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Abstract

According to recent advancements in additive manufacturing (AM) technology, also known as 3d printing, the role of AM has
changed from the conventional rapid prototyping (RP) to direct fabrication of functional parts. The AM technology based on
layer-by-layer manufacturing has a limitation in its poor surface finish and mechanical strength, especially along the thickness
direction. This study proposes a new post-processing method for thermoplastic AM products with the goal of improving surface
finish and mechanical strength. The proposed method, called constrained remelting, uses a metal mould with a negative shape
that surrounds the printed polymer part. This mould is heated near the melting temperature of the polymer material so that the
printed sample is melted and reshaped inside the mould. To evaluate changes in surface finish and mechanical strength, tensile
specimens were printed and tested with various build directions; the tensile test revealed that the Z-directionally printed
specimen had much lower mechanical strength than the specimens built along X- or Y- directions. Remelting experiments were
then performed for the Z-directionally printed specimen under various remelting conditions (remelting temperature and initial
thickness), and the resulting changes in surface finish and tensile strength were investigated. Among these remelting conditions,
the 160°C remelting temperature and 4.0 mm thickness condition provided the best result where surface finish and tensile
strength were improved significantly so as to be comparable to those of injection-moulded products. Copyright © 2017 VBRI
Press.
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Introduction

Additive manufacturing (AM), also called 3d printing, is
used to express layer-by-layer manufacturing in contrast to
the traditional subtractive manufacturing [1]. In past years,
the layer-by-layer manufacturing had been called rapid
prototyping (RP) because its main goal was to make
prototypes before the mass-production stage [2]. This RP
technology was changed to AM technology, as the
development of 3d printers with high quality and
performance has driven their applications to direct
fabrication of functional parts [3]. A 3d-printed part,
however, has poor surface finish and mechanical strength
along the thickness direction due to its intrinsic layer-by-
layer manufacturing [4], which needs to be improved in
order to be used as an end product.

Among various AM technologies, material extrusion
type (commonly known as fused deposition modeling or
FDM) 3d printers were most popularly used; many FDM
type 3d printers were developed after the Reprap project
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[5], an open source project to develop FDM type personal
printers. FDM type printers use thermoplastic polymer
filaments as base material and have advantages in simple
equipment setup and low material cost. However, they
have a disadvantage in surface finish because their layer
thicknesses are usually thicker than 0.1 mm due to the limit
in the extrusion nozzles diameter [6]; this layer thickness is
much larger than those of other printing methods such as
photo-polymerization or power-bed fusion types.

To improve surface finish of 3d-printed parts using
FDM type printers, various approaches have been studied:
determination of optimal building direction [7-9],
mechanical machining [10-12], abrasive flow finishing
[13], and chemical treatments [14-16]. Although these
approaches could improve surface finish of 3d-printed
parts, they cannot enhance mechanical strength in the
thickness direction (Z-direction), which is known to be
much inferior to those in the in-plane directions (X- or
Y-directions) [17].

1199



Research Article

In this study, we developed constrained remelting, a
new post-processing method for improving surface finish
as well as mechanical strength for 3d printed parts. In this
process, a negative mould was prepared to surround a 3d-
printed sample and was heated near the melting
temperature of the printed material so that the printed
sample was melted and reshaped inside the heated mould.
To evaluate changes in the surface finish and mechanical
strength, tensile test specimens were printed using an
FDM-type 3d printer, and a remelting mould with a
negative shape was prepared accordingly. Remelting
experiments were then performed under various remelting
conditions, and the resulting changes in surface finish and
mechanical strength are discussed.

e Z- direction

Y — direction

Fig. 1. Building direction of tensile specimens using 3d printing.

Experimental
Materials

For 3d printing, semi-transparent polylactic acid (PLA)
filaments of 1.75 mm diameter (PLA-GPO5NA, Canon
Korea Business Solutions Inc., Korea) were used. AA6061
was used to fabricate the remelting mould, and its thermal
properties are listed in Table 2, as supporting information.
Al,Os-based ceramic boards with a thickness of 5.0 mm
(Hanmi Refractories, Korea) were used as insulation plates,
which had a thermal conductivity of 0.07 W/m-K.

3D printing

3D printing was performed using an FDM type 3D printer
(MARYV, Canon Korea Business Solutions Inc., Korea).
ASTM D638 tensile test specimens (type 1V, thickness:
3 mm) were designed and printed. To investigate the effect
of building directions on the mechanical properties, the
tensile specimens were printed along three directions: X, Y,
and Z directions as illustrated in Fig. 1. The extrusion
temperature was set to 200 °C. The feed rate and layer
thickness were set to 40 mm/s and 0.2 mm, respectively.

Constrained remelting

To perform constrained remelting for 3d-printed specimens,
a remelting mould was prepared as shown in Fig. 2a. A
profiled mould insert with a thickness of
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3.0 mm was manufactured with a negative shape of the
tensile specimen and was inserted between the upper and
lower moulds. A heating channel and three cooling
channels were fabricated in each side, and a temperature
sensor was inserted near the lower heating channel. Two
cartridge heaters of 150 W were inserted in these heating
channels, and cold water was circulated in the upper and
lower cooling channels. This mould was then installed in a
press machine, and the remelting experiments were
performed after the mould was closed.

Upper plate
Insulation plate

Cooling channel

Heating channel

Profiled mould insert

Temperature sensor

Insulation plate

——— Lower plate

(b) Pressing
Upper mould ¢—* © Additional
i § thickness
Profiled insert ** '\%'
3d-printed
Lower mould »—= O specimen

Fig. 2. (a) Configuration of constrained remelting apparatus for 3d-printed
specimens, (b) Description of the additional thickness of a specimen.

The remelting procedure consisted of two stages,
heating and cooling. In the heating stage, the upper and
lower moulds were heated by two cartridge heaters. The
mould temperature was controlled to remain below the
melting temperature of the polymer material at 140, 150,
and 160°C. In the cooling stage, the mould temperature was
maintained at 35°C by circulating cold water. The heating
and cooling times were set to 10 and 1 minute, respectively,
in order to ensure sufficient remelting and cooling of the
PLA specimens. To justify these conditions, numerical
simulation results are provided in the Supporting
Information part.

Fig. 2b shows the sectional configuration of the
remelting region. It can be seen that the mould may be
closed completely or not, according to initial thickness of
the specimen; the mould cannot be closed completely when
the specimen is thicker than the profiled mould insert,
which is 3.0 mm thick. This additional thickness in the
constrained remelting is given in order to compensate for
the volume loss due to porosity of the 3d-printed specimens,
by providing additional material.

Characterizations
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To measure thermal properties of PLA, a differential
scanning calorimetric (DSC) test was performed for the
PLA sample. A DSC thermal analyzer (Q20, TA
Instruments, USA) was used at a rate of 10 °C/min from 20
to 250 °C in a nitrogen atmosphere. Tensile tests were
performed using a universal test machine (NA-2M,
Nanotech, Korea), four samples for each building direction.
The surface roughness of the printed samples was
measured using a surface roughness tester (Rugosurf 90G,
TESA Technology, Switzerland). A digital optical
microscope (Mi-9000, Jason Electro-Tech, Korea) was
used to observe sectional images of the printed parts.

Results and discussion
Basic properties of 3d printed samples

Fig. 3 plots the DSC curve for the 3d-printed PLA sample.
The melting temperature and glass transition temperature
were 167.2 and 62.9 °C, respectively. Based on this result,
the remelting temperature was set to be between the glass
transition and melting temperatures: 140, 150, and 160°C.

10
08 |
06 |

04

0.2
160.3°C

-0.2 29.39)/g

Heat Flow {W/g)

04 ] 62.9°C
-06 |
08 |
10 | 168.2°C

-12

20 40 60 80 100 120 140 160 180 200 220 240
Temperature (°C)

Fig. 3. DCS curve for the 3d-printed PLA sample.

Table 1. Mechanical properties according to the printing directions.

2017, 8(12), 1199-1203

Building direction X Y V4

Elastic modulus (GPa) 4.17 3.99 2.40
Tensile strength (MPa) 343 32.1 14.7
Elongation (%) 1.40 1.07 0.57

Table 1 compares mechanical properties of the 3d-
printed specimens through the tensile test according to their
building directions. The Z-directionally printed specimen
has much lower mechanical properties than those of the X-
or Y-directionally printed specimens. This degeneration in
mechanical properties originated from the unique building
characteristics of 3d printing; the specimen was laminated
along its longitudinal direction. Therefore, the tensile
failure occurred not by a tensile fracture but by
delamination between laminated layers.

Effect of remelting conditions

Copyright © 2017 VBRI Press
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Fig. 4a illustrates photographs of the remelted specimens
under the three temperature conditions. It can be seen that
the remelted specimen at 140 °C looks opaque, which is
similar to the pure printed sample without remelting. On
the other hand, specimens at 150 °C and 160 °C remelting
changed to semi-transparent. These results indicate that the
remelting under a temperature higher than 150°C resulted
in re-joining of the laminated layers.

Fig. 4b shows cross-sectional photographs of the
remelted specimens at 160°C, which shows a number of
voids at various locations. These voids can be explained by
a lack of material volume. That is, a number of porous
spaces exist inside the printed part among the laminated
filaments. Thus, the total volume decreased when these
porous spaces were filled with molten polymer material,
and then larger voids were generated.

To overcome such a void generation, the tensile
specimens were fabricated with increased thicknesses: 3.5
and 4.0 mm. The specimens with increased thicknesses
were then installed in the remelting apparatus as illustrated
in Fig. 2b. The relevant results will be discussed in the next
sections.

Section B-B'

Fig. 4. (a) Outer appearance of 3d-printed specimens according to
remelting temperature, (b) Sectional photographs of a remelted sample
(remelting temperature: 160 °C).

Surface roughness

Fig. 5a plots the variation of surface roughness (Ra)
according to the remelting temperature for the specimens
with a 3.0 mm initial thickness. The surface roughness of
the pure printed specimens was 13.06 um. This roughness
was slightly reduced to 13.01 pum when the remelting
temperature was 140 °C, which means that the remelting
was sufficient to reduce surface roughness. In the cases of
150 and 160 °C temperatures, on the other hand, the surface
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roughness was reduced significantly to 0.52 and 0.47 um,
respectively.

The remelting temperature was then set to 160°C, and
remelting experiments were performed for three specimens
with various thicknesses: 3.0, 3.5, and 4.0 mm. Fig. 5b
compares the variation in surface roughness according to
the initial thickness. It can be seen that the surface
roughness was significantly reduced below 1.0 um in all
cases. This result indicates that the surface roughness is
more dependent on the remelting temperature than on the
initial thickness; thus, the remelting temperature should be
maintained as high as 150 °C in order to obtain a smooth
surface.

Figs. 5¢c and 5d compare surface profiles of the 3d-
printed specimens before and after remelting, respectively;
these photographs were taken from the top view of each
specimen. It can be seen that the stepwise profile of the
specimen boundary (Fig. 5¢) was changed smoothly as
shown in Fig. 5d.

16 16

14 4 (a) 14 4 (®
12 A 12
~10 ~ 10 -
g
4 X
=
i 2§
1 4 4
1 2
T —F = 0 —= = =

Ra (um

(=T (ST S = ]

Before 140C 150C 160C

. (©

Before 3.0 mm 3.5 mm 4.0 mm

(@

Fig. 5. (a) Surface roughness according to remelting temperature (initial
thickness: 3.0 mm), (b) Surface roughness according to initial thickness
(remelting temperature: 160°C), (c) Surface profile before remelting,
(d) Surface profile after remelting (160°C remelting temperature and 4.0
mm thickness).

Mechanical strength

Fig. 6a compares the variation in tensile strength according
to the remelting temperature for the specimens with 3.0
mm initial thickness. It can be seen that the tensile strength
increased slightly to 17.4 MPa when the remelting
temperature was 140 °C; the tensile strength of the pure
printed sample was 14.7 MPa, as listed in
Table 1. The tensile strength then increased significantly
in the cases of 150 and 160°C remelting temperatures; the
tensile strength was 30.1 MPa for the 150°C remelting case,
and 32.7 MPa for the 160°C remelting case. Thus, the
remelting temperature should be maintained as high as 160
°C in order to ensure comparable tensile strength to the
specimens printed along the X- or Y-directions (see Table
1).

Fig. 6b compares the variation in tensile strength
according to the initial thickness for the specimens
remelted under the 160°C temperature condition. It can be

Copyright © 2017 VBRI Press

2017, 8(12), 1199-1203

Advanced Materials Letters

seen that the tensile strength was slightly higher in the
3.5 mm thick specimen (32.9 MPa) than the 3.5 mm thick
specimen (32.7 MPa). On the other hand, the 4.0 mm thick
sample had much improved strength, 37.7 MPa. This result
indicates that the remelted specimen  with
4.0 mm initial thickness ensures tensile strength even
higher than the X- or Y-directionally printed ones.

Figs. 6¢c and 6d compare sectional images of the
pure printed specimen and the remelted one at a 160°C
remelting temperature and 4.0 mm thickness, respectively.
While a number of filaments and the corresponding air
gaps are observed in the cross-section of the pure printed
sample (Fig. 6c), there is no air gap nor filament boundary
in the remelted sample (Fig. 6d). Based on these results,
we can conclude that the remelting of the 3d-printed parts
requires a high remelting temperature near the melting
point of the polymer material and enough additional
volume to fill air gaps among a number of laminated
filaments.
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Fig. 6. (a) Tensile strength according to remelting temperature,
(b) Tensile strength according to initial thickness, (c) Sectional
photograph before remelting, (d) Sectional photograph after remelting
(160 °C remelting temperature and 4.0 mm thickness).

Conclusion

This paper presents a new post-processing method for 3d-
printed thermoplastic parts. This process, called
constrained remelting, improves the surface roughness and
mechanical strength of the 3d-printed parts which were
made by a FDM type printing process. For this purpose, a
3d-printed PLA sample was inserted in a profiled mould
insert with a negative shape and was then heated to near the
melting temperature with additional thickness. Remelting
conditions, the remelting temperature and initial thickness,
were investigated in terms of the surface roughness and
tensile strength. The results showed that 160°C remelting
temperature and 4.0 mm thickness conditions provided the
best result in which the Z-directionally printed specimens
had even higher strength than the X- or Y-directionally
printed ones.

Considering that the proposed remelting process was
performed using a desktop type mini-press, this process can
be more efficient in manufacturing a small number of

1202



Research Article 2017, 8(12), 1199-1203

products than the conventional injection mounding process.

That is, this process can be used to upgrade a 3d-printed
part into an end product by improving its surface roughness
and mechanical strength. Although this study used a
relatively simple shape (tensile specimen), the proposed
process can also be extended to finish complicated parts if
the profiled insert is fabricated by metal 3d printing.
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Numerical simulation for remelting

Numerical simulation was performed to determine the
appropriate heating and cooling time for the constrained
remelting. ANSYS Multiphysics was used to perform
transient thermal finite element (FE) analysis for the given
problem. The therrmal properties of the materials are given
in Table 2.
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Fig. 7. (a) Analysis domain and boundary conditions for thermal FE
analysis, (b) change in temperature profiles during the heating stage, (c)
change in temperature profiles during the cooling stage.

Fig. 7a shows the analysis domain and the relevant
boundary conditions for the FE analysis. A half model was
constructed by considering the symmetric geometry.
Themal boundary conditions (heating and cooling
conditions) were the same as those of the remelting
experiments. Temperature profiles along the path (from P1
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to P2 shown in Fig. 7a) were compared at vaious time steps
both in the heating and cooling stages.

Fig. 7b plots the temperature profiles along the path
during the heating stage. It can be seen that the surface
temperature underwent a remarkable change at the
biginning of the heating stage; at 20 s heating, the
temperature in the polymer region (between 0 and 12 mm
distance) was lower than 100°C while the temperature in
the profiled mould insert (betweem 13 and 30 mm distance)
was higher than 115°C. This temperature difference
between the polymer and metal regions decreased as the
heating time increased, and became negiligible after 100 s
heating. Based on this result, the heating time was set to 10
minutes to ensure enough heating for the 3d-printed polmer
specimen to be melted and restructured.

Table 2 Thermal properties for the remelting sections.

Material PLA AA-6061
Thermal conductivity (W/m-K)  0.13 180
Specific heat (J/kg-K) 1200 896
Density (kg/m®) 1240 2700

Fig. 7c plots the temperature profiles along the path
during the cooling stage, which shows the opposite trend
from that of the heating stage. That is, the surface
temperature of the polymer region was much higher than
that of the metal region due to their difference in thermal
conductivity; the resulting temperatire difference was as
high as 60°C after 10 s cooling. This temperature
difference decreased as the cooling time increased, and
became negiligible after 50 s of cooling. Based on this
result, the cooling time was set to 1 minute when the whole
region was cooled to as low as 35°C.



