
not sufficient to cater to all the different
types of applications. These two materials
have more or less dominated the market
but pose shortcomings such as low
elongation at break point and their
struciural propecties could not suffice(is
enough for) for applications such as
printing molds for food articles.

Mechanical performance, Visual quality.
and Process are the three main factors a
material 1s typically graded on. To acquire
an in-depth understanding of each
material, the polymers properties have
been further breken down. The final
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choice depends on the consumers

requirement.

TP thermoplastic polyurethane) displays
the highest elongation at break pomt. The
following properties are showcased by
TPU making it the most desirable material
for printing of shoe soles.(1).

1.Resistance to external tampering
Note- tampering means ioterfere with
something to cause damage.

This particular feature of this polymer
ensures a long life of the product with no
compromise on its aegthetics. A property
like resistance to abrasion is highly critical
for applications like Inferior Automobile
parts, special purpose cables, and other
probably applications giving the best
resulis when compares fo  other
thermoplastic filaments.

In technical terms, the final amount of
registance to scratch/abrasion is calculated
lrymcnmtdymmn’mgthehsamﬂm
weight of the specimen in a typical
giandard wear test as depicted below -

Heoprens
Plasticized PYC
naturad rubber -
Nitrile robber
PTFE
Nylon 11 8
TP |

Weight loss -:;;':gll
Fig 2.Deplctionof Welght lass

The results seen in the above chart clearty
depicts the mmch superior abrasion of the
TPU polymer when compares o other
substances such a PVC and rubbers.(5).
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2. Aid to Ergonomics

The developments i the filament
fabrications have ‘made it achievable to
produce a “plasticizer-free™ TP1J which
provides with an incredible amount of
toughness.

with a good quality of surface finish, along
with & better adhesivensss{helps to stick
together) to the surrounding layers as well
as an improved resistance to abrasion
when compare to ofher sustaining
industrial materials like ABS and Nylon.

3,Resistance to Ultra Violet light

The polymer TPU makes sure of the
fastness of colors to the desirable parts. &
shows a nwmch higher registance to UV
radiation and hence, a mmch hi
stability of the color. All of these
properties combined with the pre-existing
good mechamical properties.

These polymers have the perfect
characteristics and versatility to best suit
applications such as for electromics and
footwear.

4.Highly Breathable TFU (thermo
plastic palynrethane)

Optimmm  comfort ensyred by  this
polymer, duatntﬂlmgblyh‘mthble

The “crystal-clear TPU” ig the polymer
that provides with a very good hardness.
This specific property perfectly suits the
application of extruding the very material
into seesthrough films and tubes and can
substitute the parts which were
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methods and now can by directly made
using this TPU transparent filament.
6.More Advantages —

Displays the highest amount of flexibility
High resistance to most solveits
Flexibility uncompromised at a range of

It was encoumtered during the designing
phase of the shoe sole, CAD sofiware
needs new features to properly satisfv the
indusiries demands of personalization and
an increase in the quality of the shoe sole.
We decided on following a “specific
design methodology™ that helped us tackis
the challenge much easily. This method
inchuled CAD modeling tools which
drastically reduced time taken for
functionality and quality of the shoe sole
as per the requirement of the client. These
particular tools mvolved the design of the
foremost sole body, along with the owtsole
and the other fonctional elements as the
side sole treads. Moreover, it mvolved
“polysurface pammetenmiun to
artistically produce intricate 3D models
and poaaﬂaﬂe geometrical deformations
which would help to make the final
changes to the sole models to suit the
requirements better,

Our methodology also used mathematical
models to understand the soles resistance
to slipping and also helped acquire the
ingorporated info the design to enhance the
shoe soles functionality. This helped
understand the basic design flaws in the
earlier stages, allowing the designers to
remake the flawed parts of the sole. This
methodology  also satisfies  the
mamifactoring of the usual shoe sole
designing process and can be applied in
various phases of the production process.

Volume 1 - Number 3 -2019 - 3-10

at such an early stage resulfs in litfle to no
problems in the lifespan of the production,

With such a thorough knowledge on FDM
technology along with understanding TPU
in depth, it can be conchlided that this
material definitely suits best for printing of
shoe soles. There may be new polymers
introduced in the later foture but for now,
TPU suffices all the requirements,
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Parametric optimization of Dual material
Polycarbonate and Acrylonitrile Butadiene Styrene
(PC-ABS) using Fused Deposition Modelling
(FDM) technique

Prototypiag (BPT) or 3D Printing is aroond for abmost foore
decedes but still Jooks brand new. In Indian scenario this
fechnology s i ooscent stage and it s sill vsed for
prototyping  and rather than as meain strexm

envisioning
production process. The mythe about the capabilities of this

grow to Jts foll potential o condng vears with e ot which
it s expanding, According o 6Wresearch, India 3D Primter
Market is projected to record 579 Million by 2021 [1]. I
aphie of fhe 3D priwters bedig epensive. the researches and
advincement in fhe fedmology, government aid for fhe
and cow material availability, peomise a steady growih in
AM gector,

IL LireRaTuRE REVIEW
This section @ims of smomorizieg the relevant Hieratore
reviewed for the selection of varlous porometers and
specimen  dimensions ond wmderstnding the problem.

Prof. 1.JDenge
Mechantcal

Engineering Dapt
Lotmanyra THak Collepe o Enginecring
Teimmsbad, Fdtin

Joyesh.dange] | 1 gmail com

i
:

Hm:lmglinunl[ﬂ]hﬂl:kmd;rprtnmdmﬂlem
on both single and dwil materisls, PLA and ABS maerinl,
They varied fhe percentige compositon of bofy makerials
nnd found shat when they vertically sandwich two materials
there are problems with adhesion. Difference in tensile
strength dossu't have mooch significance 95 compored to
pure ABS gnd PLA materiphs, They also stodied the effect
of streciurol arrengement on fensile properties for 30% ratio
mmmmwmmmmm
considerable difference m  strengihs The horizootal
arangemant provides beter strengfh  fhan  wertical
boomdaries. Hence in present stody, the specimen vsed has
sandwiched PC and ABS material loyers horimomtally radher
thian verticalty.

Tason T Camirell ¢f al [4] measored modubes, offset vield
stress, elongation ot break, stuiu energy density and
sirength at wield (using lIosipescu specimens for shesr
emplorying digital image correlaton (DIC)) for dhear 25 well
as for tenslon, Efiisct of build mmd roster orlentation has been
pbeerved oo anisofropy of ABS and PC specimen. They
stwdicd these properties for boih material which
helps in onderstonding the individoeal sirength of PC and
ABS parte. For ABS specimens no significant difference
was observed o voune's modobes or polsson’s ratio for
differeat build and roster orlendptions, For PC on edee ond
+45/-45 fhat orientation hns similor tensile properties. This
stedy s takoen +45545 Bat ociendation for stodying tensile

parameters of FDM for diffsrent fhermoplastic materials in
many of the cartie resewsches (7] [5]. (43 (2. [10], [
[11}, [12] and have been referred to vmderstond he
applcation o present stndy. B.ll.'l'_-,mnlzull.[l!]and
IM. Chac'on [14] the test on
mapnfictured by Jow cost 30 printers and the parts were
Found 0 have acceptable mechanical properties.

Few recent resesrches hove been carried oot on 3D printing
composgite materials. Zhenrhen Onan et al. [13] smdied the
eifect of printing drection on compressive propertics of
ARS specimens, Carbon Fibre (CFYABS specimens gngd 3D
braid preform composiie, M. Mamsour et al. [16] stedied fhe
effect of reinforeing polvettivlene terephflniste ghyeol
(PET(H with 20% carbon filbre and foond higher
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compressive strain and hordness foen purs  material.
Wenfeng Hoo o al [17] used a modified 3D printer to
fonmd better mechanical properties than wsual thermoplastic
G.D, Goh e al. [18] performed mechanical tests on carbon
fibre (CF) and glass fibre (OF) reinforced themoplastic
(njimhmd;hﬂuwhnﬁlg.ﬂmmlmdmm
process  and  found | pre-impregnated
ﬂmnnplutlﬂhhhnlnahighu:mﬂhmdﬂumlﬂﬂ
pure thexmoplastic filament.
Ag found in fhe previous researches, mentioned above,
connpoaiies have higher mechanical properties. Our adm hers
i5 to find out how varying the maerial percentage of PC and
ABS, infill and layer height would affect the tensile sirength
and manufieturing tme of the apecimens for XY, +45/-45
flat orientations while 3D printing with a non-industrial
grade 3D prinier

IIl. EXPERIMEMTAT DETAILS
A. Methodology

Selection of standard specimen as per ASTAM-DOIE gusdelines

Sehection of predoniisantly influsntin] paramsetens

Destan of Expenments

Fabrication of sample specimens

Execution of Experiments
Fig | Methodclogy of Resenrch
B. Stondard Specimen Preparaiion
The i selected for tensile testing is ASTM D633
Type I ond the orlentation selected for the specimens 1s
+43/-45 raster angle flat orientation. The dimensions of the

specimen are as given below in Fig. 2.
| .
I O —
— S | | S—
{ | —— j-_ - .
s i TR L
| | | J

Fig. 2 Dimearsions of specimon ASTM D638 Type I CAIL dimonsi o in
T}

C. Selection of predominarly influential parameters
Degign of Experiment (DOE) is a methodology for quality
hqrnmnmﬂﬂ[ﬁ}mameptmwﬂru
Genechi Taguchi, a Fapanese statisticlan
ul:hdﬂmﬂmﬂmg:mlmnys(ﬂﬁ.u)mhumﬂ.hﬂm
shudy, thres parameters {(Percentage composition, Infill
percentage and layer helght) sre selectsd to study their
effect on the lensile properties of the specimen and
mamufictoring tinwe, TABCE [ shows fuckors and thedr levels.

Volume 1 - Number 3 -2019 - 3-10

TABLE I PFARAMETERS FOR DOE
SNe Faeturs Symbol | Levell | Lewel2
1 hﬂm A E L] LD
Percenige of PC and ADS 0% | 0%
2 Tempoctivly B 5% 0%
3 Layer Height C 02mm | O.lmm

D. Design of Experiments

a) Lovowd of specitmen
In 70-30% specimen, the PC layer is sandwiched between
thres separate ABS layers as shown in Fig 3. The thickness
of the specimen is Tonm. For 50-50% PC-ABS specimens,
total thickness is divided into half, Altempte Iayers of PC-
ABS are taken by avold loyer separstion a8 shown in plcture
Fig. 4. Since PC has warping tendencies, ABS layers are

kept on the botiom to avoid warpage.
I ABS Il
PC 1
Y ABS LE|
PC
. ABS _[
Ty |

Fig. 3 PC-ABS 70-3 0% samiple schematic cross seotion (AL dinsssionsin
1)
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"ABS

ABS

PC

ABS

PC
|

Fig. 4 PC-ABE 50-50% smuple schemmiic eross soction (A~ diwersiom

[' ABS

h) Selection af Ovthogonal Array
The selection of suitable orthogonsl mray is done for three
factors twe level problem,

1. No. of factors= F= 3 and Fo. of levels- =2 and i=
internction =0
Degres of freadom- Dof= Fin-1)+ ifn-1n- 111
Dof= 32-1}+ 0 2-1) 2=-11+1 =4

2,
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TABLEII OA4 FOREXFERIMENTAL SETUP

Treatent Enctera
Camdition (TC} 4 B C
1 30 30:30 02
2 n 30 01
3 100 5050 01
4 100 0:30 02
Three set of samples are tabrioated to study the response on

mamfctoring tme and tensile propertics of the blended
Epeechined.

E. Fabricotion of spacinens

Specimens were fabricated on 3D printer Delta HC-250.
The maghing is a delia 3D printer angd comes with a heated
chamber, vacuum heated bed and bed size of 240mm X
240mm X 300mm,

F. Execrdion of experimenis
Three sets of fomr somples each were tested on a Universal
Tmﬂm[mulymhd:ﬂmmhg

IV. REsULTS AND DNSCUssEs
TABLE IIl shows avernge vesults of the tensile testing for

3. No. of trestment condifions= Mo. of rows of thres parametess at two level.
Arcayo= Dof
Selecting OA4 [21] corresponding to Diod= 4.
The crthogonal array QA4 for the experiment is shown in
TABLETI,
TABLE Il EXPERIMENTAL BESTILTS AS PER QL4
TC [ taml Tatls Layer | IAL Tensile Tenslle Tlengaiten Elongadion Tensile Timse
Hilght | Stremzfhat | Strengih af Break ot Yicld Meduns | fmin)
Dreak it Yield %) %) mau)
() ()
1 30 B30 (] 10.98 ol 307 24 27007 (3]
2 30 T30 w1 a7 [T 207 37 36433 135
3 100 0230 1 FrET 304z 33 F] 79933 1|
1 10 TS0 (] 10.60 1015 ERE] 28 3333 B4
main effect exists when different levels of & factor affect the
r istic differentt

Highest ultimnte tenglle strength, tenslle srength ot vieki
aind clongntion at break is found for trevmaent condition 2.
Wheress treatment conditon 3 gives greaters tensile modulus
and slongotion of vield. Least manufacturing time is taken
by treatimeint condition 4.

A SN Rotta and Main ¢ffect Plot

The figures below (Fg. 3 - Fig. 10) depict the main effect plot
of data means and S/ miic for all six response variables,
Main effscts plots show how each factor affects the

Tesponge chamcteristic and are represented by a line [22], A

S ratio i the output that measures variations from the
desired outpat when there are nodse factors present, Theve
are six rypes of SN matlos: 1. Nominal-the-best 2. Targer-the
beat 3. Smallersthesbetter 4. Largersthesbetter 5. Classified
attribute 6. Dynamnie. The Mindtab software 15 used o deaw
tesults from the response wariable. Larger-the-better
appronch 1z applied to ultimate tensile strength, tensile
strength at vield, elongation at break, elongation at yield,

tengile moduoles md smaller fhe belter approoch to
mamiicturing time.
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The lager hedght has the hedgits affect on response vaciables
85 seen from the mean effect plots as compared to other
factors, Layer height 0, lnom has greater effect on SN matics
of all responses but time.

B. Uhimate Tensile Srrengih

Madn EFtects Floa Tor SN eatios
[hata Meding

e Bl Lage: Frigh

Bl S B LA 0 TR

Fig. 5 S Ratio for Ultimate Tensile Srength
. Tensile Sirength of yield
Main EMects P for 5H oitios
Crort ddeare

L™ Ly Hulght
i "

)

1 —-

e

Ban iy bf S roien

]

= El

oS O MR WO O BT

Tig. 6 5 Rantio for Tensile Smrengrh at visld
D, Elongation ot Break
Pivim Effts Plot For SN ratiea

Eatan Linpsi Hegut

Musii of SN st

=

n e
L I 1 i i
Tl an LUGE o RITTW

Fag. 7 &M Ratio for Elongsiion at bresk
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E. Elongatfon at Field

Ml EfPects Phot Tor SN ratics

DCitn Maam
E e Tniz i bl
] i
1 "
1
: . t I 1
gt S arig R 0 peiise
Fig. B 8 Ratio for Elongnfion at yickd
F. Tensile Moduls
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Fig. 10 BN Ratlo for Tisne

V. CONCLUSION

The parameiers for fosed deposibion modelling of PC-ABS

specimens for two levels of ratio, infill and layer height

were pptinnized using Taguchi's ovfhogonal amay (QAd), It
was found that

=  For maxinmm ubtimste tensile strength, tensile strength
at yield, elongation at break - 0 lmm lyyer height,
T0:30 ratio and 30% infill are oaptinmim.

»  For maxinmm <ongation at yield and tensile modulos
= {0, 1umm Yayer height, 50;50 ratio and 100% infill are
optinmin.

= For minimym fime - 0,2mm layer height, T0:30 ratio
and 100% infill are optinmmm.
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Depending on the requirement of sirength or time saving the

respeciive parameters can be used.

By observing the mean effect plots for means snd for S-N
ios, for all six response variables, it con be concluded

that:

L]

Layer Height is the key control factor over infill and
ratio.

For 0.lmm Inver height. the memn of all response
varinbles is ligher than for 0.2mm layer height.
Similarily, 0.1mm layer height hos greater effect on S-
N ratios tham 02om layer height, except for
mamifbchring time.
For momifacturing time, (. 2mm layer height has higher
effiect,
The cost benefit for such exercise is minimal for
parts as small as the specimens that we have used.
But when parts that are larger in size, they can be
consideration and the cost benefit can be worked
out and can be explored in fivmre studies. There iz a
poasibility of widening the research by imvolving
number of perimeters, raster angle etc. to get a
detailed optimized setup for such applications.
Further studies on Tmpact strength analysis for the
PC-ABS Blended gpecimens can be made.
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