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Surface polish of PLA parts in FDM using dichloromethane vapour
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Abstract. Fused deposition modelling has become one of the most diffused rapid prototyping techniques, which is
widely used to fabricate prototypes. However, further application of this technology is severely limited by poor
surface roughness. Thus it is necessary to adopt some operations to improve surface quality. Chemical finishing is

typically employed to finish parts in fused deposition modelling (FDM). The purpose of this paper is to decrease the

surface roughness for polylactic acid (PLA) parts in FDM. The chemical reaction mechanism during the treating
process is analysed. Then NaOH solution and dichloromethane vapour are used to treat FDM specimens respectively.
A 3D laser microscope has been applied to assess the effects in terms of surface topography and roughness. The
experimental results show that treatment using dichloromethane vapour performs much better than NaOH solution.
Compared with the untreated group, surface roughness obtained through vapour treatment decreases by 88 per cent.
This research has been conducted to provide a better method to treat PLA parts using chemical reagents.

1 Introduction

Fused deposition modelling (FDM) is the most diffused
rapid prototyping (RP) technique in the world "\, The
main advantages of this technology include: low
maintenance cost, toxic free materials, quick production
of complexity parts, and high utilization rate of raw
materials. These aspects make it suitable for a wide range
of applications in aerospace, automotive, biomedical,
customer product industry, design and tooling .
Nevertheless, the main disadvantages are anisotropic
property, requirement of support structures for overhangs
and high surface roughness "°!. Particularly, the poor
surface limits the further application.

Several researches have been investigated to reduce
surface roughness of FDM parts by optimizing
fabrication parameters. A study conducted by
Thrimurthulu ) et al. aimed to obtain an optimum part
deposition orientation by using a real coded genetic
algorithm. Ahn "*! et al. proposed a model to represent
average roughness by assuming the filament profile as an
elliptical curve, and regarded cross-sectional shape,
surface angle, layer thickness and overlap between
adjacent layers as the main factors affecting surface
quality. An approach for adaptive slicing that applied the
image processing technique to determine appropriate
thickness and to recommend slicing positions on a 3D
model was proposed, then it was implemented on the
LabVIEW platform and compared with other approaches
to reduce build time while maintaining surface quality .
Mahapatra and Sood"” proposed use of artificial neural
network model to determine the relationship between five
input parameters, subsequence bayesian regularization

was adopted for selection of optimum network
architecture to obtain reasonably good surface quality.

Whereas, roughness on the vertical orientation caused
by staircase effect cannot be avoided through optimizing
fabrication parameters. Hence, post-treatment operations
to improve surface quality is needed.

At present, two primary approaches are used to
achieve smooth surfaces on parts: chemical and
mechanical smoothing ') A chemical post-treatment was
adopted after studying the influence of FDM machining
parameters on acrylonitrile butadiene styrene (ABS)
prototypes surface finish, subsequently, surface finish of
products had been measured, which showed a significant
improvement in surface finish at the expense of a
negligible change in the dimensional accuracy''”.
Application of surface coatings is another approach to
achieve a desired surface finish, in addition to adding
strength to a finished part. Such coatings may include
primers, paints or metallic electroplated coatings ",

However, chemical polish of polylactic acid (PLA)
has been rarely investigated, not to mention using
different chemical reagents.

In this paper, two distinct chemical reagents are
adopted to reduce surface roughness of PLA parts
respectively, with one method using NaOH solution, and
the other using dichloromethane (CH,CL,) vapour.
Subsequently, the surface topography and roughness are
observed by a 3D laser scanning microscope to verify the
mechanism of chemical reaction analysed.

2 Theory analysis
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2.1. Effects of fabrication parameters

Many fabrication parameters have impacts on the surface
quality of FDM parts, such as layer thickness, nozzle
diameter, printing speed, raster angle, shell thickness and
infill overlap etc., which are shown in Figure 1.
Moreover, different factors make diverse influences on
the surface quality. The major ones are layer thickness
and nozzle diameter. The thin layer produces a smoother
surface than the thick layer, whether it is measured
vertically or horizontally '*). Surface roughness and part
deposition time are always contradicted with each other.
It is the same with nozzle diameter. However, in any case
the staircase effect on the vertical orientation cannot be
eliminated by optimizing fabrication parameters.
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Figure 1. [llustration of partial fabrication factors
affecting surface quality

2.1. Effects of fabrication parameters

Opposite to the polycondensation of esters, there are
three methods during the hydrolysis process of PLA: (i)
occurring on the main chain to generate monomers or
oligomers, (ii) hydrolysis on the side chain to generate
soluble main chain polymer and (iii) hydrolysis on the
linkage chain to generate linear polymer ") And the
principal way is (i), as shown in Figure 2. The hydrolysis
of PLA begins with the absorption of water, then small
molecules of water move to the surface of the sample,
spreading around the ester bond or hydrophilic group.
Especially in the medium of acid or alkali, the ester bond
in macromolecular main chain is broken continually.
Ultimately samples dissolve when the molecule reduces
to a certain extent. Furthermore, the characteristic of this
process is that the hydrolysis happens at the interface
simultaneously, and small molecules generated leave the
model surface to diffuse in aqueous solution.
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Figure 2. [llustration of hydrolysis of PLA

2.3. Dissolution of PLA in organic solvent

For FDM parts made up of PLA, there exists a range of
corrugated structures on the surface due to the staircase
effect, which is supposed to be eliminated by using
vapour treatment of easy volatile solvent such as
chloroform, dichloromethane and tetrahydrofuran etc.
Ahn " et al. has proposed a magnified cross-sectional
shape of the deposited filaments, which is close to an
elliptic curve. Appear on model surface, peaks and
valleys become droplets through absorbing the volatile
solvent. Then, under the effects of liquid surface tension
and gravity, these two kinds of droplets blend continually,
resulting in lower peak and filled valley. As it goes on, a
dynamic balance will be achieved. Finally, a smoother
surface can be obtained. The process of dissolving and
flow on the profile of PLA part is shown in Figure 3.
Laser Raman spectra shows that there exists no
dichloromethane in the dried product, and it has been
volatilized completely during this processing !'”. The
main distinction compared with hydrolysis of PLA is that
the dissolved molecules attach to the model surface
during the progress.
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Figure 3. Process of dissolution and flow on the profile of
PLA part. (a) Shape of deposited filaments '* and (b)
process of chemical reaction.

3 Experimental

In this paper, two chemical methods for enhancing the
surface finish of specimens are investigated. The NaOH
solution is adopted in order to treat the surface of
specimens in the first method, and dichloromethane is
used as the organic solvent in the second method. The
progress is carried out over three steps. Figure 4 displays
the workflow of the experiment.

First step
‘Prototypes fabrication

Grouﬁ 2
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Roughﬁess
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Figure 4. Experimental workflow

3.1. First step —specimens manufacture

A cuboid test specimen is designed and its dimension is
shown in Figure 5 with the unit used is millimetre. All
specimens for groups of three are fabricated using a Prusa



MATEC Web of Conferences 95, 05001 (2017)
ICMME 2016

DOI: 10.1051/matecconf/20179505001

Mendel desktop 3D printer, and the filament feedstock is
PLA. Printing parameters are adopted by empirical values
in order to eliminate the manufacture error. Table 1
shows the main printing factors above-mentioned in
Chapter 2.1. Other factors are maintained at their default
levels.

Top surface

Side surface

Figure 5. Shape and dimension of specimens

Table 1. Printing factors and their levels

Factor Level Unit
Layer thickness 0.2 mm
Raster angle 45 °
Nozzle diameter 1.0 mm
Printing speed 30 mm/s
Shell thickness 1.0 mm
Infill overlap 10% -

3.2. Second step - treatment with NaOH solution

In the second step of the experimentation, the specimens
of group two were subjected to treatment of soaking in
NaOH solution. Heating by an alcohol lamp is added for
the reason that reaction performs quite slow at room
temperature. The process was carried out by immersing
in the 5 wt. % NaOH boiling solution for half an hour.
Subsequently, the roughness of side and top surfaces of
all the specimens were measured by the laser microscope
for 3D & profile measurement, in order to evaluate any
differences happened. Three specimens were assessed to
avoid the accidental error.

3.3. Third step — treatment with dichloromethane
vapour

In the third step, the specimens of group three were
subjected to an organic chemical treatment. The
dichloromethane was selected according to its low cost,
very low toxicity and extremely high diffusion. Before
the test, a processing time trial was made to decide the
suitable treatment time. The process was undertaken in a
glass bottle full of dichloromethane vapour for 300s. The
operation was conducted in room temperature at 25°C
and the pressure of vapour using is at normal atmospheric
pressure. The surface roughness of three specimens was

evaluated using the same laser microscope and compared
with the above two groups in order to evaluate the
improvement of surface finish.

4 Results and discussion

4.1. Analysis of surface roughness

Surface roughness were measured by a laser scanning
microscope (KEYENCE VK-X200). Images were taken
over a 1.414*Imm area of the side surface. Surface
roughness was analysed by the VK Analyzer 3.3 software
(KEYENCE, JAPAN).

In Figure 6, the 3D surface topography and its line
roughness of side surfaces are shown. Three colourful
lines show the position of the line roughness, while the
corresponding curves below represent the line roughness
measured. Surface defects near the edges were avoided.
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Figure 6. Laser scanning microscope images (3D-left and
2D-right) of the side surface showing before (-) and after
(+) chemical treatments. (A) Untreated PLA, (B) treated
PLA (+NaOH), (C) treated PLA (+CH,CL,). All images
are at the same scale.

As shown in Figure 6, the roughness of the
specimens in group three have been greatly reduced by
using the dichloromethane vapour treatment described
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above. Roughness before and after chemical treatments is
reported in Table 2. Compared with group one, the
surface roughness of group two reduced by 13 per cent.
However, the surface treated by NaOH solution loses its
lustre which can be obviously seen in the middle of
Figure 6. Further investigation on the nano-level needs to
be conducted. An upgrade reflection effect of light is
obtained in group three. Meanwhile, the surface line
between neighbour layers cannot be observed by the
naked eye. A markedly roughness reduction is obtained
with a lowering of 88 per cent than group one, and 86 per
cent than group two, which indicates the treatment used
in group three performs much better than that used in
group two. In other words, the method using
dichloromethane vapour almost eliminates the influence
of staircase effect. As to the top surface, the results show
that there is poorly difference amongst the three groups.
The roughness of top surface is decided by many factors
except the staircase effect. Hence, the measured results
have been elided in this paper.

Table 2. Roughness on side surface of three groups

Group Specimens Ra Average
number number (4 m) | Ra(p m)
1 18.84
Before I 2 2233 | 2046
treatment
3 20.20
4 17.34
After
NaOH 11 5 19.15 17.79
treatment
6 16.92
7 1.90
After
CH,CL, 11T 8 2.47 2.46
treatment
9 3.00

In Boschetto and Bottini !"®), through barrel finishing,
the Ra decreases from 16.54 to 4.23 4 m in 960 minutes
for vertical walls of ABS FDM parts. In this paper, the
results show that after vapour smoothing for just 30
seconds the peak and valley of the surface cannot be
distinguished any more, with average Ra passes from
20.46 to 2.46 4 m. However, there still exists a tiny
uneven area as shown at the bottom of Figure 6. The
reason for this phenomenon is unknown. Better surfaces
may be produced if a regularly vibrating treatment
applied on the specimens is adopted simultaneously with
vapour treatment, which may promote the flowing
droplets to homogenize.

4.2. Case study

The investigation of this paper has proposed a chemical
method to improve the surface finish, which can be used

to fabricate parts. To provide a case of treatment on free
form surfaces, a cartoon character (Figure 7 — left side)
was manufactured using the vapour post-treatment. Then
the prototype was immersed in the chemical vapour for
thirty seconds and its roughness was measured on a
1.414*Imm area considered on the front part. The
roughness reduces from an average Ra equal to 18.24y m
to 3.774 m. The 3D map and 2D surface topography are
shown in Figure 7 — right side. It can be observed that
the surface quality has been greatly improved.
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Figure 7. Images of free form surface for (a) untreated and
(b) treated by dichloromethane vapour

5 Conclusion

In this paper, the chemical reaction process of FDM
prototypes made up of PLA is analysed originally. Using
different chemical reagents, two methods of improving
the surface finish are investigated, with vapour treatment
yielding a significant enhancement of surface roughness.
Compared with untreated specimens, average Ra is found
to decrease by 88 per cent using dichloromethane vapour
and near mirror quality surfaces can be obtained
regardless of staircase effect. While the specimens treated
by NaOH solution can also decrease average Ra in some
degree. The proposed chemical treatment is economic,
fast and easy to use. With simple treatment and little time,
the experimental findings provide the operator a method
to polish PLA parts, which can reduce instrument and
labour cost in the post-processing operation. Further
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studies need to be conducted on the mechanical property
after vapour treatment, particularly on the vertical
orientation.
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