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Abstract

Additive manufacturing techniques are widely used in the present manufacturing era because of their ability to manufacture
intricate products. Fused filament fabrication (FFF) is one of the most commonly adopted additive manufacturing technology,
which involves the extrusion of the semi-solid polymer through the nozzle to be deposited in layers to form the part. In
FFF, the polymer melt being deposited, forms the bonds with the neighboring pre-deposited melt during the part fabrication.
The pre-deposited melt is at the low temperature compared to the polymer melt extruding out of the nozzle; hence the heat
transfer occurs due to temperature gradient by the mode of conduction and convection. The commercialization of the FFF
technology in a wide range of industrial applications still seems to be constrained due to several drawbacks such as insufficient
mechanical properties, poor surface quality, and low dimensional accuracy. The grade of FFF-produced products is affected
by various process parameters, for example, layer thickness, build orientation, raster width, or print speed. In FFF, process
parameters are optimized to improve the quality of the final printed part. The cost of post-processing is also reduced as a result
of parameter optimization. In this study, the influence of the convection coefficient on bond formation was investigated, and
a model for predicting bond size in terms of convection coefficient is discussed for a given set of parameters. This work also
aims to study the effects of thermal properties on neck formation and the effects of neck formation on strength, surface finish,
and dimensional accuracy of the printed parts. In addition, this study reveals the problems and difficulties found in previous
works, potential future scope in this area has been analyzed, and new research approaches are suggested.

Keywords Additive manufacturing - AM - Material extrusion - ME - 3D printing - Fused deposition modeling FDM -
AM - Thermal analysis - TA - Bond formation - Convection heat transfer coefficient - Stereolithographic - SL - Pre-heating
deposition - Neck growth - Dimensional accuracy - DA - Process parameter - Part characteristics

1 Introduction

Additive manufacturing (AM) technology is used to produce
3D objects directly from the part models made on computer
by depositing material on layer over layer fashion [1, 2] It
allows for designing a wide range of prototypes and opera-
tional parts with complex shapes and geometry, including all
those produced using a topology optimization technique [3,
4]. Any additive manufacturing process generally consisted
of four steps, and a sequence of these steps is followed to
fabricate the physical part from a virtual 3D CAD model.
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3D modelling of the part using the computer is very first
step for AM process. This solid CAD model is then con-
verted into STL file format, and transported to an AM process
planning software. In the second step, STL file is imported
to process planning software for slicing and g-code genera-
tion [5-7]. Slicing tools such as Cura, KISSlicer, Slic3r, etc.
are used to slice the STL file [8]. Before slicing; position,
orientation, support requirement and various other process
parameters are decided and then slicing process is performed,
which results in the tool path (G-Code) generation. In the
third stage the generated G-code is the transported to the
additive manufacturing system to fabricate the actual part.
Support removal, improving surface finish, etc. are some
operations which are performed in the fourth stage of AM
process. The fused filament fabrication (FFF) is one of the
popular AM technologies. In the FFF process, a continuous
wire of a solid thermoplastic (i.e., Acrylonitrile Butadiene
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Styrene (ABS), Polylactic Acid (PLA), Polycarbonate (PC),
Polysulfone, etc.) is used as feed material, that is known as
filament. In FFF process, the G-Code file generated in the
second stage, is utilized to define tool motion for layer-by-
layer deposition of heated filament on a build surface. One
of the most severe drawbacks of 3D printing technology,
particularly for FFF-made objects, is poor surface quality.
The stepping effect is the built-in feature of the parts made
through FFF technology; hence rough surface could not be
eliminated. However, researchers are consistently attempt-
ing to reduce it. There will essentially be two approaches for
improving surface smoothness in post processing. Surface
smoothing can be accomplished chemically or mechani-
cally. Researchers found a new way to efficiently minimize
the surface roughness of FFF printed parts by employing a
laser-based beam based post-processing technique [9, 10].
Over the last three decades, various additive manufactur-
ing processes based on powder, solid, and liquid materials
have been developed. Stereo lithography (STL) of a pho-
topolymer liquid, Fused Deposition Modelling (FDM) with
thermoplastic polymer material, fused filament fabrication
(FFF) with wire filament, Laminated Object Manufacturing
with plastic laminations, and Selective Laser Sintering with
plastic or metal powders are some examples of AM appli-
cations. 3D printing is an additive manufacturing process
classified according to the feed material utilized. Solid, lig-
uid, and powdered feed materials are the three categories
of feed materials [11]. Fused Deposition Modelling (FDM)
is one of the most extensively utilized solid-materials-based
additive manufacturing techniques Because of its design flex-
ibility, lack of scrap, low process cost, and strong mechanical
qualities. Therefore, compared to liquid and powder material
type techniques like Stereo Lithography (SL) and Selective
Laser Sintering, the created products have a relatively low
surface roughness (SLS). Cost, design freedom, build time,
waste generation, and the energy consumption is signifi-
cant advantages of additive manufacturing over traditional
manufacturing. Compared to traditional production, the AM
technique saves money on post-processing [12]. AM tech-
nology provide unrivaled design flexibility and complexity
compared to secondary machining processes. Forging, join-
ing, and installation costs are often minimized in additive
manufacturing. 3D printing is significantly more enticing
than traditional machining processes since it allows greater
design flexibility. While AM has some benefits over con-
ventional manufacturing technologies, it also has several
disadvantages, including staircase effects, surface roughness,
and dimensional accuracy. Most researchers experimented
with various post-processing procedures to overcome the
restrictions [13]. The impact of the SLS process on the
energy consumption of AM technologies has been investi-
gated. It was discovered that there is even a slight difference in
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energy usage between different materials when implement-
ing AM techniques. However, when standard manufacturing
techniques are utilized, the difference is noticeable. AM-
produced parts conserve energy while in operation because
they are compact and lightweight, which is useful in the auto-
motive, medical, and aerospace industries and for producing
functional parts and engineering prototypes. AM technol-
ogy is presently used in many industries, including research,
engineering, medical, the military, construction, architecture,
fashion, education, and the computer industry. Additive man-
ufacturing advantages to traditional manufacturing in cost,
design flexibility, time to build the part, waste generation, and
energy utilization [ 14, 15]. In the conventional manufacturing
process, external support elements are required. As aresult, it
uses more energy than the additive manufacturing technique
[4]. Material extrusion is fundamental to 3D printing. 3D
printing techniques have gained popularity due to their ease
of use, low cost, and environmental responsibility. There is no
waste, and the 3D printing procedures are nontoxic, odorless,
and inexpensive. S. Scott Crump established fused deposition
modeling (FDM) in the late 1980s, and Stratasys put the tech-
nology into practice in 1990. As aresult, such a patent expired
in 2009. Such printing methods are used without paying
Stratasys for authorization [16, 17]. This 3D printer became
available after a big open-source development community
created commercial versions. As a result, the cost of FDM
technology has dropped by two orders of magnitude since
its launch. Fused filament fabrication (FFF) is fused filament
manufacturing [18, 19]. Fused deposition modeling (abbrevi-
ated as FDM) or filament freeform fabrication is also known
as fused deposition modeling. It’s a 3D printing process that
employs a thermoplastic filament continuously fed into the
printer. Three-dimensional (3D) printing is accomplished by
feeding a coil of wire into an extruder machine using a roller
mechanism. To melt the filaments in the extruder at a high
temperature. Extruded filaments are ejected from the nozzle
and deposited layer-by-layer on the build plate, following a
predetermined route. In the material extrusion process based
on 3D printing technology, materials like filaments and pel-
lets are commonly employed. FDM technique has several
advantages over 3D printing, including flexible design, low
purchase and maintenance costs, a large range of commer-
cially available materials, fast changeable materials, nontoxic
materials, portable platforms, and low-temperature opera-
tion. As a result of these advantages, FDM has grown in
popularity as a well-suited technology for micro engineer-
ing, is constantly improving, and has transcended the limited
capabilities for micro component creation that defined this
technology only a few decades ago [20-22].Fused deposi-
tion modeling (FDM) is currently used in a wide range of
industrial applications such as automobiles, aerospace and
electronics, pharmaceuticals, medical and consumer goods,
sculpture, and jewelry design [16, 23]. The FDM process uses
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the semi-liquid filament’s heat energy to build a link between
two consecutive filaments. The bond strength between the
filaments and FDM parts is a significant factor in estimat-
ing the integrity and characteristics of the parts [17]. The
main objective of this paper is to explore the bonding and
mechanical properties, as well as neck growth and surface
roughness, between the materials used in the FDM technique,
such as ABS and PLA, as the filament material [2, 24, 25].
Knowing the bond formation is critical in determining the
component’s strength in the literature review. So little work
has been reported in the literature on a quantitative analy-
sis of heat transfer, which is essential for the strength of the
bond produced in the FDM process [26, 27]. As a result,
it’s essential to consider the properties of the formed bond
and assess the dynamics of bond creation, also referred to
as neck growth. The influence of the convective heat trans-
fer coefficient on the neck growth process in FDM has been
investigated in this paper. In this study, the bonding quality is
determined by the degree of moisture or the neck size formed
between neighboring filaments. The goals of this research
are to model the dynamics of bond formation along polymer
filaments during the FDM extrusion process and to investi-
gate the impact of various manufacturing process parameters
such as air gap, build orientation, extrusion temperature, infill
density, infill pattern, layer thickness, printing speed, raster
width and raster orientation on bond formation as well as
mechanical characteristics [28, 29]. This study can also help
present and future scholars, practitioners, and the general
public establish FDM experiments and conduct research on
enhancing or maximizing the features of FDM products.

1.1 Materials for filament

Material used as filament should have a minimum rigidity
to withstand the pushing force exerted by the extruder, so
that solid part of filament could act as plunger for the melted
part. In fused filament fabrication process, generally thermo-
plastic materials are used as a filament. In this section most
commonly used filament materials have been discussed.

1.1.1 Acrylonitrile butadiene styrene

The thermoplastic polymer and amorphous ABS materials
are generally used in 3D printing or FDM. Thermoplas-
tic material was initially produced by the three different
monomers known as ABS. The monomers of ABS are abbre-
viated such Acrylonitrile, Butadiene, and Styrene. ABS has
divided into two-phase polymer systems [28]. A rubber
particle butadiene copolymer produced it with a group of
copolymers called styrene-acrylonitrile (SAN). This mate-
rial is trendy and widely used worldwide—the closeness
of the SAN. The rubber content in the fraction of ABS is
10-25% used commercially. The Percentage of polyvinyl
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Fig. 1 Monomers of ABS polymers
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Fig.2 Schematic of material extrusion (ME) process

chloride is used at 45% for blending. The polyvinyl chlo-
ride percentage is significantly higher, and it has valuable for
better properties. ABS has the most significant consumption
rate compared to other thermoplastic materials. The manu-
facturing and chemistry of ABS are in two-phase. The first
phase is the regular styrene-acrylonitrile (SAN) phase and
a scattering phase of implanted polybutadiene copolymers.
Each phase plays a role necessary for a material character-
istic of ABS. The monomers of ABS polymers as shown in
Figs. 1, 2.

The composition of ABS is acrylonitrile 21-27%, butadi-
ene 12-25%, and styrene 54-63%. Initially, acrylonitrile sup-
ported chemically and balanced heat. Butadiene monomers
provide higher strength and toughness impact on polymer
materials. The styrene monomers have desirable rigidity.
SAN has copolymer but has additional characteristics such as
chemical resistance, surface finish, hardness, and improved
toughness. The thermal property of ABS material mainly
depends on the glass transition temperature. When the tem-
perature rises, ABS material achieves desirable toughness
and ductility and reduces tensile strength while elasticity
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decreases in tension. The main challenge is to improve the
tensile strength of ABS material [12]. It has toughness and
impact resistance of two significant mechanical properties
[30]. ABS has a 230 °C-melting point higher than polylactic
acid (PLA). ABS is not, but PLA is biodegradable. ABS has
a low risk of jamming nozzle [24, 31].

1.1.2 Poly lactic acid (PLA)

PLA thermos-plastic formula is (C3H40O5) n. It is produced
from renewable resources and is very economical. It is the
second-highest consumable material. PLA has by the use of
condensation of lactic acid monomers. For preparation, it
required less than 200 °C [32]. In the FDM process, PLA is
used as a polymer of thermoplastic material [33]. It increases
biodegradable thermoplastic for prototype process and func-
tional parts with good quality [34]. PLA requires less energy
and temperature and does not require a heated bed [35].
Demerits are the jamming of the nozzle during parts printing.
Compared to ABS, it has higher tensile strength, low bend-
ing, and ductility [30, 36]. PLA printed parts require extra
care compared to ABS [37].

1.1.3 Polycarbonates (PCs)

Polycarbonates are one type of thermoplastics distinguished
for outstanding strength, hardness, and durability, and sev-
eral of them are translucent. It has to be high-temperature
thermoplastics with excellent heat resistance, layer-to-layer
solid contact, and a high-quality surface.

1.1.4 Polyether ether ketone (PEEK)

Polyether ether ketone is a good choice since it is a thermo-
plastic with excellent heat resistance, mechanical qualities,
and chemical stability. Especially compared to PLA or ABS,
it offers better mechanical characteristics. It is a biomaterial,
and it is deemed a potential bone healing polymer that can
be used in human prosthetics.

1.1.5 Polyetherimide (PEI)

The transportation sector favors polyetherimide because of
its excellent strength-to-weight ratio, low smoke generation,
and low smoke toxicity. While printing required a high extru-
sion temperature and bed temperature, ULTEMTM 9085 is
the company’s trademark. Because of its lesser density and
toxicity characteristics, it is suitable for usage in aircraft cab-
ins.
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1.1.6 Nylon

Nylon is a good option if the need to produce highly flexible
and durable components. It possesses a high level of tough-
ness and impact resistance. However, it is hugely moisture
reactive, and nylon has a similar warping ability to ABS.
Nylon, along with many other FDM filaments, is hygro-
scopic, which means it absorbs moisture from the atmosphere
when exposed to it. Moisture absorption degrades filament
characteristics, which leads to component deterioration.

1.1.7 Other materials

In addition to the materials stated above, several others
can be implemented. Various materials aren’t typically uti-
lized or studied as filaments. Some examples appear to
include high-impact polystyrenes (HIPs), polyphenylsulfone
(PPSF), polyethylene terephthalate glycol-modified (PETG),
thermoplastic polyurethane (TPU), bio-composite filaments,
ceramic filaments, and other composite material filaments.
The majority of these materials are currently in develop-
ment or challenging to get on the marketplace. Section 4 later
describes the properties of thermoplastic filaments material
with tables. Section 2 introduced the equipment along with
the extruder unit’s material extrusion.

1.2 Material extrusion of extruder unit in fused
filament fabrication (FFF) process

The fused deposition modeling (FDM) technique is per-
formed in the extrusion process and is indicated in schematic
diagram 2. In the material extrusion process, thermoplastic
filament material is fed into the extruder unit to melt [38] by
then heated at maximum liquefier temperature. The extruded
filament is supplied through the nozzle to the deposition sur-
face to produce parts [39].

To analyze the material extrusion process using the FDM
system, set the experimental parameters for requirements
such as estimated filament feed rate, liquefier temperature,
and velocity of the nozzle head. In the fused deposition mod-
eling (FDM) process, acquire the optimum heat input at the
extruder unit [40, 41]. Section 3 discusses preheating a con-
struction plate that already exists in the material extrusion
process.

1.3 Preheating on existing build plate surface

The bond between two adjacent filaments and the building
plate. It is found in this literature survey, a lack of thermal
energy on the surface. Because of this reason, a reduction
in thermal properties and neck growth appeared [17]. Some
processes are applied to preheating various light sources,
including infrared and laser light [20], and require preheating
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across the existing surface with hot air during the extrusion
process. The Source of light supplies thermal energy for pre-
heating when traveling from the extrusion head of the nozzle
on the build surface to the top side of the build surface [8].
When melted filament material comes into contact with the
existing build plate [8]. When the two filaments contact each
other to form a bond, the bond takes place by the touch of
wetted filament, inter-molecular diffusion, and randomiza-
tion process required for the powerful intermolecular make a
hole in glue take place to a more significant limitation com-
pared to deposition of filament without heat transfer [42].
With preheating the surface, change the characteristics of
bond strength and mechanical properties are enhanced by
more than 50%, And as the printing speed increases, so does
the preheating. The surface effect of a heated region when
put in to achieve better adhesion and avoid warping of final
part [2].

1.4 Thermal analysis considering diffusion
in the fused deposition modelling (FDM) process

Process parameters and significance of thermal analysis in
fused deposition modeling (FDM) process. Such as thermal
conductivity (k), heat capacitance (C), density (p), viscos-
ity (i), and these parameters have physical significance to
the improvement of bond formation quality [1]. Since the
bonding of thermoplastic polymer components in the mate-
rial is thermally operated, the temperature of the interfaces
has been used to estimate the bond’s quality level and better
strength characteristics of mechanical parts [43]. The forma-
tion of bonds in fused deposition modeling (FDM) depends
on the thermal properties, liquefier, envelope temperature,
and temperature cooling profile. Heat transfer occurs due to
the temperature gradient (AT), and the transfer of heat is a
function of temperature and the liquefier’s thermos-physical
properties, tip modeling, and material, as well as the fila-
ment’s cross-sectional size and volume flow rate. Generally,
the liquefier temperature (TL) of thermoplastic material ABS
P004 is 270 °C, and the ambient temperature is 70 °C [1].
The thermoplastic semi-molten material is deposited, and the
semi-molten filament is junctions with environmental mate-
rial. The interface temperature must be higher than the glass
transition temperature of 94 °C. For the adhesive bond to
develop quickly [44].If the interface temperature is below
the glass transition temperature, no reaction occurs between
the deposited filaments with surrounding material and no
bond formation [18]. The filament’s temperatures are slowly
decreasing to cool at the ambient temperature. The process of
cooling has transient as well as substantially complex nature-
wise. The physical significance of the short model for the
cooling process is time is increases with decreasing tempera-
ture [19]. The model of the cooling process in a transient state
is derived in Sect. 6, and steady-state heat transfer analysis is

Table 1 Thermal properties of ABS P400 [1] and PLA [45]

Parameters Values

ABS PLA
Thermal conductivity k,% 0.177 0.13
Specific heat C, J/kg k 2080 1800
Density p, kg/m3 1050 1240
Glass transition temperature 7'g,°C 110-120 60-65
Thermal diffusivity «, mm? /s 0.12 0.058

Table 2 Thermal properties of poly-ether ether ketone (PEEK) [26]

Property Value
Melting temperature (7m) 343°C

Glass transition Temperature (7'g) 143°C
Density (o) 1320kg /m>
Thermal conductivity coefficient (k) 0.25W /m°C
Specific Heat Capacity (C) 2177J /K g°C

performed to get heat input into the extruder unit explained
in Sect. 5 (Tables 1, 2).

1.5 Heat input for melting of filament in fused
deposition modelling (FDM) process

Considering steady-state heat transfer analysis is performed
in the FDM system. To get heat input Qin at extruder unit
because melting thermoplastic filament in the material extru-
sion process [46] is expressed in Eq. (6). The existence of
a temperature difference is a requirement for heat transfer
rate. When thermal energy is transferred, an applied force is
needed to handle temperature differences—the net amount
of heat transfer Qin throughout in time interval to calculated
from the Eq. (1).

At
0- /Q*dt(KJ) )
0

Heat flux is the heat transfer rate per unit cross sectional
area. It is expressed in Eq. (2).

2
x=— w/m 2
q -+ v/ 2
It was noted that energy interaction by the rate of heat
transfer by balancing the energy equation in extruder unit
[47]is expressed in Fig. 3. Consider a steady state conduction
through extruder unit and temperature difference across the
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Fig.3 Schematic of heat input of
extruder

Liquefier Temperature

¢

Heat Input Qin

unitis AT = (TL-TE)

Qin — Qout ar 3)
in— Qout = —
dt
where (Qin) heat input at liquefier temperature and (Qoyt)
heat rejected at surrounding temperature.
For steady-state operation:

Qin = Qout = Constant @)

Qin =m.Cp.(TL —Too) = p.V.Cp(TL — Too)  (5)

where C is specific heat is to be defined by the amount of
thermal energy required to increase temperature unity mass
of gas by unity temperature.

)
m:,oVandA:Zd

Putting the value of m and A in equation (5) to get the
final expression in terms of Qin heat input as below.

Qin = npd*VfCp(Tl — Too) /4 (6)

where A, p, d, Cp, Vf, TlandT oo are the cross-section
area of filament, density of filament, diameter of filament,
specific heat of filament at room temperature, liquefier tem-
perature and room temperature at 20 °C [40].

1.6 Cooling process of extruded filament in (FDM)
process

The cooling process of extruded filament is modelled by
using an analysis application. An assumption of lumped
capacity should be considered during the analysis. Assume
a homogeneous temperature circulation all over the cross-
section, and temperature variation in the cross-section area
ignored. The idealized filament cross-section is used as the
circle in Fig. 4a and b in the cooling process, consider a
one-dimensional 1D transient heat transport model. For the
purpose of determining a single elemental filament [1, 18,
44].

1. Considering the assumption for simplification and the
thermoplastic material melting in the extruder of nozzle

@ Springer

Change in Energy (E)

H Heat output Qout

3 Ambient Temperature

takes, the cross-section is circular, which is assumed to
be cylindrical.

2. Depositing the cylindrical filament on the platform.
Assume the semi-infinite length. Assume that sinks into
the build platform.

3. For simplification of the one-dimensional heat transfer
model assumed that the uniform temperature distribution
on the entire cylindrical roads.

4. Deposition of the filament on the build platform by
extruder unit with a constant rate.

5. The tip of the nozzle is mounted on the bottom part of
the extruder head. Selecting the prior nozzle time over
the origin coordinate system to formulate

aT

Energy in from left side of the surface Q;, = —KA e
X
)
. . T
Energy out from the right side of the surface Q,, = —K A o |x +dx
X
®)
. oT
Change in internal energy = pCA Idx C)
Convection heat transfer with air = h1.(P — A).(TL — TE)dx
(10)
Convection heat transfer with foundation = h2.A.(TL — TE)dx
(I

where P and A, perimeter and area of the shape. Mass of
foundation is much higher than filament mass so that the
conduction at the interface does not much change the foun-
dation temperature. Conduction heat transfer of foundation
considers in the form of convection. For the differential ele-
ment, the energy balance is

oT  AKYE)

= —9%9%° _hP(TL—-TE) (12)

cA’l
Pt ax

where h = hl + h2, with range estimated from 50 to
100 W/m? °C. The h covers the total heat transfer coeffi-
cient effect of both convections with air and conduction with
foundation.

Boundary condition:

withT =TO0, atx =0andt >0 (13)

AndT =Too, atx =occand t >0 (14)
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Fig.4 Schematic of (a) deposition and (b) cooling of a filament in FDM

The velocity of nozzle head moves at a constant velocity
v along the X-axis when extruding. x = vt And the time
dependence is dT/dt is transformed to:

OT 8T dx _ oT

=—v
ot

= 15
ot ox ot (15)

The governing equation reduces to an ordinary differential
equation form:

aT  AKIL
pCAv— = M

—hP(TL—-TE 16
ox o ( ) (16)

Applying the boundary condition (13) and (14) into
Eq. (16) to get the analytical solution in terms of temper-
ature distribution profile.

T =TE+(TL —TE)e™™ (17)

where T is the average or interface (Tavg.) continuously
varying with time and hence interface temperature described
as the function of time (¢).

In transient heat conduction, heat transfer due to conduc-
tion vary with time.

144 -1
With m = Mandx:vt
20
k hP
wherea = ——, and 8 = (18)
pCv pCAv

where the term m is the coefficient constant of
aandBareroots, the value of m written in the form of
quadratic equation [19, 44].

A = Areaof cross section

P = Perimeter of cross section

h1.(P-A).(TL-TE)dx

Extruder Unit

dx Qx+dx

S ——

a

Build
Platform

h2.A.(TL-TE)dx

v = Velocity of extrusion head

And thermal properties are p, k, ¢

Putting the value of x = vt in equation (17) tomodified
in the terms of m

T=TE+(TL—TE)e ™ (19)
1 TL-T

Therefore, m = — In & (20)
vt (T — Too)

Putting the values in Eq. (18), and B is expressed in terms
of manda, itsresultinequation(21)

B=m@ma+1) 21

In order to determine the convection coefficients’ relation-
ship, (h) and time (t), when put the value of m from Eq. (20)
and along with the value of B from (18) into Eq. (21) and
resulting in Eq. (22).

L (0ACv) (iln(TL - Too)) (ﬁln(TL - Too)) w

P vt (T —Too) vt (T —Too)
(22)

From Eq. (22), analyse that the controlling parameters
are the velocity of nozzle head, extruder unit temperature,
surrounding temperature and thermal properties of the mate-
rial, etc. The natural or free convection occurs between the
extruded filaments with atmospheric air, and its atmosphere
plays a vital role in cooling extruded filaments [19]. A hand
data book of heat transfer is used as a reference in thermal
analysis of fused filaments fabrication process [47]. The ther-
mal study developed in the FFF process described in Sect. 7
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predicts the bond formation and neck growth and neck for-
mation’s effect on parts strength, surface finish, and part
accuracy.

2 Discussion
2.1 Prediction on bond formation

When forming a bond between two filament materials in
fused deposition modelling (FDM). The bond formation
occurs through three processes 1. Wetting 2. Diffusion
at interface 3. Randomization. The first step at interface
intermolecular surface touching by wetting. The molecule
undergoes motion in the preferred configuration to attain
equilibrium. The diffusion of molecules at the entire sur-
face of the existing plate at the interface and reaction to
developing the initial bond formation occurs chemically over
the interface. After that, the randomization process extended
for molecular diffusion of bond parts to undergo critical
states [1]. Increasing the liquefier temperature so there are
no significant effects on deposition filament and achieve the
considerable strength of the bond between the adjacent mate-
rials [18]. In the FDM process, the temperature of deposition
material must be greater than the transition temperature,
somewhat extended over a specific period. In this state, diffu-
sion of molecules takes place on the interfaces. The interface
between the filaments slowly disappears and grows the qual-
ity of bond and mechanical property at the interface [19, 24].
In the literature survey, it has been found that the formation of
neck size stops well before the glass transition temperature.
It decreases the interface temperature from extrusion temper-
ature to surrounding temperature. It considers the convection
heat transfer coefficient varying from 50 to 100 W/(m? k).
Interface temperature exponentially decreases with time. The
main reason is that the significant thermal gradient between
the interfaces and surrounding results in a higher rate of con-
vection heat transfer due to an increase in the higher rate of
heat transfer at a later stage interface, and surrounding tem-
perature decreases. It was found that the cooling profile for
convection heat transfer coefficient. If changing the coeffi-
cient value, a new cooling profile is generated. That means it
depends entire limiting sintering temperature over the con-
vection heat transfer coefficient [17].

2.2 Prediction on neck formation

The neck growth observation between the filaments in the
fused deposition modelling and polymer sintering model is
combined with heat transfer [48]. The neck growth is depen-
dent on the temperature of material properties such as density,
thermal conductivity, heat capacitance, viscosity, and surface
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tension. The neck formation is found in the analysis of exper-
imental data [17]. The literature survey observed that in parts
produced in the fused deposition modelling (FDM) process,
the bottom layers of elements show higher neck growth than
the layer at the top. Formation of neck growth occurs due to
conduction heat transfer to another filament layer deposited
above the bottom layers, and a hence higher temperature is
maintained at the bottom layers of parts for the more extended
time shown in the below graph Fig. 5 [19]. The literature
found that the bond strength and mechanical properties [49]
of the FDM process formed parts depend on the dimensional
neck size. It is essential to achieve the desired dimension of
neck size [2]. The highly dependent parameters belong to
the thermal properties of the thermoplastic polymer material
[50]. The effective velocity of the nozzle head, the diameter
of filament, extrusion temperature, ambient temperature, and
convection coefficient condition improve the neck growth
between the materials in the 3D printing process [44, 51].
And it is seen that during the survey, extrusion temperature
has a significant role in forming the quality of bond compared
to the surrounding temperature.

Effect of temperature and convection coefficient on
dimensional neck size. It found that dimensionless neck
growth increases correspondingly with time. The bond for-
mation between the neighbouring layer of the thermoplastic
polymer process is (1) surface contact by wetting. (2) Neck
size formation. (3) Inter-diffusion of the molecule at the inter-
face surface (4) Randomization. In Fig. 5. Shows the neck
growth steps infused diffusion modelling process. The bonds
between the two neighbouring layers involve surface touch-
ing, dimension of the size of the neck growth, and attraction
of molecule, as shown in Fig. 6. The bond takes place between
the next filament in a layer. The layer formed between the
extruded filament in a row and observed that bond formation
occurred. The solidification of filament attains less time to
cool the filament, and due to this get, partial neck forma-
tion between the filaments results in induced porosity in the
layer [34]. Increasing the porosity reduces parts strength in
the fused deposition modelling (FDM) process [17].
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Fig.7 Neck dimension, height and width of filament [61]

2.2.1 Effect of neck formation on part strength

When the filament is extruded on the deposition surface to
produce parts in a three-dimensional (3D printing) process,
the bond formed by an deposited road is essential [52]. The
bond developed between two adjacent road is known as neck
formation or neck growth. The dimension of neck size is
used to predict the bond strength quality. The surface tension
of thermoplastic polymer material influences the growth of
neck size, and heat is then transferred to the environment [1].
Use an image processing tool; the size of the dimensionless
neck is measured. The literature observes that the surface ten-
sion of nanocomposite is higher than ABS polymer [53, 54].
The nanocomposite was observed the more elevated surface
tension that is useful to form better neck size between the
two filaments shown in the [55, 56] Fig. 7—and resulting in
the enhancement to FDM of the strength of parts. Observed
that a significant neck dimension would tend to the reduction
of the void between the two neighbouring filaments [57]. In
general, the porosity of nanocomposite is lesser than the ABS
polymer. More secondary, the porosity leads to the bond of
parts strength [54, 58].

In the analysis of tensile properties such as tensile strength,
yield strength, modulus, and elongation observed at different
nanocomposite compositions, the effect of nanocomposite on
the tensile properties of the filament [ 14]. When the increased

percentage composition of nanocomposite is 5-10% with
improved tensile and yield strength properties, gradually
growing, and the percentage of nanocomposite by 15% drop
the strength properties.

The maximum parts strength was observed at 10% of
nanocomposite and minimum at 15%, respectively, as shown
in Figs. 8a and b. The result of neck growth to the enhance-
ment of ultimate tensile and reduction in shrinking [59, 60]
Figs. 9a, b, and 10.

The neck growth rate is significant because of the exis-
tence of heat up to a suitable time has done for expiring
and beyond the specific range of time to the reduction in
neck growth rate.and ultimately reached to the closing value.
Dimensional neck in a significant role in the FDM process to
estimate the Tensile strength [62]. Tensile load is the function
of time. The neck dimension’s growth rate reached propor-
tion before the filament fully solidified. As resulting the value
of tensile strength increased [63]. In the FDM process, the
extrusion head deposits the material one layer over another
to maximize the time to increase the temperature needed to
grow the neck size greater and enhance the strength of the
part. The ultimate tensile load test by the ASTM-D638 sim-
ple tension test in the FDM process. It was observed from the
data strength of the 3D printing component in the transverse
direction is higher over the build direction due to the stabil-
ity of the interlayer checking layout being higher than that
of the interlayer examining layout [64]. The thermal energy
of the semi-molten filament is used to bond the two fila-
ments simultaneously. The strength of parts depends on the
interlayer and inter-layer bonding [65]. The strength of bond-
ing is different due to different temperature gradients. Bond
strength is characterized by the rate at which the neck among
the raster grows, as shown in Fig. 11. The quality of bond
strength is determined by the growth of the neck dimension
between two neighbouring polymer materials, which causes
diffusion, crosslinking, and neck growth enhancement is pos-
sible at the interface and improvement in parts strength [66].
The fracture variation takes place between the intra-layer and
interlayer [67].

The test specimen is prepared alternately in the direction
of extrusion. The tension test of the specimen by UTM to val-
idate the bond strength is dependent on the raster orientation
and neck formation is shown in Fig. 12.

It is very significant to examine the mechanical character-
istics of FDM parts among the filament to produce the bond
quality. The dimensional size of neck formation and high rate
of wetting formed between the two filaments is practical to
Estimate the bond quality. Some process parameters affect
the mechanical properties and developed porosity, such as the
air gap between the filament and the raster’s width [69]—the
investigation of porosity in 3D to poorer bond quality. Hence
lower the porosity, the better the mechanical properties [70].
Porosity affects the intra-layer and inter-layer bonds. The
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voids are formed due to improper deposition. When depo-
sition strategy [71] is well under control, so more minor
porosity forms, and inter and intralayer form adhesive solid
bonding between the filaments and improve the mechani-
cal properties [72]. Mechanical properties of intralayer and
interlayer are different because of the different temperature
gradients of both cases. And found that the time taken to
deposition is less than the time from layer to layer. As a
result, intralayer bond strength is more vital than inter-layer
bond.
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2.3 Prediction of mechanical property in FDM
process

The FDM process’s significant challenges in investigating the
printing parameters over the effect on mechanical properties
to improve in mechanical properties of porosity. Significantly
neck size increases after reducing the porosity between the
filaments. The necking phenomena are observed in Fig. 13.

2.3.1 Effect of porosity on mechanical properties

In the FDM process, observe the presence of porosity
between the layer because this modulus of elasticity and
strength of the parts decreases continuously, also, due to
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(1) Cross section
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(2) Neck growth
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the strands and
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Fig. 11 Stage of bonding process in FDM [68]
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Fig. 13 Neck growth phenomena in FDM [22]

building orientation, when the void forms between the layers,
reductions in neck growth dimension are relatively inferior to
the mechanical parts strength elasticity. It is concluded that
selecting proper building orientation and model of exposure
plays a significant role in improving neck growth. Results in

bigger void size, less neck growth, and strength of the parts
as shown in Fig. 14a, b and c.

The main parameter is the layer thickness that influences
the reduction of the porosity between the filament, and strong
molecular diffusion takes place at higher temperatures to
improve the strength of parts quality [73] effect on printing
process parameter on mechanical characteristics with poros-
ity [74] in Fig. 14. The best parameter for obtaining specified
mechanical attributes can be found from Fig. 15a and b.
When the layer thickness is reduced from 0.3 to 0.1 mm, the
void density decreases, and the mechanical characteristics
improve. By increasing the printing speed then, void density
slightly changes and has not much effect on mechanical prop-
erties. Printing speed significantly reduces the manufacturing
time but affects the dimensional accuracy. Lower void density
to obtain higher mechanical performance. It was increasing
extrusion temperature to a slight change in the mechanical
strength. Meanwhile, layer thickness went from 0.3 to 0.1,
and void density decreased and enhanced mechanical proper-
ties’ performance in the fused deposition modelling process
[22]. Variable process parameters impact the bond strength
in the FDM process. In this experiment using ABS material
[75, 76]. The deposition of filament in the oblique direction,
whichever is loading to the direction of the universal testing
machine (UTM).

2.3.2 The variation in strength of bond with road gap

From the Fig. 16. Observed that the increasing road gap
between the filaments started to decrease the bond strength. It
is because of increase the road gap and decreasing the contact
area between the roads.

2.3.3 Variation in bond strength with nozzle temperature

From Fig. 17. The influence of nozzle temperature on
the strength of the bond. Meanwhile, nozzle temperature
increases along with the bond strength. It started to fall
after a specific value; at the beginning inter, road bond
strength increases along with increasing the nozzle tem-
perature because of the intermolecular solid adhesion bond
uniting the road with not much change in shape and dimen-
sion. It may be degradation of the polymer after a certain
period beyond a temperature, so the reduction in the bond
strength is possible.

The Fig. 17 shows that when the bond strength increases
with increasing the chamber temperature, the melting mate-
rial is kept at a higher temperature for a more extended time
[77]. The studies of the various parameter impact the quality
bonding to improvement in the strength of final parts.

Investigation of the fundamental relationship between
bond formation and mechanical properties of the final part.
The parts’ strength was evaluated by bonding between the
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two filaments to the formed neck. Neck size estimates the
mechanical properties. This process is involved the follow-
ing steps. The steps are surface contact between the filaments,
diffusion, neck formation, and randomization. The distri-
bution between the adjacent beads at the interface until
randomization is shown in Figs. 18, 19. Initially contact
between the roads of radius. 2. Neck growth 3. Intermolecular
diffusion between the polymer and neck growth. 4. Random-
ization between the adjacent roads, where a is the radius of
roads and y is neck length.
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The process parameter in FDM to impact on mechanical
properties such as connect the print head as well an extruded
road as shown in Fig. 20a and b.

Investigation of the print head with an extruder road, the
cooling road, and polymer bonding is observed that in the
extrusion process of additive manufacturing is, the strength
of melt AM parts is limited compared to the bond strength
between the neighbouring beads of polymer material parts.
This phenomenon occurred between the adjacent roads to the
formation of solid adhesion. Part’s strength is subjected to the
contact area uniting the beads. Estimate the performance of
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Fig. 19 Necking between adjacent roads [5]

mechanical properties on the bead contact between the adja-
cent polymers. The road bonding sintering process is used
by using a viscous flow mechanism to improve the binding
strength. Thermal energy drives the sintering process, and
Sintering is significant. The function of the temperature of
one road is at the interface over the other road to examine the
bond strength.

AM controlled requires maintaining a constant road width
and ensuring that the printed bead has sufficient thermal
energy to create a strong bond with the material on which it
is printed while varying feed rate with printing head velocity.
When the bonding between the two adjacent roads resulting
neck formation. The term "intra-layer" is defined that bond
formation within a layer, and the other word is "interlayer,"
whereas bonding formation between the top and bottom
layer. Neck growth describes the effect of bond creation
over time. Suppose Increasing contact area, which means
better bonding. Hence increasing contact area is significant
to the highest strength for specimens with better dimensional
stability. Dimensional neck size influences the strength and
accuracy of parts [5]. Thermoplastic is very sensitive to tem-
perature changes in the fused deposition modelling process.
The temperature affects the part’s strength in the additive
manufacturing process. In this research, temperature influ-
ences neck growth formation. The neck is observed before
the final pieces are manufactured. Neck size estimates the
strength of the part [78]. Suppose two adjacent filaments form
a bond resulting in neck formation. Two types of bond for-
mation occur termed Intra and inter-layer bond formation.
Whenever bond formation within a layer called interlayer
and fond formation between the top and bottom layer is
called interlayer bond formation. Phenomena of neck growth
are affected by temperatures. Better bond strength observes
when the contact area increases between the layers, resulting
in a more considerable contact area and better bond strength.

The influence of dimensional neck growth enhances the
dimensional part’s strength and accuracy in the additive
manufacturing process [79]—the expression of neck size in
dimensionless quantity based on neck size to specified load.
Dimensionless neck size is shown in the step-by-step process
in the following Fig. 21a, b and c.

The variation of neck growth with temperature is shown
in Fig. 22. When the temperature increases correspondingly,
neck growth increases because interface temperature exceeds
glass transition temperature, generally for ABS 110 °C.
Because the molten material reaches the glass transition
temperature and neck formation stops at this stage. Hence
intermolecular diffusion occurs in the polymer to form a
bond. When the temperature decreases results, no neck for-
mation occurs. To obtain the desired parts strength with a
prediction of neck size. The relationship between the neck
growth and interface temperature to get effective bond for-
mation.
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Fig. 23 (a) 245 °C Extrusion
temperature, and (b) 260 °C
extrusion temperature [80]
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Fig. 25 Dimensional neck growth

The specimen of manufacturing parts is obtained with two
different extrusion temperatures, such as 245 and 260 °C.
Both samples were tensile tested in UTM. During the testing
specimen fracture and observed SEM for the bond formation
as shown in Fig. 23a and b.

2.3.4 Variation in absolute neck growth with interface
temperature

It was found that from Fig. 24. When the extrusion temper-
ature rises increases, the neck size. Intermolecular solid dif-
fusion occurs between the two adjacent roads—desired neck
size obtained with extrusion temperature. When increasing
thee, extrusion temperature correspondingly interfaces tem-
perature rises, improving dimensional neck size [80].

2.3.5 Effect of neck formation on parts surface finish

The fabricated parts of surface roughness are measured using
a device called Talysurf. The tip of the Talysurf stylus is
movement all over the top surface of the cross-section to
obtain deviation on the surface profile or to measure the
surface roughness in the measurement direction. Surface
roughness (R,) originating at machine output results in an
arithmetic average to exit the roughness profile from the cen-
treline within the estimated length.

1
R, = 1/ y(x)dx (23)
L' Jo

where R, surface roughness of the profile average, y(x) is
the height of the surface profile and / is length of sample [81].

In the literature survey, the surface finish in the fused depo-
sition modelling Process is influenced by various parameters.
One of the most substantial concerns in the FDM process
nowadays is boosting quality surface finish. The neck growth
configuration is shown in Fig. 25. The critical parameter for
increasing surface finish, likely road gap, nozzle tempera-
ture, and liquefier temperature as shown in Fig. 26. The main
parameter is road gap increases with an increase in the surface
roughness of objects. However, reduced road gap decreases
peak to valley height and improves surface roughness, as
shown in Fig. 26.

2.3.6 Variation in surface roughness with nozzle
temperature

When nozzle temperature is kept higher significantly better
surface finish is observed in the fused deposition model-
ing process. Surface roughness slightly varies with liquefier
chamber temperature, and road gap and nozzle tempera-
ture play a significant role in improving surface roughness
over the chamber temperature, as shown in Fig. 27. When
increases nozzle temperatures and decreasing road gap result
inadecrease in surface roughness. Lower road gap along with
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It is seen in Fig. 29. When nozzle temperature increases and
road gap decreases, that results in the decline of the surface
roughness. A low road gap and high nozzle temperature are
desirable for better surface finish and strong bond formation
[77].
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The heat-resistant resin is used in FDM for experiments.
It is poly ether-ether ketone (PEEK), which possesses a
high melting temperature of 343 °C. This thermoplastic
polymer has an excellent advantage to improvement in the
surface roughness. It was seen that the most substantial ten-
sile strength of parts with 100% infill density. Because of high
melting, platform temperature is higher. So, components pre-
vent deformation and warping [82].

The cross-sectional profile is observed to be an ellipse, as
shown in Fig. 30a Zero overlap ratio and the Fig. 30b The
shape of the 3D printed PEEK display the different porosity
with ellipse even with the same printing settings, extrusion
material flow, and overlap gap. An analysis from Fig. 30a
and b.

It is clear that a bit of bond is produced between the layer
surface and touching the surface to diffuse because of surface

tension operated by the material’s thermal properties. Due to
this void between the adjacent filaments appeared. It is not
significant for the Neck growth in the FDM process; it occurs
due to insufficient energy to accelerate the polymer to move.
And therefore, heat resistant mechanisms need high heat-
ing temperature further to improve dimensional neck size
formation. Neck size is desirable to estimate the bonding
quality. The heat-resistant resin in the FDM process is signifi-
cant for improvement in surface finish and declining overlap
between the surface roughnesses. For the experiment, we
fixed the zero-overlap interval. The bond formation between
the filaments by molecular diffusion arrangement is shown
in Fig. 31a, b, c and d The shape of the filament is an ellipse.

In the FDM process, PEEK is used to perform several
experiments to improve accuracy and surface roughness [83].
Comparing the result experimentally as well as calculated
results. Investigation of several parameters during printing,
likely temperature of nozzle, platform temperature, layer
thickness, and printing speed for better surface finish and
morphology [11].

Variation in surface morphology of PEEK printed parts,
experimental and model results of surface roughness with the
nozzle temperature 340 to 420 °C.

From Fig. 32a, b and c observe that when increasing the
nozzle temperature, the results in void size appeared to be
small. In this investigation, based on the thermal physical
properties, when the rising temperature enhances the kinetic
energy of the molecular moment, strong diffusion takes place
between the molecules due to this void disappearing from the
filament surface.

When nozzle temperature increases 380-420 °C results
decrease void and surface roughness drops. We observed
that nozzle temperature’s impact is more than the build plat-
form temperature on the surface roughness. The main reason
behind the temperature of the nozzle is a function of thermal
energy to supply heat. Thermal energy calculates the kinetic
energy of molecule movement. Hence building platform tem-
perature impacts the higher than the ideal kinetic energy from
the first molecular motion diffusion time to a larger region.
Also, similar phenomena were found in platform tempera-
tures varying from 220 to 300 °C, while rising the platform
temperature decreases the roughness and void formation, as
shown in Fig. 33a, b and c.

Surface morphology of PEEK printed parts varies with
printing speed, experimental and model results of surface
roughness varying with printing speed ranges from 5 to
25 mm/s as shown in the Fig. 34a, b and c.

Increasing the printing speed from 5 to 15 mm/s results in
dropping the surface roughness. Then further increasing the
printing speed continuously increases the surface roughness
because the heat transfer results in the surface roughness
between the depositions of filament over the build platform
[84].
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Fig.32 (a) Morphology at Tn.
3800 °C, (b) Morphology at Tn. (@)
4200 °C, and (c) Line Roughness
vs Nozzle Temperature [26]
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In the surface morphology investigation of printing param-
eters, the term stacking indicates that a large quantity of
filament deposited on the printing surface occurs due to the
nozzle deposited more an extended period at a lower print-
ing speed. Surface roughness is higher enough at a higher
printing speed, and the nozzle squeezing effect on surface
roughness was observed and considered [85].

Surface morphology of PEEK printed parts varies with
layer thickness, experimental and model results of surface
roughness change with layer thickness ranges from 5 to
25 mm/s as shown in the Fig. 35.

It is different to affecting the surface roughness by tem-
perature. When increasing the layer thickness results in
increasing the surface roughness.

@ Springer

L
390 400 410 420
Nozzle temperature Tn (C)

It shows that the void size is more prominent, whereas
increasing the thickness of the layer affects the roughness.
It means that increasing the layer thickness increases void
and surface roughness. And nozzle squeezing at lower Layer
thickness due to high viscosity and poor fluidity that worsen
the surface roughness. The recommended layer thickness of
0.15 mm is the best surface finish [26]. The literature survey
reveals that the final FDM parts have poor surface proper-
ties; likely, surface roughness, dimensional correctness, and
even minor mechanical properties are all factors to consider.
Generally, FDM parts require post-processing to enhance the
quality of surface finish [9]. It is introducing new techniques
to improve the surface properties. The chemical treatment
technique is used because it has a low initial cost investment
and advantages the surface roughness effectively. Based on
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Fig.33 (a) Morphology at
Tp. 2200C (b) Morphology at (a)
Tp. 3000C and (c¢) Line
Roughness vs Platform
Temperature [26]
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the performance of chemical treatment technique to effect
on surface roughness, impose it. Surface roughness can be
improved using a combination of Chemical approaches and
3D characteristics such as layer thickness, infill density, and
orientation. The chemical treatment process uses Nano clay
to smooth the surface roughness. Nanoparticles deposited via
chemical and solvent form on printed FDM parts to enhance
the surface.

The filament material is used as ABS to produce parts,
and post-processing is used in both Nano clay and dimethyl
ketone (DMK). It is very cheap and widely used in the

Printing speed v (mm/s)

chemical treatment process. The Nano clay and DMK are
appropriately mixed and immersed in the parts to obtain a
smoother surface. The nanoparticle can improve the mechan-
ical properties [86, 87]. The primary objectives of this study
were to analyze the effect of post-processing on FDM parts
to attain the desired surface qualities. For practical use in
industrial applications such as assembly parts, rapid tooling,
and castings. An investigation of the chemical treatment pro-
cess of surface roughness found that more surface finish at
the lower thickness Showed than higher layer thickness [10,
88] as shown in Fig. 36.
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It reported that at lower layer thicknesses, the consequence
of lower stair and height of peak to valley of araster is smaller
than at higher layer thicknesses. When using the chemi-
cal treatment techniques of NC and DMK on FDM parts
specimen, the substantial reduction in surface roughness and
achieve the desired better surface properties at a lower layer
thickness of 0.25 mm to obtain 91.7% and a higher layer
thickness of 0.30 mm to acquire 94.9% respectively.

Achieve the desired surface due to the interaction of ABS
with DMK solvent solution. Due to the staircase effect on
FDM parts. When the DMK with the outer surface of FDM
parts, soften the outer layer parts. The sliding of the poly-
mer chain, one over another, breaks the bond, and the void
gets filled. When the solvent evaporates, the polymer gets
solidified to this phenomenon substantial reduction in sur-
face roughness, as shown in Fig. 37.
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The immerse time and Nano clay content did not sig-
nificantly increase the surface roughness over the declining
modified surface roughness. To achieve the significant sur-
face roughness at a low quantity of clay with moderate
immerse time over both thicknesses of layer [89, 90] as
shown in Fig. 38. When Results of layer thickness on the
microstructure 1.58 and 0.72 mm cross-section of specimen.
It was found that there is no significant effect on grain size or
microstructures between both samples, and chemical treat-
ment techniques din not substantial. The average surface
roughness of both specimens is similarly observed at a grain
size of 40 pm, as shown in Fig. 39.

The result of surface roughness in mechanical character-
istics in FDM parts, when the thickness of components is
decreased, relatively the area of the specimen grows as the
effect of surface roughness on mechanical properties grows.
It was recognized that reduction in the layer thickness of the
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Fig. 39 Microstructures of (a) 1.58 mm Al sheet surface and (b) chem-
ically etched 0.72 mm Al sheet surface [91]

parts’ surface roughness enhances because of that tensile and
yield strength fall when the number of grain size compara-
tively decreased. The size layer thickness of both graphs is
1.58 and 1.04 mm, respectively [92], as shown in Fig. 40.

And also, ductility decreases. For smaller thickness, neck
size is observed less due to plastic deformation not diffusing.
Dentlocalized necking is a method to enhance neck size in the
direction of thickness in thick specimens. It is observed later
the uniform elongation. Hence plastic deformation widely
occurs, and neck formation increases. In the fragile sample,
no necking appeared, uniform elongation decreased, and sur-
face defects, including surface roughness, initiated crack. In
mechanical properties, the effect of size and surface rough-
ness must be considered when material and parts are reduced
[91]. The familiar surface defects in the fused deposition
modelling process are staircase, burrs, chordal effect, and
any misprint of the beginning and end of filament deposi-
tion.

The survey of this paper found that the temperature of
liquefier higher than the material of the filament is more in
molten or fluid states desired for surface finish. Layer thick-
ness increases with surface finish. The build orientation is
70 deg. And layer thickness of 0.007 inches is desirable
for surface finish. Surface finish is not significant in terms
of a better quality of parts but is also considered to reduce
post-processing time and cost. When the fused deposition
modelling (FDM) process produced pieces, it was found that
the always space amid the neighbouring filaments, as shown
in Fig. 41a and b.

From the Fig. 42. When increasing the increasing layer
thickness with the effect of stair case increasing due to void
increasing between the adjacent roads and results in increas-
ing the surface roughness [94].
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Fig. 40 (a) Surface roughness at thickness 1.58 mm, and (b) Surface roughness at thickness 1.04 mm [91]

Fig. 41 (a) Road Width and (a)
Layer thickness, and (b) Layer

showing roads and the air gap

between roads [93]
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Fig. 42 Surface Roughness Vs. Layer Thickness [93]

From the above Fig. 43. When the parts orientation at
lower angles which affect the top layer each other by stacking
and results in increase the surface roughness [95, 96].

When the offsets occur between roads which affects the
surface roughness on a shallow inclination with Steep as
show in the Fig. 44. In this found that the better surface finish
at lower layer with a high part orientation [93]. The neck for-
mation produced when two adjacent filament formed bond
and bridge formation that phenomena is called necking as
shown in the below Fig. 45a and b.

From Fig. 46. It was discovered that the surface rough-
ness increases when the layer thickness grows, rising due to
the dimensional size of the void and the air gap being more
significant. When the layer thickness decreases, void size
disappears between the filament and gets smoother surface
roughness [97]. An investigation found that factors affect
surface roughness and parts accuracy by the layer thickness
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dimension. The desirable parameter for the surface rough-
ness is low deposition speed, low infill density, and lower
layer of thickness [98, 99], as shown in Fig. 47.

Layer thickness is significant to investigate for suitable
surface finish and parts accuracy. Optimize the 3D print-
ing process parameters. It obtains a considerable dimension
of parts accuracy and good surface roughness. Results from
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Fig.45 (a) Neck Formation, and
(b) Neck growth evolution at

constant Temp.220 °C with
interval of time of ABS [97]
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Fig. 47 Surface roughness [81]

Fig. 45 Indicate that the lesser thickness is best for accuracy
and roughness [81, 100].

Surface roughness as a function of layer thickness, road
width, raster angle, and air gap as shown in Fig. 48 below.

From Fig. 48. We have seen that the medium layer thick-
ness is better for surface roughness. If increases the layer
thickness increases, the surface roughness. A layer thick-
ness of 0.2—0.3 mm is optimum for surface roughness. When
initially increasing the road width, that decreases the sur-
face roughness at medium roads width that is increasing the
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RP Part
N 2N
\ N
N \
N\ A
N e —\

Thin Layers Very Thin Layers

surface roughness [101]. Changing the raster angle slightly
drops the surface roughness [102]. And the negative air gap
affects the surface roughness, and when increasing the air gap
is positive in the fused deposition modelling process, better
surface roughness and part strength are desired [27].

2.3.9 Effect of neck formation on part accuracy

One of the biggest concerns in the fused deposition mod-
elling process is accuracy. Accuracy is primarily affected by
the manufacturing parameters, and the orientation directly
influences the accuracy and repeatability of FDM parts. The
accuracy of other plastic technology is higher than building
FDM parts [97] and, at the same time, enhances the preci-
sion of dimensioned elements and improves the mechanical
qualities of the parts. The mechanical characteristics of the
FDM process are not particularly connected to part accuracy.
And more significant size object is more accurately manu-
factured in FDM. The dimensional accuracy is determined
by the average deviation from all inspected dimensions. The
relationship used for the dimensional accuracy is expressed
from Eq. (24).

. Klen. + Kwl + Kw2+ Kh
B 4

Kd (24)

KD is the coefficient of dimensional accuracy, and Klen
is the length. Kw1, Kw2, width at 1 and 2. Oh, thickness. It
was observed that lower accuracy results in a higher value
of dimensional accuracy coefficient. So desired accuracy is
achieved at the lower coefficient of dimensional accuracy.
The coefficient of repeatability is determined by the average
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Fig. 49 Accuracy and repeatability coefficients for FDM samples [103]
difference between the accuracy coefficients. The repeatabil-
ity formula is expressed in (25).

_ (K1 —K2)+ (K2 —K3)+ (K3 — K4)
n 3

Kr

(25)

where Kr is the repeatability coefficient and K1, K2, K3 are
the accuracy coefficient. In the expression observed that the
higher the coefficient results in lower the accuracy.

From the Fig. 49. Observe that the lower the value of
accuracy and repeatability coefficient results in higher the
value of accuracy. Achieve the desirable value at a lower
coefficient and better accuracy. When the accuracy of FDM
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Fig. 50 Strength and Accuracy with FDM parts sample [103]

parts increases results in an improvement in parts strength
observe in Fig. 49. From Fig. 50 because the increasing accu-
racy means bonding quality between the adjacent filaments
is better. The higher the accuracy value, the tensile strength
achieves [103].

In the FDM process, build-orientation, infill density per-
centage and infill patterns, extrusion temperature and layer
thickness, and printing speed are all influenced by part per-
fection in the FDM process. The orientation of the building
has a significance on Dimensional accuracy.

Layer thickness and extrusion temperature are more criti-
cal than infill % and pattern, printing speed, and dimensional
accuracy of FDM objects in enhancing dimensional accuracy.
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It has to keep the aligned orientation rather than build-
ing direction and lower the extrusion temperature and layer
height. An investigation of dimensional accuracy in FDM
parts [13] is shown in the Fig. 51. That porosity and void
are still present in the FDM parts even if the infill density is
100%.

From Fig. 52. It is clear that building direction influence
the dimension of parts accuracy. Due to variation in posi-
tioning of fused deposition modelling (FDM) extruder from
the Fig. 53. It was seen that there is not significant to affect
the infill percentage and pattern on the dimensional accuracy
pattern [105].

Dimensional accuracy was dependent on the extrusion
temperature. When the extrusion temperature increases
results in an increase the dimensional accuracy because when
rising the extrusion temperature, the molten filament is more
in a liquid state or (fluid state) as shown in Fig. 54]. This
analysis found one of the significant roles of layer thickness.
Along with surface roughness, layer thickness impact’s part
dimension accuracy. Low deposition speed is a desirable fea-
ture for dimensional accuracy. The average percentage of
infill density and a higher layer of consistency and surface
roughness are low deposition speed, low infill density, and
lower layer thickness. Layer thickness is significant to inves-
tigating suitable parts’ accuracy [106], as shown in Fig. 55.

we controlled the optimum parameters experimental for anal-
ysis of dimensional accuracy. Such as AL, AW, Aand T
represent Changes in length, width, and thickness to indicate
the need for experimentation. Because the essential param-
eter sets for dimensional accuracy and surface finish differ,
determining the combined optimum parameter set is chal-
lenging, and the desirable properties exist [81].

The fused deposition modelling process produces parts
and tests the specimen in the paper survey making the speci-
men in two groups. The first is a cylindrical specimen, and a
bone tensile specimen is made. Hence, the cylindrical spec-
imen parts were produced with three colors and different
building orientations. Meanwhile, the raster angle and layer
thickness were set to 45/135, and 200, respectively, in mm.
And dog bone tensile specimen is produced by the three-layer
thickness and three building orientations, and three raster
angles shown in Fig. 56a and b. The infill density was used
100% while producing the parts, and the thermoplastic mate-
rial is PLA.

From the figure of the cylindrical specimen, due to a tilt of
45 deg. Angle so that support material used for the cylindrical
model. The dimension of the sample has a diameter of 8 mm
and a height of 15.2 mm; meanwhile dog bone specimen has
geometry obtained according to ISO 150 mm long, 20 mm
wide, and 4 mm thick. The cylindrical model’s dimensional
accuracy is shown in the figure below. This test compares the
value length and diameter with different printing orientations
and colors. It is found in the figure that the specimen produced
an angle of 45 deg. When Reduction in dimensional accuracy
with increasing the standard deviation error bar. It occurs due
to the tilted position of layer orientation at an angle of 45 deg.
Also, another horizontal and vertical cylindrical specimen
was observed with high dimensional accuracy [108].

From Fig. 57a and b. The dog bone prototype testing com-
pares the accuracy over the thickness and width dimension
of different printing parameters, likely layer thickness, print-
ing orientation, and raster direction. Except for the layer
thickness of 100-micron meter, other has high dimensional
accuracy observed in the graph.

In the case of width, there is significant accuracy on flat
orientation and upright orientation except for the on-edge
exposure. There is a slight reduction in accuracy in the
on-edge direction due to increases in layers’ thickness. In
the case of thickness, 300-micron meter observed the lower
accuracy than width because layer thickness increases with
decreasing the accuracy reason to the formation of the void.
Results show that the higher the layer thickness, the greater
the accuracy [107].

In material extrusion, the entire process mainly depends
on combining thermal-mechanical methods. Controlled of
effective properties and mesostructured by printing parame-
ter process [109]. The material extrusion process is primarily
concerned with some influential process factors such as

@ Springer



628 International Journal on Interactive Design and Manufacturing (1JIDeM) (2023) 17:603-635
Fig.53 (a) Dimensional error vs. 0.6 0.6
: (b)
infill percentage, (@) 1 1
(b) Dimensional error vs. infill = 04 -‘O’""‘" = 04¥ T~ =o _ __‘—"O-h-.._.e
pattern [104] £ Q"~-__e,-" E & \ |
s 029 > s 02
3 g
ui wi
= 0 w= 0
- -
e .02} 2-02
e 2 =
E A £ P LT T
0 -044 _ Lo R - T} -
o T < &
06" - . . 0.6 - . J
20 40 60 80 100 1 2 3 4
Infill Percentage [% Infill Patterns
0.6 e extrusion temperature, printing speed, layer thickness, and
[P S —— P N flow rate [15].
E 0.4} &~ ] Investigation of process parameter effect on structure and
= o 2‘3 " B 1 performance unidirectional and aligned in the material extru-
ut.u [ sion process. Two-step Prediction process on mesostructured
s 0] printing parameter and final mechanical properties [110]. The
= 02 material extrusion sequences are expressed in Fig. 58a—f.
% l e A From Fig. 59. It is found that the comparison of strand dimen-
O -0.4% - % I sion and product is fairly good because porosity is lesser. It
T was seen from the survey strand temperature decreasing as
06 ! . . o
180 190 200 left the nozzle tip and resulted in lower filament deposition

Extrusion Temperature ic%

Fig. 54 Dimensional error vs. Extrusion Temperature [104]

Comfirmation

10 Experimental
runs T experiment
L]
08 4
£ 1
E
]
:s 06 |
=
i
&
=
=
e
wi
S 0.4 4
E
(=1
al L
‘ w
0.0 4

AL {mm) AW (mm) AT {mm) bL(ﬁlm’l AW imm) AT (mem)

Fig. 55 Dimensional accuracy with dimension [81]
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temperature compared to extrusion temperature.

This porosity enhances and decreases the dimensional
accuracy [6]. When producing parts, the infuse deposition
modelling (FDM) process requires more parameters and
optimization to obtain the desired dimensional quality of
components [111]. Layer thickness, air gap, raster angle and
bead, and road width are some of the process parameters
shown in Fig. 60—raster angle between the two successive
layers.

The air gap is the distance along with adjacent roads of
the fused deposition modelling process. When the air gap
is 0 (zero) meant to be slightly in contact between the two
streets. Meanwhile, the air gap was positive, resulting from no
connection between the roads to get loose structures packed
quickly. The negative air gap requires a more extended period
to build the dense network because it partially occupies the
two routes over the same space, as shown in Fig. 61.

The effects of road width, raster angle, layer thickness, and
air gap on dimensional accuracy as shown in the Fig. 62a—d.

From Fig. 62a—d. The medium layer thickness is better for
dimension accuracy [112]. If the layer thickness increases,
the dimension of accuracy [113]. A thickness of 0.2—-0.3 mm
is optimum for accuracy.

Initially, increasing the road width decreases the dimen-
sional accuracy to medium roads width, improving the
dimensional accuracy. Changing the raster angle drops the
dimensional accuracy. And the negative air gap affects the
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Fig.56 (a) Cylindrical specimen,
(b) Accuracy of cylindrical test
with different orientation [107]

Fig.57 (a) Dog bone (tensile)
specimen, (b) Dog bone test
accuracy with various print
orientations, raster directions,
and layer thicknesses [107]
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dimensional accuracy [114], and when increasing the air gap
is positive to achieve better dimensional accuracy [27].

3 Conclusion

This paper provides details about the fused filaments fab-
rication (FFF) process parameters, thermal analysis, and
their influence on part characteristics. The authors expect
that readers will obtain a good knowledge of the FFF pro-
cess and current research on it. This paper also provides a
broad overview of recent research on thermal properties and
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parameter optimization in the FFF process. Various experi-
mental designs, statistical tools, and optimization approaches
have been used. Ultimately, process parameters and thermal
properties are considered interconnected and essential for
the bond formation, neck growth, and mechanical proper-
ties of FFF parts. By adjusting a particular set of thermal



International Journal on Interactive Design and Manufacturing (1JIDeM) (2023) 17:603-635 631

Fig. 62 (a): Dimensional
accuracy vs. Layer thickness,

—~
i
~

258

¥

(b)

(b) Dimensional accuracy vs

258

=

Road width, (¢) Dimensional g 25.74 — g 25.7 .
s 256 - 256

accuracy vs. Raster angle, and
(d) Dimensional accuracy vs. air

E 255 4 *
gap [27] g = : 255
E 4 £
.;..25 ' ' = 254 4 ——i
01 015 02 025 03 035 02 03 04 05 06 0.7 08
layer thickness road width
(c) (d)
+258 g 257 <
5 257 : '7 -
g« HH_. g 2564 .
5 256 c
8 % 2554
g 2554 &
5254 S 254 , . , |
0 10 20 40 50 -0.002 -0.001 0 0.001 0.002
raster angle in degrees air gap

properties together with process parameters, the quality of
printed products, and the performance of the FFF process,
will be enhanced. In addition to presenting previous work,
the difficulties and scope for future research topics are also
discussed. The essential findings from the most recent sur-
vey and areas for future research are presented here. The
most extensively used materials are presently PLA and ABS.
In addition to PLA and ABS, various materials including
Nylon, PETG, and composite materials could be used as fil-
ament materials for research and manufacture of functional
components, enabling a larger spectrum of material possi-
bilities and mechanical characteristics of printed parts. The
following conclusion are drawn from the present study:

e The implementation of FFF technology in many indus-
trial applications is currently limited due to faults such as
insufficient mechanical characteristics, poor surface qual-
ity, and low dimensional accuracy.

e The effects conduction and convection to improve the bond
formation and mechanical properties have been investi-
gated.

e Mechanism of neck formation through which study on
thermal properties for the improvement in strength, surface
finish and dimensional accuracy of printed products. The
impact of thermal properties parameters on neck growth
includes extrusion temperature, thermal conductivity, dif-
fusivity, heat transfer coefficient, and flow rate.

e The role of bonding between the filaments that affects the
parts strength and surface finish of FFF manufactured parts
has been investigated by performing thermal properties for
neck growth between the filaments. The effect of three
input parameters, including nozzle temperature, chamber

temperature, and road gap, on parts strength and surface
finish.

Analysing the influence of bond formation between neigh-
bouring layers that impact the dimensional accuracy of
FFF-produced parts has been studied thermal characteris-
tics allowing the construction of neck across the filaments.
The role of process parameters such as extrusion temper-
ature and flow rate on the dimensional accuracy of parts.
The quality of FFF-produced objects is affected by sev-
eral process parameters, including layer thickness, build
orientation, raster width, and print speed.

Several process parameters, such as the infill pattern, print
speed, shell width, and extrusion temperature, are not thor-
oughly investigated compared to build orientation, raster
width, raster orientation, and layer thickness. The fewest
relevant process parameters could be used as variables in
future research project.

The FFF procedure is intricate. It comprises multiple steps,
each of which has varying degrees of uncertainty. Consider
constraints during design and production to increase the
quality of printed FFF parts. During the investigation, it is
also essential to consider the uncertainty of mathematical
methodologies.

Estimating part properties in the FFF process and com-
bining machine learning techniques and image processing
can also be used, emerging in a multidisciplinary research
area. Based on previous research findings, various sugges-
tions for future and research gaps have been recognized for
the FFF process. The author of this review article expects
that by discussing their findings, the average citizen would
be inspired to cooperate to overcome the research gaps in
the FFF process as well as growing FFF’s participation in
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a variety of industries and the number of FFF parts on the
marketplace.

4 Future scope

The future scope is predicted in additive manufacturing
to promote the technology development of a hybrid 3D
printer. And 3D printers are efficient in forming products
with multi-materials and various colours, improving func-
tional outcomes in bond strength and mechanical, surface
finishes, and thermal properties. Optimize the energy. The
Decrement of material wastage, modification and recyclable,
product accessible, industries, medical, aerospace, automo-
bile, construction, and sciences. Hybrid 3D printers in the
future will change the manufacturing industries. A diversity
of machine learning and image processing can be employed
to predict part qualities in the FDM process, resulting in a
multi-disciplinary research area.
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