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ABSTRACT: The performance of parts produced by Free Form Extrusion (FFE) may be limited by poor
mechanical properties, due to poor bonding between the individual extruded filaments. In this work, an
analytical solution is proposed for the transient heat transfer during filament deposition, taking into account
contacts between filaments. The solution is inserted in a code developed using Matlab®. This tool allows the
study of the influence of the main process variables during filament deposition and may assist process

optimization.
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1 INTRODUCTION

Free form extrusion (FFE) is a 3D fabrication
process that evolved from rapid prototyping
technology. It consists in the deposition of an
extruded polymeric filament following a specific
trajectory in the X-Y plane (according to the
geometry of the part to be manufactured), the
process being repeated for the required number of
layers (implying a displacement of the extruder or
support table in the Z-direction). FFE exhibits
interesting possibilities, such as the production of
relatively simple parts without use of moulds, and if
necessary using advanced polymer systems or
composites.

Effective bonding between adjacent filaments is
mandatory for making parts exhibiting adequate
mechanical performance. Thus, each filament must
be sufficiently hot when deposited (which is
facilitated by keeping the global system in a heated
enclosure), but not too hot, otherwise deformation
due to gravity may be excessive.

Therefore, it is important to know the evolution of
the temperature of the filaments with time and how
this is affected by major process variables (e.g., melt
temperature at the die outlet, extrusion rate,

surrounding temperature). Some work has been done
previously on this topic. Rodriguez [1] studied
cooling of five elliptical filaments deposited on top
of each other via finite element methods (FEM) and
later found a 2D analytical solution for rectangular
cross-sections [2]. Yardimci et al. [3] developed a
more general 2D heat transfer analysis model also
using FEM. Li and co-workers [4, 5] developed an
analytical 1D transient heat transfer analysis of a
single filament, using the Lumped Capacity method.
Though good agreement with experimental results
was reported, the model cannot be used for a
sequence of filaments, as thermal contacts are
ignored.

The present work expands the above efforts, by
aiming at developing a transient heat transfer
analysis of filament deposition taking into account
the effect of the main FFE variables, particularly that
of the physical contact between any filament and its
neighbours or supporting table.

2 HEAT TRANSFER ANALYSIS
Regardless of the shape and deposition sequence,

during the creation of a part by FFE each of its
individual filaments is subjected to the same heat
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transfer mechanism, but the boundary conditions
vary. As shown in the example of Figure 1, one may
have to consider heat flux with the support, with the
surrounding environment, with colder filaments
(deposited before) and with younger hotter filaments
(deposited afterwards).

Fig. 1. Possible sequence of filaments deposition.

The energy balance for an element dx of a filament
writes as:
Energy out of one face — Loss of heat by convection with environment

Loss of heat by conduction with the adjacent filaments or with the support

= Change in internal energy + Energy in the opposite face

Given the low thermal conductivity of polymers and
the small filament radius, both radial and axial heat
conduction are negligible [4, 5]. Therefore, the
energy equation becomes:

oT

pALC 5 = _hconvAconv (T(t) - TE ) - ¢ hconvA(T(t) - TE ) -

(1)

_ihiAi(T(t)_Ti)

i=1
where p is density, 4 is filament cross-section
area, L is filament length, C is heat capacity, 4,
is heat transfer coefficient, /4 is thermal contact
conductance for contact i (ie{l,2,3,4,5}), Ty is
environment temperature, 7; is temperature of the

adjacent filament at contact 7, ¢ is defined by:

{1 if ' we consider the first filament )

0 otherwise

A,y 1 area exposed to environment and 4; is area

of contact i (Figure 2), given by:

5
A =AxPxdx, A, = [1 - ZAIJP dx (3)

i=1

In this expression, P is the filament perimeter and
A; is the fraction of P that is in contact with

another, or with the support.
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Fig. 2. Possible contact areas of one filament.
Ay, 45, Ay, As , areas of contacts 1,3,4,5 with adjacent filaments;

A, area of contact 2 with the supporting table

Equation (1) can be solved analytically using the
characteristic polynomial method to yield the
evolution in time of the filament temperature:

[Mu)(tw
T(t)=Ce ™M € +0(ay,...pa5) +

hconv¢ A TE (4)
PL b(a,,...,as)

T, is filament temperature at 7, and C, is defined as:

hod AT,
C, =T,-0(a,,..as) con A T (%)

PL blay...,as)

Functions b(a,,...,a;) and Q(a,,...,a;) depend on
contacts:

5 5
b(al,...,a5)= hcunv(l_zai}’iJ-i-Zaihili (6)
i=1

i=1

(7)

Olay,...,as)= =
! : b(al,..., a5)
where:
1 if conmtact i exists
a, = ,Vi={1,...,5} )]
0 otherwise

Equation (4) is valid if the Biot number, B, <0.1,
with:

Bl-zéb(al’a27a3:a4,as) (9)
P k

The effect of position x on temperature can be
included if ¢, in equation 4 is replaced by extrusion

velocity, v, and filament length, L.



When the filament under study contacts filament m,
instant ¢, is defined by:

,me{l,. ng} (10)

~ (mL—x)/v, if m is odd
fo(m)= (m—1)L+x)/v, if m is even

where n; is total number of filaments. Time ¢, is

up-dated every time a new contact occurs atx. To
compute temperature evolution at this point,
equation 4 must be rewritten for each filament.
Consequently, one needs to know the number of
filaments at each layer, as well as the deposition
sequence, as they define the succession of contacts
for each filament.

For example, for the structure and deposition order
depicted in Figure 3, the expression for temperature
evolution of filament 1, obtained from equations (4)
and (10), is:

Fig. 3. Example of sequence of deposited filaments.

T,, For 0<t< Lox
v
[Mﬁ#’][ﬂ)
Ce P P Y 100,1,0,0,0)+
hwnv¢ATE fOI" L_x<t<L+x
PL 5(0,1,0,0,0)’ v T
nn={cre 70010100
Bepe® A Ty, - L+x<t<3L—x
PL 5(0,1,0,1,0)° v T
[—Pb(071707171) hmnvlﬁ][, 3L_x)
C'e pAC pLC v +Q(0,1,0,1,1)+
PL 5(0,1,0,1,1)’ v (11
Where ¢ =1 and:
B A Ty
C =T, - 0(0,1,0,0,0)— —cm? Z °E_ (12)
=T, -0 ) PL 5(0,1,0,0,0)
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[—P 5(0,1,0,0,0) hm¢][ L+x L_xj
Cr=Cet M R T 000000)+ (13)
B AT,
+ Conv¢ E 1 _ 1 _Q(O’LO’LO)
PL 5(0,1,0,0,0)  5(0,1,0,1,0)

[—Pb(O,l,O,l,O) hmmgbj[?aL—x L+xj
C"=Ce pAC pc Lovv ) Q(0’1,0,1,0)+ (14)
+ hconv¢ A TE ( 1 1

B -0(0,1,0,1,1
PL 5(0,1,0,1,0) b(0,1,0,1,1)) 0(0,10,1,1)

A computer code for heat transfer in FFE was
developed following the aforementioned solution
procedures using Matlab® software.

3 RESULTS

Consider, as a case study, the structure and
corresponding deposition outline presented in figure
4. The FFE variables and material properties are
presented in Table 1.

Deposition sequence

Fig. 4. Example of sequence of filaments deposition

Figure 5 shows the temperature evolution during
deposition, at point x=0.05 m for all filaments.
Every time a new filament is deposited, the
temperature of the adjacent filaments increases and
so their rate of cooling decreases. Generally, the
temperature field depends on the characteristics of
the thermal contacts.

The importance of including the contact between
any filament and its neighbours during cooling is
illustrated in Figure 6. Filament 1 (Figures 4 and 5)
was selected for this purpose, giving rise to the
curves of Figure 6, where the curve for filament 1 of
Figure 5 was reproduced, the second curve being
created by ignoring those contacts. As expected,
before deposition of the second filament both curves
are identical, but then onwards differences are
evident, the simpler analysis ignoring the periodic
reheating effects. The magnitude of these effects
will depend on extrusion rate and part geometry
(they influence the length of thermal contacts).
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Tablel. FFE variables and material properties:

Property Value
Extrusion temperature (°C) 270
Environment temperature (°C) 70
Extrusion velocity (m/s) 0.025
Filament length (m) 0.1
Cross section diameter (m) 0.000359
Fraction of perimeter for contact at right side 0.2
Fraction of perimeter for remaining contacts. 0.1
Heat transfer coefficient (convection)

(W/m*C) 70
Thermal contact conductance with filaments

(W/m*C) 300
Thermal contact conductance with support

(W/m*C) 70
Thermal conductivity ( W/m°C) 0.1768
Specific heat (J/kg°C) 2019.7
Density 1.05

f 300 ——Filament 1
PR E
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Fig. 5. Temperature evolution along deposition time.

—— Without thermal contacts
_\ — With thermal contacts
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Fig. 6. Prediction of the cooling of one filament with and
without thermal contacts
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4 CONCLUSIONS

This work proposed an analytical solution for the
problem of modelling transient heat transfer during
filament deposition in free form extrusion. The code
developed considers the effects of the main process
parameters, such as extrusion velocity, filament
dimensions and material, sequence of deposition,
environment temperature.

The preliminary results show that contact
characteristics between adjacent filaments have a
significant impact on temperature evolution and,
consequently, on bonding. Therefore, use of the
code can support the definition of the most adequate
operating parameters (namely, deposition sequence)
for the manufacture of a specific part.
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