Fabrication of FDM 3D objects with ABS and PLA
and determination of their mechanical properties
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Zusammenfassung
Das Fused-Deposition-Modeling-Verfahren (FDM) ist eine seit langem bekannte
Produktionsmethode im Bereich des 3D-Drucks. In den letzten Jahren hat sich eine grol3e

Zahl an Herstellern im Low-Cost-Sektor etabliert.

Das offentliche Interesse konzentriert sich dabei hauptséchlich auf die Mdglichkeit, erstmalig
im Do-It-Yourself-Verfahren Kunststoffteile kostengiinstig in kleinen Stlickzahlen fertigen zu
konnen. Aus der Sicht des Maschinenbaus werden hingegen detailliertere Informationen zu
der Qualitat der gedruckten Bauteile bendtig.

In dieser Arbeit werden die Werkstoffeigenschaften von Bauteilen untersucht, die mit Hilfe
des Fused-Deposition-Modeling-Verfahrens hergestellt wurden. Dabei wird die Auswirkung

der folgenden Einflussfaktoren herausgestellt:
- das eingesetzte Material (ABS oder PLA)

- die Fullmethode der Bauteile (vollstandige Fillung mit Linienmuster oder teilweise

Fullung mit Wabenmuster)
- die genutzten 3D-Druckermodelle (Felix 1.0e, CB-printer, oder uPrint Plus)

Die Ergebnisse unserer Zugversuche machen deutlich, dass der FDM-Prozess in Bezug auf
die mechanische Festigkeit der Bauteile gute und reproduzierbare Resultate erzielt. Dies gilt
sowohl flr die preiswerten Drucker Felix 1.0e und CB-printer als auch fiir den teureren uPrint
Plus. Im Vergleich der eingesetzten Materialien zeigt sich, dass Bauteile aus PLA eine

hoéhere mechanische Festigkeit aufweisen als Bauteile aus ABS.

Abstract

The Fused Deposition Modeling (FDM) technique is a well known production method within

the field of 3D-printing. In the last few years, a large number of manufacturers entered the
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low-cost market.

The public interest in this sector mainly focuses on the possibility just to "do it yourself'. But
from the mechanical engineering point of view, more detailed information about the quality of
the printed parts is needed.

This paper examines the material properties of objects that are manufactured using FDM
technology, with the impact of the following input factors being discussed:

- The material used (ABS or PLA)

- The filling method of the parts (completely filled with line pattern or partially filled with
honeycomb pattern)

- The 3D-printer used (Felix 1.0e, CB-printer or uPrint Plus)

The results of our tensile tests show that the process of FDM manufacturing can provide
good and reproducible results regarding the mechanical strength of the printed parts. This
applies both to the inexpensive printers Felix 1.0e and CB-printer as well as to the higher-
priced uPrint Plus. In the comparison of materials, the PLA parts can reach a higher

mechanical strength than those printed with ABS.

1 Introduction

Fused Deposition Modeling (FDM) is a production method within the field of 3D printing [1]
that produces parts layer by layer (see figure 1). In the last years several new printer models
entered the market, especially in the low-cost sector [2, 3, 4], using not only ABS, but also

PLA thermoplastics.

Our aim was to compare some of the properties of FDM printed parts produced under

varying conditions:
. The material used (ABS or PLA)

. The filling method of the parts (completely filled with line pattern or partially filled with

honeycomb pattern)

. The 3D-FDM-printer used (Felix 1.0e, CB-printer or uPrint Plus)
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Figure 1: Material (1) is forwarded into the heated extruder (2). The plastic melts and is extruded onto
the printer bed (3), where it cools down. Due to the relative motion of the extruder and the
printer bed to one another, the printed part (4) is formed.

2 Methods

The tensile test was used for the determination of mechanical material properties. For this
purpose a test sample is being clamped in a universal testing machine. The sample is then
being stretched until breaking. The force used to stretch the sample and the length variation

of the sample are recorded and transferred into a stress strain diagram.

Since there is no standard for the testing of FDM parts, our method follows the DIN EN 1SO
527. This standard is appropriate for the tensile test of plastic samples in general [5]. We

used the sample 1A as described in DIN EN ISO 527-1. The geometry is shown in figure 2.

To evaluate the influential factors, the following batches, each with at least five samples,

were printed:

Felix 1.0e and CB-printer:

. ABS, completely filled (line pattern)

. ABS, patrtially filled (honeycomb pattern)
. PLA, completely filled (line pattern)

. PLA, partially filled (honeycomb pattern)
uPrint Plus:

. ABSplus, completely filled (line pattern)

Measurements were performed with a Zwick 1446 tensile testing machine. For the
determination of the Young’s modulus an initial speed of 1 mm/min was chosen. After 0.25 %
elongation the speed was increased to 5 mm/min. The resulting stress-strain curves show

values such as the Young's modulus, the yield strength, the breaking strength, as well as the



elongation at yield and at break. The ambient air temperature during the tensile test was
23°C.
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Figure 3: Filling method, left: Line pattern (lines turned by + 45° around the horizontal axis), right:
Honeycomb pattern

3 Results

In the following paragraphs, a three letter code will be used to identify the batches:
1. Printer Type 2. Material 3. Pattern.

Accordingly, the abbreviation FAH stands for "Felix printer, ABS, Line pattern”, whereas CPH

means "CB printer, PLA, Honeycomb pattern".
3.1 Stress strain diagram

The stress strain diagrams of typical samples are shown in figure 4. The x-axis shows the

strain in percent, on the y-axis the stress ¢ is shown in megapascal.

On the basis of the diagram it can be seen that the curve shapes of the batches FAH, CAH,
FPH and CPH are nearly similar. They are showing approximately the same elongation at
yield g, of around 2 %. The belonging yield strength is between 14 and 21 MPa. The batches
FAH, FPH and CPH display a low elongation at break ¢, of about 2.2 to 2.5 %. The break
takes place before reaching the yield strength. The elongation at break of the batch CAH is
minimally larger with a value of 2.8 %. This shows that all mentioned batches are relatively

brittle. Only the batch UAL has a larger ductility. The elongation at break is about 6 %.

The yield strength of the batch CAL has a value of 23 MPa. The corresponding elongation at
break is about 4 %.



The batch FAL shows a clearly larger Young’s modulus than the batches mentioned before.
Together with an elongation at break of 2 %, this leads to a relatively high yield strength of 33
MPa.
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Figure 4: Characteristic stress strain curves of FDM samples.

The analysis of the curve shapes shows some interesting details.

On one hand the combinations with honeycomb pattern have relatively low yield strengths;
on the other hand they are brittle. The elongation at yield is nearly identical; however the

yield strength of the PLA samples is larger than of the ABS samples.

Furthermore the yield strength of the samples with line pattern can be compared to the yield
strength of the samples with honeycomb pattern. If the UAL batch is left out, we notice that
the line pattern as expected leads to higher yield strength. Within the batches with line

pattern we find that PLA has better strength properties than ABS.

Furthermore it can be seen that the combination of ABS and line pattern leads to relatively
ductile samples. In particular the batch UAL displays a high elongation at break in this

context.



During the tensile test, the sample CPH5 and all samples of the batch CPL broke
prematurely at one side. Comparing the results of the tensile test of CPH5 with the rest of
the CPH batch, it was obvious that this phenomenon had an influence on all results after
the premature break. Therefore the results of the batch CPL and the sample CPH5 were
excluded from the evaluation (apart from the Young’s modulus, which has been

measured before the break).

The stress strain diagrams of the samples CPL2 and CPL4 showed a drop in the range
of the Young’s modulus. For the determination of the Young’s modulus, a linear curve
shape is necessary. Therefore the samples CPL2 and CPL4 were excluded completely
from the analysis.

3.2 Young’s modulus

Within this section the Young’s moduli of all batches are analyzed with the use of a bar chart.

It should be noted that all samples of a batch were used, with the exception of samples CPL2
and CPL4 where the Young’s modulus could not be determined. The Young’s modulus in
megapascal and the arithmetic mean of the batches are shown in figure 5. This figure
displays that the batches FAH and CAH have the lowest Young’s modulus of about 900
MPa, followed by the batches FPH and UAL with a Young’s modulus between 1200 and
1300 MPa. They are followed by the batches CPH and CAL with a value between 1400 and
1500 MPa, and the batches FAL and CPL with 1900 MPa. The batch FPL has the highest
Young’s modulus of about 2600 MPa.

The distribution of the arithmetical means is very low (between + 10 and = 50 MPa).
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Figure 5: Averaged Young’s modulus with belonging standard deviations of all batches.

The Young’s moduli show, that the combination of ABS and honeycomb pattern leads to test
samples that have a low resistance against deforming. A difference between the printers
Felix 1.0e and CB-printer cannot be shown. Noticeable is that there are four samples with
honeycomb pattern under the five lowest Young’s moduli values. But in contrast to the

honeycomb pattern, the batch UAL features a very high ductility.

A direct comparison between two samples from the same printer show a noticeable
difference: Test samples with line pattern display — apart from the batch UAL — a higher
resistance against deforming than those with honeycomb pattern. A sample of the CB-printer
with line pattern has a 1.3 to 1.6 times higher resistance against deforming. The Felix 1.0e
has a corresponding value of about 2.1.

The comparison between the samples made out of PLA and ABS with the same pattern and
the same printer shows that PLA has an about 1.25 to 1.5 times higher resistance against
deforming than ABS.

The low standard deviation for all batches demonstrates a stable manufacturing process,

leading to reproducible results.



3.3 Yield strength

This chapter deals with the yield strength of all batches. These values are again shown in a

bar chart in figure 6. The diagram shows the mean values of all batches except CPL.

It can be seen that the batches FAH and CAH have the lowest yield strength of about 14
MPa. They are followed by FPH with about 18 MPa, UAL with 20 MPa, CPH with 22 MPa
and CAL with 23 MPa. The highest yield strengths belong to FAL with 32 MPa FPL with 42

MPa. The standard deviation of all batches lies between + 0.2 MPa and + 1 MPa.
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Figure 6: Averaged yield strength with belonging standard deviations of all batches (except CPL).
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On the basis of this data it can be displayed that a honeycomb pattern leads to low yield
strength. A comparison between line and honeycomb pattern shows that a line pattern leads

to a 1.6 to 2.3 times higher yield strength.

A comparison of ABS and PLA shows that a PLA sample has a 1.2 to 1.5 times higher yield
strength.

3.4 Specific strength

The specific strength is a value relevant for lightweight construction. Here not only the
strength of a material is taken into account, but also the density. A high value of the specific



strength characterizes a material suitable for lightweight construction.

The specific strength is shown in a bar chart in figure 7. The batch CAH has a specific
strength of 21.7 Nm/g followed by UAL with 23.1 Nm/g , CAL with 23.8 Nm/g , FAH with 25.8
Nm/g , CPH with 27.1 Nm/g and FPH with 31.2 Nm/g . The highest values have the batches
FAL with 36.6 Nm/g and FPL with 39.1 Nm/g.
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Figure 7: Averaged specific strength and standard deviations.
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As expected, the deviations between the batches are lower than in the yield strength
diagram.

A direct comparison between samples with line and honeycomb pattern shows that the line
pattern has a 1.1 to 1.4 times higher specific strength.

Comparison between PLA and ABS displays a 1.1 to 1.3 times better value for PLA.

So if a high specific strength is needed, a combination of PLA and line pattern would be
appropriate.

The batch UAL shows a relatively low specific strength, however the material is ductile,
suited for a different field of application.

4 Discussion

The low standard deviation within the batches for all measured values clearly shows that the



process of FDM manufacturing is stable and provides reproducible results.

The elongation at yield of all samples of Felix 1.0e and CB-printer have a value of about 2 %.
This allows a good comparability of the other parameters relevant for dimensioning. The
uPrint Plus batches show a very high elongation at yield (4 %) and at break. In comparison
with the other, more brittle batches, these are very ductile.

The evaluation of the Young’s moduli shows that the resistance against deforming varies
strongly depending on the chosen combination. For the combination of ABS and honeycomb
pattern, the Young’s modulus is very low. A direct comparison between two batches that only
differ in the chosen material shows that PLA provides a 1.25 to 1.5 times better resistance
against deforming than ABS. A line pattern provides a 1.3 to 2.1 times higher Young’s
modulus than a honeycomb pattern. If a high resistance against deforming is needed, a

combination of line pattern and PLA should be chosen.

Samples with line pattern, in combination with PLA if possible, show high yield strength.
Samples with line pattern have a 1.1 to 1.4 times higher specific strength than samples with
honeycomb pattern. This means that the benefit of a more lightweight construction using the

honeycomb fill pattern is more than compensated by the loss in yield strength.

Comparing the materials, PLA shows a 1.1 to 1.3 times higher specific strength than ABS.
The highest specific strength values are reached by a PLA line pattern batch that has been

manufactured with the Felix 1.0e.

As mentioned above, samples printed with a Felix 1.0e or a CB-printer are relatively brittle
compared to samples printed with a uPrint Plus. If an elastic object with high ductility is
needed for construction, the uPrint Plus should be chosen for manufacturing. This printer
provides samples with an elongation at yield of about 4 % and an elongation at break of

more than 6 %.

5 Conclusion and Outlook

The process of FDM manufacturing can provide good and reproducible results regarding the
mechanical strength of the printed parts. This applies both to the inexpensive printers Felix
1.0e and CB-printer as well as to the higher-priced uPrint Plus. From the point of view of

materials, PLA may play a more prominent role in the future.
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