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Abstract
Fused filament fabrication allows for the additive manufacturing of complex geometries without requiring moulds. How-
ever, due to large air voids and poor layer adhesion, the mechanical properties of parts manufactured using fused filament 
fabrication lag behind those of parts manufactured using conventional techniques. A previous study found that the tensile 
strength and Young’s modulus of such parts could be increased by a heat-treatment process. However, large air voids were 
still present after annealing. This study, therefore, investigates the influence of a post-pressure-treatment process on the 
mechanical performance and the air void ratio of continuous glass fibre-reinforced polyamide 6 in the directions perpen-
dicular to the fibres. Without the treatment, Young’s modulus on the plane parallel to the printing bed is eight times higher 
than Young’s modulus perpendicular to it. Annealing at 1 MPa homogenises the material and leads to a significant increase 
of both the tensile strength (55 MPa) and Young’s modulus (5 GPa). Increasing the pressure to 3 MPa only slightly increases 
the mechanical performance, whereas a further increase to 6 MPa causes no significant changes.
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1  Introduction

Fused filament fabrication (FFF) is a method of producing 
thermoplastic parts during which a thermoplastic filament is 
melted by a heater block and then extruded through a nozzle 
moving on a two-dimensional plane. A three-dimensional 
part is created by stacking multiple layers on top of each 
other. The performance of these parts can be significantly 
improved when continuous fibres are embedded into the 
filament. An overview of the existing body of knowledge 
regarding the mechanical performance of such parts can be 
found in [1].

Due to the heat flow and the cooling down of the fin-
ished layer, the adhesion between layers is not as strong as 
the adhesion between individual strings forming a layer. 
Therefore, the matrix strength and stiffness in the build-up 

direction is worse than in the perpendicular direction [2]. In 
addition, the interlaminar shear strength is very low com-
pared to other fibre-reinforced plastics [3].

A previous study determined that heating these additively 
manufactured parts in a container filled with mineral oil sig-
nificantly increases the tensile strength and Young’s modu-
lus [4]. For the chopped fibre-reinforced filament, the air 
void ratio did not change, whereas it significantly increased 
for the continuous glass fibre-reinforced material. This find-
ing was concluded to be a result of the spring tension stored 
in the bent fibres.

Wang et  al. made similar observations regarding the 
air-inclusions when analysing the annealing effects of con-
tinuous carbon fibre-reinforced amorphous thermoplastic 
for temperatures between 50 and 200 °C [5]. As was the 
case for the continuous glass fibre-reinforced thermoplastic, 
their material contained air voids due to the printing process 
before the heat treatment process. While annealing at 100 °C 
for 4 h led to a 1% decrease in air voids, annealing at 200 °C 
led to a 6% increase.

Qinghao et al. subjected additively manufactured parts to 
5 MPa of pressure for 10 min after heating them to 230 °C 
[6]. The initial air void content of 12% was reduced to 6%, 
and the flexural strength increased by 93% as a result. While 
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the material used by Qinghao et al. was marketed as a con-
tinuous carbon fibre pre-impregnated with polyamide 6, 
further in-depth investigation of the filament showed that 
it was an amorphous thermoplastic [7]. Instead of applying 
constant pressure, the researchers chose to use spacers to 
control the material’s thickness. Pascual-González et al. con-
ducted similar experiments but with temperatures between 
70 and 270 °C and applying 1 MPa of pressure for 15 min 
with samples heated on a heating plate [8]. While tempera-
tures of up to 170 °C led to a significant decrease in porosity, 
large air voids close to the edges of the part remained after 
the treatment. Almost complete consolidation was observed 
for temperatures of 210 °C and above. However, the parts’ 
thickness decreased due to the application of force from the 
top, while the width and length increased as the annealing 
temperature was increased. As a result, annealing at 150 °C 
was recommended.

As mineral oil is incompressible, a logical next step is to 
simultaneously apply pressure to address the high air void 
ratio. The main purpose of this study is to determine to what 
extent the strength and stiffness can be increased and the air 
void ratio decreased by applying pressure and heat to addi-
tively manufactured continuous fibre-reinforced parts. As 
previous studies observed in other studies, the material runs 
away when just applying pressure from one side, a mould 
press was chosen for this study. The mould prevents the dif-
fluence of the high-viscosity polyamide and is expected to 
create an environment similar to that in an autoclave.

The main difference between the existing literature and 
the present study is the material that is being used as well as 
the method for pressure application. In this work, a semic-
rystalline glass fibre-reinforced thermoplastic is investigated, 
whereas previous works focused on a carbon fibre-reinforced 
amorphous thermoplastic. In addition, a pressure-controlled 
mould press is used instead of applying the pressure only 
from one side. Furthermore, the effect of different pressures 
is investigated. This study provides a solid foundation for 
taking the post-pressure-treatment from the laboratory to 
the industrial scale.

2 � Experimental setup

2.1 � Materials

This work focuses on parts produced by a Markforged “Mark 
Two”. The proprietary software that controls the printer 
mandates that all parts must be surrounded by at least one 
layer of Onyx, which is polyamide mixed with chopped car-
bon fibres, on all sides. The material was processed as it was 
delivered, without subjecting it to any thermal or dehumidi-
fying procedures. It was stored in a dehumidified storage box 
as recommended by the manufacturer. An in-depth analysis 

of the raw filament can be found in [7]. It is polyamide 6 
with a fibre volume content of 32% and Young’s modulus 
of the fibres is 82GPa.

2.2 � X‑ray radiography

To quantitatively compare the reduction of air voids within 
the material, X-Ray radiography was used. Images were 
taken with a “Y. Cheetah” X-Ray System from “YXLON 
International” set to 100 kV and 39 µA.

2.3 � Microscopy

Magnified images of the fracture surfaces of the different 
test tokens were captured by a Leica MZ6 with an Axiocam 
305 Color attached to it. For higher magnifications, a LEO 
1430 scanning electrode microscope was used with the beam 
voltage set to 20 kV.

2.4 � Thermal characterisation

A “DS821e” differential scanning calorimeter (DSC) from 
“Mettler Toledo “ with a “FRS5” sensor was used to analyse 
the samples with a temperature rate of 10 K/min with 5 mg 
samples in standard 40 µl pierced aluminium pans starting 
from 30 °C and up to 230 °C according to ASTM D3418 
[9]. Calibration of the measurement device was conducted 
according to the user manual and standard using Indium 
as reference material. The test chamber was purged with 
50 ml/min of nitrogen, and each measurement was repeated 
twice. Samples were extracted with a sharp cutting tool such 
that a flat surface resulted. The degree of crystallinity K is 
calculated as

where ΔHmeassured is the measured melting enthalpy and 
ΔH100% is the melting enthalpy for a 100% crystalline mate-
rial. There is a lack of consensus about the exact value, but 
most researchers have agreed on 230 J/g for polyamide 6 
[10]. The mass of the plastic is calculated as

using the same densities ( � ) and fibre volume content ( �) as 
in the previous study [4].

2.5 � X‑ray diffraction

X-ray diffraction (XRD) measurements were performed 
using a Malvern Panalytical Empyrean. The machine was 
equipped with a cobalt cathode (wavelength = 1.7890100 Å), 

K =
ΔHmeassured

ΔH100%

,

mplastic = mtotal ×

(

1 − � ×
�Fibre

�total

)

,
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and the voltage and current were set to 40 kV and 30 mA. 
The intensity data were collected from 10° to 40° every 
0.02° for a period of 0.7 s.

2.6 � Mechanical testing

Tensile testing was performed on an Instron 5966 machine. 
The strain rate was set to 0.01/min as recommended by 
ASTM D3039 to achieve a quasi-static load [11]. Notch 
effects, which can result from using mechanical gages, were 
avoided by using an Instron 2663-901 video extensometer 
for non-contact strain measurements. The length, height and 
width at the centre were measured using a calliper.

All test tokens are designed according to the ASTM 
D3039 standard with a length of 110 mm. In our previous 
study, aluminium tabs were used, and the test samples pro-
duced acceptable failure modes (failure within the gauge 
section). However, the pressure-treated samples failed 
directly at the tabs. As reported, the materials’ inner defects 
in the previous study led to failure, which most likely over-
shadowed any inhomogeneities at the tabs. The standard 
does not dictate a specific material; thus, epoxy-laminated 
circuit board was tested, as recommended by Adams [12]. 
This test also led to tab failure; therefore, polyamide tabs 
were tested, which produced acceptable failure modes.

The coordinate axes were named in accordance with 
previous works on conventional fibre-reinforced plastics. 
“X1” refers to the fibre direction, “X2” is perpendicular to 

“X1” and on the same plane and “X3” is perpendicular to 
the printing bed (often referred to as the lay-up or build-up 
direction). In transverse isotropic materials, the stiffnesses 
and strengths in the “X2” direction are the same as in the 
“X3” direction (comp. Fig. 1). This work focuses on the 
material performance in the “X2” and “X3” directions.

Tensile samples As in the previous study, a rectangular 
tube with a concentric fill pattern was printed, from which 
the tokens for the build-up strength test (“X3” direction) 
were extracted (comp. Fig. 2) [4]. The “start rotation per-
cent,” which determines the location of the starting point, 
was chosen to be either 1%, 26%, 51% or 76%. Through 
this method, the starting point of the fibre paths was in the 
corners and the samples were therefore homogenous in the 
tested section. The starting point is illustrated in Fig. 2 in 
the top right corner. As mentioned in the introduction, the 
printer mandates a chopped carbon fibre outer layer for the 
continuous glass fibre samples. The chopped carbon fibre 
layer is represented as a white line in the figure, whereas 
the orange line represents the glass fibre paths. The layer 
height for both materials was 0.1 mm. The test tokens 
for the “X2” direction were printed individually with the 
dimensions shown in Fig. 3. After the pressure treatment, 
the edges were milled off to achieve homogenous samples 
with no connecting ends.

Cutting The cuts were made using a Mutronic Diadisc 
4200 high-precision saw equipped with a custom air-cool-
ing system that uses high-pressure air from the system in 
the workshop.

Fig. 1   Coordinate System for 
laminates. “X1” is the fibre 
direction, “X2” is perpendicular 
to the fibres and within one 
layer and "X3" is perpendicular 
to the fibres and perpendicular 
to the layer (build-up direction 
for 3D printing) [4]
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2.7 � Damping and modal frequencies

The influence of the pressure treatment on the damping 
and modal frequencies of the X2 tensile test tokens was 
evaluated using Siemens “LMS Test.Lab”. A Polytec PDV-
100 laser vibrometer was used to measure the vibrations. 
This option was chosen because attaching an accelerom-
eter would significantly influence the mass and damping 
resulting in inaccurate measurements.

Vibration excitation via a loudspeaker was tested. How-
ever, due to the small sample area, it was not possible to 
sufficiently transfer enough energy into the sample even 
at elevated sound levels. The result was very distorted 
signals, which did not provide reliable information. How-
ever, the same setup was successfully tested with larger 
composite plates, producing accurate results. The samples 
were consequently exited with a “PCB 084A17” impulse 
hammer that is designed for low mass. For each point, the 
measurement was performed out five times and the coher-
ence and frequency response functions were monitored. 
The measurement was discarded and repeated in if any 
error was detected (e.g., pushing the sample instead of 
giving an impulse).

2.8 � Heat treatment

A “Memmert 100–800” oven, which allows the setting of 
ramp-up and cool-down heat rate as well as the hold tem-
perature in between, was used. This oven has two P100 tem-
perature sensors built in, which are positioned at the top of 
the chamber. The air circulation fan was set to its maximum 
speed to ensure that no temperature gradient built up inside 
the heat chamber.

2.9 � Finite element analysis

For the finite element analysis, the structural analysis and 
simulation software from ANSYS® was used. The mesh was 
created using the auto meshing feature with a 0.5 µm mesh 
size, and tetrahedral elements were used.

3 � Design of experiment

The post-treatment strength is expected to be a function of 
the annealing temperature, annealing time and heat-up and 
cool-down rates. In the preceding investigation, a heat-up 

Fig. 2   Rectangular tube with 
cutting patterns for the extrac-
tion of the X3 test tokens (left), 
cross-section of the rectangular 
tube. The fibre paths are orange 
and the onyx paths are white. 
Starting point of the fibre path 
is in the top right corner (right) 
[4]

Fig. 3   X2 tensile test geometry 
with cutting patterns. The fibre 
paths are orange and the onyx 
paths are white
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rate of 15 K/h and a cool-down rate of 10 K/h were chosen. 
To improve the throughput time and thereby achieve a higher 
practical relevance, a heating rate of 60 K/h and a cooling 
rate of 40 K/h were used in the present study. Figure 4 illus-
trates the XRD analysis for the increased heating and cooling 
rates without any pressure applied. The gamma phase, which 
forms when the polyamide is fast cooled from the molten 
state, gets transformed into the alpha phase [13]. Thus, this 
increase did not cause a change in the phase transformation 
compared to the slower cooling rate. Any observed changes 
were caused by the applied pressure.

While the previous study showed that paraffine oil is a 
suitable annealing medium, the simultaneous application of 
pressure was deemed too dangerous in the context of a uni-
versity project. A failure of the container containing 200 °C 
hot oil at a pressure of 6 MPa (60 bars) would be a very 
serious health hazard.

Therefore, a mould press was designed to create the pres-
sure. Figure 5 presents the different components. A steel 
stamp and mould are connected by six screws with an M10 
thread. Disc springs are used to apply and sustain the pres-
sure. The device containing the test tokens was heated up to 
200 °C and the pressure was then applied using disc springs. 

After 30 min, the pressure was released and the part cooled 
down at the defined cooling rate.

4 � Testing results

This chapter presents the results of the DSC, XRD, damping, 
optical analysis and the mechanical. The following chapter 
discusses the results in further detail.

4.1 � DSC analysis

Figure 6 presents the results of the DSC analysis. The top 
curve represents the non-treated material as a reference. The 
wide melting peak indicates the presence of mixed crystal 
sizes [14]. The second curve from the top shows the sample 
annealed at 200 °C for 6 h at atmospheric pressure. The 
peak is significantly narrower than the reference curve, 
which makes it likely that the crystals have grown/merged. 
The increase in melting temperature due to annealing was 
previously observed for polyamide 12 and was attributed 
to an improvement in the crystalline order [15]. The tokens 
annealed under pressure at 200 °C (but only for 30 min) 

Fig. 4   Effect of heating and cooling rates on the crystalline phases

Fig. 5   Cross-section of the pres-
sure device
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also exhibited a significantly narrower peak. However, the 
melting temperature did not increase. The different pressures 
also had no significant effect on the degree of crystallinity, 
which was measured to be 17.8% on average. This level is 
slightly lower than the 20.4% crystallinity measured for the 
samples annealed at 6 h.

4.2 � XRD analysis

Figure 7 illustrates the results of the XRD analysis for the 
different annealing pressures, including both the gamma 
phase at 24.9° as well as the alpha phase with peaks at 
23.4° and 28°. In the untreated material, the gamma phase 
was dominant, but the broad shoulders show small amounts 
of the alpha phase. As reported in the previous study, the 

heat treatment process causes a solid-state phase transition 
[4]. The applied pressure treatment had no influence on this 
transition; as a result, the gamma phase fully transitioned 
into the alpha phase as was the case when no pressure was 
applied.

4.3 � Tensile testing

Figure 8, Tables 1, 2 and 3 present the results of the tensile 
tests for both the X2 (dashed line) and X3 (continuous line) 
directions. For the untreated samples (black line), Young’s 
modulus in the X3 direction was eight times smaller (0.6 
GPa vs 4.3 GPa) and the ultimate tensile strength four times 
smaller (7 MPa vs 29 MPa) than in the X2 direction.

However, when applying 1 MPa of pressure (red line), 
Young’s moduli are almost equal, with 4.9 GPa in the X3 
direction and 5.2 in the X2 direction. The ultimate ten-
sile strength increased to 55 MPa for the X2 direction and 
34 MPa for the X3 direction. While an increase in pressure 
to 3 MPa led to a 0.5 GPa increase in Young’s modulus, a 
further increase to 6 MPa did not lead to a further increase 
in Young’s modulus in the X2 direction. The same observa-
tion was made for the tensile strength. In the X3 direction, 
an increase to 3 MPa led to a 0.2 GPa decrease for Young’s 
modulus and a 7 MPa decrease for the tensile strength. How-
ever, these tensile strength results in the X3 direction do 
not represent the full potential of the material, as further 
discussed in Chapter 1.

Figure 9 presents the unedited stress–strain diagrams for 
an untreated and pressure-treated X2 sample. There are two 
phenomena visible: noise from the very beginning for both 
graphs and “steps” occurring only in the pressure-treated 
samples. These “steps” occurred for all pressure-treated 
samples in both directions starting at strains between 0.3 
and 0.5%. It is very likely that these “steps” represent crack 

Fig. 6   DSC analysis of the non-annealed, heat- and pressure-treated 
samples

Fig. 7   XRD analysis for the different pressures



Progress in Additive Manufacturing	

1 3

growth along with the fibre-matrix interface. However, this 
hypothesis should be verified using computed tomography 
(CT) imaging.

4.4 � Geometric changes

Table 4 presents the dimensions of the test tokens before and 
after the pressure treatment. The width of the test tokens was 

not affected by the pressure treatment, whereas the height 
and length decreased. It should be noted that the width of 
the X3 test tokens was a result of the cutting process and 
not the printing process. At 1 MPa, the length is decreased 
by 1.6% on average and the height by 8.5% for the X2 test 
tokens. While there was no further length decrease when 
3 MPa of pressure were applied, the height decreased by a 
further 5%. An increase in pressure to 6 MPa did not lead to 
further dimensional changes. The changes in the X3 samples 
were similar.

4.5 � X‑ray radiography

Figure 10 depicts the results for the X-Ray radiography 
analysis, where the brightness is indirectly proportional to 
the density (white = low density). To make the air inclusions 
clearly visible, the brightness and contrast of the images 
were increased. As this measurement projects a three-dimen-
sional part onto a two-dimensional plane, only quantitative 
information could be obtained. Computer tomography would 
allow for more detailed information, but this technology was 
not available. Nonetheless, the images reveal that the non-
treated sample has bright stripes located close to the fibre 
bends and the centre. These stripes were most likely caused 
by large air inclusions, as the density of air (0.0012 kg/m3) 
is significantly less than the density of polyamide 6 (1.2 g/
cm3) and the density of glass fibre (2.5 g/cm3). Thus, the air 
voids appear brighter. Furthermore, there are ± 45° lines vis-
ible. These lines resulted from the mandatory non-reinforced 
layers mentioned in Sect. 2.1.

The stripes at the bends became smaller when 1 MPa of 
pressure was applied and disappeared in the parts centre. 
At 3 and 6 MPa, no bright stripes could be observed. Fur-
thermore, at 3 and 6 MPa, the images’ overall brightness 

Fig. 8   Averaged stress–strain 
diagram for the X2 and X3 
directions for different pres-
sures. The values for the non-
treated and annealed samples 
were taken from [4]

Table 1   Ultimate tensile strength for the different pressures and test-
ing directions

UTS [MPa] – 1 MPa 3 MPa 6 MPa

X3 7 ± 1 34 ± 5 27 ± 4 –
X2 29 ± 3 55 ± 3 56 ± 3 57 ± 2

Table 2   Young’s modulus for the different pressures and testing 
directions

Young’s modu-
lus [GPa]

– 1 MPa 3 MPa 6 MPa

X3 0.6 ± 0.1 4.9 ± 0.2 5.1 ± 0.3 -
X2 4.3 ± 0.7 5.2 ± 0.3 5.7 ± 0.4 5.6 ± 0.3

Table 3   Strain at failure for the different pressures and testing direc-
tions

Strain at 
failure [%]

– 1 MPa 3 MPa 6 MPa

X3 1.7 ± 0.38 0.7 ± 0.14 0.5 ± 0.05 –
X2 1.4 ± 0.66 2.9 ± 0.05 2.1 ± 0.10 1.9 ± 0.22
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became slightly darker in direct comparison to the other 
images, meaning that the air void content further decreased.

4.6 � Optical microscopy 

Optical microscopy of the samples’ cross-sections allowed 
for a more detailed analysis of the decrease in air voids. 
Based on the X-Ray analysis, the air voids were expected 
to decrease as the distance from the fibre bends increased. 
The cross-sections at the fibre bends and close to the centre 
were consequently analysed. As illustrated in Fig. 11, the 
non-treated sample has both large columns as well as a sig-
nificant number of small air inclusions. When treated with 
1 MPa, the small air inclusions were greatly reduced, but the 
large air columns remained. This change led to a drop from 
10.5 to 5.5% in air inclusions. Although the air void ratio 
significantly dropped when further increasing the pressure, 
the difference between the 3 MPa (0.5%) and 6 MPa (0.3%) 
pressure treatment was only minor.

The cross-sections close to the centre exhibited a similar 
pattern (see Fig. 12). While the air inclusions significantly 
reduced compared to the ones close to the fibre bends, the 
air void ratio was still 3.8%. It is important to note here 
that some of the embedding material found its way into the 
non-treated sample. As a result, the air voids in the centre 
of the figure appear bright instead of dark. In contrast to the 
cross-section close to the fibre bends, the 1 MPa treatment 
achieved a large reduction of the air voids in the parts centre, 
similar to the reduction at 3 MPa (0.5%) and 6 MPa (0.3%). 
The change in air inclusions is summarised in Table 5. These 
observations align with the results from the X-Ray analy-
sis; however, to achieve a higher statistical relevance, a CT 
analysis should be conducted.

Figure 13 depicts the fractured X3 (left) and X2 (right) 
samples. The X3 samples, which were not milled off after 
annealing, exhibited oxidation on the outside, indicated by 
the brown surface. As the X2 samples were milled off to 
eliminate the fibre connections, there was no oxidised layer. 

Fig. 9   Unedited stress–strain 
diagrams for pressure-treated 
and non-treated samples

Table 4   Geometric changes measured at the centre of the test tokens

[mm] Before 1 MPa

Length Height Width Length Height Width

X2 110.19 ± 0.09 3.99 ± 0.05 20.95 ± 0.08 108.40 ± 0.28 3.65 ± 0.03 21.04 ± 0.05
X3 109.57 ± 0.07 3.91 ± 0.02 20.92 ± 0.09 107.84 ± 0.32 3.52 ± 0.03 21.00 ± 0.07

3 MPa 6 MPa

Length Height Width Length Height Width

X2 108.33 ± 0.31 3.50 ± 0.02 21.03 ± 0.06 108.48 ± 0.16 3.48 ± 0.04 21.01 ± 0.05
X3 107.29 ± 0.24 3.39 ± 0.06 21.05 ± 0.05 – – –
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While the mould itself was closed during the whole heating 
cycle, it was not airtight.

4.7 � Scanning electron microscopy

Figure 14 presents magnified images of the fracture surface 
for the non-treated X2 sample taken with the scanning elec-
tron microscope. As illustrated in Fig. 14a, b, most fibres 
on the surface have almost no matrix material on them, as 
if it has been stripped of. While these images only illustrate 
a small frame, they are representative of the whole frac-
ture surface. At 10,000 × magnification (Fig. 14c), partial 
delamination can be observed. A piece of polyamide is par-
tially detached from the fibre (right-hand side) and the other 
half is still attached to it. In the upper half of the image, 
there is residue visible on the fibre. It is unclear whether 
it is the fibre coating that is breaking off or matrix mate-
rial. The image could not be focused any further beyond a 
magnification of 20,000×, but as is illustrated in Fig. 15, the 
residue is most likely matrix material adhering to the fibre, 
as the infrared analysis in the previous study indicated the 
use of alkoxysilane compounds as a sizing agent [4]. These 
compounds would not exhibit such ductile behaviour. This 
ductile deformation at the fibre-matrix interface indicates a 
good connection between the glass fibre and the polyamide.

The magnified fracture surfaces of the pressure-treated 
X2 samples demonstrate a different pattern of damage 

Fig. 10   X-Ray radiographic images of the non-treated and post-pro-
cessed “X2” test tokens. The contrast and brightness were increased 
for better visualisation. The continuous red line indicates the fibre 
path and the arrows mark large air inclusions. Brighter colours 
corelate with a lower density. The slightly visible ± 45° lines for the 
untreated sample originate from the non-reinforced layers. At 3 and 
6  MPa of pressure, there were no visible differences between the 
X-Ray images; therefore, only one was included

Fig. 11   Air inclusions close to the fibre bends



	 Progress in Additive Manufacturing

1 3

(comp. Fig. 16). Compared to the non-treated sample, much 
more matrix material is still adhering to the fibres. The same 
partial delamination (Fig. 16c) can be observed, but in many 

more places. In addition, instead of only small pieces still 
adhering to it, much of the fibre’s surfaces is still covered 
by or connected to the matrix material (please note that the 
magnification is 5000×). For both the untreated and post-
processed samples, many broken-off fibres are visible.

4.8 � Damping and modal frequencies 

Figure 17 shows the first and second modes determined by 
the impact measurement. All of the signals are of equal qual-
ity, which allows for comparison with one another. The fre-
quencies and damping values are listed in Table 6. The heat 
and pressure treatment had no significant influence on the 

Fig. 12   Air inclusions close to the samples’ centre

Table 5   Percentage of air inclusions close to the bends and the mid-
dle for different pressures

Pressure Border [%] Middle [%]

No treatment 10.5 ± 1.6 3.8 ± 0.9
1 MPa 5.5 ± 0.5 0.5 ± 0.1
3 MPa 0.5 ± 0.1 0.5 ± 0.1
6 MPa 0.3 ± 0.1 0.3 ± 0.1

Fig. 13   Fracture surface of the X3 sample (left) with visible oxidation and X2 sample (right) with milled-off sides
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Fig. 14   Fracture surface of the 
non-treated X2 sample magni-
fied 300× (a); 1000× (b) and 
10,000× (c)

Fig. 15   Residue on the fibre at a 
20,000 × magnification
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Fig. 16   Fracture surface of the 
pressure treated X2 sample 
magnified 500× (a); 1000× (b) 
and 5000× (c)

Fig. 17   Results of the impact 
measurements showing the first 
Eigen frequency
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material damping. Changes in the frequencies were caused 
by changes in geometry and in Young’s modulus.

4.9 � Unit cell

To determine the theoretical maximum material perfor-
mance, the constituent’s properties were used to calculate 
the composite’s elastic properties. For this purpose, it was 
assumed that the fibre distribution is homogenous and that 
the element shown in Fig. 18 is a repeating pattern within 
the material. The boundary surface S of this element is 
subjected to constant homogenous strain �0

ij
:

ui(S) = �
0
ij
xj.

It was assumed that the average strains �ij of the composite 
equal the strains at the boundary surface �0

ij
 [16]. The displace-

ment field created by �0
kl
 = 1 can be written using u(kl)

i
(x) as:

The resulting strains are calculated as:

Using Hook’s law, the resulting strains are calculated as

where Cijpq(x) represents the location-dependent elasticity 
tensor for the fibre and matrix material. The average stress is 
calculated by averaging the strains over the volume element:

where C∗
ijkl

 is the desired elasticity tensor of the composite. 
The strains were applied via periodic boundary conditions 
(PBCs). This approach was chosen because displacement 
boundary conditions cause a stiffer response due to all of the 
outer surfaces of the unit cell remaining flat [17]. For this 
reason, PBCs are commonly used for the micromechanical 
investigation of composite and porous materials [18–21]. 
These boundary conditions are achieved by constraining the 
displacement of opposite nodes of the unit cell:

where ui
j
 are the node displacements, �0

ij
 the macroscopic 

strain tensor and li the length of the unit cell. An overview 
of different implementation methods into the FE code can 
be found in [22]. The calculations were performed using the 
values shown in Table 7, with a 32% fibre volume content 
[7]. As polyamides are known to change their properties 
when absorbing water, calculations for both the dry and con-
ditioned material state were performed. The results are listed 
in Table 8. As expected, Young’s modulus in the fibre direc-
tion was only slightly affected by the change of the matrix 

ui(x) = �
0
kl
u
(kl)

i
(x).

�ij(x) =
1

2
�
0
kl

(

u
(kl)

i,j
+ u

(kl)

j,i

)

.

�ij(x) =
1

2
Cijpq(x)�

0
kl

(

u(kl)
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+ u(kl)
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)

.

�ij = C∗

ijkl
�kl =

1

V ∫
V

�ijdV ,

ui+
j
− ui−

j
= �

0
ij
li(i, j = x, y, z)

Table 6   Frequencies and damping values determined for the test sam-
ples

– 1 MPa 3 MPa 6 MPa

Frequency 1st mode [Hz] 623 635 624 645
Damping 1st mode [%] 1.67 1.37 1.38 1.21
Frequency 2nd mode [Hz] 1709 1795 1711 1783
Damping 2nd mode 1.53 1.35 1.59 1.28

Fig. 18   Representative volume element used to determine the elastic 
properties with a 9.2 µm fibre

Table 7   Young’s moduli and Poisson’s ratios for polyamide 6 and 
glass fibre

Young’s Modulus [GPa] Poisson's ratio

polyamide 6 (dry/condi-
tioned)

3.0/1.0 [23] 0.39/0.45 [24]

Glass fibre 82 [7] 0.18 [25]
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properties whereas Young’s modulus in the directions per-
pendicular to the fibres significantly dropped when the poly-
amide was conditioned.

5 � Discussion

The XRD analysis demonstrated that applying pressure 
while the material was heated above the melting point did 
not affect the crystalline structure, nor did the increased 
heating rate of 60 K/h or cooling rate of 40 K/h. While 
the DSC analysis revealed no difference in the degree of 
crystallinity between the different pressures, the sample 
annealed for 6 h in the previous study exhibited a slightly 
higher degree of crystallinity and melting point. This find-
ing could explain, why the samples from the previous study 
showed a slight increase in Young’s modulus independent 
from the temperature when annealed for 6 h compared to 
shorter annealing periods.

Analysis of the geometric changes indicated that the 
width of the samples is not affected by the pressure treat-
ment. This result was expected, as the fibres were aligned in 
that direction. Unlike the matrix material, the fibres remain 
solid at the annealing temperature and do not experience 
any plastic deformation. Thus, unless the fibres are moved 
during the annealing process, the width cannot be affected. 
The change in the test token length can be attributed to ther-
mal contraction. When the pressure is applied, the test token 
takes the shape of the mould at a temperature of 200 °C. 
During the cool-down phase, the polyamide contracts. This 
process is independent of the pressure, which is why the 
decrease in length was almost the same for all pressure lev-
els. The decrease in height is an indicator of the reduction 

of air voids. However, if the geometry is used for density 
calculations, the 3D contour should be measured using a 
coordinate measurement machine. Furthermore, it must be 
taken into account that the polyamide 6 phases exhibit dif-
ferent densities [26].

The X-Ray analysis indicated an inhomogeneous distri-
bution of air voids, with larger air-inclusions located at the 
fibre bends. Microscopic analysis confirmed this observa-
tion, which is likely a result of the high bending rigidity of 
the fibres (comp. Fig. 19). At the 180° turns, the bending 
moment causes a displacement of the strands from their ideal 
path. The bending moment decreases as the printing nozzle 
moves further away from the bend. The same effect was 
reported for carbon fibre-reinforced plastics [6]. As a result, 
the air voids decrease as the distance to the fibre bends 
increase. These fibre bends are also likely the reason why, at 
a pressure of 1 MPa, there were still large air voids present. 
The compaction process requires a higher pressure to push 
the fibres closer to each other. A pressure of 3 MPa seems 
to be high enough, as the large air inclusions at the fibre 
bends almost completely disappeared. A further increase to 
6 MPa did not lead to a significant further decrease in the air 
void ratio. While these observations align with the measured 
mechanical properties, the microscopic and X-Ray meas-
urements can only be considered an indicator. For a more 
precise analysis, a computer tomography analysis is required 
to determine the 3D distribution of air voids inside the part.

Nonetheless, the observed insignificant difference 
between 3 and 6 MPa seems plausible. The high viscos-
ity of the plastic hinders the small remaining air bubbles 
from escaping. Instead of being squeezed out, they are 
compressed and remain inside the material. The same effect 
can be observed in conventional fibre-reinforced plastics 
manufactured from prepregs, where the high viscosity of 
the uncured matrix material causes air bubbles to be trapped 
inside the material [27].

The mechanical tests revealed a high standard deviation in 
both the untreated and post-processed samples. This result is 
most likely caused by the air inclusions, fibre orientation, and 
poor layer adhesion. Variations in the size and distribution of 
the air voids can lead to localised stress concentrations and 
premature failure. Misaligned fibres will also influence the 

Table 8   Elastic properties of the annealed material for a dry and con-
ditioned matrix

Dry Conditioned

Young’s modulus—E1 [GPa] 26.7 25.3
Young’s modulus—E2/E3 [GPa] 6.3 2.6
Shear modulus G12/G31 [GPa] 1.9 0.6

Fig. 19   Air voids caused by fibre bends
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mechanical properties, as the fibres have a greater effect on 
the mechanical properties if they are oriented in the tensile 
direction. As illustrated in Fig. 19, the fibre bends already 
cause a slight fibre misalignment at the bends in the untreated 
state. When pressure is applied, the bends will be squeezed 
together. However, it cannot be guaranteed that the fibres will 
align perfectly in this process. Beyond the effect on Young’s 
modulus, local fibre misalignment can also cause local stress 
concentration and therefore premature failure. However, 
despite the deviations, the measurements were able to indi-
cate the effects of different pressure levels on the mechanical 
properties, which are discussed in the following paragraphs.

In the untreated state, tensile tests revealed that the mate-
rial exhibited vastly different properties in the X2 and X3 
directions. This difference can be attributed to the poor layer 
adhesion, which mainly affects the build-up (X3) direction. 
This factor is an important aspect to consider when apply-
ing failure criteria that assume transverse isotropic material 
properties [28]. After the application of 1 MPa of pressure, 
Young’s moduli in both directions significantly increased 
with Young’s modulus in the build-up direction still slightly 
lower. This difference was most likely due to the oxidation 
of the outer layer, which only remained in the X3 samples 
as they were not milled off prior to testing. As most studies 
investigating oxidation behaviour focus on low-temperature 
oxidation, there is no data available for temperatures of 
200 °C. However, at 160 °C, a study indicated that short 
exposure times of under 1 h cause significant breaking of the 
polymer chains [29]. Oxidation is also the probable cause 
of the significant 20 MPa difference in the ultimate tensile 
strengths between the two testing directions. The very brittle 
oxidised outer layers are expected to initiate crack growth, 
leading to premature material failure. Long-term studies 
have shown that oxidation must also be taken into considera-
tion when using polyamide at temperatures as low as 70 °C 
[30]. While stabilisation agents have been proven to prevent 
a drop in tensile strength, the elongation at brake inevitably 
decreases at prolonged exposure to high temperatures [31].

A further increase of pressure to 3 MPa leads to a further 
increase in Young’s modulus. This result can be explained 
by the air voids in the fibre bends, which remained at 1 MPa 
of pressure. As the air inclusions increase the cross-section 
used for the calculation of Young’s modulus, Young’s modu-
lus appears lower. At 3 MPa, these air voids almost com-
pletely disappeared, which is also why a further increase to 
6 MPa did not affect Young’s modulus and tensile strength. 
Comparison with the theoretical Young’s modulus deter-
mined by the finite element method indicates that the post-
processed material nearly matches the theoretically achiev-
able Young’s modulus. The difference between the ideal 
model and the experimental data can be explained by the 
non-reinforced outer layers.

The small “steps” observed in the stress-stain diagram 
were most likely caused by localised delamination, evidence 
of which was found in the SEM images. Similar behaviour 
can be observed in conventional fibre-reinforced compos-
ites, where cracks propagate along with the fibre matrix 
interface [32–34]. This hypothesis should be verified using 
in-situ tomography tensile testing. For the untreated X2 sam-
ples, the primary cause of failure is most likely the large 
air inclusions. These air-inclusions cause a notch effect 
and thereby localised stress concentration, initiating part 
failure. However, as the fibres were not aligned perfectly, 
they still connected the two halves of the failed test sample. 
As the tensile test continued, the fibres were slowly pulled 
out of the matrix, which shows as a horizontal line in the 
stress–strain diagram. This event would explain the absence 
of matrix material on the fibres on the fracture surface of 
the non-treated test tokens as well as the broken-off fibres. 
As not all fibres were aligned in the same angle, some were 
pulled out and others broke off. As the pressure treatment 
significantly reduced the air inclusions, significant energy 
is built up in the pressure-treated samples, as indicated by 
the increased ultimate tensile stress. When the part failed, 
the two halves were separated more abruptly and the fibres 
were not be pulled out. Therefore, the fracture images of the 
post-processed samples show much more matrix material 
still adhering to the fibres.

While dry polyamide 6 has a tensile strength of up to 
80 MPa, the achieved strength of 55 MPa is most likely 
very close to the material’s optimum performance. This is 
because Young’s modulus of the fibres is significantly higher 
than Young’s modulus of matrix materials. At a given stress 
level, the elongation within the matrix is significantly higher 
than the elongation in the matrix. The fibres also limit the 
contraction of the matrix material. These effects cause an 
inhomogeneous stress/strain distribution within the matrix 
[28]. An illustration of this effect is presented in Fig. 20, 
where light refraction shows the inhomogeneous stress/
strain distribution in a transparent matrix material. Local 

Fig. 20   Image of the stress concentration within the transparent 
matrix [37]
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stress accumulation causes crack initiation, leading to mate-
rial failure. For conventional composites, the effect has a 
stronger impact, as thermosets are much more brittle, lead-
ing to tensile strengths below 50 MPa [35]. Simulations have 
demonstrated that this effect causes the crack growth along 
with the fibre/matrix interface, as described in the previous 
paragraph [36].

This effect also explains why a further increase in pres-
sure did not significantly increase the tensile strength. As the 
microscopic and X-Ray analysis indicated, there were more 
air inclusions present at 1 MPa than at 3 MPa and 6 MPa. In 
homogenous materials, these inclusions would initiate the 
crack growth and be the limiting factor. However, for this 
material, the inhomogeneous stress distribution caused by 
the embedded fibres seemed to overshadow the influence of 
the small remaining air inclusion.

6 � Future research needs

All of the experiments in this study were conducted using a 
mould press. Using such a press in practice would take away 
the benefits of the additive manufacturing process, which 
does not require a mould. The investigated pressure levels 
of 1 MPa and 3 MPa can be achieved by commonly avail-
able autoclaves that are currently used to cure conventional 
thermosetting composite materials. However, the pressure of 
6 MPa can only be achieved by using an actual mould press. 
Nonetheless, as the results indicate that there is no signifi-
cant difference between 3 and 6 MPa, there is no need to 
use the higher pressure. Future studies should consequently 
investigate using an autoclave to post-process the additively 
manufactured composite. When heating the polyamide up to 
its melting point without a mould, gravity will presumably 
cause significant material deformation. As shown in a previ-
ous study, this effect can be prevented by submerging the parts 
in mineral oil. The buoyancy effect prevents deformation and 
protects the polyamide from oxidation [4]. Future research 
should also investigate how much the heating and cooling 
rates can be increased to decrease the overall processing time.

As the analysis of the RVE indicated that the composites’ 
properties significantly change when the polyamide is satu-
rated, this aspect should also be explored. Moisture absorp-
tion is a slow process. The test samples used in this study are 
expected to take roughly nine months to reach equilibrium 
at normal temperature and air moisture levels [38]. During 
that time, the outer parts of the material will be saturated, 
whereas the inner parts will remain dry, which is a factor 
to consider.

Finally, the failure behaviour of the material under com-
bined loads (e.g., tensile + shear) should be investigated. 
Failure criteria for conventional composites assume a trans-
verse isotropic material. As demonstrated in this study, this 

assumption is only met for the pressure-treated material. In 
the untreated state, the properties in the X2 and X3 directions 
are significantly different. According to Puck’s failure theory, 
fibre-reinforced thermoplastics behave like brittle materials if 
the fibre volume content is sufficiently high [28]. Under pure 
compressive stress, the brittle material is supposed to fail at a 
54° ± 3° fracture plane. A pure compression test is one of the 
basic tests to see if Puck’s failure theory can be applied. In a 
previous study, this aspect was investigated for untreated addi-
tively manufactured composites [39]. A FEM-optimised test 
token that is designed for this purpose is presented in Fig. 21a. 
As illustrated in Fig. 21b, compression test samples failed 
at the predicted angle. However, at the same time, (vertical) 
separation of the fibre strands occurred. This separation can 
also be observed in the compression-strain diagram (Fig. 21c) 
where a short drop in stress occurred before the sample fail-
ure. Based on the findings of this study this failure can be 
attributed to the large air inclusions. As the results demon-
strated that the material is homogenised while the air inclu-
sions significantly decrease, it would be interesting to analyse 
the compression failure of the pressure-treated material and 
to investigate the applicability of conventional failure criteria.

7 � Conclusion

This study analysed the effects of a post-processing pres-
sure treatment on the mechanical properties and the air void 
ratio of additively manufactured continuous fibre-reinforced 
plastics. The tests focused on the properties in perpendicu-
lar directions to the fibres. Three different pressure levels 
were investigated using a mould press. The researchers 
observed that 1 MPa of pressure significantly decreased the 
air void and increased the mechanical performance, with 
Young’s modulus increase from 4.3/0.6 to 5.2/4.9 GPa and 
a tensile strength increase from 29/7 to 55/34 MPa in the 
“X2”/”X3” direction. However, air voids close to the fibre 
bends remained. At a pressure of 3 MPa, these air voids dis-
appeared, leaving only small air voids. Young’s modulus 
also increased to 5.7/5.1GPa. A further increase of pressure 
(6 MPa) had no significant effect on the air voids or the ten-
sile strength. However, since no protective atmosphere was 
used, oxidation occurred, which led to a premature failure of 
the test tokens in the “X3” direction. The “X2” test tokens 
were milled off and did not prematurely fail. As a result, 
the ultimate tensile strength of the “X3” test tokens was 
significantly lower. Nonetheless, Young’s modulus in both 
directions was almost identical after the pressure treatment 
process. This finding does not hold true for the as-printed 
state, which demonstrates that the pressure treatment pro-
cess homogenises the additively manufactured composite 
material. Based on an FEM analysis and the shape of the 
stress–strain graph, the values obtained for the post-processed 
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“X2” samples are likely to represent the materials’ maximum 
performance. Future studies should focus on a post-pressure-
treatment process using an autoclave and optimisation of the 
process parameters. Furthermore, an analysis of the failure 
behaviour under combined loads should be performed.
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