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Abstract: In this paper, information about common and advanced materials used for manufacturing of
products by Fused Deposition Modelling (FDM) rapid prototyping technology is presented. In different
rapid prototyping technologies the initial state of material can come in either solid, liquid or powder
state. The current range materials include paper, nylon, wax, resins, metals and ceramics. In FDM as ba-
sic materials ABS - Acrylonitrile Butadiene Styrene, polyamide, polycarbonate, polyethylene and poly-
propylene are mainly used. Main part of the paper is focused on experimental testing of rapid prototyping
materials realized by different research teams and presents outputs of testing of ABS material in FDM
technology realized by authors.
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visualization. In addition, RP models can be used f range of materials are available including ABS ypai-
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ide, polycarbonate, polyethylene, polypropylened an
tunnel. RP models can be used to create male méatels investment casting wax [3, 4].

tc(;osltlggl’nsggg]eaia?ggo?fe rpl;gbe;rm%ﬁ,ldbse ?r?d Aﬂéﬁﬂn For better orientation of user in process of sgttifi
: ' P ® suitable parameters during the preparation of ipidnt
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luted shapes (including parts nested within paras) be
produced because of the nature of RP. There islé-mu
tude of experimental RP methodologies either inetiev

liquifier head (moves in X and Y)
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opment or used by small groups of individuals. Nsed-
tions will focused on RP materials and materialgeeix
ments in Fused Deposition Modelling (FDM) technglog
[1, 2].

2. FUSED DEPOSITION MODELING METHOD

Fused Deposition Modelling (FDM) was developed
by Stratasys in Eden Prairie, Minnesota. In thacpss, a
plastic or wax material is extruded through a nezhht
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Fig. 1. Fused Deposition Modelling technology.
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separated without any problems, as because of ireguc
temperature it is particularly fragile. Howevery flom-
plex parts with cavities there is need to use thehar to
remove support material from places that are no¢ssi-
ble for any instrumentThe last step is gear assembly,
which consists of forty parts and testing of prgpet
functionality. During the functional testing, weedgsan
electric motor with a speed regulator connectedht®
input shaft. The test showed flawless shifting &éirthg

of rates in the desired position [7].

3. ACRYLONITRILE BUTADIENE STYRENE

Fused Deposition Modeling is one of the typical RP
processes that provide functional prototypes of ABS
plastic. FDM produces the highest-quality partg\any-
lonitrile Butadiene Styrene (ABS) which is a common
end-use engineering material that allows you tdoper
functional tests on sample parts. FDM process fifaa
ment based system which feeds the material into the

FDM technology to build the prototype. This tectumy, heated extrusion head and extruding molten plaktt

developed by Stratasys, uses the software progoam lhardens layer-by-layer to form a solid part. FDMtpa
orient the model and generate building slices. terin 2'¢ tougher and more durable than those produced by

Fig. 2. FDM device UPrint from Dimension.

factors and steps that lead to selection of moishtde
variant. All the attempts were realized as a phprepa-
ration stage for printing on UPrint machine thatizé

dispenses with basic building material and suppte- SLA. ABS parts are sufficiently resistant to hedtemi-
rial which is used if necessary for creation ofdsplcavi-
ties, drafts, etc. Each material has its own nozZ2lea-
tion of particular prototype layers with use FDM thned

is shown in Fig. 1.

On the Department of Manufacturing Technologies of
the Faculty of Manufacturing Technologies of TU KeS
with a seat in PreSov there is UPrint 3D FDM ptinte
from Dimension available (Fig. 2). It is a small 3D
printer with 635x 660x 787 mm dimensions suitable for
office environment which uses the printing prineiff
Fused Deposition Modeling. Maximum dimensions of
printed prototype are 208 152 x 152 mm. This printer
prints only one layer of constant thickness 0.254 m
which is as the accuracy of the print in fhexis very
acceptable [5].

These printer used as building material thermoijalast
ABCplus Ivory which comes in standardized packaages
fiber with a diameter of 1.6 mm rolled onto a rdehch
spool contains 500 cubic centimeters of materidle T
support material used is resin Soluble SR-P400 hwhic
comes in the same package as a building materfar A
printing the prototype it is necessary to clean piheto-
type of the auxiliary material.

For this printer we use Catalyst program which esrv
to complete printing settings such as dispositibnam- 4.
ponents on working desktop or set-saving modes avher
savings can be achieved by building and supportiag
terial to 40% depending on the shape and partheat t
expense of strength of the prototype. In a firspsive
generated STL data in the CAD system that can bé.
loaded to the Catalyst program for layered rendedh
the model. After starting of print cycle the systamrms
up printing jet and whole work area for working fsema- 6.
ture. This lasts about 15 minutes, during whichribe-
zle and purifying device are calibrated. Followedthe
print itself, the nozzle is moving ovet — Y pad and
working in theZ axis. After printing it is necessary to 7.
separate the support material from the building. dne
the semi-simple components the support materialbean

1.

cals, and moisture that allows FDM parts to be used
limited to extensive functional testing, dependingpn
the application.

FDM materials allow you to manufacture real parts

that are tough enough for prototyping, functioresting,
« installation, and most importantly for end use. IR®za-
duction thermoplastics are stable and have no aj#ine
warpage, shrinkage, or moisture absorption, lilerés-
ins (and powders) in competitive processes.

Because thermoplastics are environmentally stable,

part accuracy (or tolerance) does not change withi-a
ent conditions or time. This enables FDM parts & b
among the most dimensionally accurate. Basic FDM ma
terials [8, 9]:

ABS - An ABS prototype has up to 80% of the
strength of injection moulded ABS meaning thasit i
extremely suitable for functional applications.

2. ABSi - ABSi is an ABS type with high impact

strength. The semi-translucent material used ttdbui
the FDM parts is USP Class VI approved.

3. ABS-M30 - ABS-M30 is 2575% stronger than the

standard ABS material and provides realistic func-
tional test results along with smoother parts Viitlr
feature details.

ABS-ESD7- ABS-ESD7 is a durable and electro-
static dissipative material suited for End-use comp
nents, Electronic products, Industrial equipmend an
Jigs and fixtures for assembly of electronic compo-
nents.

PC-ABS- PC-ABS is a blend of polycarbonate and
ABS plastic which combines the strength of PC with
the flexibility of ABS.

PC-1SO- PC-ISO blends are widely used throughout
packaging and medical device manufactures. The PC-
ISO material used to build the FDM parts is USP
Class VI approved and also 1SO 10993-1 rated.
ULTEM 9085- ULTEM 9085 is a pioneering ther-
moplastic that is strong, lightweight and flamearet
dant (UL 94-VO rated). The ULTEM 9085 material
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opens up new opportunities for the direct additivethat passes through a unit cube of a materialunitof

construction of production grade components.

4. MECHANICAL PROPERTIESOF PLASTICS

Plastics have the characteristics of both a vistigus
uid and a spring-like elastomer, traits known agsaoe-
lasticity. These characteristics are responsibtenfany
of the characteristic material properties displaysd
plastics. Under mild loading conditions, such aersh
term loading with low deflection and small loads@m
temperature, plastics usually react like springgjrning
to their original shape after the load is removeédder

time when the difference in temperature of two fate
1°C.

Limiting oxygen index is a measure of the minimum
oxygen level required to support combustion of the
polymer.

Absorption. Polymers have a potential to absorb vari-
ous corrodents the come to contact with, partitylar-
ganic liquids. This can result in swelling, cragkiand
penetration to the substrate of the component.

From these mechanical properties of plastic mdseria
is very important tensile strength at break and weit
searched for ABS material used in Fused Deposition

long-term heavy loads or elevated temperatures maniodeling rapid prototyping technology.

plastics deform and flow similar to high viscouguiids,
although still solid.

Creep is the deformation that occurs over time when

a material is subjected to constant stress at aonstm-
perature. This is the result of the viscoelastioawéor of
plastics.

5. TENSILE STRENGTH OF ABSMATERIAL

Experimental testing tensile strength of ABS plasti
must be realized according to international stashdzX
ISO 527-1 Plastics - Determination of tensile prtipe -

Stress relaxation is another viscoelastic phenomenon. Part 1: General Principles and international stedhd&N

It is defined as a gradual decrease in stress rataiot
temperature.

ISO 527-2 Plastics - Determination of tensile pmepe
ties; test conditions for moulding and extrusioasl

Recovery is the degree to which a plastic returns to itstics.

original shape after a load is removed.

Soecific gravity is the ratio of the weight of any vol-
ume to the weight of an equal volume of some oshibr
stance taken as the standard at a stated temperktur
plastics, the standard is water.

Water absorption is the ratio of the weight of water
absorbed by a material to the weight of the dryemalt
Many plastics ardnygroscopic, meaning that over time
they absorb water.

Tensile strength at break is a measure of the stress

required to deform a material prior to breakagés ttal-

culated by dividing the maximum load applied to the

material before its breaking point by the origicabss-
sectional area of the test piece.

Tensile modulus (modulus of elasticity) is the slope of
the line that represents the elastic portion of gtress-
strain graph.

Elongation at break is the increase in the length of a
tension specimen, usually expressed as a percenfage

the original length of the specimen.

Compressive strength is the maximum compressive
stress a material is capable of sustaining. Foerizds
that do not fail by a shattering fracture, the eatiepends
on the maximum allowed distortion.

Flexural strength is the strength of a material in
bending expressed as the tensile stress of thenoage
fibers of a bent test sample at the instant ofifail
Flexural modulus is the ratio, within the elastic limit, of
stress to the corresponding strain.

Izod Impact is one of the most common ASTM tests

for testing the impact strength of plastic matetidk
gives data to compare the relative ability of materto
resist brittle fracture as the service temperatieereases.
For finding hardnessRockwell Number is the net in-
crease in depth of impression as the load on atzoe
is increased from a fixed minimum load to a highdo
and then returned to a minimum load.

Thermal conductivity is the ability of a material to
conduct heat; a physical constant for the quanfitigeat

The test methods are selectively suitable for uisie w
the following range of materials:

e rigid and semirigid thermoplastics mouldieg-
trusion and cast materials, including compoundgdil
and reinforced by e.g. short fibres, small rods,
plates or granules but excluding textile fibrese($80
527-4 and ISO 527-5) in addition to unfilled types;

< rigid and semirigid thermosetting moulding and cast

materials, including filled and reinforced composnd

but excluding textile fibres as reinforcement (<@

527-4 and ISO 527-5);

thermotropic liquid crystal polymers.

The methods are not suitable for use with materels

inforced by textile fibres (see ISO 527-4 and ISO

527-5), with rigid cellular materials or sandwidhustures

containing cellular material.

The methods are applied using specimens which
may be either moulded to the chosen dimensionsasr m
chined, cut or punched from injection- or compm@ssi
moulded plates. The multipurpose test specimenrés p
ferred (see ISO 3167:19%astics — Multipurpose test
specimens).

5.1. Test specimens

Wherever possible, the test specimens shall be
dumb-bell-shaped types 1A and 1B as shown in Fig.
3. Type 1A is preferred for directly-moulded muitip
pose test specimens, type 1B for machined specimens
Types 1A and 1B test specimens having 4 mm thicknes
are identical to the multipurpose test specimer®race
ing to ISO 3167, types A and B, respectively.

Test specimens shall be prepared in accordance with
the relevant material specification. When nonetexisr
unless otherwise specified, specimens shall beerith
directly compression- or injection moulded from the
material in accordance with 1ISO 293, ISO 294 or ISO
295, as appropriate, or machined in accordance \&it
2818 from plates that have been compression- ecinj
tion-moulded from the compound.
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Dimensions in mmatras
Specimen type 1A | 1B
Overall length 21500
L Length of narrcw parallel-sided portion B2 600+ 08
r Radus 2010 25 2602
b Drstance between broad parallel-sided portions 104 10 1133 105 to 1203
By Width at ends 200402
By ‘Width of namow portion 100402
" Preforred thickness 40+02
L Gauge length 50,0 & 0.5
L initlsl cistance between grips 115 £1 T 53t
Fig. 3. Test specimens type 1A and 1B. Fig. 5. Layered model of specimen in Catalyst software.

All surfaces of the test specimens shall be freenfr the production process are generated STL dataen th
visible flaws, scratches or other imperfectionsorir  Pro/ENGINEER system and these STL data are next
moulded specimens all flash, if present, shall be r loaded to the Catalyst program for layered rendedh
moved, taking care not to damage the moulded surfac the model (Fig. 5).

Test specimens from finished goods shall be taken For RP methods there are specific production device
from flat areas or zones having minimum curvatéi@. (3D printers) that use their own software basegom-
reinforced plastics, test specimens should not e m ciple of reading and processing of input STL dafa.
chined to reduce their thickness unless absolutebes-  spite of different manufacturers, such programsehire
sary. Test specimens with machined surfaces will nosame characteristic features: settings for singlgerl
give results comparable to specimens having nonsesolution, settings for density of model matersattings

machined surfaces. for density of support material, STL processindayper
mode.
5.2. Production of test specimens by FDM method All these software solutions allow their user to

To prototype successfully, first select an appreri change large number of different settings. Charages
rapid prototyping tool. There are hundreds of rapigto- made by user himself. Programs for preparation$1F
typing tools available. They range from simple driap  production make many actions easier and more auto-
packages that allow you to draw screens to compyex  matic, but deciding process about particular pataraes
tems that allow you to create animation. Each imblet-  still up to user. In case of using the automaticenthese
ter for some functions than for others. Althougliesal decisions are made by program without explanatson,
rapid prototyping techniques exist, all employ #zme  there is space for optimization of setting contriryiser

basic five-step process. The steps are [6]: criteria. Solution could be realized in implemeiaatof
1. Creation of CAD models of the product parts. deciding steps or automatic decision with actudrima-
2. Conversion of CAD models into STL formats. tion about reasons running on background, eventuall

3. Use of STL files in Rapid Prototyping devices. together with information about parts already pitl
4. Production of the parts by one layer atop anmothe First step is to define the surfaces and constrnati
5. Cleaning of parts and assembly of the product. points that represent functional features of pad thus
Model of selected part was created and subsequentlthey should condition requirements on quality. High
modified in CAD/CAM/CAE system Pro/ENGINEER. parameters of quality means longer printing timad a
Transfer of models between Pro/ENGINEER and anothehigher energy consumption, but utilization posgipiof
CA systems was implemented using the exchange formasuch models is much higher as they can be useehihst
IGES where they were treated. On Fig. 4 is example of real functional parts. Next step in 3D printipgepara-
CAD model of parts in Pro/ENGINEER. On the stdrt tion process is to define the location bé model on

Fig. 4. CAD model of specimen realized in Pro/ENGINEER. Fig. 6. Produced prototype of 3D specimen by FDM method.



L. Novakova-Marcincinova and J. Novak-Marcincin / Proceedings in Manufacturing Systems, Vol. 8, Iss. 2, 2013/ 87-92

i .
Fig. 8. Test machine TIRA-test 2300.

working board of printer. On Fig. 6 is view of wotkce
of 3D FDM printer UPrint with printed part and oigF7
are specimens prepared for realization of tensingth
experiments [8].

5.3. Realization of ABStensile strength experiments
Experimental tests for definition of tensile strémgf
ABS material was realized in Laboratory of mechahic
and technological experiments of Department of tech
nologies and materials of Technical University afsice

with use of test machine TIRA-test 2300 (Fig. 8).
Readings for tensile testing of test specimensBEA
plastic are presented by Fig. 9.

5.4, Statistical treatment of test results

Statistical interpretation of test results-estimatiof
the mean and confidence interval is defined by 2802
standard. The scope of this International Standalith-
ited to a special question. It concerns only theregion
of the mean of a normal population on the basia sé-
ries of tests applied to a random sample of indizid
drawn from this population, and deals only with tiase
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where the variance of the population is unknowrs ttot
concerned with the calculation of an interval conitay,
with a fixed probability, at least a given fractiof the
population (statistical tolerance limits).

It is recalled that ISO 2854 relates to the follogyi
collection of problems (including the problem teshtin
this International Standard):
estimation of a mean and of the difference betwsvo
means (the variances being either known or unknpwn)
comparison of a mean with a given value andwaf t
means with one another (the variances being either
known or unknown, but equal);
estimation of a variance and the ratio of twdasces;
comparison of a variance with a given value ahtivo
variances with one another.

The statistical treatment of the results allows ¢hk
culation of an interval which contains, with a giverob-
ability, the mean of the population of results thatuld
be obtained from a very large number of determimesti
carried out under the same conditions. In the ase
items with a variability, this International Stamdaas-
sumes that the individuals on which the determmesti
are carried out constitute a random sample fronotite
inal population and may be considered as indepénden

The interval so calculated is called the confideimce
terval for the mean. Associated with it is a coefide
level (sometimes termed a confidence coefficiambich
is the probability, usually expressed as a pergenttnat
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the interval does contain the mean of the populatin-  generation of database that would process andvaretii
ly the 95 % and 99 % levels are provided for irs thi- output data after production of part models. Reftati
ternational Standard. would be observed between chosen parameters of basi
Estimation of the mean of the measured values ofand support material, times of production and dquadill
ultimate tensile strengtls,, [MPa] test specimens of including economical aspects. This supportive deab
ABS plastic is implemented through ungrouped result system would together with software philosophy Hase
Case results grouped into classes are considered aton described steps for selection of suitable patensie
sufficiently high number of measurements, for exeemp assure maximal economy while keeping comfort and

over 50. After the elimination of any problem of effective way of selection.

measurement data includes the measured serred0
measurements xwherei = 1, 2, 3, ...n), some of which
have the same value.
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1)

Confidence interval for the average file is calteda
from the estimated mean and standard deviation. Thi
estimate of the standard deviatieris calculated set of
squares of deviations from the arithmetic mean Hey t
formula (2):

0, =281 Mpa.
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