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Abstract

The evolution of Additive manufacturing technolagi@MT) with Bioengineering production materialsveabeen
constantly researched, but not all have the nepesbkaracteristics adequate fracture toughnesesigtrforces and
crack propagation, with an improved mechanical stndctural properties. The aim of this research teaznalyse
the nanoparticle microstructure and possible reggiment of different resins behaviour to enhancalpetivities
for ADT. Also to analyse the behaviour of differgaatlymer resins in the attempt to make filamentsuie in AMT,
contributing to the sustainable search for nattgsburces of resins for 3D printing. Novel testlgses were carried
out, which included mechanical evaluation of theterials for tensile and compression stress, densgigss
transition temperature, Frequency analysis andripdition as well as the functional analytic behaviof the
samples with differential scanning calorimetry (DSCThe further analytical structural of the pasiclvas
performed, evaluating the surface luminance strecand the profile structure of a resin materiaBih printing,
analysing the profile curve of the nanostructucrfithe scanning electron microscope (SEM). Therfifirofile of a
cross-sectional view of the specimen was extraetedl analyse and the Firestone curve of the Gausitien
checking the roughness and waviness profile ofsthgcture. According to the results, the matenmaissent an in
low tensile strength and compression, but excelemilding to be extruded in the filaments and atgected. The
resin sample B give a higher tensile and compredsirce of about 365KN/frand 650KN/rf respectively compare
to others.

Keywords: 3D printing materials; resins; nanopatrticle; Bigiereering materials; Filament; microstructure
1. Introduction

Additive manufacturing (AM) is a technology of congting objects layer-by-layer based on compuiged
design (CAD) [1]. This technology attracts strongerest from both industry and academic in thedfief
bioengineering and others for the challenging ilitsi to build objects with complex shapes and imial use of
harmful chemicals at a reasonable speed [2, 3]it&kddmnanufacturing technology (AMT) that consisfiscreating
a 3D object from a digital model. 3D printing teclogies have evolved very rapidly in recent yeagdnd their
traditional field of application [4]. In fact, 3Dripting is widely used in a variety of manufactyisectors ranging

from the aerospace and automotive industries terRjmeering [4, 5]. The various 3D printing teclogiés differ



in terms of cost, maximum spatial resolution angetyf materials used. There are also relatively lugsts of
materials and equipment and the need for spedlmgsonnel to operate it [6, 7]. The developmenhew
materials like polyurea which is typical elastorderived from the reaction product of an isocyarmamponent and
a synthetic resin through a step-growth polymeioratand other polymers including the applicatidrfilbers in
composites and could be a way to improve the mechlaproperties of the components produced of FIBVS].
On the other hand, the technique of fused depaosiliat recently became quite popular, especiallgragithe non-
specialized personnel, since it represents a veofitgble approach for the production of 3D objeutgh a
relatively good resolution [9]. The FDM consiststioé layered deposition of the material to be pdriby heating it,
usually using this technique, the material for 3ihging is in the form of a filament, which may pelymerized,
metal, ceramic, wood or even adhesive [10]. Howeveing a thermally driven process that requiresntielting of
a thermoplastic filament prior to the additive dgifion of the extruded resource, it presents somiggtions related
to the materials to be deposited, since only aively small number of polymers have the thermal ameological
properties suitable to be easily processable thrahig technology [11, 12]. Currently, the mostdipéastics in 3D
printing are derivatives of polylactic acid (PLAgrylonitrile butadiene styrene (ABS), and polyethéerephthalate
(PETG), Nylon, polyvinyl acetate (PVA) and polycanates, however, new materials come up every nalttzen.
This represents a substantial opportunity for neteato new renewable source materials for 3Dtprin[13, 14].
The aim of this work was to evaluate the behavafutifferent polymer resins in the attempt to méikements for
use in 3D printing, contributing to the sustainabéarch for natural resources of resins for 3Dtimgn To have a
new method analyses of the microstructure and ratiofe of resigning, which included mechanical leation of
the materials for tensile and compression streessity, glass transition temperature. Frequencyysisaand
optimization as well as the functional analytic &elbur of the samples with DSC. Also to investigtite possible
reinforcement of different resins and examine ihoparticles and microstructural behaviour to enbanovel
productivities for ADM
2. Methodology

The tested materials were commercially purchasedz@&n (Styrax benzine) plant resins originatinigioal from
Singapore, Mirra (Commiphora myrrha) from Somalia ®libanum (Boswellia papyrifera) from Ethiopia nee
purchased from Mountain Rose Herbs [15]. Its tenaild compression tests were performed using &rsaivtest
machine. The tensile and compression tests weiferpexd in accordance with the standardd3©® 4287 The
preparation of the test specimens was performegldging the resins in silicone moulds already pregan the
normalized dimensions and curing the materialsnimen at temperatures betweefi®@nd 105°C. The scanning
electron microscope (SEM) samples were extracterh fthe centre of the specimen in the region of maxn
deflection according to [16] as shown in Fig. 1.eTBEM micrographs were taken of a reference speciabe
temperature specimens tested at-200-ig. 1. Show a significant development of cagtin the resin bridges at
200°C temperatures with more pores towards the centee td a loss of the weight of the sample [17, 16].
Furthermore, the microstructure at high temperat@wteows the presence of resin linkage betweennttigidual
nanoparticles. There is an overall material defdionain the analysis in Fig. 2. due to the interdamage that

occurred in the resin.
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Fig. 1. SEM image of (a) resin bridges tested &Q(Jb) luminance converted the view of the surfaweahalysis

ISO 4287 of the Resins

Spacing parameters - Roughness profile

RS Nil pm Gaussian filter, 0.8 mm, Mean width of the roughness profile elements.
RdgNil °  Gaussian filter, 0.8 mm Root-mean-square of slope roughness profile.
Peak parameters - Roughness profile

RPcNil 1/p Gaussian filter, 0.8 mm, Peak count on the roughness profile.

Material Ratio parameters - Primary profile

Pmr0.16 % ¢ =0.001 GL under the highest peak The relative material ratio of the raw profile.
Pmr0.16 % ¢ =0.003 GL under the highest peak The relative material ratio of the raw profile.
Pdc 65.8 GL p =20%, q = 80% Raw profile section height difference.

Pdc 150 GL p=2%, q=98% Raw profile section height difference.
Amplitude parameters - Primary profile

Pp 112 GL The maximum peak height of the raw profile.
Pv 91.3GL Maximum valley depth of the raw profile.

Pz 203 GL The maximum height of the raw profile.

Pc 67.0 GL ISO 4287 w/o amendment 2 Mean height of the raw profile elements.

Pt 203 GL The total height of raw profile.

Pa 31.9GL Arithmetic Mean Deviation of the raw profile.
Pg 38.7 GL Root-mean-square (RMS) Deviation of the raw profile
Psk 0.50 Skewness of the raw profile.

Pku 2.56 Kurtosis of the raw profile.

Amplitude parameters - Waviness profile
Wp 33.6 GL Gaussian filter, 0.25 mm Maximum Peak Height of the waviness profile.
Wv 10.8 GL Gaussian filter, 0.25 mm Maximum Valley Depth of the waviness profile.



Wz 44.4 GL Gaussian filter, 0.25 mm Maximum Height of waviness profile.

Wc Nil GL Gaussian filter, 0.25 mm, ISO 4287 w/o Mean height of the waviness profile elements.

Wt 44.4 GL Gaussian filter, 0.25 mm Total Height of waviness profile.

Wa 11.0 GL Gaussian filter, 0.25 mm Arithmetic Mean Deviation of the waviness profile.
Wq 13.5 GL Gaussian filter, 0.25 mm Root-mean-square (RMS) Deviation of the waviness
Ws 1.22 Gaussian filter, 0.25 mm Skewness of the waviness profile.

Wk 3.12 Gaussian filter, 0.25 mm Kurtosis of the waviness profile.

2.1. Determination of setting of the resin sample test

In the material density test, 1 g of each matesiat analyzed using a digital densimeter (Gehaka9n8) with
precision from Og/cthto 3g/cni. The tests were performed in accordance with ASIR®2 (2013) specific for
plastics. The glass transition point (Tg) of adddithe temperature at which material changes soll to liquid at
atmospheric pressure. According to ASTM E 1142B8@,dlass transition temperature is defined as peaesture
chosen to represent the temperature range ovehwigcoccurs [18, 19]. In the tests, the grain-sdapaterials
were placed inside a 1L becker and this was plat®de a pump with internal pump circulation anchperature
control. The Tg point was determined by visuallyifygng the occurrence of the denting with a consag
transition from the solid state to the viscous iligstate, the evaluation of the temperature withia becker was
performed using a digital thermometer [12, 20]. Haenples were weighed (2.0mg + 0.5mg), and heralbtic
sealed in porcelain crucibles and placed in a Stttma&alorimeter, model DSC60, in a nitrogen atmesphwith a
flow of 50 mL minl, in the heating ratio of 20°Cmii until reaching the maximum temperature set 8t°56. The
equipment was calibrated in relation to temperatuth the Indian standard (156.6 ° C + 0.3) throutghmelting
peak. The heat flux and enthalpy was calibrateautdn the Indian heat of fusion (28.59 J / g £ 013hg the same
conditions of the samples. The correction factors waalculated according to Shimadzu's procedures and
specifications [21, 22]. The extrusion tests, &wacextruder with polymer grain feed tray and filarheutlet of 1.75
mm was used. The powdered resins were added fed¢kehopper of the extruder and then the materal heated
to near its glass transition temperature (65-9523) 24]. Upon cooling to room temperature (204 materials
solidified, thus obtaining solid filaments havirtgetdimensions 30 cm long x 0.7 circular sectiortrision speed
was maintained at 10 mm/s. The extrusion contrad performed by means of a step motor controllerdead
heating was performed by induction directly on teatral tube body [18, 2]. In order to carry out tests, ISO
5272 (2012) was consulted. For the print tests,oterd with integrated cooler and temperature céntro
commercially available, was used, the equipment ezemected to a 12V, 9A source. The unit has anfilat inlet
of 1.75 mm and the outlet of the heater head isr0m The tests were performed in accordance withiM®3641

(2015). According to [8, 25]the varianag?) of the image sample is calculated as follows:

Variance = ¢% = %Z?’zl(xi — w? (1)

wheres? = population variance of the sample resine; the I" parameter's value (or observation), p = the



arithmetic mean of all observations and N = totahber of observations in the population. And tteedsnd

daviation is the square root of the variance ofgenaccording to equation 2
Stardand Deviation = VVariance = Vo? = \/%Zf":l(xi — w? 2
According to Fig. 2a. Analytical luminance motifsr fresins specimen was carried out with a 778 numbenotifs

mode in a standard area of 227um? with area stdréaviation of 444um?2 and lower and upper quadtlé7.6pum?

and 293umz2 respectively
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Fig. 2 Analytical parameter of the resin for (a)ihinance motifs analysis of resins (a) Luminanceinwtric

analysis of the resins

The mean height of the settings for the test isvRB lower and upper quartile of 14.9 and 26.7 eesipely, of a
pitch diameter of 21um and pitch standard deviatbri5um. The mean form factor of the test is 0.5612he
standard deviation of 0.145 according to equatiowith lower and upper quartile of 0.407 and 0.6@%pectively
with a form factor variance of 0.0211. The meaneaspatio is 3.01 of the standard deviation of 3a8&l
compactness for of the resin materials to be 0.6&y2b represent the volumetric island of the danopmean area
of 187um2 at a maximum orientation angle of 3&8ttings of an equivalent diameter of 5.19um whiels a
maximum angle of -22°3and a minimum angle of -8.9%ith an aspect ratio of 2.99. This where the sgtind the

condition at which the test was carried out.
3. Resultsand discussion

Fig. 3 presents the results of the tensile and cessjon tests. The resins were identified as faldoswellia

papyrifera (resin A), Styrax benzoin (resin B) &wmmiphora myrrha (resin C). According to the resplesented
in fig. 3a and 3b, resin B reached the highesteshf tensile strength as well as compression bfitteeness of the
materials due to their high crystallinity is an @sfpthat must be taken into consideration durimgtésts, as it made

testing difficult in general.
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Fig. 3 Results for (a) tensile force test and @hpression force tests of the resins specimens

From fig. 3a and 3b the optimum tensile and congivescan be observed in resin B at approximateQKB&m?

and 650KN/m respectively. This is due to the temperature eppration of the specimens which was maintained
between 78C to 95°C, so that the materials showed crystalijlassy behaviour [26, 11], with rigid and fragile
behaviour. These values can be considered lownifpemed to the temperatures that other commercatips can
withstand, but these values may increase with tiuitian of fillers or plasticizers, or even withettthange in the

temperatures used in the confirmation of the spewsn
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Fig. 4. Extraction profile curve at 1Qdnlevel across the 500m of the resin structure

One option would be to prepare the specimens fmileeand compression tests using the FDM 3D pnti
technique, controlling the temperature and quanfityaterial to be deposited per layer, insteadsirig models for
this purpose [27, 10Fig. 5a represergxtraction profile curve and the histogram of aHfiretstone of the Gaussian
filter of setting to 25Qm of roughness and waviness profile of the resir@Drprinting. The scale in depth of the
abbot-firestone is calibrated at 100% of the redathaterial ratio of the profile (Pmr) where (& e highest peak
of the material profile. The different in c1 andis23.9GL and the difference in Pmr(c1) and Pmr{g®.36%.
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Fig. 5 Extraction profile curve of (a) Histogramizwed abbot-firestone curve of the Gaussian filtesatfing to

250um (B) Roughness and waviness profile of accordin@jmf the resins in 3D printing

As regards the extrusion and filament tests, thiernads presented similar behaviour, however, gs¢ temperatures
were different due to the intrinsic propertiesiué tesins. In view of the temperatures set forthahle 2, which are
indicated in the analyzed materials, it can be ditibat they are slightly below the temperatures roomly used to
print other materials usually employed in 3D prigtitechnology. According to [28, 4] the printingrieerature of
PLA material is commonly performed between @®@nd 220°C and the heating table in which the risdtes
deposited should be maintained betweetC281d 60°C. For example, the ideal extrusion teatpes of 1.75 mm
ABS plastic is 230°C and the table should remaireast 108C to 110°C throughout the print to ensure the
workpiece adheres. According to [28, 29] recomm#&nda for printing materials such as Polycarborzaté Nylon
in general, it is necessary to reach temperatuasd 260°C, so it is important to check the chiamstics and
limitations of the printer to avoid permanently deging the hot-end head which may not withstand sFatpres
above 250°C [30, 31]. According to the manufactufefilaments and printers M3D (2016), plasticstsas PLA
and ABS are quite resistant to mechanical stragshave high contraction coefficients of 14mm, vwhioakes it
difficult to print larger parts that tend to defofarp effect), cracking and peeling off the tathlging printing [32,
15]. It is important to emphasize that it is stidcessary to perform thermal expansion and cordgratgsts for the
resins evaluated in this study. In the tests ofusibn and printing, it was verified that the caogliof the materials
can be carried out at room temperature 20°C [38jout the need for heating of table and artificeftrigeration,
because the materials solidify naturally, due trtintrinsic characteristics. It should be nothdttparameters such
as temperature and injection speed need to be iaptinfor better resolution. It is also worth mentiy that the
filaments produced were not reel-wound because stikbgxhibited fragile and brittle behaviour, sothe tests, the
filaments were printed in the shape of rods. Tablpresents the results of the density and glasssitian

temperature (Tg) tests for the materials tested.
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Table 2 Density and glass transition temperat@ireaierials

Materials  Glasstransition Density
TemperatureTg (Kg/m3)
(°C)
Resine A 78 1250
Resine B 95 1310
ResineC 89 1020
PLA 60 1240
ABS 105 1030
PETG 88 1270

According to Table 2 the resins tested in this wandsented approximate Tg to the other commertaatips. In the
same table, the results concerning Tg temperanuotedansity values for the other plastics. 95°Cpfeéd by the
consequent mass loss of the material after readd®ig and denotes that the glass transition tertyeréor this
resin actually occurs from 95°C to 270°C, so a thimperature range the material is presentedrasbée liquid, in
this condition the behaviour of this polymer isidignd fragile, since the polymer chains do notehawough energy
to have mobility, preferably responding in an etastay to the requests [34, 35]. At about 280 tH&, occurrence
of an initial crystallization band is observed thgh the phase change and the strong exothermic peadbout
400°C, another crystallization peak is observedhls phase the material presents a rubbery betgwite energy
level is enough to give mobility only the amorph@iease, keeping the crystalline phase rigid. ALalB®0°C the



material exhibits viscous behaviour, and a thircdbte&rmic peak around 510°C thus indicates its mglti
temperature, at which point the resin exhibits smlbehaviour [36, 36]. This high energy level isreltterized by
having highly mobile polymer chains. Fig. 7a is tReactal analysis of fractal dimension 2.55 withe th
morphological envelops methodology. The first slep&ie is 0.45 and the second is 0.261 of the ssipe (R)?
and (R)? of 0.996 and 0.995 respectively on a scale armly$ie optimum values according to the two slogeke
line as shown in Fig. 7a is at they38 on the scale analysis and 3p@d of an enclosed volume. Fig. 7b shows the

peak count distribution histogram of grains in @minetre cube of luminance for differential scagnialorimetric

of resins.
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Fig. 7 The resins sample grain of luminance oHfaytal analysis of fractal dimension 2.55 with pialogical
envelops method (b) Peak count distribution histogof grains luminance for differential scannintgpdanetric of

resins

The analytical domain of the scale of sensitivityalgsis and the regression settings of the systerm done
automatically at a smooth-rough crossover (SRCsthold of 10%. The luminance scale sensitivity ysial of
complexity scale area of one corner of the resamspde is shown in Fig. 8a A area scale of one ¢amethodology
was used of an SRC of 3054um2 and an SRC thresiidl@7. It has a fractal complexity of 191 on a fnemof
points of 40 and a fractional dimension of 2.38hwat maximum scale complexity of 6857 um?2 of hetenajty
complexity of 153,251 according to Fig. 8a genatdtem the experiment. The regression coefficienthe ‘R’
square equation is 0.988 while the regression iBnat the 8000pum?. Also the analytical domain & #tale of
sensitivity analysis and the regression settinghefsystem was done automatically for the founepanalysis at
an SRC threshold of the same 10% of the resingleawhich is shown in Fig. 8b A area scale of onener
methodology was used of an SRC of 2451umz2 and & t8Rshold of 558 [37, 38]. It has a fractal coaxgly of
171 on the same number of point 40 as that of ongec methodology. It has a fractional dimensior2 88 with a
maximum scale complexity of 2597um?2 which is ab8ut87% to that of one corner methodology of the esam
heterogeneity complexity of 153,251 according tg. Fb generated from the experiment. The regressiefficient

of the ‘R’ square equation is 0.997 while the regien line is at the 2600um?2 as shown in Fig. 8b.
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The analytical domain of the scale of sensitivibalgsis and the regression settings of the systas also done
automatically for the length scale columns, anefjtinethod at a SRC threshold of the same 10%efdsins
sample which is shown in Fig. 9 A area scale ofiferscale columns methodology was used of a SRID2fim?
and a bigger SRC threshold of 9736 compared tersiht has a fractal complexity of 1.71 on the samamber of
point 200 as that of one corner methodology. Itd&sctional dimension of 2.38 with a maximum sazdmplexity
of 215um. The regression coefficient of the ‘R’ ampiequation is 0.788 and the regression linedatgrat 'Y axis’

is 3.99 with a regression slope of -0.00172 as shiovwig. 9.
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Analysing the graph as a whole, it was noticed thist polymer has a semi-crystalline behaviourdating that it
has a moderate molecular weight, its behaviourcatds that the resin presents characteristicsasimgilcommercial
polyurea. The remarkable change of phase with mgass until reaching an exothermic peak around 15QR{
phenomenon is related to the primary crystallizatid the resin in question, in this phase, the ey presents
glassy behaviour. The baseline change without peaknd 150°C to approximately 280°C indicates thathis
temperature range the material shows a rubberyvimirabetween Tg and Tm [39]. The strong exotherpeak
identified after 308C to 500C with a consequent mass gain indicates the ogweref a secondary crystallization
of this polymer, so its behaviour at this tempemattange is rubbery. Finally, upon reaching 500K€ material
reaches its melting temperature. Analyzing the euag a whole, this material shows a behaviour stmi-
crystalline polymer, with characteristics similarthose of the commercially available polyestehe Temarkable
mass loss from initial heating to approximately®@@Xxhibiting a strong endothermic peak identifie@@fC, in that
temperature range the polymer exhibits vitreousabiglur [40]. After 90°C due to phase change withsaguent
mass gain and the presence of several exotherralspa primary crystallization occurs, reachingrmapgerature of
up to 300°C. In this temperature range, the polysiews a rubbery behaviour [41]. In addition, aB80°C there
is still a new and larger mass gain with a new lo@sechange, indicating the occurrence of a secagnda
crystallization with the presence of an exotherpéak extending to 500°C, at this stage the polynaar a still
rubbery behaviour. Finally, around 500°C, the pmeseof an endothermic peak and a new baseline eharg
noted, indicating that the material has reacheth&iing temperature. In general, when analysiing tfaterial, it is
noted that it presents the behaviour of a semiallyrs¢ polymer, with characteristics similar to thbemmercial
polyurea. According to the promising results ohgdinin this study, it is now necessary to evaluai three-
dimensional printing of these materials properlying numerical control and automated control patarsein an
attempt to manufacture different objects. In additithe investigation of the application of othdanp resins
obtained from other species of trees, intendedi$erin 3D printing is also made substantially neassdue to the

innumerable species of trees in the world
4. Conclusion

The evaluated materials presented similar chaiatitsr among themselves, being able to be extrudethe
elaboration of filaments, aiming consequently te us ADT impression, using the technique of modellby fuse
deposition. The aim of this study was to propos®el investigation for possible reinforcement dfedent resins
and examine it nanoparticles and microstructurdlabmur to enhance productivities of ADM. Accorditg the
results obtained in the tensile and compressids,tdse resistance of the polymers was low whenpesed to the
other commercial plastics, but they presented aatequalues if the desired application were treatedording to
the results obtained in differential scanning daletry and the analysis of the microstructure. Tésns showed
different behaviour from the low-temperature staté¢he high-temperature state which is typical gktalline and
semicrystalline polymers, with characteristics samto the polyurea and polyester commercial ptasfrhe resins
presented different thermoplastic behaviour. Asiggestion for future work, it is suggested to inigege values

concerning the contraction and expansion of theatemals, as well as their biodegradability and ssioins of



compounds when subjected to heating processes,asuttfose occurring in the cast - deposition. lditamh, this

study opens the way for other researches regatimglentification of the characteristics of otlvegetable resins
available for application in 3D printing. It carsalbe observed that resin B give a higher tensittcmpressive
force of about 365KN/fhand 650KN/m respectively comparable to others. The optimumnesfor resins A and C

at a ductile state for both the tensile and congivesforce is at 170KN/frand 300KN/rfi respectively.
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