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Additive manufacturing technologies are nowadays used in various industries. In most cases, however, the surface texture of the produced 
models is unsatisfactory and requires further processing, aiming to reduce surface roughness and waviness. The quality of the surface layer 
in many cases plays not only an aesthetic role but also affects, for example, the process of wear and tribological properties. In the presented 
work, samples prepared by fused deposition modelling technology from polylactic acid (PLA) material were subjected to tests. The samples 
were subjected to heat or chemical treatment through the use of acetone. The quality of the surface texture was tested both before and after 
the treatments. In addition, tests were carried out to determine the effect of the presented finishing treatment on the tensile strength of the 
tested sample models. The test results showed that both thermal treatment and acetone treatment influence the surface texture quality, 
especially the waviness, and that the acetone treatment can improve some mechanical properties.
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Highlights
• The impact of finishing, thermal, and chemical treatment in the form of acetone on the quality of parameters of the surface 

texture was examined.
• Thermal treatment slightly improves surface roughness, but significantly reduces surface waviness parameters.
• Acetone in liquid form is much more efficient compared to its gas state.
• Acetone treatment affects the waviness parameters positively; however, reducing the tensile strength of the samples and 

increasing elongation at break.

0  INTRODUCTION

Modern additive manufacturing technologies allow 
for the production of models from plastics, ceramics 
and metals, thanks to a wide range of available 
materials ([1] and [2]). In addition, some of the 
materials used are characterized by such features 
as biocompatibility, high temperature and chemical 
resistance as well as good tribological properties [3]. 
An unquestionable advantage of three dimensional 
(3D) printing is the possibility of almost immediate 
building of models based on 3D digital models, on 
the basis of which the stereolithography (STL) model 
is created (approximated with triangles), enabling 
decentralized and personalized production [4]. 
Although currently there are about a dozen additive 
technologies based on polymer materials, (e.g., fused 
deposition modelling (FDM), stereolithography 
apparatus (SLA) or polyjet modelling (PJM), ceramic 
materials (freeze-form extrusion fabrication (FEF)) 
and metal material (selective laser sintering (SLS)), 
selective laser melting (SLM)), with FDM one of 
the earliest technologies has found the greatest 
application [3]. This technology allows the production 

of models using materials based on acrylonitrile 
butadiene styrene (ABS) or polylactic acid (PLA), 
even with additives such as carbon fibres ([5] to [7]). 
The significant advantage of FDM technology is the 
ability to build almost unlimited large models while 
maintaining low costs of material, machine purchase, 
and service. In addition, this technology is one of the 
few with which it is possible to manufacture objects 
on existing models. This makes the FDM technology 
widely used in both the prototyping and manufacturing 
of short production runs. Additive manufacturing 
technologies have found very wide applications in 
many industries, such as foundries ([8] and [9]), the 
food industry [10], the textile industry ([11] and [12]), 
the construction of technical seals ([13] and [14]), the 
aviation and automotive industries, etc.

FDM, with its simple model construction 
principle, is thus one of the most commonly used 
generative technologies. The materials for the models 
and the support are delivered to the printing heads 
in the form of thin rods with typical diameters of 
1.75 mm or 2.85 to 3.0 mm, where they are heated 
to a temperature slightly lower than the melting 
temperature of the material, and then spread on 
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the platform in the place of the currently built layer 
(cross-section) of the model. After building the first 
layer, the building platform is lowered by a previously 
set value, and the next layer of material is distributed 
and combined with the previously created one [2]. 
With this technology, there are no additional catalyst 
connecting layers such as a binder or a laser beam; the 
layers are joined by the temperature of the extruded 
polymer.

The quality of the technological surface texture 
[15], mechanical properties ([16] and [17]) of the 
produced models and tribological wear in almost 
all additive technologies depend on appropriately 
selected technological parameters. However, only 
selected treatments are reported in the literature ([18] 
to [22]).

In [20], the authors tested cylindrical samples 
manufactured with FDM technology. The model 
material for samples was PLA, and acetone treatment 
was carried out by using a gas atmosphere. Several 
acetone exposure times were applied to the test 
samples in the range of 0 minutes to 10 minutes. 
Test results showed that as the acetone exposure time 
increased, the compressive strength of the samples 
increased slightly. In turn, roughness measurements 
showed that the roughness of the surfaces was clearly 
improved.

The analysis of the influence of finishing 
treatment in the use of acetone was also presented in 
[21]. The authors tested samples prepared in the fused 
deposition modelling technology from the materials 
ABS and PLA. Tensile strength measurements were 
made using a universal testing machine, the results of 
which showed that acetone vapour treatment for an 
undefined duration slightly reduces tensile strength, 
while improving surface roughness and polymer 
ductility.

Heat treatment of samples made in FDM 
technology and an analysis of its impact on mechanical 
properties was also presented in [22]. The authors 
made two types of samples for both bending flexural 
and tensile tests. The samples were then subjected 
to heat treatment and strength measurements, which 
showed that heat treatment allows for a slight increase 
in the strength of the samples tested.

In a recent study, we thus examined several FDM 
printed samples after thermal or chemical finishing 
treatment, reporting to the best of our knowledge 
for the first time on treating PLA with fluid acetone 
for different durations, and determined the influence 
of treatment on the quality of the surface texture 
(roughness and waviness) and selected mechanical 
properties.

1  MATERIALS AND METHODS

The test samples were manufactured in fused 
deposition modelling technology. The principle of 
model construction with the use of FDM technology is 
shown in Fig. 1. The test samples were designed using 
SolidWorks software (Dassault Systèmes SolidWorks 
Corp., Waltham, Massachusetts). Then CAD models 
were saved as STL files with a linear tolerance of 
0.01 mm and an angle tolerance of 5 degrees. The file 
saved in this way consisted of 188 triangles, and its 
approximation is shown in Fig. 2.

Fig. 1.  FDM technology – concept

a) 

b) 
Fig. 2.  Samples; a) STL file, and b) CAD model

For 3D printing, an Orcabot XXL (Prodim, The 
Netherlands) was used with PLA (Filamentworld, 
Neu-Ulm/Germany). The models were sliced with 
the included software Slic3r, applying the common 
45° raster angle. The printing parameters are given in 
Table 1.
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Table 1.  Printing parameters

Parameter Value Unit
layer thickness 0.2 [mm]
nozzle temperature 210 [°C]
building tray temperature 60 [°C]
infill material 99.5 [%]

The first three samples (1 to 3) were not subjected 
to any finishing treatment. For some samples (4 to 
18), heat treatment was carried out by heating in an 
oven at a heating rate of 1 K/min to 60 °C (samples 4 
to 6), 80 °C (samples 7 to 9), 100 °C (samples 10 to 
12), 120 °C (samples 13 to 15) or 140 °C (samples 16 
to 18), respectively, followed by isothermal treatment 
at the final temperature for 60 minutes at the final 
temperature. In addition, chemical treatment of three 
samples (19 to 21) was carried out by exposing the 
models to acetone in the form of gas or immersion in 
the liquid for a period of 1 min, 2.5 min or 60 min, 
respectively. Table 2 summarizes these treatments. 
In addition, tests were carried out on the samples and 
their finishing treatment in the form of an interaction 
with liquid acetone for a period of 3 hours, which, 
however, made the samples unsuitable for further tests 
(Fig. 3). It can be stated that a treatment longer than 
one hour is not recommended for samples exposed to 
liquid acetone.

Fig. 3.  Samples after 3 hours of liquid acetone treatment

Afterwards, the geometrical structure of the 
surface was evaluated. For this, all samples (1 
to 21) were subjected to surface roughness and 
waviness measurements using a confocal laser 
scanning microscope (CLSM) VK-8710 (Keyence, 
Neu-Isenburg, Germany). The upper surface was 
investigated since the lower one generally shows 
strongly reduced waviness due to being solidified on 
the flat printing bed. 

Table 2.  Thermal and chemical treatments of samples

Sample no. Treatment
1 to 3 None
4 to 6 Thermal at 60 °C
7 to 9 Thermal at 80 °C
10 to 12 Thermal at 100 °C
13 to 15 Thermal at 120 °C
16 to 18 Thermal at 140 °C
19f / 19g Acetone 1 min (fluid / gaseous)
20f / 20g Acetone 2.5 min (fluid / gaseous)
21f / 21g Acetone 60 min (fluid / gaseous)

An Excalibur 3100 (Varian, Inc., USA) was used 
for Fourier transform infrared (FTIR) spectroscopy.

The final stage of the study was to measure tensile 
strength for all 21 specimens (18 after treatment and 
3 directly after printing) with an Inspekt mini 3 kN, 
measuring the tensile stress at break.

2  RESULTS AND DISCUSSION

The results of metrological and tensile strength 
measurements are presented in Figures 4 to 10, 
respectively.

The roughness values given here are defined 
as follows: Ra is the arithmetic mean deviation 
of the measured profile from the centreline of the 
evaluation length; Rq is the root mean squared of 
these deviations, and Rz is the average distance 
between the highest peak and lowest valley in each 
sampling area. The waviness values are defined in 
the same way, but with different “wavelengths”, as 
indicated in each figure caption; roughness values 
indicate changes on smaller length scales (with an 
upper cutting wavelength of 0.08 mm, i.e. 1/5 of the 
width of one printed line, to exclude the waviness of 
the neighbouring printed lines) than waviness values 
(with a typical lower cutting wavelength of 2.5 µm, 
thus giving rise to the alternating hills and valleys of 
the neighbouring printed lines). Generally, here we 
use an optical measurement system and thus always 
give areal roughness/waviness values instead of line 
values, as they would be measured with a mechanical 
profilometer, to enable averaging over the whole 
surface instead of a randomly chosen line on this 
surface.

Fig. 4 depicts the roughness parameters Rz, Ra, 
and Rq for untreated and thermally treated samples. 
In all three parameters, no significant change due 
to temperature treatment is visible, while a slight 
tendency towards smaller values of Ra and Rq is 
visible for higher temperatures.
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a) 

b) 
Fig. 4.  Roughness surface parameters for heat-treated samples; 

a) Rz, and b) Ra and Rq

a) 

b) 
Fig. 5.  Waviness surface parameters for heat-treated samples; a) 

Wz, and b) Wa and Wq

This is different for the waviness parameters 
depicted in Fig. 5. Here a clear difference between 
the untreated samples and the ones thermally treated 
at temperatures of 80 °C or higher is visible, with all 
three waviness values Wz, Wa, and Wq decreasing 
significantly to approximately half of the original 
value. 

Comparing Figs. 4 and 5 shows that temperature 
treatment indeed has an influence on the surface of 
FDM printed objects from PLA, although only the 
macro-scale (the waviness) is modified, while the 
micro-scale (the roughness) stays unaltered.

Next, the influence of an acetone treatment was 
investigated. Fig. 6 depicts the roughness values 
Rz, Ra and Rq of untreated samples in comparison 
with acetone treatment in gaseous form. While 
no significant changes are visible for the shorter 
exposition durations, an increase of the roughness for 
the longest treatment is visible, which is nevertheless 
not significant. However, these measurement results 
fit well to the observation that the surface of these 
samples seems to be slightly less shiny than before the 
treatment.

a) 

b) 
Fig. 6.  Roughness surface parameters for acetone-treated 

samples (gas); a) Rz, and b) Ra and Rq
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The impact of treatment with fluid acetone on the 
surface roughness is shown in Fig. 7. Interestingly, 
here even the shortest time shows a significant change 
of Rz, while the other values remain similar. Is should 
be mentioned that after a treatment duration of 60 
min, the original value of the untreated specimen is 
approached again.

While the treatment with acetone in fluid or 
gaseous form was disadvantageous – or in the best 
case neutral – in terms of surface roughness, Figs. 
8 and 9 show that especially Wz is significantly 
reduced by an acetone treatment, while the other two 
waviness values are slightly reduced. This finding 
underlines that on larger scales, the surface gets more 
even, while the shine is reduced if the surface is not 
polished. Apparently, the planned application decides 
whether an acetone treatment makes sense as an after-
treatment, or whether it is counter productive.

a) 

b) 
Fig. 9.  Waviness surface parameters for acetone treated samples 

(liquid); a) Wz, an b) Wa and Wq

Generally, quantitatively analysing the results 
of metrological measurements, it can be stated that 
the thermal and chemical treatment with acetone 
has a slight effect on surface roughness parameters; 
however, the influence of treatments on the surface 
waviness of samples is clearly noticeable. The surface 

a) 

b) 
Fig. 7.  Roughness surface parameters for acetone-treated 

samples (liquid); a) Rz, and b) Ra and Rq

a) 

b) 
Fig. 8.  Waviness surface parameters for acetone treated samples 

(gas); a) Wz, an b) Wa and Wq
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texture parameters measured after these treatments are 
concluded in Table 3.

Table 3.  Surface texture parameters in [µm]

No. Ra Rz Rq Wa Wz Wq
1 0.42 8.8 0.59 6.9 240 10.5
2 0.27 8.0 0.38 6.4 215 9.5
3 0.28 6.6 0.37 5.5 199 8.3
4 0.29 8.0 0.40 3.9 120 5.5
5 0.20 6.3 0.29 3.4 103 5.0
6 0.40 7.9 0.56 5.4 194 8.0
7 0.24 7.3 0.32 3.6 132 5.1
8 0.28 8.9 0.40 3.9 126 5.4
9 0.16 5.9 0.23 3.2 107 4.1

10 0.20 7.5 0.27 3.4 114 4.5
11 0.20 7.8 0.28 3.8 127 5.3
12 0.31 8.4 0.46 3.4 131 4.4
13 0.31 7.0 0.45 3.2 128 4.3
14 0.17 7.9 0.25 4.2 128 5.6
15 0.27 8.1 0.38 3.7 123 4.6
16 0.27 7.0 0.38 3.2 133 4.1
17 0.27 7.4 0.38 3.1 134 4.2
18 0.19 6.1 0.26 3.6 102 4.6
19g 0.14 8.5 0.24 3.4 74 4.3
20g 0.33 8.0 0.46 5.9 216 8.3
21g 0.63 11.6 0.93 4.2 91 5.1
19f 0.41 17.9 0.58 4.9 118 6.2
20f 0.54 13.5 0.75 4.2 96 5.6
21f 0.37 9.0 0.48 5.4 75 6.7

Table 4.  Mechanical properties of samples: tensile strength Rm 
and elongation A

No. Rm [MPa] A [%] No. Rm [MPa] A [%]
1 35.532 10.594 12 45.734 6.952
2 45.962 8.119 13 44.958 6.813
3 45.177 6.916 14 46.411 6.742
4 46.347 8.647 15 47.262 7.130
5 44.381 8.184 16 39.265 5.704
6 41.884 8.886 17 45.138 5.453
7 39.381 8.298 18 48.035 6.599
8 41.652 7.331 19 g/f 31.579 6.865
9 47.019 8.004 20 g/f 25.68 4.937

10 45.648 8.107 21 g/f 8.369 31.769
11 43.147 6.836

Analysing the results of tensile strength 
measurements of all types of samples, as depicted in 
Table 4, it can be seen that in almost all cases there is 
no clear effect of heat and chemical treatment on the 
tensile strength of the samples and on elongation. The 
exception is the tensile strength of the sample that was 
acetone treated for a period of 60 minutes.

In most cases, the tensile strength ranges from 35 
MPa to 48 MPa, and the elongation is approximately 3 
mm (5 % to 10 %). Tensile strengths of approximately 
40 MPa to 50 MPa are typically for PLA 3D printed 
with a nozzle diameter of 0.4 mm and rectilinear 
infill. The maximum values of approximately 50 MPa 
are given by the tensile strength of the pure filament, 
which is in the same range, while small deviations 
from a perfect printer setup lead to air holes in the 
specimens and thus to reduced tensile strength [23]. 
For sample 21 (acetone 60 min), however, the tensile 
strength is much lower (8.369 MPa), however, the 
elongation is almost 12 mm (31.769 %). This is 
interesting because acetone treatment has positively 
influenced the waviness parameters. The increased 
elongation of sample 21 means that acetone treatment 
allows changing the physicochemical properties of 
samples and increasing the flexibility of the produced 
models, which in justified cases is a beneficial 
phenomenon, despite the lower tensile strength.

This is also visible in Fig. 10, showing the clear 
difference between sample 21 (lilac curve) and all 
other curves. Obviously, this sample is severely 
elongated, while the other samples, including Sample 
1, which breaks at an elongation of 4 mm, show a 
brittle break.

Fig. 10.  Stress-strain curves of all samples under investigation in 
this study

To investigate the reason for this difference, FTIR 
measurements on the samples with and without after-
treatment were performed, which are depicted in Fig. 
11.

In all cases, we see the typical peaks of 
the PLA backbone ester group, i.e., 1748 cm-1  
(–C=O stretching), 1182 cm-1 (–C–O–C stretching), 
1133 cm-1 and 1079 cm-1 (both –C–O–stretching) 
(all marked by solid lines) [24]. Additional 
typical PLA peaks can be found at 1452 cm-1  
(–CH3 bending), 1268 cm-1 (–C=O bending), 1038 
cm-1 (–OH bending) as well as 872 cm-1 and 754 
cm-1 (–C–C– stretching of amorphous and crystalline 
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phases, respectively) (all marked by dashed lines) 
[25]. Finally, the small peaks around 1358 cm-1 and 
1384 cm-1 can be attributed to –CH vibration and 
symmetric –CH3 bending, respectively (dotted lines) 
([26] and [27]).

Differences between the untreated material and 
the material treated with liquid acetone for 60 min 
are not visible in the peaks at 872 cm-1 and 754 cm-1, 
indicating no change of the crystallinity near the 
surface where acetone-induced changes could be 
expected to be strongest [28].

Next, a possible modification of the molecular 
weight is investigated. An increase of the molecular 
weight by solvent treatment is indeed possible since 
low-molecular fractions may be dissolved, while 
higher-molecular fractions stay unaltered [29].

If the molecular weight is altered, changes should 
mostly be visible in the amount of end functional 
groups and ester bonds since low-molecular-weight 
PLA has more carboxylic acid and alcohol groups 
per mass than higher-molecular-weight PLA. On the 
other hand, higher-molecular weight PLA has more 
ester bonds due to enlarging the polymeric chain. This 
means that the peaks around 1748 cm-1 (carboxylic 
acid) should be higher for lower-molecular weight 
PLA, which is not the case for the acetone-treated 
samples. In [27] the high-molecular-weight PLA also 
shows an additional small peak around 1715 cm-1 on 
the shoulder of the large carboxylic acid peak, which is 
well visible here for most acetone treated specimens, 
especially for a duration of 60 min (marked by an 
arrow). These findings might indicate an increase in 
the molecular weight due to an acetone treatment.

On the other hand, the peak at 1268 cm-1 is 
significantly higher in our measurement of the 

original PLA, while it nearly vanishes for the 
acetone-treated specimens. Vanishing of this 
carbonyl ester group shows a reduced amount of 
these ester links, i.e. a lower molecular weight. 
Similarly, the peak at 1210 cm-1 – indicating the  
–OC–O stretching of carboxylic groups – is much 
more pronounced for the acetone-treated samples than 
for the original one, which is again a sign of a lower 
molecular weight.

Since these findings are inconsistent, a possible 
modification of the molecular weight due to the 
acetone treatment cannot be verified or falsified by the 
FTIR measurements.

Generally, it can be assumed that treating the 
specimens with a solvent partly destroys the molecular 
structure of PLA and thus weakens the molecular 
chain interaction [30], changing the original brittle 
behaviour into a more ductile one.

4  CONCLUSIONS

After an analysis of the presented research results, the 
following general conclusions can be formulated:

The geometric structure of the surface after 
thermal and chemical treatment is different from that 
immediately after printing. It has been shown that 
this effect is insignificant with respect to roughness 
parameters; however, it is clearly visible in the case of 
surface waviness parameters, which in many cases are 
incorrectly ignored.

Tensile strength when using thermal treatment 
did not change significantly; however, in the case of 
chemical treatment with acetone, a noticeable decrease 
in strength intensified by the elongation of the acetone 
effect can be seen. At the same time, a large increase 

Fig. 11.  FTIR measurements of untreated, thermally and acetone-treated specimens; the graphs are vertically offset for clarity
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in elongation was observed, especially for samples 
subjected to 60 minutes of acetone treatment, which 
is a positive phenomenon in many applications. Tests 
also showed that the interaction with liquid acetone 
for a duration longer than one hour causes the samples 
to break down with significant deformation.

The FTIR measurements are inconsistent; a 
possible modification of the average molecular weight 
due to the acetone treatment cannot be verified or 
falsified and should be investigated in a follow-up 
study using much longer solvent treatment durations.
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