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Abstract. Additive Manufacturing Techniques such as Fused Filament Fabri-
cation (FFF) produce 3D parts with complex geometries directly from a com-
puter model without the need of using molding tools. Due to the rapid growth of
these techniques, researchers have been increasingly interested in the availability
of strategies, models or data that may assist process optimization. In fact, 3D
parts often exhibit limited mechanical performance, which is usually the result
of poor bonding between adjacent filaments. In turn, the latter is influenced by
the temperature field history during deposition. This study aims at evaluating the
influence of considering a phase change from the melt to the solid state on the
heat transfer during the deposition stage, as undergone by semi-crystalline
polymers. The energy equation considering solidification is solved analytically
and then inserted in the MatLab® code previously developed by the authors to
model cooling in FFF. The predictions of temperature evolution during the
deposition of a simple 3D part demonstrate the importance of that thermal
condition and highlight the influence of the type of material used for FFF.
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1 Introduction

Additive Manufacturing (AM) is a group of technologies that produces three-
dimensional physical objects by gradually adding material [1]. Since the 1980s these
technologies became adopted for a growing number of medical/engineering applications
and have gradually entered our lives with the development of low-cost 3D printers. In
Fused Filament Fabrication (FFF), parts are made layer by layer, each layer being
obtained by the extrusion through a nozzle and continuous deposition of a molten plastic
filament. The nozzle movements are controlled by a computer, in accordance with a
previously defined deposition sequence. Thus, FFF can produce a prototype or a finished

product from a Computer Aided Design (CAD) model without the use of molds.
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A relative limited range of materials is commercially available for FFF. Acry-
lonitrile Butadiene Styrene (ABS) and Polylactic Acid (PLA) are the most popular.
ABS exhibits good impact resistance and toughness, heat stability, chemical resistance
and long service life [2, 3]. PLA is biodegradable (compostable) and has low melting
temperature [4, 5]. Several authors compared the performance of the two materials in
terms of dimensional accuracy, surface roughness [6] and emission of volatile organic
compounds (VOC) [7]. For example, Mudassir [8] proposed a methodology to select
among the two materials. Nevertheless, 3D printed parts often show insufficient
mechanical performance [9]. This is generally due to insufficient bonding between
adjacent filaments, which in turn is determined by the temperature history upon cooling
[10]. Consequently, knowledge of the temperature evolution during the deposition/
cooling stage is valuable for process set-up and optimization. In a previous work, the
authors developed a simulation method to predict the temperature history at any
location of a 3D part. This entailed the development of an algorithm to define/up-date
automatically contacts and thermal/initial conditions as the deposition proceeds, as well
as a criterion to compute the adhesion degree between adjacent filaments [11]. Despite
the practical usefulness and the general good agreement between theoretical predictions
and experimental data [12], the method can only be used for amorphous materials, such
as ABS, which do not exhibit a phase transition from the melt to the solid state. In the
case of partially crystalline polymers like PLA, the enthalpy of fusion (also known as
latent heat of fusion), must be considered.

The objective of this work is to consider a phase change in the calculation of the
temperature evolution during deposition and cooling of FFF parts, and to estimate the
magnitude of its effect by comparing the temperature evolution for simple ABS and
PLA parts. Once this is accomplished, temperature predictions can be made for the
increasing range of materials used in FFF, in order to better understand correlations
between processing conditions, material characteristics and printed part properties. The
paper is organized as follows. Section 2 presents the algorithm for dealing with cooling
materials with a phase change and the resulting computer code. Section 3 considers the
deposition and cooling of a single filament and of a simple 3D part to illustrate the
differences in cooling of amorphous and semi-crystalline polymers.

2 A Code for the Prediction of Temperatures and Adhesion

2.1 Available Code

It has been shown that during the deposition of a filament, the heat transfers by
convection with the environment and by conduction with the support/adjacent fila-
ments control its temperature history [13]. The corresponding energy balance can then
be translated into a differential energy equation, which is analytically solved yielding a
mathematical expression to compute the temperature evolution with the time [14]. In
the simulation method developed by the authors, this expression is used by an algo-
rithm developed using the MatLab, which activates/deactivates automatically contacts
and thermal conditions depending on the part geometry, deposition sequence and
operating conditions. By coupling an adhesion criteria to the temperature profile history
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it is also possible to predict the degree of adhesion between adjacent filaments (Fig. 1)
[11]. Then, the objective is now to include an algorithm for the phase change, to make
possible the study of parts fabricated from partially crystalline polymers.

) - MATLAB code
Analytical expression of
| temperature depending l
) on time

. 250°C-270°C
I 210°C-250°C
Criterion of adhesion g 170°C-210°C

Interrelation between for ABS polymer - 130°C-170°C

neat rand
N 100°C-130°C

. 70°C-100°C

I Good adhesion

I Poor adhesion

Fig. 1. Diagram of the algorithm to predict temperatures and adhesion of amorphous parts made
by FFF.

2.2 Insertion of a Phase Change

When a molten filament made of a partially-crystalline polymer cools down, eventually
a phase change from liquid to solid occurs during the time interval [, 7,], where 1; is
the instant at which the filament reaches the solidification temperature 7, and 7 is
the end of the phase change (Fig. 2).

Temperature

Liquid olid

Twlid

T T Time

Fig. 2. Typical temperature evolution when a phase change occurs.
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If N is the total number of deposited filament segments, the following phase change
condition can be defined in the interval Ar = 7, — 1;, for each filament:

Heat losses Heat transfer
. . ; Heat released
by + with adjacent filaments ; e (1)
. . during solidification
convection and [ or with support
An equation can be written for the 7 deposited filament segment (r € {1,...,N}):

[hcon\/(A )conv(T‘Ulld TE + Z h ) ( solid — ( r)i):|At =mi (2)

where ¢,y is the convective heat transfer coefficient (W/ m? °C), T is the environment
temperature (°C), n is the number of physical contacts of the filament with adjacent
filament segments or with the support, /; is the thermal contact conductance for contact
i (W/m? °C), (T, +); is the temperature of the adjacent filament segment or support for
contact i (°C), m is the mass of the filament segment (kg), 4 is the latent heat of fusion
(J/kg), (Ar) o is the area exposed to the environment (m?) and (A,), is the area of
contact i for the " filament segment (m?), which are given by:

(Ar)mnv: PL(I _Z:l: (ar)[oci) i n
{(A) ) ! ,VG{I,..., } (3)

P is the cross-section perimeter (m), L is the filament segment length (m), o; is the
fraction of P that is in contact with another segment or with the support and (a,), is
defined by, Vi € {1,...,n},Vre {1,...,N}:

1, if the 7" filament segment has the i" contact
(ar)= . )
0, otherwise

By using the expressions of (4,),,,, and (4,);
hconvPL(l - Z ( ) al)( wltd TE)
i At = pALJ. 5
|: +Zl thLar [al( solid — ) p ( )

where p is density (kg/m?) and A is the cross-section area (m?). Simplifying Eq. 5, an
expression for 7, is obtained:
PAL
hconvp(l - Zglzl(ar)iai) (Tmlid - TE) + Z,r‘lzl hip(ar)ioci (Tsolid - (Tr),)
(6)

When inserting the phase change in the simulation method, some assumptions must
be made:

T, =T+
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1. When the computed temperature of the " filament segment reaches Ty, the
thermal conditions used to compute the value of t; are the thermal conditions
activated at the instant 7;;

2. If (( T,)l-) o 1s the temperature of the adjacent filament segment for contact i at instant
7, the value of (7); will be assumed as the average between ((7});), and Tx;

3. If during a phase change a filament contacts a new hotter filament, the phase change
is interrupted and temperatures are re-computed. When its temperature reaches once
more the solidification temperature Ty,;4, T, is computed with the new thermal
conditions;

4. The crystallization growth does not affect the thermal properties, which are also
taken as independent of temperature.

Equation (6) and the assumptions above were inserted in the algorithm. At each
time increment, the filaments starting a phase change are identified. The temperature of
those filaments suffering a phase change is kept constant unless a new adjacent filament
interrupts the process. A simplified flowchart is presented in Fig. 3.

le

Consider the instantt « t + At [<

New filament
segment?

NO

Only for filament segments
that enter in contact with
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— Up-dating thermal and
initial conditions;

— Stop phase change if
applicable.

Any filament
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phase change?

For filaments that finished the No

phase change, up-dating of the
initial conditions.

For filaments that are not in phase change,
computation of temperatures (iterative process).

¥

For filaments that are in phase change, remain
constant temperature Tgo;44.

\ 4

Fig. 3. Simplified flowchart of the section of the code dealing with the phase change.

3 Examples

The first example concerns the deposition of a single filament (Fig. 4.a), while the
second deals with the deposition of 10 filaments, where thermal contacts between
adjacent filaments develop (Fig. 4.b). Table 1 presents the main properties of the two
polymers and Table 2 identifies the process parameters and computational variables.
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Layer 1
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Fig. 4. a) Example 1: deposition of a single filament; b) Example 2: deposition of 10 filaments.

Table 1. Material properties.

Property ABS PLA
Density (kg/m®) p = 1050 | p = 1300
Thermal conductivity (W/m °C) |k =0.2 |[k=0.1
Specific heat (J/kg °C) C =2020|C = 2100
Latent heat (J/kg) - A =30 000
Solidification temperature (°C) | — Tyotia = 150

Figure 5 shows the temperature evolution of a single PLA filament, with and
without phase change (at x = 30 mm, i.e., at the middle of filament). The phase change
starts at = 3.25 s and lasts 0.75 s. During this period the temperature remains con-
stant, whereas it decreases continuously if the phase change is not considered. This
results in a temperature difference of 13.9 °C (at = 4 s) between the two temperatures.

When 10 filaments are deposited, contacts with adjacent filaments and support
arise. Figure 6 shows the temperature evolution of filament 2 at x = 30 mm, with and
without phase change, by considering the PLA material. The phase change occurs at
t = 3.68 s and lasts 0.4 s, due to the thermal contacts with filaments 1 and 3. The peak
initiated at # = 10 s is created by the new thermal contact with filament 7. The maxi-
mum temperature difference of 18.9 °C between the two curves is observed at
approximately ¢ = 8 s. This difference is higher than in the previous example due to the
contacts between filaments. As the temperature remains constant during the phase
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Table 2. Process and computational parameters.

Property Value
Process parameters T, =230
Extrusion temperature (°C)
Environment temperature (°C) Tg =25
Deposition velocity (mm/s) 30
Convective heat transfer coefficient (W/m? °C) — Natural heony = 30
convection
Thermal contact conductance between adjacent filaments h= 200
(W/m? °C)
Thermal contact conductance between filaments and support h; =10
(W/m?* °C)
Fraction of contact length o; = 0.2
Filament length (mm) 60
Filament cross-section geometry circle
Filament cross-section diameter (mm) 0.25
Deposition sequence Unidirectional and

aligned
Computational parameters 0.01
Time increment (s)
Temperature convergence error (°C) 0.001

- - -Without phase change

—— With phase change

~~~~~ Environment temperature

Temperature (°C)

30 35 40
Time (s)

Fig. 5. Evolution of temperature with time for a single PLA filament with and without phase
change (at x = 30 mm from the edge).



The Effect of a Phase Change During the Deposition Stage in FFF 283

e oo

Deposition of the filament no. 3 Deposition of the filament no. 7

$ 240

g 220 - - - -Without phase change
§ 200 A ——With phase change

qé— 1804 \N¢ B Environment temperature
2 160

140 -
120 -
100 -
80 -
60 -
40 -
20 . , . . ‘

0 5 10 15 20 25 Time (s) 30

Fig. 6. Evolution of temperature with time for filament no. 2 with and without phase change (at
x = 30 mm from the edge).

change, those filaments that are in contact with filaments that are under changing phase
cool slower, i.e., the temperature of each filament is influenced by its own phase change
and by the phase change of the other filaments.

Figure 7 shows the temperature evolution of filament 2, at x = 30 mm, for the ABS
and PLA materials, with the properties presented in Table 1. The ABS filament cools
faster, with a maximum temperature difference of 39.1 °C at approximately 7 = 6 s.
This means that this PLA is a better option for FFF, as slower cooling favors adhesion
between filaments.

e oo

Deposition of the filament no. 3 Deposition of the filament no. 7

- — ABS material
— PLA material
------ Environment temperature

Temperature (°C)

25 Time (s) 30

Fig. 7. Evolution of temperature with time for filament no. 2 for ABS and PLA (at x = 30 mm
from the edge).
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4 Conclusions

A simulation method to predict the temperature evolution of filaments during deposi-
tion and cooling in FFF, capable of dealing with both amorphous and semi-crystalline
polymers, was implemented. The differences between the two types of materials were
highlighted with two examples, by using ABS and PLA polymers. The evolution of
temperature with time can become significantly different, especially when several fil-
aments become in contact with each other.

The work presented is a first step towards predicting the properties of parts pro-
duced by FFF. Knowing the evolution of temperature with time as the deposition stage
proceeds, it is possible to predict bonding between contiguous filaments by means of an
healing criterion, as well as part shrinkage and warpage arising due to local temperature
gradients. As a further step, the mechanical properties of 3D parts could be estimated,
for example, with the use of sintering models.
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