' RMIT Technische Hochschule -h’
Ingolstadt

UNIVERSITY

ROYAL MELBOURNE INSTITUTE OF TECHNOLOGY

TECHNISCHE HOCHSCHULE INGOLSTADT

DOCTORAL THESIS

Postprocessing and Simulation Methods
for Additively Manufactured

Continuous Fibre Reinforced Plastics

Michael HANDWERKER

M. Eng. (Technische Hochschule Ingolstadt)
B. Eng. (Technische Hochschule Ingolstadt)

A thesis submitted in fulfillment of the requirements for the degree of Doctor of
Philosophy

School of Engineering
College of Science, Technology, Engineering and Maths

RMIT University

August 2022






Declaration of Authorship

I, Michael Handwerker, certify that except where due acknowledgement has been made, this
research is that of the author alone; the content of this research submission is the result of
work which has been carried out since the official commencement date of the approved
research program; any editorial work, paid or unpaid, carried out by a third party is

acknowledged; and, ethics procedures and guidelines have been followed.

In addition, | certify that this submission contains no material previously submitted for award
of any qualification at any other university or institution, unless approved for a joint-award
with another institution, and acknowledge that no part of this work will, in the future, be used
in a submission in my name, for any other qualification in any university or other tertiary
institution without the prior approval of the University, and where applicable, any partner

institution responsible for the joint-award of this degree.

I acknowledge that copyright of any published works contained within this thesis resides with

the copyright holder(s) of those works.

| give permission for the digital version of my research submission to be made available on
the web, via the University’s digital research repository, unless permission has been granted

by the University to restrict access for a period of time
Michael Handwerker

Ingolstadt, 03.08.2022






“A goal without a plan is just a wish.”

Antoine de Saint-Exupéry






Vii

Acknowledgements

This doctoral thesis was created as part of a cooperation between RMIT University in Australia
and Technische Hochschule Ingolstadt in Germany. | am very grateful to both universities to
have been selected for this program. While working on the thesis | was employed as a project
engineer in Prof. Jorg Wellnitz’'s engineering firm. For this | am also very grateful as it provided

financial support and allowed me to get a lot of practical experience.

| would like to thank my supervisors, Prof. Dr.-Ing. Prof. h.c. J6rg Wellnitz and Dr.-Ing. Hormoz
Marzbani without whom this thesis would not have been possible. It was an honour to work

with you.

The vast treasure of Prof. Jorg Wellnitz's experience is astonishing to me to this day and | was
fortunate enough, that he shared it with me. Since his research interest cover many different
fields (lightweight design, aerospace engineering, hydrogen power trains,...) | would call him
the Swiss army knife of professors. In our technical discussions he was always able to steer

me in the right direction. During my times of doubt, he motivated me to keep going.

Dr.-Ing. Hormoz Marzbani provided valuable advice throughout my thesis. He is a self-made
man whose research career is truly impressive and inspirational to me. His positive attitude
and shared experiences kept motivated through tough times. He always had an open ear for
me and took the time to guide me. Without his guidance and support this thesis would not

have been possible.

Professor Dr. Ulrich Tetzlaff is a researcher by heart and supported my work from the very
beginning. While his main research focus lies with metals, he also has in-depth knowledge
about composite materials. Our discussions in the laboratory gave me valuable insight and

often a notch in the right direction.

Professor Dr. Martin Bednarz came to the university shortly before | started with my thesis
and was responsible for the purchase of the 3D printer used in this thesis. He supported me
from the start and always had an open ear for me. Due to his experience in additive

manufacturing, he provided me with a lot of valuable advice.



viii

Professor Dr. Jorg Bienert, who is an acoustic and vibrations expert, supported my vibration
analysis and was kind enough to include me in several industrial projects. This gave me an

interesting insight into this field and | learned a lot from him.

Very helpful advice was also given during the milestone presentations. | appreciate the
valuable tips and feedback that | received from all the panel members. But in particular |
would like to thank Prof. Dr. Reza Nakhaie Jazar who showed great interest in my work and

was a panel member in all milestone reviews.

Furthermore, | would like to acknowledge my fellow PhD students for their help and
stimulating discussions. Namely, Dr. Georges Lemos for his help with the XRD measurements,
Simon Keim for his help with the REM microscopy and Albin Gottwalt for his help with the
nanoindentation measurements. Also, | would like to thank Sebastian Kuba and Fabian Wein
from “Schanzer Racing” for their help with the analysis and failure calculations of the

universities race car.

| would also like to thank the laboratory technicians Stefan Saumer, Christian Biber, Thomas
Flieger, Markus Bauch, Karl Kirmaier and Josef Haas for their support of my experiments. And
of course, | am thankful to the Technische Hochschule Ingolstadt for allowing me to use the
laboratories and machines. | would also like to thank the administrative staff at both

universities, in particular Astrid Moser (THI) and Nabila Hamed (RMIT).

A big thank you goes to several researchers in my field who shared their advice with me on
different topics: Prof. Dr. Christoph Strobl, Prof. Dr. Shuguang Li, Dr. Elena Sitnikova, Dr. Lei
Wan, Dr. Stephanie Bruckmeier, Ross Mclendon, Prof. Dr. Josef Mair, Peter Schwarz and Dr.
Michael Okereke. While | am very thankful to all my teachers who made me who | am today,
| would like especially thank Andreas Eichner. He encouraged me to follow the path that | am
on today. | also would like to thank my friends and former colleagues Christoph Storr, Thomas

Bigus and Florian Klein for giving me the opportunity to work with them during my studies.

Lastly, | would like to thank my family for their support throughout this journey. Without them
this thesis would not have been possible. My parents, Brigitte and Thomas supported me with
love, time and money throughout my Bachelor, Master and now PhD studies; my brother
Thomas, who is currently acquiring his Master’s degree. Our regular talks kept me motivated
when the going got rough and he provided me with good advice in difficult situations. My
grandparents, Rosamunde, Karin and Glinter who shared their valuable life lessons with me.

Their love and moral support helped me hold my head up high in difficult times.






Table of Contents

Declaration of Authorship
Acknowledgements
Abstract

1 Introduction
1.1  Methodology
1.2  Research questions
1.3 Thesis Outline
2  State of Research
2.1 Commercial printers
2.2 Mechanical performance
221 Kevlar fibre
2.2.2  Glassfibre
2.2.3  Carbon fibre
2.2.4 Interlaminar Shear testing
2.2.5 Fatigue testing
2.3 Material analysis
2.4  Optimization and Failure criteria
2.5 Conclusion
2.6 Research needs
3  Annealing
3.1 Literature Review
3.2  Experimental setup

3.2.1 Materials

vii

12

13

15

18

20

21

24

28

30

32

32

36

36



Xi

4

4.1

4.2

3.2.2

3.2.3

3.24

3.25

3.2.6

3.2.7

3.2.8

Optical Microscopy

Infrared spectroscopy

Caloric Characterization

X-Ray Diffraction

Mechanical Testing

Geometric and weight changes

Heat treatment

3.3  Pre-study

3.4  Design of Experiment

3.5 Testing results

3.5.1

3.5.2

3.5.3

3.54

3.5.5

3.5.6

Infrared spectroscopy
DSC analysis

XRD analysis

Tensile Testing
Geometric changes

Optical microscopy

3.6 Discussion

3.7 Future research needs

3.8 Conclusions

3.9 Application in practice

Pressure Treatment

4.2.1

4.2.2

4.2.3

Literature Review

Experimental setup

Materials
X-Ray radiography

Microscopy

36

36

37

37

38

40

40

40

42

45

45

47

50

52

55

56

58

61

61

62

63

63

65

65

65

65



Xii

5

4.2.4

4.2.5

4.2.6

4.2.7

4.2.8

4.2.9

Caloric Characterization

X-Ray Diffraction

Mechanical Testing

Damping and modal frequencies
Heat treatment

Finite Element Analysis

4.3  Design of Experiment

4.4  Testing results

441

4.4.2

4.4.3

44.4

4.4.5

4.4.6

4.4.7

4.4.8

449

DSC analysis

XRD analysis

Tensile Testing

Geometric changes

X-Ray radiography

Optical Microscopy

Scanning electron microscopy
Damping and Modal Frequencies

FEM Unit cell analysis

45 Discussion

4.6 Future research needs

4,7  Conclusion

Failure modelling

5.1 Literature review

5.2  Experimental setup

521

5.2.2

523

Optical Microscopy
Image Processing

Nanoindentation

65

66

66

67

69

69

69

71

71

72

72

75

75

77

83

85

86

89

93

94

96

98

99

99

100

101



Xiii

7

8

5.2.4  FEM Software
5.3  Representative Volume Element
5.3.1 Periodic Boundary conditions
5.3.2  Size determination
5.4  Constitutive Model
5.4.1  Glass Fibre
5.4.2  Fibre-Matrix Interface
5.4.3 Polyamide 6
544 Simulation parameters
5.5 Results and discussion
55.1 Uniaxial Tension
5.5.2 Combined loading
5.6  Puck’s 2D fracture criterion
5.7  Application in practice
5.7.1  Simulation parameters and modelling
5.7.2 Misuse load case
5.7.3 Misuse load case with a strut
5.8  Comparison with conventional solution
5.9  Future research needs
5.10 Conclusion
Conclusion and Recommendations
6.1  Conclusion
6.2  Future research needs
Bibliography

Appendix

101

101

102

102

105

105

106

108

111

112

112

118

122

125

125

127

128

129

130

133

134

134

137

140

168






XV

List of Figures

Figure 1: Coordinate system for fibre reinforced parts........cccccevvvieeiiniiiiiiiiee e, 10
Figure 2: Location of the point of failure (left) and waviness of the Kevlar fibres (right) [51]12

Figure 3: Notched test samples used for testing the impact behaviour of Kevlar

reinforcements (SNOWN iN &) [53]..ciiiiiiiiiiiiiiiiie et e e s easareeeees 13
Figure 4: Extraction zones of the fibre reinforced plate [56]. .....ccccceeviiiiiiiiiiiee e, 14
Figure 5: Stress-Strain diagram for the shear tests conducted by Justo et al [56].................. 15

Figure 6: Air inclusions seen through an optical (left) and electron (right) microscope [57]. 16
Figure 7: Test pieces used by Caminero et al. [10]. ...cccveiiiiiiieiiiiiiee e 19
Figure 8: Average maximum interlaminar shear strength (ILSS). The influence of fibre volume
on ILSS (left) and comparison of additive manufactured materials and pre-impregnated
M21/MMA (thermosetting)(right) [10]. ..ecoceeeeiieeeee e et 20
Figure 9: Difference between element-wise optimization [92] (left) and Fibre-path
OptimMiIzation [11] (FIBNT)..eee e e e e e e e e e e s e areeeeeaes 26
Figure 10: alpha (left) and gamma (right) form of Polyamide 6..........cccccveveiieeincieeeccneen, 33
Figure 11: Rectangular tube with cutting patterns for the extraction of the X3 test samples
(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). ....ccccovvveeeiirnnnnis 40
Figure 12: Comparison of a “X3” test sample annealed before cutting showing no warping

(left) with a non-annealed test sample with significant warping (right) both after being stored

tWo weeks at roomM tEMPEIrAtUIE..........uiiiiieee e e e e e e e e e e e e e e 42
Figure 13: Test results of heating samples in air and oil for different annealing times.......... 42
Figure 14: Cross-section of the heat container with the test sample inside............cc..uuunnee. 44

Figure 15: Temperatures inside and outside the container showing the minimal Insulating
effect of the heat treatment CONTAINEr ......ccoiiiiiiiiii e 44
Figure 16: Infrared absorption spectra of the chopped carbon fibre and continuous glass fibre
(=T} fo] gel=Te I o] F= 1y 4 (ol TR UPPTRRRPPPP 45
Figure 17: Infrared absorption spectra of the chopped carbon fibre reinforced plastics for

different annealing tEMPEIATUIES ......vvviiiiii it ee e e e e e eessbbraeeeeeeessennnes 46



XVi

Figure 18: Infrared absorption spectra of the non-treated and annealed continuous glass fibre
TTaY (o] fol=Te I o] - 15 ok PSPPI 46
Figure 19: DSC results for the first and second heat run (10 K/min) and the first and second
cooling run (10 K/min) of the raw filament as well as the processed chopped carbon fibre and
continuous glass fibre Material...........ooouiii i 49
Figure 20: XRD analysis of the chopped carbon fibre filament for the different annealing times
AN LEMPEIATUIES .eeiiiiiiee ettt e e s sttt e e e s st ae e e e s abeeeessaaaeeeesssaeeessssaeeesnnns 51
Figure 21: XRD analysis of the processed glass fibre material with no heat treatment applied
(bottom) and annealed at 200°C fOr 6N (0P) ..veieiriiieiriiieee e e 52
Figure 22: Tensile tests in “X3” direction of the annealed chopped carbon fibre reinforced test
samples. The bottom graph is the non-annealed material as a reference ........cccocveeeeeeennnns 53
Figure 23: Ultimate tensile strength (left), Young's modulus (middle) and Elongation at brake
(right) of the chopped carbon fibre test samples. Note that the temperature scale is reverse
fOr the [ast diagram. ... e e e e e e e e s e e e e e e eeas 54
Figure 24: Stress-Strain diagram of the continuous glass fibre material with no heat treatment
applied and annealed at 200°C fOr BN ......coiieciiieeeiee e e e e e rrree e e e e e e e eeanes 54
Figure 25: Changes in height for the chopped carbon fibre samples........ccccoovveveeiirieccnninnen. 56
Figure 26: Fracture surfaces of the chopped carbon fibre annealed at 130°C (left) and 200°C
(right) at a 1.6x magnification. To illustrate the depth of the failure surface, the focus on the
right-hand side is put on the lowest level of the fracture surface making the top layers appear
out of focus. The scale applies to the focussed layer, which makes the part on the right appear
larger even though the same magnification is USed........cccceeeeveeiiiiveeeiie e, 57
Figure 27: Microscopic images showing small air-inclusions caused by the printing process in
the non-annealed sample (left) and large air-inclusions after the annealing process (right).58
Figure 28: Failure surfaces of the continuous glass fibre filament with no treatment applied
(left) and annealed at 200°C (FIgNt) ...ccveiee i et e e e 58
Figure 29: Concept for using the heat treatment process in practice........cccovvveeveeeeeieccnnnenenn. 62

Figure 30: X2 tensile test geometry with cutting patterns. The fibre paths are orange and the

ONYX PATNS ArE WHITE. ... eviiiiiiiii e e e e e s et aeeeeeseessasssaeseeeeeseennnes 67
Figure 31: Vibration excitation via loudsSpeaker .........cccuiiviiieiiniiieecc e 68
Figure 32: Vibration excitation via impulse NammEer ........cccccovveiiiiveeeiic i, 68

Figure 33: Effect heating and cooling rates on the crystalline phases.......cccccccvvvvieeeinineenn. 70



XVii

Figure 34: Cross-section of the pressure deVIiCe........ccuuiiivciieeeicciiee e 70
Figure 35: DSC analysis of the non-annealed, heat- and pressure treated samples............... 71
Figure 36: XRD analysis for the different pressures ........coccveeeeicieeeccciiee e 72

Figure 37: Averaged Stress Strain diagram for X2 and X3 direction for different pressures. .73
Figure 38: Unedited stress strain diagrams for pressure treated and non-treated samples..74
Figure 39: X-Ray radiographic images of the non-treated and post processed “X2” test tokens.
To contrast and brightness were increased for a better visualization. The continuous red line
indicates the fibre path and the arrows mark large air-inclusions. Brighter colors corelate with
a lower density. The slightly visible +/-45° lines for the untreated sample origing from the non-

reinforced layers. At three and six Megapascal of pressure, there were no visible differences

between the X-Rax images, so only one was included...........ccceevveiiiiiiiiiinniiiee e 76
Figure 40: Air inclusions in the X2 samples close to the fibre bends .........ccccvvvveeeiiriiinnnnnnn. 78
Figure 41: Air inclusions in the X2 samples close to the samples centre .........cccecvveeeervneennn. 79

Figure 42: Microscopic images of cross-sections at distances of 10-40mm from the fibre
bends. Air voids (black) were partially filled with Epoxy resin (white) during the polishing
[T o =1 =1 Lo I o] € Yol 13U 80
Figure 43: Microscopic images of cross-sections at distances of 50-80mm from the fibre
bends. Air voids (black) were partially filled with Epoxy resin (white) during the polishing
PrEPArAtION PrOCESS. .uuuuuuiuririiuiiiii s aaa s aaaanananannnnnnnnnen 81
Figure 44: Cross section of the raw glass fibre filament........ccocccvvvveeeiiiiieicciiii e, 82
Figure 45: Fracture surface of the X3 sample (left) with visible oxidation and X2 sample (right)
WiIth Milled-0ff SIA@S.......iiiieeee e 82
Figure 46: Fracture surface of the non-treated X2 sample magnified 300x (a), 1000x (b) and
18[00 10 ) (o) IR PUPPRRRRPPP 84
Figure 47: Residue on the fibre at a 20000x magnification........ccccveeeiieiieiiciiiieeeee e, 84
Figure 48: Fracture surface of the pressure treated X2 sample magnified 500x (a), 1000x (b)
] Lo I 01010 ) (o) RSP PPRUTRRRRORt 85

Figure 49: Results of the impact measurements showing the first and second Eigenfrequency.

Figure 50: Representative volume element used to determine the elastic properties with a
S BT o 18 11 ST TSPt 88
Figure 51: Air Voids caused by fibre bends.........ccccooviiiiiiiiiic e 90



XVviii

Figure 52: Image of the stress concentration within the transparent matrix [179]................ 93
Figure 53: Different modelling level approaches. ........ccccveiieiiiiiiie e 97

Figure 54: Damaged fibres due to high polishing forces (left) and good polishing results (right).

Figure 55: Four step process to extract the fibre diameters and coordinates from the
(g T ol XY olo] o T ol 0 T === 101
Figure 56: Influence of the height on the variation of the elastic properties for a constant
(YA L o T 0 5 00U o TSP 103

Figure 57: Influence of the width on the variation of the elastic properties for a constant

L= T=d 0 o 00 ¥ Ty o SRS 104
Figure 58: 800X200 M2 RVE.......couiiieeteeiteeeecteesreeteeteeeteeaesteesteeaesteesseesessaesseessesssesseensesseens 105
Figure 59: Normal distribution of the fibre diameter........cccovveeeiiiiiece e, 106

Figure 60: Bilinear Traction separation law. The area under the curve is equal to the energy
(] LF N e (<l o PO PP OPPUPR 107
Figure 61: Different voids observed in Polyamide 6 [214] .....ccccevcvieiiviieeeieieeee e 109
Figure 62: Internal, artificial strain and kinetic energy for the uniaxial tension loading of the
0 011 o<1 | PSPPSR 112
Figure 63: Stress-strain diagrams for the uniaxial tensile load case. The experimental data
refers to the post-processed samples from the previous chapter........ccocccoviveeeeiiiicccnnnnnen. 114
Figure 64: Element degradation during the uniaxial tensile loading. The element deletion of
the matrix was deactivated for a better illustration. ..........ccccovviiiiinniiiiini e, 115
Figure 65: Equivalent plastic strain (PEEQ) during the uniaxial tensile loading. The element
deletion of the matrix was deactivated for a better illustration.........cccoeeveeeiviiiiiiiniiiennnns 116
Figure 66: Effects of a 20% increase of different matrix parameters on the stress-strain
=T o To] o 1= N 117
Figure 67: Effects of a 20% increase of different matrix parameters on the stress-strain
=T o To] o 1= PN 117

Figure 68: Fracture for combined longitudinal shear and transverse tension/compression.

Figure 69: Fracture modes for combined tensile and longitudinal shear loads. The stiffness

degradation was mapped onto the undeformed shape for a better illustration.................. 120



XiX

Figure 70: Fracture modes for combined compressive and longitudinal shear loads. The
stiffness degradation was mapped onto the undeformed shape for a better illustration. ..121
Figure 71: Geometry of the compression test token and a failed test token. ...................... 122
Figure 72: Matrix fracture modes according to Puck's failure theory [225]. ....ccccccvvveeernnnnnn. 124

Figure 73: Race car of the Technische Hochschule Ingolstadt. The pressure distribution at 130

km/h is shown in the top left corner [228]. The image of the car is taken from [229]......... 125
Figure 74: Flap with boundary conditions, fibre paths (orange) and mesh ............ccc........... 127
Figure 75: Deformation and matrix failure for the dry and conditioned composite ............ 128
Figure 76: Deformation and matrix failure for the conditioned composite...........cceeeenneeee. 129

Figure 77: Deformation for the misuse load case of conventional carbon fibre reinforced
epoxy with a 50% fibre volume content (left) and glass fibre reinforced conditioned PA6 with

a fibre volume content of 30%. Both materials have the same layer sequence (0° and 45°).

................................................................................................................................................ 130
Figure 78: Depth profile of the polished samples ........ccccveieieccciee e, 132
Figure 79: Suspected cause of the depth profile........ccceveieiiiiiiiiiiec e, 132
Figure 80: Definition of the stress exposure fE [225]. ..vuveeiieeieeiciirieeeee e, 168
Figure 81: Fracture planes (grey) for different stresses [225]......cccveeeiiiieeieciieeeecceee e, 172
Figure 82: Fracture angle and fracture plane stresses according to Puck [225]. .................. 173
Figure 83: Master fracture body displayed in the action-plane stress state [225]. .............. 173
Figure 84: Influence of 01 0N the IFF [225]. ceveeiiiiiiiceeeee e e 180

Figure 85: Workflow of user-subroutine including Puck’s failure criterion and degradation

(Yoo LY D T R 184






XXi

List of Tables

Table 1: Commercial FDM printers that can process continuous fibre reinforcement ............ 9
Table 2: Summary of test methods, their resulting information as well as applicable test
=10 Lo =T o K J U PO PSP UP S UPPPPTROPPPPRTOt 11
Table 3: Amount of reinforced fibre layers out of the total layers of fibre for each type of test
(o1 ol N [ 0 ) USRS 19
Table 4: Summary of calorimetric and chemical procedures to analyses composite materials,

the information that can be obtained using those methods and the corresponding standards.

Table 5: Overview of element-wise and curve-based designs for the optimization of fibre
T oY (o] fol=Te I o] - 1 d ol SRR 26
Table 6: Summary of the mechanical properties of the continuous carbon, glass and Kevlar
fIDre FIlamMENT ..o 29
Table 7: Annealing parameters of Polyamide 6 recommended by plastic manufacturers.....35
Table 8: Parameters for the calculation of the plastic mass for each sample......................... 48
Table 9: DSC Results for the 10 K/min heating program with 5 mg samples. The water loss and
fibre content have been considered for the calculation of the enthalpies.........cccccvvvveeeeen. 50

Table 10: Mechanical properties of the continuous glass fibre material before and after

ANNEAIING. .ttt et e e e e e e e e e e e e e raareaeeeeeeaaarbaaaaeaeeeeaaaarraaaaaeeeeaannnes 55
Table 11: Changes in flatness in mm for the chopped carbon fibre test tubes ...................... 56
Table 12: Ultimate Tensile strength for the different pressures and testing directions......... 74
Table 13: Young’s modulus for the different pressures and testing directions ...................... 74
Table 14: Strain at failure for the different pressures and testing directions..........cccccuuu...... 74
Table 15: Geometric changes measured at the centre of the test tokens.......cccccceeeeennnnneeen. 75

Table 16: Percentage of air inclusions close to the bends and the middle for different

PSS UI S .. iitieetttttiiieeeeeeettttttaeseeeeeeeeeraa e seeeeeaeesssaaaseseeesaesssasssseeeeeseesssnsnsseseesseesssnssseseseneessnnn 79
Table 17: Frequencies and damping values determined for the test samples ........cccuuu...... 86
Table 18: Young's moduli and Poisson’s ratios for polyamide 6 and glass fibre..................... 88

Table 19: Elastic properties of the annealed material for a dry and conditioned matrix....... 88
Table 20: Homogenized properties of the 800x200 RVE with a reduced fibre volume content

and fibre modulus of 75 GPa and a matrix modulus of 1.7 GPa ....cceuvvveieeeiiiiieeeeeeieeeeeennn, 105



XXii

Table 21: Mechanical properties of dry polyamide 6 from different manufacturers........... 108
Table 22: Parameters for Puck's failure criterion based on the micromechanical model ....124
Table 23: Material properties used for the failure analysis of a dry polyamide 6 ................ 126
Table 24: Material properties used for the failure analysis of a conditioned polyamide 6..126

Table 25: Properties of the carbon fibre reinforced epoxy [247] [242] ..ceeeecvveeeeecireeeeennen. 185



XXiii

List of Abbreviations

DSC Differential scanning calorimetry
ILSS Interlaminar shear strength

IR Infrared

PA 6 Polyamide 6

SEM Scanning electron microscopy
TGA Thermogravimetric analysis

uTsS Ultimate tensile strength

XRD X-Ray diffraction







XXV

List of Symbols
A Cross-sectional area mm?
B Friction angle °
C Elasticity GPa
E Young’s modulus GPa
A Separation of the cohesive layer pm
I length of the unit cell pum
m mass kg
G Fracture energy rate J/m?
H Melting enthalpy J
K Degree of Crystallinity -
Compliance of the cohesive layer GPa/m
Ratio of yield stress in triaxial tension/compression | -
@ Fibre volume content -
p Equivalent pressure stress MPa
Inclination parameter for Puck’s failure criterion -
q Mises equivalent stress MPa
r Third invariant of the deviatoric stress MPa
) Density kg/m?
€ Strain -
o Stress MPa
u Displacement pm
R Fracture strength MPa
0 Diffraction angle of the XRD analysis °
and angle of the action plane
T Shear stress MPa
T Interface strength MPa
B Angle of the fracture plane °
RF Reaction force of the reference node N
\Y Total volume of the unit cell um3




XXVi

Poisson’s ratio




XXVii

Dedicated to all my teachers.






Abstract

A new technology based on fused filament fabrication that allows the manufacturing of
continuous fibre reinforced composites has been developed in the recent years. Fibres are
being embedded in a plastic that is molten and laid out on two-dimensional layers. These
layers are stacked on top of each other, thereby creating a three-dimensional part. However,
alignment of the polymer chains during the extrusion causes an insufficient bonding between
the layers. Furthermore, the printing process causes a high air-void ratio. These effects lead

to a reduced strength and stiffness.

To address these drawbacks, this study investigated the influence of a thermal treatment
process on the mechanical performance of continuous and chopped fibre reinforced
polyamide 6 in the build-up direction. A correlation between the annealing temperature and
the mechanical performance was found. The Young’s modulus increased by a factor of three,
while the ultimate tensile strength (UTS) increased by 186% for the continuous glass fibre
reinforced material. A temperature dependent transition from the gamma to the alpha phase
was observed while the crystallinity only slightly changed. For the continuous fibre

reinforcement an increase in the air-void ratio was observed.

Based on these findings, the influence of a post pressure treatment process on the mechanical
performance in build-up direction and perpendicular to fibre direction within the layer was
investigated to address the high air-void ratio. Annealing at a pressure of 1 MPa was found to
homogenize the material and led 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 increased
the mechanical performance, whereas a further increase to 6 MPa caused no significant
changes. While at 1 MPa the air-voids are significantly decreased within the part, 3 MPa were

required to decrease the air-void ratio close to the fibre bends.

In order to evaluate potential use-cases it is important to understand the materials failure
behaviour. Simple failure theories used for homogenous materials, like the von Mises failure
criterion, are not able to predict the failure of composite materials. Due to the vastly different

properties of the fibres and the matrix the failure process is more complex. To investigate the



failure behaviour of the postprocessed material a micromechanical model was developed.
Based on sophisticated models for the constituents a unit cell was used for virtual testing. It
was found that, despite the low fibre volume content, Puck’s failure criterion was applicable.
Consequently, the it was used to simulate the materials potential uses in the front spoiler of

the university’s student race car.



Chapter 1

Introduction

In recent years design and manufacturing of lightweight structures have gained more
importance. Especially in the aviation and automotive industry the requirement for lower
emissions and greater range has led to the development of new technologies for the
manufacturing of lightweight materials. Looking back in history, steel was replaced by
aluminium which is now getting competition from composite materials [1]. The most noted
representative of such composite materials are fibre reinforced plastics. The performance of
these non-isotropic materials mostly depends on fibre orientation, fibre content, the type of
plastic/fibre used and the manufacturing process [2]. Most used composite materials in the
aviation industry are carbon fibres with a thermosetting polymer matrix. These high-
performance composites are manufactured by stacking epoxy infused layers of unidirectional
fibre mats (prepregs) on top of a mould and then curing it by applying pressure and high
temperatures [1]. While the mechanical performance of parts produced this way is very good,
they are very expensive to manufacture due to the complex mould shapes that are required.
Thermosetting composite plastics have limited options of recycling because of the strong
bonds between the polymer chains. One of the most common options is pyrolysis where the
matrix material is thermally decomposed in an inert atmosphere and just the embedded
fibres are reused. This way the matrix material is completely lost. Or the composite material
is grinded into little pieces which are then used for short-fibre reinforced parts. Thermoplastic
composites on the other hand can be separated using a dissolution process and all materials
can be reused with only a minor reduction in stiffness. Also, thermoplastics could be recycled
by thermoforming them into different parts, which is also not possible with thermosetting

plastics [3] [4].



A new method for producing fibre reinforced plastics is the use of fused deposition modelling
(FDM) sometimes also referred to as fused filament fabrication (FFF). In this process a
thermoplastic filament is molten, extruded through a nozzle and deposited on the growing
work. The required composite materials are created by adding continuous fibres to the
filament. This manufacturing process gives engineers a lot of design flexibility and allows to
produce optimized high-performance parts with complex geometries without requiring

I”

moulds or autoclaves. As a result, this process is a step towards the “print-it-all” fabrication
process, since poor mechanical performance has been limiting the areas of application for 3D
printed plastic materials [5]. Of course, issues like the high production time, the high costs
and slow certification processes still need to be addressed before additive manufacturing can

be used in large volume productions [6].

Due to the nature of the printing process unlike conventional fibre reinforced plastics the
resulting material is not transverse isotropic. The adhesion between layers is not as good as
the adhesion between individual strings forming a layer. One hypothesis suspects the cause
in the alignment of polymer chains in flow direction during the printing process [7]. Other
sources suspect the heat transfer from the fibres to prevent heat from the nozzle reaching
the underlying layer as well as an uneven or slightly offset printing bed [8]. While the exact
cause is still under debate, it is experimentally proven the matrix strength and stiffness in
build-up direction is worse than that of perpendicular direction [8]. A well-known issue of the
additive manufacturing process are residual stresses that are a result of the rapid heating and
cooling cycles of the plastic [9]. Also, the interlaminar shear strength is very low compared to
other fibre reinforced plastics [10]. More detailed information is provided in Chapter 2. The
purpose of this thesis is to address these issues by applying a postprocessing treatment to the

additively manufactured parts.

Furthermore, it is important to understand the materials failure behaviour in order to be able
to use it efficiently. Inaccuracies in the methods used in a design process result in premature
failure risk. This risk is usually taken care off by multiplying the actual load with a safety factor
and designing the part in a way that it can handle those exaggerated loads. This way the costs
of comprehensive testes are avoided, but the final product will be heavier and more
expensive regarding the material costs. When it comes to lightweight design, the goal is to

reduce the safety factor to a minimum. To do that the methods and theories used in the



design process must be very accurate. Especially when parts are responsible for human safety.
Compared to isotropic materials, composite materials require much more sophisticated
failure theories. In some works, the Hashin’s failure criterion was applied to predict the failure
of the additively manufactured composite [11] [12]. However, the authors did not provide
sufficient evidence, that the failure criterion is applicable. Furthermore, it was shown in the
“World Wide Failure Exercises” that Hashin’s criterion is not as accurate as for example Puck’s
failure theory [13] [14] [15]. To pave the way for practical use of this material it was

investigated how the material failure can be modelled on a macroscopic scale.

1.1 Methodology

After an extensive literature review an in-depth study of the annealing process was carried
out to determine the effects of different annealing times and temperatures. Samples were
annealed in a mineral oil bath to prevent oxidization and make use of the buoyancy effect,
which helped to retain the shape of the samples at higher temperatures. Since the poor layer
adhesion does affect the build-up direction most, focus was put on the changes in the tensile
strength and Young’s modulus of chopped and continuous fibre reinforced parts in that
direction. Multiple analysis procedures, like for instance X-ray diffraction (XRD) and optical

microscopy, were used to measure the changes in the materials (crystalline) structure.

Since the annealing study revealed an increase in air-voids, the influence of a pressure
treatment process was investigated in a next step. In that study the temperatures and
exposure times were fixed and different pressure levels were applied. 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 university project. A failure of the
container containing hot oil at high pressures would be a very serious health hazard.
Consequently, a mould press was chosen for this study. The mould prevented the diffluence
of the high viscosity polyamide and was expected to create an environment similar to that in
an autoclave. To achieve a high practical relevance, pressure levels were chosen which can be

achieved by commonly used autoclaves.



Based on the findings of the post-processing study the failure under combined loads was
studied. To determine the applicability of failure theories for conventional composite
materials the failure behaviour of the material was investigated using the finite element
method. Based on sophisticated models for the constituents, a unit cell was used to
determine the materials failure under combined loads. The obtained results were then
transferred to a macroscopic failure criterion which was applied to the universities race car

to evaluate potential use cases.
1.2 Research questions

To summarize, the following research questions will be studied in this thesis:

1. What temperatures and exposure times are required to make continuous fibre
reinforced parts produced by fused filament fabrication transverse isotropic and
improve their mechanical performance?

2. Which pressure levels are required to reduce the air-void ratio?

3. Which combined load cases lead to an inter-fibre-failure of postprocessed fibre
reinforced plastics produced by fused filament fabrication?

4. What failure modes occurs in postprocessed fibre reinforced plastics produced by
fused filament fabrication under combined loads?

5. How can the failure of the post-processed material be modelled on a macroscopic

scale?
1.3 Thesis Outline

The chapters in this thesis are based on the research questions. In Chapter 2 a detailed
overview of existing research that was published prior to the start of this thesis is presented.
This will provide a detailed insight behind the methodology and motivation of this research
project. Studies only relevant to particular research questions are included in the

corresponding chapters.

Chapter 3 contains the results and discussion of the annealing study. In Chapter 4 the second
research question is investigated and therefore contains the experimental setup and results

of the pressure treatment process. Chapter 5 explains the micromechanical model in detail



and discusses the results of the failure stresses and failure modes under combined loads. In

Chapter 6 the findings are summarized and future research recommendations are given.



Chapter 2

State of Research

Before undertaking any research project, it is important to determine the state of research.
Because as Frank Westheimer once said: “A couple of months in the laboratory can frequently
save a couple of hours in the library.” In this chapter a short comparison of existing printers
will be given. Furthermore, the material properties of the additively manufactured
continuous fibre reinforced composites are reviewed along with applicable testing standards.
Furthermore, proposed optimization techniques that allow for tailored fibre placement are
briefly discussed. These findings were published as a review Paper in the Journal “Progress in
Additive Manufacturing” [16]. Studies that are particularly relevant for the undertaken
research or were published during this thesis will be discussed in detail in the subsequent

chapters.
2.1 Commercial printers

There are two basic working principals in processing continuous fibres using the FDM process.
The continuous fibre used for reinforcement is either already present in the filament or fed
into the nozzle separately. A summary of currently available FDM printers with the ability to
process continuous fibre reinforcements is shown in Table 1. Markforged was the first
company to sell an FDM printer capable of processing continuous fibre reinforcements in

2014 with a second generation released in 2016. The main restrictions of these two printers



are the closed source software which dictates the fibre path and the fact that only the
manufacturers filament can be processed [17]. The Anisoprint Composer A3 and A4, which
were released in early 2020 are almost the opposite. They mix the filament and fibres in the
printing head and allow any materials to be used. Their software also allows adjustment of
the fibre path and nozzle temperature [18]. This makes the Anisoprint composer perfect for
research purposes since the influence of many factors could be investigated. Judging by the
available information, the major difference between the Desktop Metal printer and the
Markforged printer is the matrix material. Markforged uses polyamide and an unspecified
amorphous plastic, whereas the Desktop Metal printers can process polyether ether ketone
(PEEK) and polyetherketoneketone (PEKK) which both are plastics that can be used at higher
temperatures than conventional plastics [19]. For manufacturing bigger structures, the CEAD
CFAM Prime is currently the only option [20]. Since the Markforged printers were released to

the market almost six years ago, most of the cited studies in this work used these printers.

Table 1: Commercial FDM printers that can process continuous fibre reinforcement

Company Markforged [17] Anisoprint [18] CEAD [20] Desktop Metal [19]
Printer Mark One/Two Composer A4/A3 CFAM Prime Fibre series
Software type Closed source Open source Closed source Closed source
Build volume 297 x 210 x 140 2000 x 4000 x
320x 132 x 154 310x 240 x 270
[mm?3] 420 %297 x 210 1500

Fibre material

Carbon, Glass and Aramid

Open material system

Carbon and Glass

Carbon and Glass

Working Principle

Impregnated filament

Mixer Head

Mixer Head

Impregnated filament

Available since

2014/2016

Early 2020

2018

Early 2020

2.2 Mechanical performance

It is important to state the testing direction when discussing the mechanical performance of
composite materials. The system shown in Figure 1 is used for the present study. “X1” refers
to the fibre direction, “X2” is perpendicular to the fibres and parallel to the printing bed and

“X3” is perpendicular to both the fibres and the printing bed.
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X3 — Matrix direction

X2 — Matrix direction

X1 - Fiber direction

Figure 1: Coordinate system for fibre reinforced parts

An important property for composite materials is the shear strength. It can be distinguished
between intra- and interlaminar shear strength with continuous fibre reinforced plastics. The
former refers to shear stresses within one layer and thus affects the fibres, matrix as well as
the fibre matrix bond. The latter refers to shear stresses between layers, which leads to

delamination and is often abbreviated as “ILSS” [21] [22].

When conducting fatigue tests is important to take the testing frequency into consideration.
Tests on long fibre reinforced plastics have shown that the fatigue strength decreases when
increasing the testing frequency. This behaviour was attributed to hysteretic heat as well as
the low thermal conductivity of thermoplastics [23]. Furthermore, it was found that creeping
relaxes local stress accumulations and therefore has an influence on the durability [24].
Experiments conducted with thermosetting short glass-fibre reinforced composites have

shown that many factors, like the manufacturing parameters, testing conditions and materials
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have an influence on the predicted lifetime, so it is important to state these conditions, when

publishing test results [25]. Table 2 contains a summary of mechanical test methods, the

information that can be obtained as well as corresponding standards.

Table 2: Summary of test methods, their resulting information as well as applicable test standards

Method

Resulting Information

Standards

Tension, Compression

Stress-strain behaviour,

Yield strength, ultimate

strength, Young’s Modulus

ASTM D3039 [26]
ASTM D6641 [27]
ASTM D3410 [28]
ASTM D6484 [29]
ASTM D5766 [30]
ASTM D6742 [31]
ASTM 6264 [32]
1SO 527-4 [33]
1SO 12817 [34]
1SO 14126 [35]
1SO 11566 [36]

Shear

Shear-stress-strain
behaviour, shear modulus,

shear strength

ASTM D5379 [37]
ASTM D2344 [38]
ASTM D3518 [39]
ASTM 5467 [40]
ASTM D4255 [41]
ASTM D3846 [42]
1SO 14130 [43]
1SO 14129 [44]
1SO 15310 [45]

Flexural

Flexural stress-strain
behaviour, flexural modulus,

flexural strength

ASTM D7264 [46]
ASTM D6272 [47]
ASTM D6415 [48]
1SO 14125 [49]

Fatigue

Fatigue behaviour

ASTM D3479 [50]
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As mentioned in the previous section, Markforged was one of the first companies to release
a 3D printer that can process continuous fibre filament. This is the reason why their printers
are used in most of the published research projects to date. Unless otherwise stated, the
mechanical properties refer to parts manufactured by Markforged printers. In the following
sections, the mechanical properties of Kevlar, glass and carbon fibre reinforced additively
manufactured composites are presented. In section 2.5 the findings are summarised and

discussed.

2.2.1 Kevlar fibre
2.2.1.1 Tensile and Flexural testing

The tensile strength and Youngs’s Modulus of Kevlar reinforced parts were determined by
Melenka et al. according to ASTM D638-14 [51]. The work compared samples with varying
number of reinforced rings. A maximum ultimate tensile strength (UTS) of 80 MPa was
determined with two layers being reinforced by five rings each. Because the start of the fibre
path was in a high stress area, the determined values do not represent the full potential of
the material and the authors recommend not to place the starting point of the fibre in the
load path. Through optical microscopy a waviness in the Kevlar yarns was observed which is
suspected to be caused by a lack of tension on the fibres during the printing process. These
effects are both shown in Figure 2. Once the load is applied the fibres straighten which
explains the observed non-linear stress-strain behaviour. Besides the acknowledged flaw of
the starting point of the fibre being in the load path the applied standard is not intended for

reinforced plastics.

- Start location
& of fiber

¥ reinforcement

Waviness in
Kevlar yarns

‘F ailure location

Figure 2: Location of the point of failure (left) and waviness of the Kevlar fibres (right) [51]
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A similar test setup was used by Dickson et al. applying the ASTM D3039 standard for tensile
tests [52]. With eight out of 32 layers reinforced a UTS of 164 MPa and a Young’s Modulus of
6.7 GPa was measured. To avoid the start and end point of the fibre within the load path, the
fibre ends were laid beyond the tabbing points. After the test, barely any residue of the matrix
material could be found when examining the Kevlar fibres, which is an indicator of a weak
bond between the matrix material and the fibre. The flexural strength and modulus with eight

out of 32 layers being reinforced was 125,8 MPa and 6.65 GPa.

Adabi et al. found the main failure in tensile tests to be fibre tensile damage which showed
as an almost lateral failure of the test piece [12]. With twelve out of 25 layers being reinforced
in load direction an average UTS of 150 MPa and a Young’s modulus of 8.7 GPa was

determined.

2.2.1.2 Impact behaviour

V-notch test pieces and plates were used for Charpy testing and shot with a gas gun by Scrocco
et al. to determine the impact behaviour of continuous Kevlar reinforced FDM parts [53]. Two
reinforced layers perpendicular to the notch in a test piece (comp. Figure 3 left) designed
according to ASTM E23 [54] resulted in an impact energy of 11.38 J. When the reinforced
layers were parallel to the notch no significant strength increase was found (comp. Figure 3
right). Additionally, six-millimetre-thick plates were shot with spherical bearings at velocities
between 208 m/s and 255 m/s with varying reinforcement. The projectiles managed to
penetrate 2 mm of the Kevlar reinforcement at 208 m/s and the plate was very close to

stopping the projectile traveling at 255 m/s.

Figure 3: Notched test samples used for testing the impact behaviour of Kevlar reinforcements (shown in red) [53]

2.2.2 Glass fibre

2.2.2.1 Tensile and flexural testing

Dickson et al. determined the UTS of continuous glass fibre reinforced test specimens

depending on the fibre volume ratio [52]. It was observed that more fibre reinforcement does
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not lead to a proportional increase in UTS. This was suspected to be caused by air inclusions
that got bigger and more frequently occurred as more fibres were used. 30 out of 32 layers
reinforced resulted in an ultimate tensile strength of 444 MPa which exceeds the strength of

Aluminium 6061-T6.

An average UTS of 450 MPa and Young’s modulus of 7 GPa was determined by Goh et al.
according to ASTM D3039 [55]. During tensile testing the specimens showed a sudden drop
in tensile stress followed by slight rise before the sudden failure of the test piece, which is
suspected to be caused by local fibre failure. Tensile and shear rupture were the failure modes
causing fibre breakage. Fibre pull-out also was observed but was found to be insignificant
compared to the fibre breakage. Delamination and de-bonding at the layer interfaces were
observed, which indicates a weak bonding between adjacent layers. The fibre volume fraction

of 35 % was determined by burning of the matrix.

Justo et al. determined an average UTS of 701 MPa and a Young’s modulus of 68 GPa
according to ASTM D3039 by extracting test pieces from a plate (comp. Figure 4) [56]. This
was done to get homogenous fibre distribution within the test samples. The failure was
reported to occur simultaneously in both the centre and close to the tabs. The number of
reinforced layers is not stated and microscopic analysis revealed almost no waviness in the

fibre paths but air gaps within the composite were observed.

Area to extract the coupons

Area to extract the coupons

310

A
v

Figure 4: Extraction zones of the fibre reinforced plate [56].
An average flexural strength of 149 MPa and flexural modulus of 15 GPa was determined by
Goh et al. according to ASTM D790 [55]. Testing showed that the flexural strength gradually
decreased after reaching a 1 % strain. This is because individual localized buckling occurred in
the compression layers due to the poor bonding of the layers which resulted in sequential

failure of individual layers. Goh et al. suspects printing parameters used to manufacture the
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samples to be the cause of this behaviour and similar results were obtained by Dickson et al.

[52].

2.2.2.2 Shear testing

Samples with a +/- 45° pattern were used by Justo et al. who determined the shear strength
according to ASTM D3518 to be 67 MPa and the shear modulus to be 0.88 GPa [56]. The
stress-strain graph revealed two phases (comp. Figure 5). A convex phase that is caused by
the fibres aligning themselves in load direction (scissor effect) followed by a concave phase
that lasts until failure. The authors contributed that effect to the high strain as well as fibre

pull-out. It was also observed that the failure zone decreased in width by 23 %.

—Specimen 1 [
Specimen 2 /

—Specimen 3

75

60

45

Stress (MPa)

30

15

0 10 20 30 40 50
Strain (%)

Figure 5: Stress-Strain diagram for the shear tests conducted by Justo et al [56].

2.2.3 Carbon fibre
2.2.3.1 Tensile and flexural testing

The UTS determined by Dickson et al. for samples with eight out of 26 layers being reinforced
in a concentric pattern was 216 MPa with a Young’s modulus of 13 GPa [57]. Fibre pull out
was found to be the main cause of the failure and optical microscopy showed remaining
residue on the Carbon fibres suggesting a strong bond to the matrix. Air inclusions that have
a negative effect on the parts performance are shown in Figure 6. Their number and size

increased with the fibre fraction.
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Figure 6: Air inclusions seen through an optical (left) and electron (right) microscope [57].

Blok et al. tested unidirectional samples which were cut out of a concentric printed plate with
a fibre volume fraction of 27%. The average UTS was determined to be 986 MPa and the
average Young’s modulus to be 63 GPa [58]. Since these values are higher than the ones
stated by the manufacturer and other researchers, a measurement error is very likely. High
frequency fibre noise was audible at low stresses which did not occur again before failure.
Waviness of the fibre strands is suspected to be the cause of the slight increase in stiffness
with the load. The air voids reported by Dickson et al. between tracks and within them were
also observed. In order to get a homogenous fibre distribution, the test samples used by Van
der Klift et al. were cut out of a plate which resulted in an average UTS of 464 MPa and a
Youngs Module 36 GPa with six out of ten layers reinforced [59]. The UTS varied between 138
and 171 MPa with two out of ten layers reinforced. It was also found that the number of voids

increased when the fibre volume was increased.

When only partially reinforcing a part, the continuous fibres can either be stacked or placed
all within a couple of layers. Lozada et al. found that placing the fibres within one layer rather
than stacking them results in higher UTS [60]. A definite explanation couldn’t be found, but
the stacked specimens showed non-uniform wetting of the fibres. A fibre volume fraction of
54 % led to a UTS of 310 MPa and a Young’s modulus of 24 GPa, which were determined
according to ASTM D638.

An average UTS of 600 MPa and Young’s modulus of 13 GPa was determined by Goh et al.

with a fibre volume fraction of 41 %. The amount of fibre pull-out was found to be insignificant
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compared to the fibre breakage which means, a good fibre matrix bond exists. A CT scan of
the specimen revealed that there are air voids between adjacent layers as well as air voids

within the filament [55].

For specimens reinforced with six out of ten layers the average UTS was determined to be
493.9 MPa and the Young’s Modulus to be 45 GPa in accordance with ASTM D3039 [61]. With
the fibres aligned 90° to the load direction the average UTS was 14 MPa with a Young's
Modulus of 3.5 GPa. The ratio of longitudinal elastic modulus to fibre volume is found to be

the same as for conventional thermosetting composites.

Adabi et al. found the main failure in tensile tests were both tensile and shear stresses. This
was supported by test pieces breaking under an angle. An average UTS of 330 MPa and a

Young’s modulus of 37 GPa was determined with ten out of 20 layers being reinforced [12].

Using the JIS K7075-1991 standard Todoroki et al. determined the fibre volume fraction to be
30 %. The tests revealed a tensile strength of 701 MPa and a Young’s modulus of 61 GPa [8].
When comparing the UTS’ perpendicular to the fibre direction it was found that the bond
between strands within one layer is stronger than the bond between layers. It is suspected
that the heat flow from the printing nozzle did not reach the underlying layer but rather got
distributed along the filament because of the high thermal conductivity of the fibres. This
resulted in a 75% drop in strength and a 40% drop in stiffness when comparing the “X2” and
“X3” testing direction and the air void ration increased from 7% to 11.3%. It is mentioned that
a future study will investigate this phenomenon by simulating the printing process. A slightly
offset or uneven printing bed that reduces the nozzle pressure was stated as an additional

possible cause.

Blok et al. tested specimens with 0° fibre orientation according to ASTM D7264 [58]. An
average flexural strength of 485 MPa and a flexural modulus of 42 GPa were determined with
30 out of 32 layers being reinforced. Limiting factors for the mechanical performance were
found to be a poor fibre matrix bond as well as a high void content acting as premature failure

initiators.

Similar results were obtained by Goh et al. found the average flexural strength to be 430 MPa
and the flexural modulus to be 38 GPa [55]. At 1-% strain the flexural stress experienced a

little drop before rupturing. The authors of the paper suspect the initiation of the crack that
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caused the failure to be caused by the high compressive stress at the upper most surface
which crushed the fibres and it propagated towards the neutral axis. When it reached the
tensile side of the fibres, the stress became too high and the specimen ruptured. This
behaviour is not unique to additively manufactured composites but is the same for

conventional fibre reinforced plastics.

Zhang et al. used a custom build FDM printer with an integrated roller, that applied pressure
and heat right after the filament was extruded [62]. It was found that this procedure will
increase the mechanical performance, but too much pressure will cause a poor surface quality
or even lead to printing failure. Carbon fibre reinforced samples with a PLA matrix achieved a
maximum UTS of 645 MPa. Judging by the pictures provided in the article, this procedure is
not yet on the level of commercial printers but still proves it could address the shortcomings

of the FDM process.

2.2.3.2 Shear testing

Todoroki et al. used +/- 45° samples to calculate the shear strength according to JIS K7019,
which is the Japanese equivalent of the ASTM D3518 standard [39]. A comparison between
test pieces with their edges cut off and samples with a serpentine pattern revealed better
results with the former. A shear strength of 90/52 MPa and shear moduli of 2.2/2.1 GPa were
calculated. Since a rotation of fibre bundles to a lower angle was observed, the actual shear

strength is lower [8].

2.2.4 Interlaminar Shear testing

Caminero et al. examined the Interlaminar shear behaviour of parts reinforced with
continuous Kevlar®, glass and carbon fibres according to ISO 14130 [10]. The two different
types of reinforced samples used are shown in Figure 7. Table 3 contains the number of

reinforced layers for each of the different reinforcement materials and type of test pieces.

The results of the test are shown in Figure 8. As can be seen on the left side of Figure 8 the
interlaminar shear strength increases for both glass and carbon fibre when increasing the
fibre volume fraction, but the increase was not proportional to the added fibres. According
to Caminero et al. this is most likely due to the increase in air gaps which have also been

reported in other works. The reason for the shear behaviour of the Kevlar reinforced samples



19

is poor wettability of the Kevlar fibres which leads to a poor bonding between the matrix and
the fibre. The thermosetting prepreg with a fibre volume of 59 % vastly outperforms the
additive manufactured parts mainly because of the thermosetting matrix material as well as
manufacturing process itself. The prepreg is processed in an autoclave under high pressure,
which minimizes air gaps, whereas the additive manufactured materials are processed under
atmospheric pressure. Also, the prepreg cures as one piece whereas the FDM produced parts

are built layer by layer [10].

Table 3: Amount of reinforced fibre layers out of the total layers of fibre for each type of test piece [10].

Type A Type B
Carbon fibre 18/48 46/48
Kevlar® fibre 22/60 58/60
Glass fibre 22/60 58/60
Unreinforced Reinforced Reinforced
Type A Type B

0.1 mm (Glass)
0.1 mm (Kevlar®)

L, = {0.1, 0.125, 0.2}mm

{0.125 mm (Carbon)

Figure 7: Test pieces used by Caminero et al. [10].
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Figure 8: Average maximum interlaminar shear strength (ILSS). The influence of fibre volume on ILSS (left) and comparison
of additive manufactured materials and pre-impregnated M21/MMA (thermosetting)(right) [10].

2.2.,5 Fatigue testing

With a load ratio of 0.1 Imeri et al. evaluated the number of load cycles until failure according
to ASTM E606M [63]. The specimens were either reinforced with up to three concentric rings,
an isotropic reinforcement with fibres oriented in load direction or a combination of both.
The load was varied in four steps and the number of cycles until failure was measured. Only
cycles up to 10,000 could be detected because of testing equipment they used. Even though
the acquired data didn’t suffice for a reliable fatigue prediction model it was shown that the
fill pattern has an influence on the fatigue performance. The isotropic fill pattern resulted in
the highest number of endured load cycles. As in the UTS experiments, Carbon fibre was the
strongest and Kevlar the weakest. An increase in fibre content led to an increase of the fatigue
performance. While this work shows some correlation factors, its main flaw is the use of the
ASTM E606 standard. Due to the “dog bone” shape of the test pieces the concentric
reinforced samples were destined to perform worse than the isotropic reinforced ones. The
fibre direction is not oriented in the load direction in the tapered part of the test piece. This

would have not been an issue if rectangular test pieces (ASTM D3479) had been used.

Pertuz et al. also investigated the influence of different printing patterns and fibre
orientations (0°, 45°, 60°) on the fatigue behaviour according to ASTM D7791 [64] with a load
ratio of 0.1 [65]. Samples with fibres orientated in load direction were loaded with 95%, 90%,
85% and 80% of their ultimate tensile strength and the number of cycles until failure were
measured. While the Kevlar and glass fibre reinforced samples only lasted a maximum of 550
and 2500 cycles respectively, the carbon fibre reinforced samples lasted up to 97.000 cycles

at 80% of the ultimate tensile strength. Furthermore, the influence of the fibre angles was
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tested using glass fibre specimens. Samples were loaded under the same conditions as before.
It was observed, that with greater angles the matrix material absorbs most of the load, which
lead to a very low fatigue resistance. The obtained data was fitted to Basquins fatigue model
for each of the tests. Unfortunately, the applied standard also uses “dog bone” shaped
samples that have variations in the cross-sectional area. The authors themselves stated, that
“a considerable number of specimens [...] broke in the change of the transversal area section”.
As with Imeri et al. this indicates that the mentioned location is a weak spot and the obtained

data is only useful for samples that did not have curved fibre paths.
2.3 Material analysis

One of the most common procedures to analyse the thermal behaviour of a plastic is the
differential scanning calorimetry (DSC). DSC measures the heat energy required to increase
the temperature of a material, which allows the determination of the melting and glass-
transition temperatures, the degree of crystallinity, cold crystallization processes, impurities

as well as the effect of additives [66].

Another way to determine the glass-transition temperature as well as the viscoelastic
behaviour of polymers is the dynamic mechanical analysis (DMA). A small load is applied in a
cyclic manner and changes in stiffness and damping are measured. When the temperature is
increased, the material stiffness will decrease and the viscosity significantly increases, when

the glass-transition temperature is reached [67].

For evaluation of the thermal stability and the fibre content Thermogravimetric analysis (TGA)
can be applied. The TGA procedure measures the sample mass by a micro scale as a function
of time or temperature. Dynamic Thermogravimetry refers to a linear increase of the
temperature, which will lead to different constitutes of the material deterioration at different
times/temperatures. As a result, the mass loss at a certain temperature allows reaching
conclusions about the material composition [68]. Static Thermogravimetry, where the
temperature is held at a certain level, can also be used to burn of the matrix material. If this
process is taking place under an inert atmosphere, it is referred to as pyrolysis [69]. Another
way of determining the fibre volume fraction is by matrix digestion. In this procedure, the

matrix material is dissolved by a heated-up acid. The fibres are then dried and weighed. Since
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the weight of the total composite and the densities of the materials are known, the fibre

volume fraction can be calculated with those values [70].

A very important aspect for composites manufactured by FDM is the determination of the air-
void content, which can be determined by comparing the theoretical density of a material
with the actual density. The actual densities are obtained by burning off the matrix like it is
done with the pyrolysis process [71]. However, this method does not give any information
about the void sizes and their distribution. X-ray microtomography can be used to obtain this
important information. It can furthermore be used to visualize cracks and fibre distribution.
A detailed description of how polymer composites can be analysed using this technique can

be found in [72].

A summary of these test-methods and their corresponding international standards are listed

in Table 4.

Table 4: Summary of calorimetric and chemical procedures to analyses composite materials, the information that can be
obtained using those methods and the corresponding standards.

Method Resulting Information Standards
ASTM D3418
[73]
Glass-transition temperature, melting ASTM E1356
DSC temperature, degree of crystallinity, plastic [74]
identification ISO 11357 [75]

[76] [77] [78]

[79]
Glass-transition temperature, viscoelastic ASTM D7028
DMA
behaviour [80]
ASTM E1641
[81]

Thermal stability, material composition, fibre
TGA ASTM E1131
volume fraction

(82]

ISO 11358 [83]

Matrix digestion, ASTM D3171
Fibre volume fraction, Air void ratio
Pyrolysis [70]
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ASTM D2734
[71]
1SO 11667 [84]

Air void ratio and crack, size and distribution; fibre ASTM E2533
Microtomography
alignment [85]

An in-depth filament review of the raw filament for the Markforged printer was conducted
by Pascual-Gonzalez et al. [86]. A thermodynamic analysis showed that the chopped carbon,
glass and aramid fibres are embedded in Polyamide 6 (PA 6) based copolymer with a melting
temperature of 199°C. With 4.8% the aramid filament had the highest water content and with
2.1% the carbon filament had the least, followed by glass fibre with 2.6%. Digestion, Pyrolysis
and TGA were used to determine the fibre content. The sulphuric acid, that was used for
digestion also dissolved the aramid fibres, which rendered this method useless for this type
of fibre. Pyrolysis led to a high scattering of the determined values. Fibre volume fractions
determined by TGA were 31.7% for the glass fibre, 40.4% for the aramid fibre and 36.4% for
the carbon fibre filament. These values are a little bit higher than values determined by
authors of [61] [8] and [55]. The discrepancy may be a result of the fibre density, which was
not known and had to be estimated by all authors. While they found air voids in the raw
filament, they concluded that the high crystallization temperature of polyamide, which was
determined to be 160 °C, may also have an influence on the weak layer adhesion and the poor
mechanical performance [86]. However, other studies have shown that there is enough time
for crystallization despite the fast cool-down [7] [87] [88]. These studies found that there is
also enough time for reptation and as a result the interpenetration depth is sufficient. The
weak bonding is instead suspected to be caused by areas of aligned polymer chains close to
the interface, which is referred to as residual alignment [88]. Residual alignment is caused by
the flow of the molten plastic through the nozzle, which aligns the polymer chains along the
flow direction at the filament nozzle interface. The aligned chains cannot anchor the adjacent
material properly and thus weaken the material. A study analysing the weld strength of PLA
has found, that lower printing speed and higher printing temperature can reduce this effect
[88]. Furthermore, it was determined that the filament-filament interface makes up 12% of

the total thickness. Despite the material used in this study having continuous fibre
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reinforcement the underlying mechanisms are most likely similar. Since the material is also
extruded through a nozzle, the polymer chains at the nozzle-filament interface will also align
in flow direction. However, it is important to point out, that the previously cited studies are
based on certain assumptions, like the axisymmetric cooling of the filament strand. This topic

still requires a lot of research, to identify the exact mechanisms involved.
2.4 Optimization and Failure criteria

In automated processes, as mentioned in the introduction, conventional fibre reinforced
plastics are usually manufactured by stacking unidirectional fibre mats on top of a mould and
then cured under pressure and temperature. This means, that is not as simple to realize
changes in local fibre orientations as it is with the additive manufacturing process, since all
fibres within one fibre mat are aligned in the same direction in the raw material. So, local
changes in the fibre direction would require for instance a patch, whereas with the additive

manufacturing process only the printing path has to be altered.

If composite parts are manufactured by FDM the individual fibre paths can be defined during
the development process. It is a well-known fact, that composite materials containing
continuous fibres are the strongest, when loaded in fibre direction (on-axis loading). If the
load is applied at an angle (off-axis loading), the strength decreases since the significantly
weaker matrix material experiences higher stresses [89]. For a maximum utilization of the
fibres, they must be positioned in a way that leads to a high tensile stress for the fibres (on-
axis load). In a complex multilayered part, this is impossible to do by hand, so computer-based

optimization processes are required.

It can be differed between approaches that model the fibre through parameterized curves
(curve-based designs) and approaches were the finite elements contain information about
material orientation (element-wise designs). The difference between the two is shown in
Figure 9. Since this topic is worth an independent review paper, only a brief overview of

recent work will be given.

With element-wise design, each element is assigned a parameter, that represents the fibre
orientation. As a result, the stiffness of the element regarding a certain direction can be

changed by changing the fibre orientation [90] [91]. As shown in Figure 9, at the beginning of
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the process, the fibres in each element (represented by the lines) are aligned at random. The
optimization process determines the ideal fibre orientation for each element. Post processing
is required to transfer the individual element orientations into homogenous fibre paths [92].
To reduce the calculation time, the fibre orientation can be limited to a pre-defined number
of values [93] [94]. The discrete material optimization (DMO) method developed by Lund [93],
uses a matrix containing a pre-defined number of fibre orientations to limit the number of
possible orientations. While the DMO theoretically allows an unlimited number of
orientations, the shape function with penalization (SFP) approach is limited to four fibre
orientations: 0°, +/-45° and 90° [95]. SFP uses the shape functions of the finite elements as
weights to determine the optimal fibre orientation. The SFP was later extended to allow the
use of eight fibre orientations [96]. A similar approach was taken by Gao et al. [97]. A different
approach is to align the fibres along the principal stress directions. Malakhov et al. and Zhu et
al. applied this principal to determine the fibre paths in structures with geometric

discontinuities, such as holes and notches [98] [99].

Curve-based optimization processes on the other hand use parametrised curves that
represent the fibre paths [100]. Contrary to element-wise optimization, no post-processing is
required since the curves already represent the fibre paths. However, this technique still relies
on local material orientations. Figure 9 illustrates this with the example of an additively
manufactured lug that is loaded with compression inside the hole. Cubic splines with five
parameters are used. The failure mode was evaluated using Hashin’s failure criteria (comp.
next paragraph) [11]. An approach inspired by fluids dynamics was perused by Yamanaka et
al. [101]. They used streamlines that are usually used to model the flow of a fluid as a
representation of the fibre path. The Tsai-Wu criterion was used to evaluate the material
failure. This procedure was used to optimize a composite plate with a hole in the middle.
Compared to a uniaxially reinforced ply, the optimized part showed a strength increase of

28%. A summary of these different optimization approaches can be found in Table 5.
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Element-wise optimization

Curve-based optimization

Figure 9: Difference between element-wise optimization [92] (left) and Fibre-path optimization [11] (right)

Table 5: Overview of element-wise and curve-based designs for the optimization of fibre reinforced plastics

Approach

Source

Element-wise designs

optimized to achieve maximum stiffness.

The material orientation of a structure represented by a mesh was | Kiyono et al. [94]

criteria into account.

of a matrix containing a limited pre-defined number of fibre

orientations, is extended to take stress and strain-based failure

The discrete material optimization (DMO) method, which makes use | Lund [93]

variables is further reduced.

functions with penalization (SFP) method, the number of design

By limiting the fibre orientations to 0°, +/-45° and 90° the Shape | Bruyneel [95]

layer orientation for large-scale design problems.

A bi-value coding parameterization scheme is used to determine the | Gao et al. [97]
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The modelling of a curvilinear continuous reinforcement for
structures with geometric discontinuities, such as holes and notches,

is descried.

Malakhov et al.
(98]

To optimize the critical buckling temperature and strain energy the
element-wise fibre orientation was parametrized with an angle

continuity constraint over the mesh in place.

Vijayachandran et
al. and Acar et al.

[90] [91]

Curve-based designs

The multi-scale two-level (MS2L9) strategy, which first determines
the optimal laminate stiffness properties and then the optimum fibre-

paths, is used to maximize the first buckling factor of a VAT plate.

Montemurro and

Catapuano [102]

The fibre-paths in a single-ply composite were optimized by using

streamlines of the perfect flow.

Yamanaka et al.

[101]

A family of parametrized curves is used to put the fibre-paths along
the principal stress trajectories. This method was used to optimize a

plate with a hole.

Zhu et al. [99]

By modelling the laminate as a Mindlin shell and the fibre as path

functions the stiffness was maximized. Manufacturability is

considered by examining the curvature and parallelism of fibre-paths.

Huang et al. [100]

To maximize the stiffness, the fibre-paths were optimized by using a

level-set method.

Lemaire et al. [103]

An aeronautical lug which is under tension and compression load is
optimized by using parametrized cubic spline interpolations
representing the fibres. The failure mode was evaluated using

Hashin’s criteria.

Ferreira et al. [11]

The finite element method in combination with Abaqus’ integrated

Hashin’s interlaminar damage initiation theory was used to

determine the elastic properties of uni- and biaxial reinforced tokens.

Adabi et al. [12]

To optimize any part, the point of failure must be known. Contrary to isotropic materials like

metals composite laminates can’t be designed using equivalent tensile stresses (e.g., von

Mises stress) to calculate the failure under combined loads. This is because the matrix and
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fibres have vastly different physical properties resulting in different stresses under load. A
composite material can either experience fibre failure or inter-fibre failure. When many fibres
in a layer brake it is referred to as fibre failure. It is caused by high tensile or compression
stresses. This failure mode is unacceptable because it leads to high stresses in adjacent layer
which causes delamination and there for a complete part failure. Inter-fibre failure on the
other hand can be a tolerable damage, depending on the kind of the stress that caused it. A
compressive stress perpendicular to the fibres causes, for a brittle matrix material, a shearing
off the layer. That layer starts acting like a wedge when further increasing the compressive
stress making the whole part burst. Other stresses, like shear or tensile, will cause different
kinds of matrix cracks. These cracks usually penetrate the whole layer and are only stopped
when reaching a layer with a different fibre orientation. All inter-fibre failures have in
common, that the fibre does not get damaged. Up to a certain amount, inter-fibre failure is

tolerable [13].

To determine, whether a certain combination of loads leads to either fibre failure, inter-fibre
failure or is tolerable, advanced failure criteria are required. In previous works that analysed
the failure of continuous fibre reinforced parts manufactured by fused filament fabrication
the Hashin’s and Tsai-Wu criterion were used to take this effect into account [11] [12].
Hashin’s criterion is simple to use, because it only relies on the physical parameters of the
composite and it is already implemented in commercial FEM software like ABAQUS. But
contrary to more advanced criteria, it can’t predict different failure modes and the failure

predictions are less precise [104].

2.5 Conclusion

When comparing the fibre volume content of continuous fibre reinforced thermoplastics
discussed in this paper (30-35%) with those of conventional thermosetting composites (60-
70%), the limiting factor for the mechanical performance is quickly found. Furthermore, air
inclusions as well as the poor adhesion between layers significantly decrease the mechanical
performance. This was confirmed by the low interlaminar shear strength which is an indicator

for the poor bonding performance between layers.

A summary of the mechanical properties can be found in Table 6. The huge difference

between the determined values is caused by the fact that the different authors used test
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tokes that consisted of reinforced layers mixed with non-reinforced ones (most likely to keep
the costs down). Other than that, the reviewed studies were very similar. The only authors
that tested samples with 100 % reinforced was Todoroki et al. [8]. They determined a tensile
strength of 700 MPa and a Young’s modulus of 61 GPa for continuous carbon fibre
reinforcement which based on the low fibre content are plausible values. As for the glass fibre
reinforced parts, a UTS of up to 550 MPa and a Young’s modulus of 25 GPa can be achieved.
All the tested Kevlar samples contained only a few reinforced layers and therefor a very low
fibre volume fraction thus no conclusion can be made towards their ultimate mechanical
properties. Since both Dickson et al. and Adabi et al. tested Kevlar and glass fibre samples in
an identical setup it can be said that the ultimate tensile strength is very likely the same and
the Young’s modulus of the Kevlar fibres is 30 % higher [52] [12]. This would be in accordance
with performance data provided by the manufacturer [105]. Since no glass fibre/Kevlar parts
with 100 % reinforcement were tested, no definite comparison between them and the
continuous carbon fibre reinforcement can be made. But based on the results from the
previous research, the carbon fibre filament seems to be 22 % stronger and 59 % stiffer than
the glass fibre filament. The continuous carbon fibre reinforced reinforcement has a flexural
strength of 485 MPa which is two and a half times that of the glass fibre reinforcement and
more than three times than that of the Kevlar reinforcement. While these conclusions are
based on very limited data, it seems like the carbon fibre filament outperforms both the glass
fibre and the Kevlar filament regarding the tensile and flexural performance. No comparison
can be made regarding the shear strength and strength perpendicular to the fibres (X2/X3
direction) because there is not enough data available. Due to the inadequate testing
standards that led to failure in geometric weak spots as well as the limited data obtained no

conclusion can be made towards the life expectancy under variable loading.

Table 6: Summary of the mechanical properties of the continuous carbon, glass and Kevlar fibre filament

Carbon fibre Glass fibre Kevlar fibre
Elastic Elastic uTsS Elastic
U[T'\S/”(D)S) Modulus Source U-[I-,\SAS;}) Modulus Source (X1) Modulus Source
[MPa] [MPa] [MPa] [MPa]
216 7730 [52] 444 - [52] 80 9001 [51]
968 62500 [58] 450 7200 [55] 164 4370 [52]
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304 23700 [60] 574 25860 [56] 150 8700 [12]
493 45200 [61] 140 6400 [12]
600 13000 [55]
701 60900 [8]
330 37000 [12]
Elastic Elastic
UF&S;? Modulus Source U'[I'I\S/Igg) Modulus Source
[MPa] [MPa]
19 3970 [8] 9,84 1130 [56]
16 3766 [61]
Compression | Compression Compression | Compression
strength (X1) Modulus Source strength (X1) Modulus Source
[MPa] [MPa] [MPa] [MPa]
223 53000 [56] 82 19490 [56]
317 51198 [61]
Compression | Compression Compression | Compression
strength (X2) modulus Source strength (X2) modulus Source
[MPa] [MPa] [MPa] [MPa]
42 - [56] 12,73 . [56]
Flexural Flexural Flexural Flexural Flexural | Flexural
strength modulus Source strength modulus Source strength | modulus Source
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
250 13020 [52] 196 4210 [52] 125.8 6650 [52]
485 41600 [58] 149 14700 [55]
430 38100 [55]
Shear Shear Shear Shear
strength modulus Source strength modulus Source
[MPa] [MPa] [MPa] [MPa]
31 2260 [58] 67,77 880 [56]
35 1803 [61]
90 2270 [8]

2.6 Research needs

The residual alignment of polymer chains and therefore low UTS in layup direction as well as
the low interlaminar shear strength significantly limit the materials mechanical performance.

These shortcomings could be addressed by subjecting the additively manufactured parts to a
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heat treatment process. The heat energy could allow for successful inter-diffusion and
consequently re-entanglement [7]. Also, the air-void ratio could decrease due to surface

tension and decreased viscosity at higher temperatures [106] [107].

Furthermore, almost no research was done regarding the failure behaviour under combined
loads for these additively manufactured composites. Conventionally manufactured
continuous fibre reinforced composites usually have a significantly higher fibre volume
fraction and use thermosetting matrix materials. This is why there is generally very little
research published for low fibre volume fractions and thermoplastic matrix materials. Due to
this fact, the materials discussed in this study cannot be used for lightweight applications yet.
Because certain damage mechanism may cause premature failure. This risk is usually taken
care off by multiplying the actual load with a safety factor and designing the part such that it
can handle those exaggerated loads. That way the costs of comprehensive testes are avoided
but the final product will be heavier. When it comes to lightweight design the goal is to reduce
the safety factor to a minimum and use as little material as possible. This requires an accurate

failure prediction which all optimization approaches rely upon.
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Chapter 3

Annealing

Based on the state of research elaborated in the previous chapter, it seemed plausible, that
annealing improves the overall material performance. In this chapter it is determined how
the strength and Young’s modulus of the additively manufactured composites in build-up
direction were effect by a heat treatment. After a literature review regarding undertaken
annealing studies the experimental setup is elaborated. Based on a pre-study the design of
the experiment is formulated. Finally, the results are presented in detail and discussed. The
findings were published as a research paper in the journal “Composites Part B: Engineering”

[108].

3.1 Literature Review

This thesis focused on parts produced by a Markforged “Mark Two” 3D printer, which can
process continuous carbon, glass and Kevlar fibre reinforced thermoplastics. The closed
source software that controls the printer mandates that all parts must be surrounded by at
least one layer of Onyx, which is Nylon mixed with chopped carbon fibres, on all sides. The
manufacturer does not disclose any information about the materials. But as shown in the

previous chapter the matrix material was identified as polyamide 6 (PA6).
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Polyamide 6 is a semi-crystalline polymer with the chemical formula (CéH11NO),. It has two
stable crystal structures (comp. Figure 10): The a form, which has a Young’s modulus of
295GPain chain direction and the y form with a Young’s modulus in chain direction of 135GPa.
While the a form is thermodynamically most stable, the y form occurs when fast cooled from

the molten state [109].

N\ / N\ /
c=o H—N\ /CZO H—N\
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Figure 10: alpha (left) and gamma (right) form of Polyamide 6

The problem of poor layer adhesion is not unique to fibre reinforced plastics, because the
cooldown issue affects all parts that are produced by fused filament fabrication. Heated
printing beds and chambers can reduce this effect and may even be required for some
materials, because the thermal stresses could become too high. Furthermore, low printing
speeds and appropriate nozzle temperatures were also found to increase the layer adhesion
[88]. But these countermeasures are limited by the fact, that the bottom layer needs to
solidify before the next layer is printed on top of it. Nonetheless, there have been several

different studies published, which are elaborated in the next paragraphs.

Wach et. al tested different annealing temperatures and times for polylactic acid (PLA), which
is a thermoplastic commonly used for 3D printing applications. It has an average glass
transition temperature Tg of 62.4°C and a melting temperature Tm of 153.4°C. When printed
with a nozzle temperature of 215°C the samples showed a cold crystallization at 116.6°C
which indicates that the cooldown process went too fast and parts of the amorphous state
did not have enough time to crystallise. Samples were annealed at 85°C for 70 minutes and

at 95°C for 15 minutes which led to a 11-17% increase of the flexural strength. The difference
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can be explained by the number of nucleation sites of which more occurred at higher

temperatures which led to slightly smaller crystals [110].

By annealing PLA samples at 80°C and 100°C for one-hour Benwood et al. obtained similar
results. The measured tensile and flexural strength matched, and the impact strength
exceeded those of injection moulded parts. This shows the great importance of the
macromolecular structure formation for fracture mechanisms, which has also been shown in
other works [111] [112]. The almost identical tensile strengths and moduli of the injection
moulded part which has a crystallinity of 1.5% compared to a non-annealed part which has
an 18% crystallinity showed, that these mechanical properties depend mostly on other factors
like the thermal bonding of the filaments. The flexural strength and modulus on the other
hand highly depend on the level of crystallinity [113]. Similar tendencies in the improvement
of mechanical properties were obtained by Liao et al., Wang et al., Wangwang et al. and
Simmons et al. [114] [115] [116] [117]. For short carbon fibre reinforced PLA Bhandari et al.
found, that for an optimal increase in mechanical performance, the annealing temperature
should lie between the glass transition temperature and the cold-crystallization temperature,
because the formation of crystals at higher temperatures slows down the interlayer diffusion

process [118].

Different authors also have achieved an increased crystallinity and improved mechanical
performance by adding nucleating agents which promote the crystallization [116] [117].
Annealing still led to a better mechanical performance increase and since the scope of this
work is to optimize the part performance without altering the filament, these options won’t

be further discussed.

Vaes et al. assessed the influence of the nozzle temperature, printing speed and printing bed
temperature on the crystallinity of Polyamide 6 and Polyamide 6.6 with melting temperatures
of 199°C and 198°C. An infrared camera was used to record the precise temperature
development of individual layers which was fed into a fast-scanning calorimetry device that
simulated the printing conditions. It was found that only the bed temperature had a

significant effect on the crystallinity [119].

To overcome the issue of geometric deformation during the annealing process Dunn et al.

used a dual printing head to increase an acrylonitrile butadiene styrene (ABS) part which has
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a low glass transition temperature with a shell made from polycarbonate (PC), which has high
glass transition temperature. By annealing the samples at 135°C for one week, 18 times the
fracture toughness of non-annealed ABS was achieved. More temperature resistant shell
materials could be used to increase the annealing temperature and significantly lower the

annealing time [120].

Fouda et. al used density measurements to analyse the effect of annealing on nylon 6 fibres.
Temperatures between 80°C and 185°C as well as exposure times varying between one and
ten hours were chosen. After heating, the test samples were cooled to at room temperature.
Four different processes were used, to explain the changes in density: Disorientation of the
non-crystalline chains, recrystallization by nucleation and by growth of nuclei and crystal
decomposition. Based on these assumptions, they concluded that the annealing is most
effective at a temperature of 160°C for a duration of three hours. If heated longer, crystal
decomposition is predicted to occur. The results were not backed up by mechanical testing.
Since there was no mention of an inert gas being used, the crystal decomposition could have

been caused by oxidation [121].

Different manufactures of conventional nylon products have published recommended values
for the annealing parameters. Although none of them are backed up by experimental data,
they all lie within a certain range and are most probably based on practical experiences. An

overview is displayed in Table 7.

Table 7: Annealing parameters of Polyamide 6 recommended by plastic manufacturers

Heat up rate Annealing Annealing time | Cooldown rate | Source
[K/h] temperature [h per inch of | [K/h]

[°C] thickness]
30-60 149 2-4 6-30 [122]
12 160 2 6 [123]
30 149 2 28 [124]
10-15 160-165 2 15-20 [125]

The values for the annealing temperatures agree with a US patent describing the annealing

process of a nylon yarn [126]. While the sources have different recommendations for the
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heat- and cooling rates, they all mention the oxidative behaviour of Polyamide at increased
temperatures. The underlying chemical reactions have been studied in detail but shall not be

further elaborated, because it would be beyond the scope of this work [127] [128].

Contrary to commonly used materials like PLA and ABS this thesis focused on the effects of
annealing on the material strength of Polyamide 6 in build-up direction. Additionally, the
material used in this study contains fibre reinforcement and an in-depth analysis of the cause
of change in the materials mechanical properties was conducted. Furthermore, a wider
temperature and time span was investigated up to the materials melting point. To allow for a
practical application, no moulds were used in this process but rather a more innovative

approach using paraffine oil.
3.2 Experimental setup

In this section the experimental setup is explained.

3.2.1 Materials

The fibre reinforced filaments from the company Markforged were processed on a
Markforged “Mark Two” printer in a climatized laboratory. The material was processed as
delivered, without being subjected to any thermal or dehumidifying procedures. Before
processing the material was continuously stored in a dehumidified storage box at room

temperature, as recommended by the manufacturer.

3.2.2 Optical Microscopy

Images of the fracture surfaces of the different test samples were taken by a Leica MZ6 with

an Axiocam 305 color camera attached to it.

3.2.3 Infrared spectroscopy

Even though it is known that the polymer used in the chopped carbon and continuous glass
fibre filament is a polyamide 6 based copolymer, the material has not yet been investigated
using infrared spectroscopy. A Brunker “Alpha E”, which uses the attenuated total reflection
(ATR) technique, equipped with a Germanium crystal was used for the analysis. Data was

collected every 4 cm™ over a range of 4000 — 600 cm™* with 64 scans per sample.
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3.2.4 Caloric Characterization

A “DSC821e” differential scanning calorimeter from “Mettler Toledo” with a “FRS5” sensor
was used to analyse the unprocessed and processed filaments with a temperature rate of 10
K/min with 5 mg samples in standard 40 pl pierced aluminium pans starting from 20°C going
up to 230°C according to ASTM D3418 [73]. The temperature was held for five minutes to
erase the thermal history after which the samples were cooled down to 0°C using liquid
nitrogen at a rate of 10 K/min. The heat and cooling cycles were then repeated with the same
parameters. Calibration of the measurement device was carried out according to the user
manual and formerly mentioned standard by using Indium as a reference material of which
the melting point and enthalpy is known. The test chamber was flooded with 50 ml/min of
nitrogen and each measurement was repeated twice. Due to the stiffness of the fibre
reinforced raw filament, it had to be chopped into multiple pieces to fit inside the pan. For
the analysis of the printed parts, samples were extracted with a sharp cutting tool. All the
samples extracted from printed parts contained at least fifteen layers. After extraction they
were stored for two weeks in a room with an air moisture level of 50% at a temperature of

23°C.
3.2.5 X-Ray Diffraction

Changes in the crystal structure were analysed by using X-Ray Diffraction (XRD). When an X-
Ray beam hits an atom, the beam is scattered. Since in crystalline structures atoms are
arranged in regular arrays the scatters will add constructively when the path-length difference

equals an integer multiple of the X-Ray wavelength. This is expressed in Bragg’s law
d = nA/(2sinf)

where the spacing between the crystal arrays (d) is expressed as a function of the wavelength
of the x-rays (A) as well as the angle of the beam (8) with n being a natural number [129]. By
varying the angle of the beam, reflective peaks will occur in the diffraction pattern, allowing
the calculation of the distance between the arrays. Measurements were conducted using a
Malvern Panalytical Empyrean. The machine is equipped with a cobalt cathode (wavelength
=1.7890100 A) and the voltage and current were set to 40 kV and 30 mA. The intensity data

was collected from 10° to 40° every 0.02° for a period of 0.7s.
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3.2.6 Mechanical Testing

Tensile testing was performed on an Instron 5966 machine. To achieve a quasi-static load, the
strain rate was set to 0.01/min as recommended by ASTM D3039. Notch effects and other
influential factors, which could happen as a result from using mechanical gages were avoided
by using an Instron 2663-901 video extensometer. It measures the strain by tracking points
on the test token. The samples were tested right after the annealing process. While Polyamide
is known to absorb water, it is a rather slow process. The test samples used in this study would

reach equilibrium after roughly nine months [130].

All test samples were designed according to ASTM D3039. The standard describes the
minimum length as “gripping + 2*width + gage length”. To get a uniform application of force,
a 20mm gripping length was chosen. With a gage length of 20mm and width of 4mm, this
results in a minimum length of 68mm. The recommendation in the standard for a 90° tensile
test is a length of 175mm, which is based on practical experience. To keep the costs down, a
length of 110mm was chosen as happy medium between the minimum length and the
recommendation [131]. To avoid bending stresses from misaligned grips, the grip alignment
was calibrated before the measurements. The ultimate tensile strength (UTS) was calculated

as the force applied at the point of failure divided by the initial cross section.

As mentioned in the previous chapter, the coordinate axes were named in accordance with
works regarding conventional fibre reinforced plastics. “X1” is in fibre direction, “X2” is
perpendicular to “X1” and on the same plane and “X3” is perpendicular to the printing bed
(often referred to as lay-up or build-up direction). In transverse isotropic materials, the
stiffnesses and strengths in “X2” direction are the same as in the “X3” direction (comp. Figure
1). This chapter focused on the material strength in the “X3” direction for both the chopped

carbon and continuous glass fibre reinforced material.
X3 Tensile sample

Rectangular tubes were printed from which the samples for the build-up strength test were
extracted as shown in Figure 4 on the left side. For the continuous fibre-reinforced samples a
“concentric” fill pattern was selected and “Start Rotation percent”, which determines the
location of the starting point, was chosen to be either 1%, 26%, 51% or 76%. This put the

starting point of the fibre paths in the corners and therefore the samples were homogenous
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in the tested section (comp. Figure 4 right side). As mentioned in the introduction, the printer
mandates a chopped carbon fibre outer layer for the continuous glass fibre samples. This is
represented as a white line in the figure, whereas the orange line represents the fibre paths.
To determine the effect on discontinuous fibre reinforced samples a chopped carbon fibre
reinforced filament was used as it shares the same matrix material as the continuous glass
fibre reinforced filament. The chopped carbon fibre samples also consist of an outer layer.
But instead of a concentric fill pattern, a +/- 45° serpentine fill pattern was used (comp.
microscopic image in Figure 30), which is made from the same material as the inner layers.

The layer height for both materials was set to 0.1 mm.
Cutting

The cuts were made using a Mutronic Diadisc 4200 high precision saw. The saw is equipped
with a water vapor cooling system that sprays water vapor on the saw blade to cool it down.
Due to the known water absorption, this system would have altered the polyamide material.
But some tests without any cooling showed, that instead of chipping the material, the saw
blade melted the plastic, even with long cooldown periods during cutting. Furthermore, the
test samples became too hot to touch. To solve this problem, a custom air-cooling system was
designed and manufactured using a 3D printer. A nozzle was connected to the air pressure
system in the workshop. In the first attempt it was pointing at a 25° angle to blow the chips
of the blade. Even though it was expected to cause vibrations, their intensity was
underestimated and would have certainly caused damage to the bearings. In the second
iteration the nozzle was set to be pointing straight at the blade. This setup caused no notable

vibrations, even when operated at 5 bars, and significantly increased the cutting quality.
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Figure 11: Rectangular tube with cutting patterns for the extraction of the X3 test samples (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).

3.2.7 Geometric and weight changes

Any thermal treatment is expected to have an effect on the dimensions and shape of a plastic
part. To determine the extent of the geometric changes the samples were measured before
and after the heat treatment to determine the amount of change. For the test samples the
length, as well as the height and width at the centre were measured using a calliper. The
flatness before and after the annealing process was measured using a Zeiss Eclipse coordinate
measurement machine. All samples were weighed using a “Sartorius MC21” micro scale, that

has an accuracy of 0.1 mg, before and after the heat treatment to verify any reduction in

moisture levels.

3.2.8 Heat treatment

A “Memmert 100-800” oven, which allows the setting of ramp up and cooldown heat-rate
was used. It has two P100 temperature sensors built in, which are positioned at the top of the
chamber. The air circulation fan was set to its maximum speed to make sure no temperature
gradient was shaped inside the heat chamber. This was verified by manually measuring the

temperature at multiple points inside the chamber.

3.3 Pre-study
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A pre-study was conducted to get an understanding of how the material behaves, when
subjected to heat, and to evaluate if this undergoing should be further pursued. X3 test
samples were manufactured as described in the previous section. They were cut and then
heated to 150°C with air circulating around them and the temperature was held for 1, 6 and
10 hours. The main observation of the pre-study was the significant warping of the test
samples after the heat treatment, which led to 50% of the test samples in each run breaking
at the clamp even though tabs were used. Since the test samples were put on trays during
the heat treatment, it was suspected that the tray cooled down too slow during the cooldown
phase which led to thermal stresses resulting in warping. The annealing process was delayed
for two weeks due to lab closure. On return to the lab, the non-treated but already cut
samples showed the same warping as the previously annealed samples. This led to the
conclusion that the warp causing stresses came from the printing process and not the heat
treatment process. Annealing was done prior to cutting the tubes for verification purposes. A
comparison of the warping between an annealed test sample and a non-annealed one both
stored at room temperature for two weeks is shown in Figure 12. The annealed test samples
were completely flat and remained that way which confirms residual stresses from the
printing process to be the major cause of warping. The initial tests were repeated with test
samples first being heated and then cut, the averaged results of which are shown in Figure

13.

As can be seen, the Young’s modulus increased, but all test samples became very brittle,
which indicates that either the moisture content was reduced or that polymer oxidation took
place. To determine if oxidization affected the samples, it was decided to heat up the test
tube in oil and then cut the test samples. The tube was placed inside a glass beacon filled with
paraffin oil. When submerging the test tube in oil, no air bubbles were observed. Since the
oil, as well as the glass beacon act as thermal insulators, the oil temperature was measured
to be 139°C when the oven reached 150°C. Therefore, the oven temperature was increased
by 10°C. This led to an increase in both tensile strength and elongation at break compared to
the test samples annealed in air. None the less, the elongation at break was less than half
than that of the non-annealed test sample. This is most likely because of large air-inclusions
inside the material causing a notch effect, which will be discussed in a later section. For this

reason, the oxidation might also not have happened to such a great extent as the stress-strain
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diagram suggests. A slight oxidization of the outer surface, leading to embrittlement, might

just be enough to amplify the notch effect without large amounts of the material oxidizing.
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Figure 12: Comparison of a “X3” test sample annealed before cutting showing no warping (left) with a non-annealed test
sample with significant warping (right) both after being stored two weeks at room temperature
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Figure 13: Test results of heating samples in air and oil for different annealing times
In conclusion, the pre-study showed, that the Young’s modulus significantly increased as a
result of the annealing process. Furthermore, it was determined, that the samples heated in
air became more brittle than the ones heated in oil. This suggests that the filament either
contains no or not enough oxidization protection when exposed to high temperatures for
several hours. Thus, an inert atmosphere during the annealing process was required. If the
test samples were first annealed and then cut, residual stresses are eliminated without a
deformation of the part — at least when using the heating and cooling rates described in the

next section.

3.4 Design of Experiment

The post treatment strength is expected to be a function of the annealing temperature,
annealing time as well as the heat up and cooldown rate. Based on the literatur