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Polylactic acid is one of the most used materials in Additive
Manufacturing technologies, especially in Fused Filament
Fabrication. Although its tensile strength is relatively good in
comparison with other materials in the same price category, it is
possible to increase it after printing by annealing. One of the
most important parameters for annealing is the annealing
temperature. This article deals with experimental testing of the
influence of annealing temperature on tensile strength and
change of dimensions of polylactic acid samples produced by
Fused Filament Fabrication. Three different variations of
polylactic acid material were used for testing. The samples were
annealed at 60, 80, 100, 120, 140 and 160 °C for 30 minutes and
then after gradual cooling in air, they were remeasured to
determine their deformation. All the annealed samples and a set
of nonannealed samples were subjected to a tensile test.
Compared to the nonannealed samples, all annealed ones
changed their tensile strength depending on the annealed
temperature. Also, a dependence of the annealing temperature
on the dimension change was found.
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1 INTRODUCTION

Additive technology currently plays a key role in design and
manufacturing, while still evolving very rapidly [Beniak 2019,
Gordeev 2018, Yao 2020]. The possibilities of applying this
technology are huge, for example, the production of parts and
wheels of robotic vehicles [Pastor 2020], prototypes of camera
module housings [Olivka 2016], mechanical parts of racing
formulas [Mesicek 2019], eye prosthesis [Sedlak 2020],
bioinspired soft actuators [Hu 2020] or topological optimized
parts [Jancar 2020]. One of the most commonly used Additive
Manufacturing technologies is Fused Filament Fabrication (FFF),
sometimes referred to as Fused Deposition Modelling (FDM)
[Beniak 2020]. Both technologies are identical, only using
different designations, because FDM is a registered trademark of
Stratasys and other producers have to use another designation,
which is FFF [Davim 2020]. FFF / FDM technologies are popular
mainly due to their simplicity and low price [Beniak 2020, Yao
2020].

The materials of FFF / FDM technology are polymers and various
additives that are added to them. One of the most used
materials for FFF is polylactic acid (PLA) [Van der Walt 2019]. The
examples of the use of PLA from FFF technology are shown in the
designs of the joints in robotics arms on robotic vehicles [Pastor
2020], grippers [Epple 2020], gears [Vasilescu 2018], hopping
mechanisms [Lin 2020] or snap joints [Rizescu 2020]. In the
design process, it is very important to know well the properties

of the material used, such as its tensile strength. Compared to
other price-comparable materials, PLA has very good mechanical
properties [Zakaria 2019], with a tensile strength of
approximately 46 MPa [Beniak 2019]. If it is necessary to achieve
even higher tensile strength for a given print, it is possible to
increase the value of strength by annealing [Bhandari 2019]. The
principle of annealing is to heat the material to a certain
temperature, then keep this temperature for a defined time and
then to cool the material back to room temperature [Di Vona
2016]. One of the most important parameters for the annealing
process is the annealing temperature. The recommended
annealing temperature of the polymer to improve the
mechanical properties must be greater than the glass transition
temperature and less than the melting point [Bhandari 2019].
For PLA materials, the glass temperature is around 55 °C, and the
melting point is around 180 °C [Sodergard 2002]. The annealing
has an effect on the molecular reorganisation, crystal thickening,
coarsening, the reduction of the degree of chain folding and
degree of crystallinity increases [Pastorek 2018]. That modifies
the chemical and mechanical properties of the annealed
material such as optical, thermal, rheological and mechanical
properties, hydrolysis rate or degradation rate With the
FFF / FDM method, the individual layers that have a different
temperature at the time are joined together, which creates
residual thermal stresses in the material [Bhandari 2019]. By
annealing of printed parts, this stress decreases, which increases
the resulting tensile strength. The first researches in the field of
annealing of printed plastic parts produced by FFF/FDM are
beginning to appear [Beniak 2019, Bhandari 2019, Koci 2019].
This article extends these works by the experimental testing of
the influence of annealing temperature on tensile strength and
change of dimensions of PLA samples produced by FFF. The
results of this work should further help in the design of PLA
printed parts.

2 DESCRIPTION OF SAMPLES

Three different types of PLA materials were used for testing.
Classic simple PLA [Prusament 2020] without any additives, PLA-
PLUS [Gembird 2020], which is characterized by additives to
improve its mechanical properties, and PLA-HD [Fiberlogy 2020],
which is specially designed for annealing.

All samples were produced on printer Original Prusa i3 MK3S
[Prusa 2020]. PrusaSlicer v2.2.0 [Prusa3D 2020] software was
used to generate the G-code for the printer. The basic used
printing parameters are shown in Tab 1.

0.2 mm
100 %

2
215°C
60 °C
45 mm/s
80 mm/s

20 mm/s
40 mm/s

Table 1. The used basic printing parameters

The shape of all the samples is according to standard ISO 527-2
[ISO 527-2 2012], however, the dimensions have been adjusted
to reduce the shape changes that also occur due to annealing.
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The dimensions of the samples are shown in Fig 1. Due to the
small dimensions of the samples, which differ from the standard,
the tensile modulus cannot be, and is not, evaluated [ISO 527-2
2012].

Figure 1. At the top: position of the sample on the printing bed, at the
bottom: dimensions of the sample

For each material and each annealing temperature (including
one reference set of samples of all 3 materials that are
nonannealed), 5 samples were printed. Thus, a total of 105
samples were printed.

3 EXPERIMENTS

The experiments consist of two sections. Annealing and Tensile
strength test.

3.1 Annealing

After printing, all samples were left at room temperature until
they gradually cooled, then four dimensions were measured:
the largest sample length, the largest width, the smallest width,
and thickness. After measuring, the samples were placed in sets
of 5 from each material into a Memmert Universal Oven UN30
[Memmert 2020], where they were annealed for 30 minutes at
temperatures of 60, 80, 100, 120, 140 and 160 °C.

The samples were stacked in an industrial oven on a sheet metal
plate with holes. The holes allow for a subsequent visual
inspection that the material did not soften too much and did not
begin to flow through them. If it did, it would indicate that the
temperature is too high and therefore unsuitable for annealing
of that material, as the printed part would melt.

Figure 2. Sheet metal perforated plate for placing samples for
annealing

After annealing, the samples were removed from the oven,
where they were slowly cooled to room temperature. After
cooling, the samples were remeasured, from which the amount
of deformation was calculated. The subject of the measurement
was only to evaluate the deformation of the stated dimensions,
the change of shape was not investigated.

3.2 Tensile strength test

All samples were subjected to a tensile test. Testing was
performed on a Testometric M500 / 50 CT machine [Testometric
2020] at room temperature (23 °C) and 50 % humidity.

From the obtained data from the tensile test, the average tensile
strength was evaluated.

Here it is appropriate to point out the difficulty and a certain
ambiguity of determining the tensile strength of printed parts
which do not have 100% filling. The tensile stress is calculated by
the following equation.

o=1 £

Where o is the stress, F is the force and A is the cross-section.
Due to the fact that the cross-section changes due to the filling
pattern, its determination is obscure. However, in this testing, all
samples were printed with 100% infill, so it is possible to
evaluate the tensile stress and find out the tensile strength. For
allannealed samples, the cross-section was determined after the
annealing process.

4 RESULTS

The results consist of two sections. Change of dimensions after
annealing and Tensile strength.

4.1 Change of dimensions after annealing

All annealed samples showed deformations at all measured
temperatures. At 160° C, the PLA material softened so much that
it flowed through a hole in a sheet metal plate on which it was
placed in the oven during annealing. This behaviour was
assumed, due to the melting temperature of conventional PLA,
which is around 160 ° C according to the datasheet of the
manufacturer [Prusament 2020]. The other two materials have
a melting point of about 180 C [Fiberlogy 2020, Gembird 2020],
so they resisted an annealed temperature of 160°C without
obvious deformations. Thus the values of deformations and
tensile strengths are not determined for PLA material at 160 °C.
The Fig. 3 shows the flow of material through holes in sheet
metal plate.

Figure 3. The melted PLA samples after annealing at 160°C temperature

The size of the deformations of the samples was measured in 4
dimensions shown in Fig.4.

L3

Figure 4. Measured dimensions of the sample

For all samples, thickness was increased (dimension H1), and all
three remaining measured dimensions were reduced after
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annealing. Deformations of the sample's dimension are
described by strain.

Tab. 2 shows the average strain of the PLA material for the
individual temperature. It is evident from the values that the
strain increases with increasing annealing temperature.

7.26 -1.91 -3.51 -3.10
12.36 -3.64 -5.41 -5.59
13.94 -3.98 -6.38 -6.58
15.31 -5.26 -7.65 -7.68

Table 2. Strain for PLA

Tab. 3 shows the average strain of the PLA-PLUS material for the
individual temperature. It is evident from the values that the
strain increases with increasing annealing temperature.

3.80 -0.90 -0.63 -0.70
4.16 -1.08 -0.66 -0.72
5.09 -1.26 -0.66 -0.79
5.19 -1.31 -0.86 -0.96
5.66 -1.76 -0.79 -1.11

Table 3. Strain for PLA-PLUS

Tab. 4 shows the average strain of the PLA-HD material for the

individual temperature.

5.41 -1.30 -1.33 -1.91
5.30 -1.34 -1.41 -1.81
6.13 -1.72 -1.74 -1.98
6.74 -1.70 -2.02 -2.07
6.04 -2.00 -2.07 -2.01

Table 4. Strain for PLA-HD

For a better overview of the comparison of dimensional changes
in the tested materials, the following box graphs are shown.

In fig. 5 shows the results of measuring the strain of the thickness
of the sample (dimension H1). Only this dimension showed a
positive value of strain, i.e. extension, compared to the
nonannealed state. All other measured dimensions showed a
negative value of strain, i.e. shortening. It can be seen from fig. 6
that in comparison with other tested materials, classical PLA
showed the greatest strain value, while this deformation
increased with increasing temperature.
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Figure 5. Strains on dimension H1 for measured materials

Fig. 6 shows the results of measuring the strain of the sample
width L1. It can be seen that the greatest shortening of the L1
size occurred with the PLA material, while this deformation
increased with increasing temperature. For other materials, this
dependence is not so obvious.
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Figure 6. Strains on dimension L1 for measured materials

In fig. 7 shows the results of measuring the strain of the sample
width L2.
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Figure 7. Strains on dimension L2 for measured materials

In fig. 8 shows the results of measuring the strain of the sample
width L3.
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Figure 8. Strains on dimension L3 for measured materials

From fig. 5 - 8 it is evident that the greatest deformations were
detected in the classic PLA material. At the same time, the
dependence of the deformation on the annealing temperature
is clearly visible. PLA-PLUS showed the lowest strain values and
PLA-HD material slightly higher. PLA-PLUS and PLA-HD materials
had smaller dependences of deformations on temperature,
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while the difference between the minimum and maximum
deformation at all temperatures did not exceed 2%.

4.2 Tensile strength

All the samples were tested in a test machine to determine the
tensile strength. The percentage increase in strength is
calculated relative to the nonannealed samples. All reported
tensile strength values in the following figures are average,
calculated from all individual samples for a given temperature
and material.

Tab. 5 shows the tensile strength for PLA. The tensile strength
increases with the annealing temperature. It is obvious from the
results that the maximum increase in strength is at 100 °C, which
is 15.16% compared to the nonannealed state. As the annealing
temperature exceeds 100 °C, the tensile strength begins to
decrease, and its value is even lower than for nonannealed
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46.43 =
49.50 6.62
53.47 15.16
52.50 13.07
50.94 9.72

Table 5. Measured values for PLA

Fig. 9 shows the course of a stress-strain diagram of PLA material
for individual temperatures. From all the curves for each
temperature, the one whose Tensile strength was closest to the
mean value was selected. From the diagram, it is evident that
the strain in PLA material decreased after the annealing process.
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Figure 9. Stress-strain diagram for PLA

Tab. 6 shows the tensile strength for PLA-PLUS. The tensile
strength changes according to the annealed temperature. It is
obvious from the results that the maximum increase in strength
is at 80 °C by 2.87%. As the annealing temperature exceeds
80 °C, the tensile strength begins to decrease, and its value is
even lower than for nonannealed samples. From the measured
values, it is clear that due to a very small percentage of the
average increase, it is not very appropriate to anneal the PLA-
PLUS material in order to increase its tensile strength.

[ Noanealed | 2764 -

_ 28.43 2.87
_ 26.23 -5.11
_ 24.12 -12.74
_ 24.01 -13.11
_ 24.02 -13.09

Table 6. Measured values for PLA-PLUS

Fig. 10 shows the course of a stress-strain diagram of PLA-PLUS
material for individual temperatures.
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Figure 9. Stress-strain diagram for PLA-PLUS

Tab. 7 shows the tensile strength for PLA-HD. The tensile
strength changes according to the annealed temperature. It is
obvious from the results that the maximum increase in strength
is at 80 °C by 9.62%. As the annealing temperature exceeds
100 °C, the tensile strength begins to decrease, and its value is
even lower than for nonannealed samples.

_ 62.94 9.62
_ 60.99 6.21
_ 56.43 -1.72
- 140C 53.03 -7.64
_ 51.14 -10.94

Table 7. Measured values for PLA-HD

Fig. 10 shows the course of a stress-strain diagram of PLA-HD
material for individual temperatures.
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Figure 9. Stress-strain diagram for PLA-HD
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To show the variances of the individual measured voltage values,
FIG. 9 shows a box fence for all annealed temperatures and
materials. It is obvious that the results show significant variances
for PLA, while these variations are small for PLA-PLUS.

Tensile strength for all measured temperatures and materials
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Figure 9. Box plot of tensile strength for all annealed temperatures and
materials

5 CONCLUSIONS

Based on the measurement of selected dimensions,
deformations caused by annealing were determined. The PLA
material showed the highest values of deformation and showed
the greatest dependence on the effect of annealing temperature
on the strain. For PLA-PLUS and PLA-HD, this dependence was
negligible, with PLA-PLUS showing the lowest deformation. All
annealed samples were deformed depending on the position in
which they were printed. The thickness of all test specimens
increased (in the direction on the axis Z of the FFF printer), while
all other dimensions were shortened due to annealing.

The PLA-HD material showed the highest tensile strength values,
on average 62.94 MPa at an annealing temperature of 80 °C,
which was on average 9.62% higher compared to nonannealed
samples. The lowest tensile strength values were achieved by
the PLA-PLUS material, whose highest percentage increase in
strength compared to nonannealed samples was on average
only 2.87% higher. It reached this value at a temperature of
80 °C, at higher temperatures its strength decreased and was
even lower than in nonannealed samples. The PLA material
showed the highest tensile strength values, on average
53.47 MPa at an annealing temperature of 100 °C. From the
measured values, it is clear that due to a very small percentage
of the average increase, it is not very appropriate to anneal the
PLA-PLUS material in order to increase its tensile strength. PLA-
HD and PLA-PLUS materials showed similar behaviour when the
tensile strength began to decrease at higher temperatures, but
each from a different value. Only the PLA material had higher
strength values at all temperatures than in the nonannealed
samples.

The results show that for the design in terms of the resulting
strength is the most suitable to use PLA - HD material and anneal
it to 80 ° C. At this temperature, printed parts show a relatively
small deformation of dimensions, which is good to take into an
account while designing the parts. We recommend the adjust
the printed part dimensions based on the values listed in the
tables in this article. Dimensions parallel to the printing plate
should be printed larger, dimensions perpendicular to this
printing surface (Z axis for FFF printers) smaller than the resulting
required dimensions in order to get as close as possible to the
required dimensions after annealing due to the change in
dimensions. To achieve the best possible accuracy, we
recommend making several samples, anneal them to the
required temperature, measure them, and calculate the
resulting deformations, according to which the resulting
dimensions of the model will be adjusted. Repeat this process
until the results are satisfactory.

It should be noted that along with the change in the dimensions
of the sample sizes, there was also a certain change in the shape
itself. These shape changes have not been the subject of this
testing, but it can be the subject of further research in the field
of plastic annealing, as well as the change of the density or
melting temperature.
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