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Abstract: The paper describes the experiment of assessing the chosen geometric characteristics of test models with simple geometry,
shaped by the FDM (fused deposition modelling) method of different materials. The influence of the material grade and the degree of infill
density on the shrinkage affecting their dimensional deviations and selected surface topography parameters of printed parts was examined
and compared. Three different types of materials were used to fabricate the test models, namely HDGLASS and NANOCARBON, two new
fibre reinforced composites available in the market and, additionally ABS, a popular monoplastic material. An infill density ratio of 10, 50
and 90% was assumed for each material. Three specimens were made on the same printer for each infill density, which allowed to assess
the repeatability of the analysed characteristics. From among many possible shapes of models, a cube was chosen as representing the
simplest geometry, facilitating the measurements themselves and the interpretation of the results. New fibre-reinforced materials are more
attractive in industrial applications than pure plastics (ABS) due to their mechanical properties or appearance. They are characterized by a
relatively low melting point and short cooling time, after which they can return to their original geometry; however, there is a lack of detailed
data on the geometric accuracy of parts made of used composite materials. The presented work was to explanatorily broaden the
knowledge about the properties of composite made parts. The practical purpose of the research was that on the basis of measurements, it
would be possible to indicate among the materials used that particular material whose properties and method of application would allow
obtaining the best quality surface and would be the most resistant to thermal loads. An attempt was also made to explain the possible
causes of the differences in the observed characteristics of the tested materials.

Keywords: FDM, thermoplastic filament materials, geometrical accuracy

1. INTRODUCTION

Additive manufacturing (AM) is a popular alternative to sub-
tractive manufacturing and formative manufacturing methodology.
Products shaped by this technology, also called as 3D printing,
are made from 3D model data, usually by adding layer upon layer
(ISO/ASTM 52900:2015). Frequently chosen method is the Fused
Deposition Modelling (FDM) method suitable for thermoplastic
materials. Its advantages include a wide choice of materials, good
strength properties of the parts built, as well as a simple process
model that affects the simple construction and thus low cost of
FDM machines. Products shaped by AM technology are more and
more often used as end-use parts or functional elements ready for
assembly. Appropriate surface quality (Adamczak, 2008) and
form-dimensional accuracy (PN-EN ISO 286-1: 2011) become
very important and allow to eliminate the costs of finishing opera-
tions.

With the exception of universal requirements for the proper
functioning, durability and reliability of the product, the desirable
product properties, regardless of the technology, are mainly due
to its intended use.

The quality of the product is therefore conditioned by the
characteristics related to the individual desired properties, so
quality level is formed by three main factors: (1) product design;
(2) material; (3) parameters and conditions of the manufacturing
process (Bahr and Westkamper, 2018).

1.1. Project phase

For both end-use parts and parts that are elements of assem-
blies, a set of characteristics consisting of the specification estab-
lished in the design phase is important. These are geometrical
features, surface topography, concerning topological aspects of
surfaces and the structure of the surface layer. These three attrib-
utes of the correct part geometry have been extensively studied
for parts manufactured in conventional subtractive processes,
based mainly on machining. Material removal process has a
strong influence on the topological and structural changes to
machined surfaces. Irregularities and deformations of the ma-
chined surface occur due to the existence of cutting forces and
friction of the cutting tool while machining.

Topography and surface texture is considered the most im-
portant geometric feature among the geometric quantities and
parameters describing the surface structure after shaping
(Petropoulos et al., 2010). As numerous works have found, the
condition of surface could directly affect the functional features of
the product. In Hashimoto et al. (2016), the influence of surface
characteristics after four types of fine-finishing on functional char-
acteristics, including tribological parameters and stress, was
examined. The relationship between the state of the surface and
wear resistance, sealing properties and corrosion resistance
of parts and fatigue was concluded in Zabala et al. (2018).

With the appearance of new technologies like AM, there was
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a necessity to verify these dependences.

The geometry of the parts fabricated in 3D printing processes,
as opposed to machining, is created additively by adding material.
In the FDM method, the surface condition with a characteristic
texture is also formed by various phenomena accompanying the
cooling process, affecting the properties, structure and thermal
stress of the material.

Until recently, in industrial practice, surface texture was treat-
ed as an indicator of process variability (e.g., due to tool wear or
machine vibration). In case of a stable process, Ra - the basic 2D
parameter — characterizing the roughness and surface texture
quite well. In practice, most surface roughness tests are still
based on profile measurements and 2D parameters, which have
been well recognized. As discussed by Guillemot et al. (2014), 2D
parameters are an important indicators of product and process
quality, but insufficient, for example, for complex surface texture
or its anisotropy. Meanwhile, in the case of FDM method, the
surfaces exhibit a clear anisotropic, nonuniform texture; therefore,
the way of measurement should be chosen to fully characterize
and describe them (Triantaphyllou et al., 2015).

Modern surface metrology is increasingly referring to spatial
measurements (Guillemot et al., 2014; Mathiaa et al., 2011; Singh
and Vatsalya, 2015) and topographic characteristics as surface
descriptors, which represent the state of the entire surface, not
just its cross-section.

The knowledge of relationships between 2D/3D parameters
versus functional parameters of parts produced by finishing ma-
chining allows predicting and obtaining the products with improved
functional properties (Grzesik, 2016). According to the author, the
knowledge of topography can be employed for typical or uncon-
ventional processes to optimize the process settings or tools.

To summarize, in modern research, in the assessment of the
quality of AM surfaces, three directions can be distinguished:

— determining the relationships between surface quality and
desired surface function;

— selection and measurements of a representative characteristic
or set of surface characteristics;

— optimization of process settings to establish the best surface
quality.

Relatively little studies have been found in subject literature
considering nothing except the issue of dimensional and form
accuracy. These include the work by Spoerk et al. (2019), where
the properties of (PP) semi-crystalline polypropylene composites
processed by SLS method were analysed. A simplified stress
deformation model has been developed for the purpose of warp
analysis (Wang et al., 2007). In other studies, only certain geo-
metrical features were inspected as one of the others quality
indicators of FDM fabricated parts (Alsoufi and Elsayed, 2018;
Nufiez et al., 2015; Tomi¢ et al., 2017; Umaras and Tsuzuki,
2017).

1.2. Material and its composition

Material is an important factor affecting the quality of a product
fabricated by AM technology. Building material (a filament) is used
nowadays, instead of classical materials from the group of metals
or ceramics, as a construction material, whose geometric (type
and diameter of filament) and technological properties (high
strength, combined with low density) depend on the geometrical
and mechanical properties of the product. It is not easy to choose
the best material to meet the construction and strength require-
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ments in a given application, and at the same time, take this
important aspect of product suitability into account.

Thermoplastic filament materials commercially available in the
consumer market are fabricated commonly from acrylonitrile
butadiene styrene (ABS), polypropylene (PP), polycarbonate
(PC), polylactic (PLA), polyether (PEI), and others (Ligon et al.,
2017). Traditional mono-plastics are now more and more often
replaced with composites and nanocomposites. They are formed
on the basis of a polymer matrix with the addition of inorganic
fillers in order to improve their mechanical, optical, electrical and
thermal properties. These can be glass fibres, carbon fibres,
calcium carbonate, talc and many more. In recent years, progress
at AM is mainly associated with the development of new materials
that will enable 3D printing of parts with better mechanical perfor-
mance and quality (Roberson et al., 2015).

The latest research trends towards developing techniques for
the production of new fibre reinforced polymer composites (rang-
ing from nanoscale discontinuous to continuous fibres) are de-
scribed in (Duo Dong Goh et al., 2019). Recent achievements and
technologies in this field are presented, as well as a list of materi-
als with their advantages and disadvantages. Other current work
in this field (Hofstatter et al., 2019) discusses the problems of
composite production, the effect of fibre length, their orientation,
the share of additives in polymer matrix on the composite proper-
ties and requirements for its processing. This publication also
provides an overview of the materials currently available in fibre
reinforced materials technology. The final desired properties of a
composite depend on not only the properties of its components,
but also many factors associated with its fabrication, which is why
the development of an appropriate technology becomes an im-
portant problem that is analysed in many works. Mohan et al.
(2017) makes an extensive review on the fabrication methods of
specimens using various composite materials and optimization of
their processing parameters in the FDM method to improve vari-
ous mechanical properties and other desirable properties of 3D
printed parts.

Carbon fibres are the common polymer additives. The im-
portance of carbon fibres to additive manufacturing owes to such
advantages as low weight, high tensile strength and low thermal
expansion (Al-Hariri et al., 2016). Techniques for reinforcing pol-
ymers are presented in the paper, among others by using two
separate printheads, the first of which dispenses the polymer,
such as nylon or PLA, while the second the carbon fibres.

Blok et al. (2018) investigates the impact of carbon fibre archi-
tecture in composites on mechanical properties (tensile strength
and stiffness) and so-called processability (including melt viscosi-
ty, temperature, thermal conductivity, and others).

As a result of the research (Kaczynski et al., 2014), the wear
mechanism of thermoplastic composites reinforced with unidirec-
tional carbon fibres was found to increase strength and wear
resistance. The authors state the possibility of using the height of
fibres reinforcing the polyamide matrix and their angle of orienta-
tion to predict the wear resistance. The authors (Prusinowski and
Kaczynski, 2017) are investigating the possibility of achieving the
desired properties through the use of an appropriate extrusion
head design in the FDM method by orienting reinforcing carbon
fibres of the appropriate length. Another work (Roberson et al.,
2015) demonstrates the production of composite materials for AM
based on FDM technology, aimed at obtaining the properties
expected in given electromagnetic and electromechanical applica-
tions. It is also possible as authors state to reduce disadvanta-
geous features such as anisotropy of mechanical properties, as
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well as consideration of an important aspect of surface finishing.

Research is also ongoing regarding the usage of glass fibres
in polymer matrix (Duo Dong Goh et al., 2019). Experiments
involving a composite based on Nylon 6 with various admixtures
of glass fibres, described in the study by Kumar and Pan-
neerselvam (2016), reveal a significant increase in abrasion re-
sistance as the fibres’ content in the composite increased. Along
with the glass fibres’ share, the wear indicator decreases and is
the lowest at 30% glass fibres. The addition of glass fibres also
reduces plastic deformation, and its dispersion in the matrix im-
proves tensile strength and hardness.

1.3. Material extrusion process

The final quality of the 3D printed object is also affected by the
speed of extrusion, bed and printing head temperature, nozzle
diameter, ambient temperature, and slicer parameters (algorithm
forming layers of the model), such as wall thickness, type of filling
and so on (Calcagnile et al., 2018; Mohan et al., 2017; Umaras
and Tsuzuki, 2017). Taking into account such a large number of
factors influencing the process, the preparation of test artefacts is
a common practice (Knoop et al., 2018; Liua et al., 2019; Spoerk
et al., 2019), on the basis of which, it is possible to carry out tests
and determine the effect of processing condition on the quality of
the products.

An important aspect of producing high quality products is the
cost of obtaining it (Dudek and Zagérski, 2017). A way to reduce
the costs of producing FDM products is to shorten processing time
and minimalize material waste by applying the appropriate density
of laid layers, known as the degree of infill density. This parameter
is characterized by the amount of material inside the volume of
the 3D printed model, so when completely filled with solid materi-
al, it occupies 100% of the volume; for empty (not filled with mate-
rial), it is 0% (Loncierz and Kajzer, 2016).

The dynamic progress observed in the production of compo-
site materials is often ahead of research, thanks to which one can
comprehensively learn about the geometrical properties of an
object affecting its functionality or appearance. Rapid changes in
the composition, the innovations of polymer blends mean that with
the development of new filament products, it is necessary to re-
examine the manufactured part characteristics, hence predicting
the accuracy — as some experts consider — is still an open issue.
This problem particularly applies to commercial versions of mate-
rials, that is, filaments. There is a need to continuously broaden
the knowledge on commercially available versions of composite
materials (Hofstatter et al., 2019) and conducting research.

The aim of the published work was to experimentally investi-
gate the geometrical properties of FDM manufactured parts. This
paper describes the experiment of assessing the accuracy of test
models with simple geometry made of three different commercial
filaments. The choice of material should be made before design-
ing the object, taking into account the desired properties of the
object. Therefore, the influence that the material or the degree of
infill density has on the chosen surface texture parameters of the
specimen surface as well as on the shrinkage was investigated
and compared.

2. EXPERIMENT

Three different materials were chosen for the study, which are
currently of great interest to manufacturers of 3D printed products.

acta mechanica et automatica, vol.14 no.1 (2020)

The first is a widely used traditional ABS polymer material, that is,
acrylonitrile butadiene styrene, a completely amorphous material
(http://www.rp-tech.pl; Nufiez et al., 2015; Zuchowska, 2000).
Products made of this material are characterized by good me-
chanical properties and a wide range of temperatures of use. It is
willingly chosen by manufacturers due to its ease of processing
and relatively low price.

The next two are new composites: HDGLASS and
NANOCARBON.

NANOCARBON is a polyamide (mainly PA12) with filling of
carbon fibres. It is a partially crystalline composite material, char-
acterized by excellent mechanical properties and very high chem-
ical resistance thanks to the additon of fibres
(www.markforged.com).

The third material, HDGLASS, is a new glass-like filament,
made from an unique blend of PETG (polyethylene terephthalate),
a material that is rapidly growing in popularity. Polymer matrix
belongs to the group of polyesters that have a tendency to form
a crystalline phase (www.formfutura.com). It is particularly inter-
esting because detailed information based on scientific research
carried out is not found about the properties of this material yet.
The composite is characterized by 90% light transmission, high
hardness and strength, as well as high resistance to high temper-
atures. The part ‘HD’ in the filament name means ‘Heavy Duty’. Its
additional advantage is the fact that it is suitable for contact with
food (FDA certificate).

2.1. Material properties

Selected thermoplastic filament materials are characterized by
different melting temperature and different thermal stability
(Tab. 1), which can affect the state of the material after polymeri-
zation due to temperature reduction (cooling process).

Tab. 1. 3D printing filaments — Manufacturer's specification

Material type ABS NANOCARBON HDGLASS

Colour Briliance Matte black White
black

Filament Diameter

[mm] 0.2 0.2 1.75

Melting Temperature . -

(the temperature of (24218 - ggg) 245 + 265 F2’|1E$G222655

the extruder) [°C] ’ ( £ 265)

Coefficient of Linear No data No data

Thermal Expansion 7.38x10% (PA12:12+14 | (PETG:8+10

[m/m x °K] x 109) x 10°)

Density [g/em?] 103105 | 102+124 (Péfgﬂ y

Young's ModuluSE 11900+ 2600 | 2700 + 7600 21476

[MPa]

Tensile Strength Rm R R

[MPa] 34 +51 41 +165 No data

The Temperature of . .

Product Use [°C] -40 + 85 -30 + 80 No data

2.2. 3D printer

The test specimens were made on the PRUSA ORIGINAL i3
machine, with working range 250x210x200 mm (Fig. 1a). It is one
of the most popular printer models.
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a c

Fig. 1. Specimens manufacturing a) FDM machine; b) Printed model;
c) Test specimens with different filament materials

According to users, this model combines good price with good
print quality. The printer is equipped with a magnetic bed with the
possibility of automatic levelling of the heating bed. The printer's
advantages include a wide range of materials that can be used at
work, from the most popular, such as ABS, to fibre reinforced
composites.

2.3. Tested specimens

The specimens had the shape of a cube (Fig. 1b; Fig. 1c) with
dimensions of 20x20x20 mm. The shape and dimensions of the
tested specimens are important in determining mechanical proper-
ties while strength tests (Dikshit et al., 2017). Among many mod-
els, a cube was chosen as representing the simplest geometry,
shortening time and facilitating the measurement and interpreta-
tion of results regarding geometric accuracy. For each material
tested, three specimens were manufactured with a cross-fill rate
(infill density) of 10%, 50% and 90%, which means that the mate-
rial inside the cube, which forms the grid, occupies 10%, 50% or
90% of the internal volume. The 3D model was developed in
Autodesk Inventor 2019 and then a G-Code was generated with
Simplify 3D to control the printer. Tested specimens were printed
at different extruder temperatures, bed temperatures and feed
rates. The parameter values recommended by the machine manu-
facturer for the given material were used to ensure the correct-
ness of process flow and good results. The levels of main process
parameters are shown in Table 2.

Tab. 2. Factors settings of process 3D printing

Material No:flller ;e[?g:]uer- Betdu:zn[lpoe]ra- Prmt[::rg]j1 /S;Teed
ABS 250 100 80
NANOCARBON 240 50 70
HDGLASS 210 90 65

The material consumption of each produced specimen was

determined on the basis of weighing by AXIS electronic analytical
balance. The device has a measuring range of 200 g and resolu-
tion 0.001 g. Table 3 below shows the average weight of three
samples of each material.

Specimens were fabricated within two days at a constant am-
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bient temperature, using a filament from a single roll. They were
then naturally cooled to room temperature of 25 + 1°C.

Tab. 3. The specimens mass

Filament The average specimen mass
materialfinfill 103[kg]

density 10% 50% 90%
ABS 3.744 5.842 7.714
NANOCARBON 3.467 5.308 6.905
HDGLASS 4.826 7.254 9.449

All specimens were made with the same nozzle diameter. The
thickness of the printing layer was set to 0.2 mm and was a con-
stant for all specimens.

3. MEASUREMENTS
3.1. Measuring instrumentation stand

After the specimens were fabricated, the surface quality as-
sessment was carried out on the basis of the chosen roughness
parameters and areal surface parameters as well. Surface meas-
urements were carried out using two methods: linear profiling (PN-
EN ISO 4287: 2010; PN-EN ISO 4288: 1997) and spatial topogra-
phy (ISO 25178-6:2011; Wieczorowski, 2013).
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Fig. 2. Texture direction on: a) The top face of the cube; b) The side face
of the cube
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Figure 2 shows a microscopic representation of the structure
of the upper face (a) and side face (b). The surface maps show
typical traces of the specimen surfaces by positioning the strips of
an extruded filament of a certain diameter and ovality. When
applying one layer, a contour was created first and then the interi-
or strips for each subsequent layer were rotated at 90 degrees
from the previous arrangement. For the n-layer, the slope angle
about the X-axis is —45°, and for the n+1-layer, the same angle is
+45°. This arrangement of extruded filament strips shaped a
surface with anisotropy texture character. This fact was taken into
account in determining the cross-section of the analysed surfaces.

3.1. Profile roughness measurements (ISO 4285)

For roughness measurements using the profile method,
FORMTRACER SV-C450 (Mitutoyo), a surface rough-
ness/contour measuring system was used, equipped with a con-
tact stylus (Fig. 3a). It has a measuring range of 800/800/8 um,
straightness (0.5+0.001L) um, resolution 0.01/0.001/0.0001 um.
Measurements were carried out on the upper surface, perpendicu-
lar to the direction of the extruded material path (‘machining trac-
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es’), and on each side of the cube perpendicular to the direction of
the layers. Three measurements of roughness were taken on
each surface except bottom face as it adheres to the base ma-
chine plate. During the profile assessment, the amplitude parame-
ters were determined.

\HM;‘(?{ l’ﬁwi ‘J" ¥ »hﬁ

b)
Fig. 3. Roughness measurement a) FORMTRACER SV-C450; b) Pro-
files of surface texture for three materials

Among others, R, — an arithmetic mean deviation of the pro-
file, Rq — mean square deviation of the profile, R, — the highest
height of the profile (Fig. 3b). The values of these parameters
were then averaged. As a measure of the dispersion of the results
obtained, the range, the difference between the largest and small-
est values in the sample was considered.

3.2. Surface roughness measurements (ISO 25178)

Measurements of areal parameters were carried out using
a contact instrument for measuring and analysing surface topog-
raphy TOPO 01P IZTW, equipped with a rotational scanning table
with 50x25 mm scanned area (Fig. 4a). The 3D parameters con-
sidered for analysis were following: S, — an arithmetical mean
height, Sq — root mean square height, S, — maximum height of
scale-limited surface.

Fig. 4. Topography measurement a) Topo 01P profilometer, probe meas-
urements range 250 um (S250 probe); b) Charts of surface texture
of top faces; c) side faces

The measurements were performed on each surface except
bottom side, as before. The obtained results — the graphs of sur-
face topography — were analysed for top faces (Fig. 4b) and for
side faces (Fig. 4c).

acta mechanica et automatica, vol.14 no.1 (2020)

3.3. Geometric accuracy representation measurements

The dimensions and shape of the specimens had deformed
due to shrinkage. There was a change in volume, created during
cooling of polymeric materials and crystallization for semi-
crystalline materials (Kwiatkowski and Kwiatkowska, 2012;
Zawistowski, 2008).

The geometric—dimensional analysis was based on the meas-
urements of specimen length as the distance between the central
points of side walls in the X (1) and Y (2) directions and in the
Z direction (3) — the direction of application of layers as the dis-
tance between the upper and bottom surface of the specimen.
Mitutoyo 0.1/150 mm, MPe = 0.02 mm, the electronic calliper was
used for measurements. The accuracy measure were deviations
of the dimensions observed from the dimensions of the pro-
grammed model. The results of the measurements were averaged
for each test case and the range in the observed values was
taken as a measure of dispersion.

4. RESULTS

The experimental scenario excluded a comparative analysis of
the results obtained, because the specimens were not formed in
equivalent processes. For each series of three specimens, the
optimal, but slightly different, set of process parameters for the
specified material was applied. Furthermore, different measuring
instruments were used to measure the specimens and the surface
texture parameters were determined by their (different) software.
Therefore, the obtained data do not meet the conditions of re-
peatability necessary for traditional analysis.

The analysis, therefore, focused on the comparison of the de-
gree to which materials react to the phenomena of surface texture
formation and the phenomenon of shrinkage, a fundamental
issue, for example, in plastics processing.

In the publication, one restrained to presenting only two but
commonly used parameters, thatis, R, and S,.

Parameter R, — arithmetical mean deviation of the assessed
profile — is an arithmetic mean of the absolute ordinate values z(x)
within a sampling length [ (1).

Ra =7 Jylz(x)ldx. (1)

For the characterisation of surface texture, the areal parame-
ter S, was used (2), that is, an arithmetic mean of the absolute of
the height within a definition area (A).

Sa == I, 12(x,)|dxdy. 2)

Unlike in other processes using thermoplastic materials, for
example, during injection moulding, it was not possible to deter-
mine the processing shrinkage as a share of the product volume
in the volume of the injection mould used to make it. In this paper,
deviations & from the dimension imposed by the design were
analysed and linear (longitudinal) shrinkage was calculated ac-
cording to Formula (3).

L=l _§
Si="=0 @)
where: S; — the value of the deviation in the selected direction
(x, ¥, 2), I,-length of the model in the selected direction, | — ob-

served dimension.
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4.1. Roughness of surface texture

The differences in roughness are illustrated by the graphs of
the R, parameter (1), for the side faces (Fig. 5a) and upper faces
of the specimens (Fig. 6a).

The graphs show that the roughness and topography of the
side faces (Fig. 5a) for a specific material are stable for different
degrees of infill density and the values of the surface texture
parameters are slightly differentiated. The highest values have
been noticed for NANOCARBON composite and the lowest values
for HDGLASS.

a)
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Fig. 5. Roughness parameters versus infill density (%) for side faces:
a) Ra [um]; b) Sa [um]

A similar relation can be observed when analysing the upper
surface on which the layers have been laid. The NANOCARBON
surface turned out to be the least smooth, while for the remaining
two materials (ABS and HDGLASS), the measured surface irregu-
larities were smaller. This is probably due to the presence of
carbon fibres in the NANOCARBON material, which produce a
roughness effect felt by the fingers.
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Fig. 6. Roughness parameters versus infill density (%) for top faces
a) Ra [um]; b) Sa [um]

The view of intensity images captured by Marsurf CM Expert
focus microscope show the difference between surface structures
of the two composites (Fig. 7). There was a large difference be-
tween the surface texture parameters of the side faces and the
upper face, which was much less uneven. The biggest difference
was observed for HDGLASS composite.

However, additionally, an interesting observation was the dif-
ferent effect of the infill density on the roughness of the materials.
HDGLASS material was characterized by similar R, values, re-
gardless of the infill density, and the ABS material turned out to be
the most sensitive to the infill density (increasing the level of infill
density from 10% to 90% reduces the R, parameter about 1.6
times).

The topography of the surface was also evaluated on the ba-
sis of amplitude areal parameter (2), for the side faces (Fig. 5b)
and upper faces of the specimens (Fig. 6b). The values in relation
to the profile parameters were generally higher, which could be a
consequence of the enlargement of the area (surface areas) for



§ sciendo

DOI 10.2478/ama-2020-0009

which they were determined, that is, the fact that the measure-
ment of the profile did not take into account any irregularities
situated outside the chosen cross-section.

However, the ratio of the values of surface parameters to pro-
file parameters was different for the three materials. For
NANOCARBON material, the surface parameters were about 19%
higher than the profile parameters; for other materials, the differ-
ences were smaller (for ABS did not exceed 15%, for HDGLASS
was less than 10%).

- T mo w0 %o @ e wom

30

Fig. 7. Intensity image of: a) NANOCARBON; b) HDGLASS

The graph in Figure 8 illustrates an important argument prov-
ing the validity of multi-parametric evaluation by extending the set
of profile parameters by 3D parameters of surfaces shaped in the
FDM technology.

Chart of average and errors: profile and surface roughness
evaluation (Ra), (Sa)
Average; Errors: Min.-Maks.

12 ABS (Sa)

1"
ABS (Ra) l

NANOCARBON (Sa)

NANOCARBON (Ra)

(Ra), (Sa) [um]

74 HDGLASS (Ra)
HDGLASS (Sa

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Infill density [%]

Fig. 8. Summary analysis results of profile and surface roughness
measurements for the three types of filament material

The observation of the curves shows that in all the studied
materials, the profile evaluation results in a larger dispersion of
parameters, while the spatial parameters have a smaller disper-
sion. The dispersion characterizes in fact the actual variation of
irregularities of the surfaces due to factors such as unstable val-
ues of process parameters. The smallest change in process pa-
rameters may lead to a change in product properties, but noticea-
bly higher values of profile parameters range in relation to spatial
parameters spread may be the result of the method of measure-
ment and imprecise determination of the direction of measure-
ment of the texture having clear anisotropy features.

4.2. Dimensional deviations by thermal affects

The measured dimensional deviations are shown in the dia-
grams in Fig. 9 and Fig. 10.
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SHRINKAGE - AXIS X
10.00%
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——ABS -#-NANOCARBON - HDGLASS —<-MODEL

SHRINKAGE - TOP
10.00%

[/

oy,
%
7y

90.00% “= 50.00%

—4—ABS -®-NANOCARBON --&- HDGLASS ——MODEL

Fig. 9. Effect of type of filament material on thermal deviations & [mm]
for: @) X axis; b) Y axis; ) Z axis

As the dimensions of the 3D model are the same for all spec-
imens, they represent the same tendency as linear shrinkage (3).

The dimensional deviations of the side surfaces for composite
materials are evenly distributed in X, Y and Z directions (all three
axes of the printer) for all density levels. The situation is different
with ABS material. In accordance with the tendency for processing
shrinkage reported by Nufiez (2015), the specimens made of this
material were characterized by negative dimensional deviations
on the lateral surfaces and at the same time, there was seen a
visible dependence of shrinkage on the infill density. At 90% level
(in case of almost full model), the dimensional accuracy deter-
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mined by a negative deviation from the model dimension is the
worst. For the highest density of the upper surface, the linear
contraction was almost 0.73%.

a)
ABS
10.00%
%,
%
90.00% = 50.00%
—+-TOP-BOTTOM -l X —A-Y —<—MODEL
b)
NANOCARBON
10.00%
——TOP-BOTTOM  -®-X  —A-Y  —<—MODEL
c)
HDGLASS

10.00%

90.00% °

—+—TOP-BOTTOM -l X —=-Y —~—MODEL

Fig. 10. Effect of infill density on thermal deviations & [mm] for: a) ABS;
b) NANOCARBON; ¢) HDGLASS

The diagrams in Figure 9 show how deviations for individual
materials were distributed in directions. The anisotropy of ABS
plastic deviations in relation to the tested directions (machine
axes) was distinguished.

The analysis of dimensional deviations also shows a special
effect of 50% infill density in case of ABS deviations. This degree
of infill density results in the greatest change in the size and sur-
face texture parameters. For composite materials, the changes
of geometric form were found to have more anisotropic character.
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5. DISCUSSION

It should be noted that the research was concerned with two
groups of materials: amorphous thermoplastic and composites
based on semi-crystalline material matrix. Investigating the mate-
rial properties but in another process, that is, injection moulding
process (Kwiatkowski and Kwiatkowska, 2012; Zawistowski,
2008), the authors drew that thermoplastics, partly crystalline
(1+5%), have higher shrinkage values, while amorphous thermo-
plastics (0.3 + 1%) have smaller ones, which could be explained
by the arrangement of macromolecules of the structure, denser
than for amorphous plastics.

However, the studies presented in this publication prove that
the addition of fibres to the polymeric matrix changes this relation
and improves some geometric properties of the product, as was
a case with HDGLASS. The improvement consists in the reduc-
tion of shrinkage, more even distribution of shrinkage values, as
well as surface texture parameters in relation to the infill density
and direction, additionally in the case of composites with the
addition of glass fibres, and also in the reduction of surface irregu-
larities.

The mechanism of improving the properties of composites is
complex and difficult to explain without an analysis of physical and
thermal phenomena accompanying the thermoplastic materials
processing. It is determined by various factors, physicochemical
and viscoelastic properties. The influence of inter-phase interac-
tions between polymer chains and fibres (Barczewski et al., 2012;
Gotebiowski, 2004) and the formation of new chemical bonds is
also considered.

The processes of additive fused deposition for amorphous and
semi-crystalline plastics are not homogeneous. Application of ABS
layers requires a plastic state: viscous. Depending on the viscosi-
ty, the material is integrated along the extruder paths. Within the
active layer applied, macromolecules may still partially move. As a
result, the shaped surface does not reproduce the filament stripe
contours because they are blurred. The resulting irregularities — in
accordance with the course of the process — will depend on its
parameters: among other things, the feed rate (pathway adhesion
surface) and temperature reduction rate.

The process of applying layers has a different effect on the
phenomenon of shrinkage.

ABS material remains amorphous in the solid state also after
exceeding the glass transition temperature, Tg (Zuchowska,
2000). From the moment Tgq is exceeded until the product reaches
the ambient temperature, the product undergoes thermal shrink-
age as a solid object. This process takes place layer by layer. The
highest, near-surface layers may still be in the glass transition
state, which is characterized by elasticity (characteristic for amor-
phous polymers), while the lower layers may already be solidified;
therefore, in the cross section of the product, there are inner
stresses that may simultaneously lead to contour deformations of
the product such as buckling.

In the polymer matrix of composites, when the Tk crystallisa-
tion temperature is exceeded, solidification occurs by ordering the
molecules and forming crystallites. These semi-crystallisation
materials are characterized by the lack of elastic phase, but be-
tween Tk temperature and melting temperature, cold crystalliza-
tion can occur.

The examined properties of HDGLASS composite can be then
attributed to the conditions of the cooling process. The addition of
glass fibres to the main polymer matrix groups hinders the free
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movement of macromolecules, affect nucleation and growth of
primary crystalline structures and then promotes the formation of
a fully developed crystalline structure with the same cooling rate
as in homogeneous plastics.

6.

CONCLUSIONS

The obtained results can have a cognitive and utilitarian char-

acter. The practical aim of the research was to determine the
material on the basis of test specimens’ measurements, whose
properties and application method allow to obtain products of the
best quality.

It was found that the quality of products shaped by FDM tech-
nology depends on the type of filament used for building as on
the infill density.

On the process completion, all the printed specimens reduce
their volume during cooling, but not equally. The smallest line-
ar shrinkage was found in NANOCARBON specimens, the
largest in ABS. The best results were obtained for HDGLASS
with an infill density of 90%.

The description of surface texture with areal parameters gives
higher estimates of spatial features. The highest diversity of
analysed roughness as well as areal parameters was ob-
served for NANOCARBON.

The heterogeneous structure of surfaces shaped with the
FDM method requires multiparametric evaluation, which was
achieved by using two methods of analysing the surface irreg-
ularities that together characterize the tested specimens.
Modification of thermoplastic filament materials by adding
fibres may improve not only their mechanical but also geomet-
rical properties of the fabricated parts. The composites studied
were characterized by higher resistance to thermal phenome-
na and smoother surface than ABS monoplastic.

Further exploring the processability of composites are planned
among others by employing thermal analysis.

Our exploratory research, thanks to the initial recognition of
the problem, will allow us to determine the best research pro-
ject on evaluate of geometric quality of parts fabricated from
HDGLASS and NANOCARBON composites.
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