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ABSTRACT

Fused Deposition modelling (FDM) is the most promising field of additive mamufacturing technology. In fused
deposition modelling method polymer filament is melted inside the extruder and exiruded material were deposited
one above another to manufacture product. In FOM process filament feed rate, heat sink fins, extrusion rate, nozzle
diameter, pressure drop inside the extruder and temperature distribution are the parameters on which performance
were depends. Here in this paper, it review the FDM process evolution and development in FDM process use as
commercial 3D printing technigue and also investigate the different process parameters on which the performance
af 3D printer depends. This paper also reviews the dynamic analysis that is considered for the liguefier during

working of FDM process.
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TINTRODUCTION

Fused deposition modeling is the most prominent field of
additive manufacturing. Thirty years into its research and
development, additive manufacturing has become a
mainstream manufacturing process. Through Fused
deposition modeling additive manufacturing process
different 3D components can be manufactured adding
materials one over another layers with the help of
computerized 3D solid model. It does not require any kind
of predefined setup for manufacturing the product like
jigs and fixtures or any other means, 3D printing as Fused
Deposition Modelling (FDM) is one of commonly used
additive  manufacturing  technology for  various
engineering and well as day o day life manufacturing
product applications. Siratasysinc was the first to
introduce FDM process commercially in early 1990s in
USA, during thal time additive manufacturing is in its
evolution pericd. In fused deposition modeling, a
polymerfilament weather it is poly-lactic acid
(PLA),Acrylonitrile butadiene styrene (ABS) or Nylon is
feed into an extruder barrel through feed mechanism.
Polymer gets melted into the heated block of liquefier
where heat cartridge is used as a heat source above heat
block, in liquefier heat sink is there to maintain
temperature of polymer below melting point so that at the
entrance of polymer filament in heat block it remain in the
solid form so that it act as a plunger to extrude the melted
polymer through nozzle, This enables to build complex
3D objects as the melted bead leaving the nozzle
solidifies. The most common materials used in this type
of proccss arc amorphous thermoplastics, with
acrylonitrile butadiene styrene (ABS), with poly lactic
acid (PLA) being the most common. This paper provides
more detailed information about the typical components
of Fused Deposition Modeling and importantly, gives a
review of the state of the art in process modeling and
science for these processes,

(a) Development and uses of FDM process An FDM
technology was first infroduced in the 1990s, a
growing number of applications are for end-use parts
that must meet stringent functional design
requirements for mechanical properties, thermal
properties and dimensional tolerances. The market

position and value of fused deposition modeling in
today time is near abour $1.325 billion industry
(2010 estimate) and it will reach to over $5 billion by
2020 (Wohlers, 2011[42]). Additive manufacturing
products are used worldwide such as in industrial
plants, homes/offices, service providers and academic
institutions and government/military  settings.
Research and development m FDM from both
government agencies and the private sector have
grown rapidly in last decade for the improvement of
product quality and ability to produce end product
which do not required any kind of other
processing(Scott et al, 2012[27]), including the
recent establishment of the WNational Additive
Manufacturing  Innovation  Institute  (NAMII,
2012[26]). Based on the report presented by Wohler
in 2010[42], Stratasys' market share in the field of
AM FDM systems is 3.5 times that of any other FDM
systern manufacturer near about 41.5 percent of all
systems sold in 2010 (Wohlers, 2011[42]). Through
report it is found thattill the end of 2010, there were
15,000 Stratasys FDM machines installed worldwide
(Wohlers, 2011[42]). The current market of personal
fabrication (Lipson and Kurman, 2010|21]) is also
dominated by fused filament fabrication-type 3D
printing systems, many of which are based on the
open-source RepRap project (Jones et al., 2011[14]).
The growth and popularity of these systems have
been increased remarkably due to the expiration of
the initial Stratasys patents on the FDM process, as
well as the low cost and easy of construction and
handling of the systems. Repgardless of the
manufacturer, these small-scale machines sell for
£1,500-5,000 and print parts from ABS andior
polylactic acid (PLA) polymers.
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bed, ganiry, [lament feed mechanism, build surface,
nozzle angle, nozzle diameter build environment,

printed objected, and heat source, Fig.1 shows the
different components of FDM 3D printer,

o

Rollers ‘

II DESIGN OF FDM SYSTEM AND
SCIENCE

Fused deposition modeling process includes different
componenis which are extruder liquefier and print
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Fig No.1(a)FDM 3D printer (b) configuration diagram of fused deposition modeling

(a) Material feed mechanism - In FDM process
filament feed materials are commonly

thermoplastic  polymer (PLA, ABS and

slippage (Agarwalaer al., 1996[16]). Sufficient
pressure were applied by the roller on the feed
filament to smoothly feed inside the liquefier,

Nylon)having diameter of near about 1.5-3 mm.
In some small 3D printers systems filament feed
material is provided as a loose coil where as in
large systems it is provided in the form of reel to
provide the filament to the system. In FDM
process, feed filament is responsible to push the
melted material through the extruder with the
help of feed roller mechanism as shown in fig,
1{(b). with the help of stepper motor which is
connected to one of the rollers gives driving
force in order to feed the filament in to the
liquefier assembly. One of the rollers has a
grooved or toothed surface like a gear to create
sufficient fmction for the roller to grab the feed
filament and feed it to the liquefier inlet without

(b)

extra feed force causes the bending of polymer
filament.

Force required by feed mechanism - During
feeding filament is in tension above the feed
rollers mechanism, which pull the filament from
its reel (Bellini ef af, 2004[5]), whereas below
the feed rollers it is in compression. The filament
feed rate is controlled by the feed stepper motor
s0 as (0 maintain a constant and consistent
volumetric flow rate (Q) of melted polymer
material from the nozzle exit. For a desired road
width (#) and slice thickness (H), the linear
filament feed velocity (v) can be approximated as
(Agarwalaer al, 1996[16]; Bellini er al,
2004[5])

(1)

While assuming no slipping in between the filament and rollers during feeding, The filament feed velocity can be
simply related to feed roller velocity can be expressed as

@
Where is the angular velocity and is the radius of the rollers, respectively (Bellini ef af., 2004[5]; Agarwalaer
al.,1996[16]). The necessary force required to push the polymer melt through the liquefier can be determined if the
pressure drop (A ) inside the liquefier is known,

A ()

Where A is the cross-sectional area of the filament, which is assumed to be equal to the cross-sectional area of the
liquefier (Bellini er af., 2004[5]). This enables to calculate the torque ( ) required by the stepper motor
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And also calculate the power required by the motor (

(c) Liguefier dynamics - In FDM, liquefier is the most

important component of 3D printer, where the solid
polymer feed material get melted and pushed through
a nozzle and extrude melted polymers. The dynamics
of the FDM liquefier are critical and challenging in
terms of modeling, the thermal properties of polymer
melt inside the liquefier is a nonlinear function of
temperature and shear rate. The behavior of different

= (2¢)
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(4)

) (Bellini et al., 2004[5]):

(3)

polymers during melting inside the liquefier is critical
in describing the viscosity and variation of specific
heat with respect to temperature. Polymers used
during FDM process are generally shear thinning
material and they are assumed as to follow a power-
law viscosily model (Bellini er af, 2004[5];
Mostafaer @l [25], 2009; Ramanather al, 2008[32];
Yardimciet al., 1997[43]),

(6)

Where n is the viscosity, Rcthe shear rate and K and » are consistency and flow behavior index parameters. The
change in viscosity with respect to temperature must also be considered because the material will be nonisothermal
as it flows through the liquefier chamber. The change in viscosity with respect to temperature and shear rate-
dependent terms, respectively (Bellini et al., 2004[5]):

= () (2 (M
0

The viscosity depends on shear rate 1s simply the power-law expression with fit parameters evaluated at some
reference temperature, . An Arrhenius model has been used for the variation of viscosity with respect to

temperature,
1 3

(=l ( | (8)
0

Where is the activation energy (Bellini ef al, 2004[5]; Kariser al., 1996[17]). Whereas H(T) is 1 at the reference
temperaturg, Till now, only power-law viscosity models have been used in order to analyze the flow behavior of
polymer melt inside the FDM liquefiers.

Some researchers have assumed that the heat capacity ( ) of melt is constant and it is not varying with the
temperature (Bellini er af., 2004[5]; Bellini, 2002[3]). However, is changing with respect to the glass transition

temperature ( ) for amorphous polymers, The specific heat of melt varies with respect to temperature. If the
temperature is below 300 K it follows the following relation

=44 +58 9)
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Whereas if the temperature of the melt is increases above the 300 K, then it follows the relation,

=105 + 1668

(d) Liquefier/nozzle geometry - The liquefier geometry

(e)

has the greatest impact on the melt flow behavior in
the liquefier. In most of the FDM system simple
barrel tube of cylinder is used, where nozzle is
connected with barrel at one end with the help of
treads. In liquefier completely section is divided in to
three sections as shown in fig. 2. Earlier systems of
fused deposition modeling cylindrical barrel that
bend 90° before get connecting to a feeder
mechanism like that shown in Figure | (Ramanathet

(10)

al., 2008[32]; Mostafaer al., 2009[25]). For easy
analytical snalysis and observation the liquefier is
typically divided into sections, as shown in Figure3.
Different design parameters include the liquefier
length ( ), liquefier/filament diameter { ), nozzle
angle ( ), nozzle diameter ( ;) and nozzle length ( 7).
Whercas the nozzle diameters are in the range of 0.2-
0.5 mm with nozzle angles 120°(Yardimciet al,
1997[43]).

I:nnc';uln

Fig No. 2 different sections of liquefier [5]

Pressure drop estimation - While Polymer material
moves inside the liquefier barrel there is some
friction due to this some pressure drop inside the
barrel taken place. Measure pressure drop taken place
at second and third zone as mention in fig. 2, because
in this region polymer is in melt form and due to high
viscosity pressure drop during this section is high.
Through the momentum balance equation inside the
liquefier, it is able to predict the melt velocity profile,
pressure drop and shear stress profile and with the
help to energy balance equation temperature profile
of polymer melt inside the liquefier can be
predicted(Bellini et al., 2004[5]; Bellini, 2002[3])
and others, done their work (Ramanather al.,

1/
_ +3
A =2 A R
1 1 [ y +l
|
{z2)
2 1 | 2
k¥ ¥
A ={ I - I=(( )
2 3 (m 3 3/
2 |
1 (42X 12)

2008[32]) used analytical solutions to the momentum
balance equations developed for extruder liquefier
(Michaeli, 2003[23]) for cylindrical barrels, conical
and cylindrical shapes corresponding to section I, 11
and III, respectively, as shown in Figure 2 in
conjunction with a power-law viscosity model with
Arrhenius temperature dependence (equations 7 to 9)
to model the liquefier. The assumptions that are
consider during the dynamic analysis of melt is
incompressible, a no-slip boundary condition applies
at the walls of the liquefier and that the flow is fully
developed, steady state and laminar (Michaeli,
2003[23]). The pressure drops inside the liquefier in
cach section are given respectively by:

I/

(11)

I/

(+32") x[( -7 N2

2 U T | (13)
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2

Where the dimensions |length of first section, ; length of third section, ;and ; correspond to the diameter of first and
third section is the nozzle angle of the conical section of the liquefier, and m and [ are power-law fit parameters
(Ramanath er al., 2008[32]; Bellini et al., 2004[5]; Bellini, 2002[3]; Michaeli, 2003[23]). The total pressure drop
inside the liquefier is the sum of the pressure drops in different sections

A =AP+A 2+ A5 {14}

III EXISTING RESEARCH EFFORT  printing in order to optimized it. They used different 3D

printers, methods, optimization technique. All the work in

The researcher have performed so much work in order tothe area of fused deposition modeling optimization is
optimize the different input and output parameters of 3Dinvestigated and mention in the tabular form

Table No. 1
Existing research efforts
Name of Year Contribution Working Input Output
Researchers Material Parameters Parameters
Developed a new
method for printer
Plaster
Sebastian calibration and contour Direction and
2008 powder ~
et.al [50] accuracy position
ZP130
manufacturing with 3D
— print technology
Liguefier
Investigated the effect
temperature,
of processing Mesostructure,
ABS- envelope
Sun etal[51] | 2008 conditions on the Bond strength b/w
P400 temperature,
bonding quality of filaments
convective
FDM polymer filament
condition
Layer thickness,
Analyzed fused Dimensional
Saaidah ABS- road width, air
2010 deposition modeling accuracy and
et.al.[52] P400 gap, built style
performance surface roughness
or direction
Investigated the effect
Zpl02
of layer thickness and Layer thickness, Mechanical
Mohammad powder &
2010 | binder saturation level binder strength, integrity,
el.al. Zb56
parameter on 3D saturation level surface quality,
binder
printing process
Experimentally Layer
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investigated the surface Surface quality
Nancharaiah thickness , road
2010 quality and ABS and dimensional
et.al.[54] width , raster
dimensional accuracy accuracy
angle, air gap
of FDM components
Evaluated the tensile
Build styles,
Masood property of processed
2010 BC raster angle, Tensile strength
et.al.[55] FDM polycarbonate
raster width
material
Performed Dynamic
Build style, Storage modulus,
Arivazhagen mechanical analysis of
2011 PC raster angle, |complex viscosity,
et.al.[56] FDM rapid processed
raster width loss modulus
polycarbonate material
Wire Width
compensation,
Optimized process Dimensional error,
extrusion
Zhang et.al.[57] | 2012 parameters for fused ABS warpage
velocity, filling
deposition modeling deformation
velocity, layer
thickness
Presented a study on
Additive manufacturing
Nannan et.al.[58]| 2013 ABS _ _
technology, application
and research needs
Performed
experimental
Surface roughness,
investigation of FDM
ABSplus- | Raster angle, manufacturing
Ismail et. al.[59] | 2013 process for
P430 part orientation | time, maintenance
improvement of
cost
mechanical properties
and production cost
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Performed a study on
dimensional accuracy
Sahu et. al[60] | 2013 ABS = =
of fused deposition
modeling
Proposed an
optimization approach
Mechanical
for components build Deposited layer,
Villalpando et. property, build
2014 | by fused deposition ABS raster
al. [61] time, material
modeling with orientation
utilized
parametric internal
structure
Analyzed the
dimensional
performance for a 3D Change in
Galantucci et. ABS (3 Dimensional
2014 Open source printer length, width
al.[62] mm dia) accuracy
based on fused and height
deposition modeling
technique
Predicted accuracy in Layer thickness,
Baschetto et, Dimension
2014 fused deposition ABS deposition
al.[63] deviation
modeling angle
Executed 3D printing Part density,
Shape Extruder
Yangyang et. of shape memory dimensional
2015 memory temperature,
al.[64] polymer for functional accuracy and
polymer | scanning speed
part fabrication Surface roughness
Performed an
Z150
experimental
(plaster of
investigation in to the
Isalam et. al.[65]| 2015 Paris) & - Base flatness
dimensional error of
binder
powder binder three
Zb63
dimensional printing
Performed Modeling
Fabproxy,
Singamneni et and evaluation of Curved laver
2015 ABS Compressive load
al. [69] curved layer fused thickness
polymer
deposition
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IV CONCLUSION

Fused deposition modeling is a prime method of additive
manufacturing and also the most cheapest and easy
useable method, Here in this paper it focuses on different
parameters on which the performance of FOM 3D printer
depends. From the study it has been understood that the
parameters like orientation, layer thickness, raster width,
feed speed, temperature distribution and model build
temperature directly affects the quality of the part, There
are various approaches for parameter optimization of
FDM process and different techniques for improving the
quality of the part.
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