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Abstract

Fused deposition modelling (FDM) is one of the most popular additive manufacturing (AM)
methods, FDM can produce complex shapes at low cost in a short time, Polyethylene terephthalate
glycol (PETG) is a popular FDM material which has increasingly been used due to its ease for
printing, good chemical resistance, strong durability and odourless. Since material performance of
the parts printed by FDM is lower that that using traditional manufacturing methods, mainly due
to presence of voids and weak bonding between filaments. In addition, difference in the printing
parameters also affects the FDM performance. It is therefore necessary to compare and
characterize performance of PETG prepared using different manufacturing methods and, for the

FDM method, using different printing parameters.

In this study, a newly developed test method, named multi-relaxation (MR) test, is used to
characterize the relaxation behaviour of PETG specimens. Five types of PETG specimens were
manufactured for the testing, including the conventionally extruded PETG, and 3D printed PETG
specimens of [0°], [£30°],, [£45°]s and [90°] using FDM. The MR test results were analyzed
using Eyring’s model with four parameters to describe the relaxation behaviour at fixed strokes.
These parameters are initial viscous stress at the onset of relaxation, o,.(0), reference stress, 6,
time-independent quasi-static (QS) stress, oy, and relaxation time, 7,.. For [90°] specimen,
however, only the QS elastic modulus (E),) could be determined due to its brittle behaviour, which
was determined using both MR test and monotonic tensile test. For the other four types of PETG
specimens, two types of specimens, i.e., with and without holes in the tab sections, were evaluated.
The MR test results suggest that the holes in the tab sections can significantly reduce specimen
performance, especially for [0°] and [£30°], specimens. Therefore, specimens without holes were

used to evaluate the influence of raster angle on the relaxation behaviour of PETG.
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Comparisons of MR test results among different types of specimens suggest that [0°] specimens
are less stiff than the extruded specimens, but after removing the effect of voids in the former,
these two types of specimens show very similar relaxation behaviour. Among 3D printed
specimens, their stiffness is in the order of [0°] > [£30°],> [+£45°],. Those 3D printed specimens
also showed different fracture behaviours. In particular, [0°] specimens did not show any sign of
fracture in the test, but [£30°]s and [+45°] specimens started fracturing during the middle of the

test.

For each type of PETG specimens, the relationship between total applied stress and its QS and
viscous stress components and the variation of relaxation parameters (o, and t,.) with stroke were
investigated. Three transition points were detected in the deformation process. Variation of applied
stress, QS stress, 6,.(0), 6, and 1, among PETG 3D printed specimens was investigated, which
indicated that the [+30°], specimens showed a different profile of stress-stroke curve after the
second transition point from the other 3D printed specimens. The corresponding values for c,.(0),
G, and 1, after the second transition point are also different from their values for the other 3D

printed specimens.

The study also examined applicability of the classical laminate theory (CLT) to prediction of the
QS elastic modulus (E,) for 3D printed specimens. The results suggest that the CLT is applicable
to the E, prediction, but the prediction accuracy could be improved by consider the effect of voids

on the mechanical performance.
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Chapter 1 Introduction

1.1 Background and motivation

Additive manufacturing (AM), also known as three-dimensional printing (3D printing), has
become one of the most popular and advanced manufacturing technologies [1][2]. There are three
well established 3D printing methodologies, namely, fused deposition modelling (FDM),
stereolithography (SLA), and selective laser sintering (SLS) [3][4][5][6]. Fused deposition
modelling (FDM) is the most commonly used AM process. In FDM, the selected thermoplastic
polymer 1s melted and then extruded to build a three-dimensional object in a pre-determined path
layer by layer [3][4]. FDM can be widely used in many manufacturing fields including aerospace,
biomedical, prototyping, automotive, and many others [7][8][9][10]. The main advantage of FDM
technology is the ability to directly produce parts with complex shapes in a short time with low
cost and reduced material waste. The most commonly used 3D printed thermoplastic materials are
PLA and ABS [3][4]. Recently, many other materials are increasingly used as well, each having
its advantage. Polyethylene terephthalate glycol (PETG) is one of the materials due to its ease of

printing, good layer adhesion, and odourless [11].

PETG is a variation of a popular plastic polyethylene terephthalate (PET). PET is commonly used
in food containers and water bottles. A glycol-modified version of PET is formed by adding glycol
during the polymerization process, known as PETG. PETG is more durable, less brittle, clearer,
and easier to use than PET. PETG is an amorphous material with melting temperature of 260°C
and glass transition temperature of 80°C [54], PETG has also been widely used as drink bottles,
food containers, and medical fields due to its excellent durability, good adhesion, resistance to
water and chemicals, food safety, and odourless [11][12] and hence becomes one of the popular

3D printing materials.

FDM are known to cause decrease in the material performance, compared with the conventional
extrusion process, due to voids and weak bonding between filaments and between layers. In
addition, printing parameters, such as raster angle, printing speed, layer thickness, etc., are also
known to affect mechanical properties for FDM parts [13][14]. Therefore, it is desired to compare
performance of PETG prepared using different manufacturing methods and printed using different

printing parameters.



1.2 Review of literature on 3D printed PETG and multi-relaxation test

Several researchers already investigated the influence of processing parameters on the quality of
FDM PETG parts. For example. Barrios et al. [15] investigate the effect of layer height, extruding
temperature, flow rate, print acceleration and printing speed on the surface characteristics of the
PETG specimens (such as surface roughness, sliding angle, and contact angle) using the Taguchi
method and ANOVA (Analysis of Variance) [16] [17]. The results showed that flow rate and print
acceleration have the strongest influence on the surface quality of FDM PETG parts. Guessasma
et al. [18] investigated the effect of nozzle temperature on the tensile strength of PETG, and
showed that the PETG filament must be printed at the temperature over 230°C. However, when
the nozzle temperature is set at 250°C, the porosity increases. In addition, the FDM process reduces

tensile strength and stiffness by up to 40%, compared to the values for the raw PETG.

The printing parameter that was focused in my study is the raster angle. Sepahi et al. [19] studied
the effects of five different raster angles (0°, 90°, 45°, 0°/90°, +45°/-45°) for ABS, PLA, and PETG
FDM parts using the tensile test. For PETG, the results showed that the highest and lowest values
for elongation and strength occurred at raster angles of 0° and 90°, respectively, +45°/-45° specimen
has higher values than 45° specimen, and values for 0°/90° specimen are between those for +459/-
45° and 45° specimens. Khosravani [20] used uniaxial tensile test to study the fracture behaviour
and structure performance of 3D-printed PETG with different raster angles of 0°, 45°, and 90°,
raster widths of 0.75mm and 1mm and layer thickness of 0.2mm and 0.5mm. The results show that
0° specimens have the highest stiffness and strength. In addition, the layer thickness of 0.2mm

showed a higher fracture load, which is in a good agreement with another study [21].

In the literature, most of the mechanical properties for FDM parts are determined using the
monotonic, uniaxial tensile test. Among a few studies that paid attention to relaxation behaviour
of FDM parts, Salazar-Martin [22] used stress relaxation to study the time-dependent mechanical
properties of polyetherimide (PEI). They found that the applied stress decreased more than 20%
in a relaxation time of 300min, and that the generalized time hardening (GTH) model [23] [24]
was able to predict the stress relaxation behavior of PEI parts. Tan [25] developed multi-relaxation
(MR) test to determine the first critical stroke for polyethylene (PE), the concept of the MR test is

similar to that by Hong et al. [26], both using stress relaxation behaviour to characterize the



material state. The main advantage of the MR test is to allow the use of one specimen for all stress
relaxation stages to avoid the potential inconsistency among specimens, which is a common

problem for 3D printed specimens.
1.3 Thesis objective and outline

The main objective of this study is to use MR test to characterize PETG specimens that were
produced with two manufacturing methods, i.e., conventional extrusion and 3D printing [25]. The
latter considered four different raster angle configurations (0°, £30°, £45° and 90°), but for [90°]
specimen, only the quasi-static (QS) elastic modulus (E, ) could be determined, as the material was
so brittle that fracture was generated at a very early stage of the test (second relaxation cycle). The
first comparison presented here is between the extruded and 3D printed [0°] PETG, and the second
comparison the performance of 3D printed PETG specimens with different raster angle
configurations (0°, £30° and +45°). This study also checked whether the classical laminate theory
(CLT), calibrated using E, values measured from unidirectional specimens of 0° and 90°, could

predict E, for 3D printed specimens of [+30°]s and [+45°];.

Chapter 2 illustrates the preparation of extruded and 3D printed PETG specimens, introduces
details of the testing method and analysis approach, and describes three different test conditions
used for MR test, among which the best condition was used for the testing and analysis, in chapter
3. Chapter 2 also illustrates the technical details for measuring the volume ratio of filament in the
3D printed specimens and the analysis to determine E, of PETG specimens, based on MR test
results during the initial loading stage or monotonic tensile test for [90°] specimens. In addition,
this chapter describes the finite element modelling (FEM) procedure to obtain QS elastic modulus

of PETG specimens after calibration based on the experimental QS stress-stroke curves.

Chapter 3 demonstrates first the MR test results and monotonic tensile test results for [90°]
specimens to determine the QS stress-stroke relationship. Then, the chapter is focused on the use
of MR tests on specimens without holes and gripping method one, as described in chapter 2, to
characterize different types of PETG specimens, which includes (i) comparison of the MR tests
results between conventional extruded PETG and 3D printed PETG [0°] specimen, (ii) comparison
among three types of 3D printed specimens of different raster angle configurations. The last section
is focus on the analysis of QS stress, applied stress and fitting parameters (including 6,4, ,-(0) and

T,) as a function of stroke.



Chapter 4 introduces firstly the concept of CLT and reviews some studies done by other
researchers, and then illustrates the approach for applying CLT to prediction of E,, for [£30°],
and [+45°]; 3D printed PETG specimens, validated by comparison with the experimental data.
The last part of Chapter 4 introduces modifications of CLT that considers the effect of the voids

content to different types of 3D printed specimens.

Chapter 5 summarizes findings from this study and provides some suggestions and ideas that can

be used in the future study.



Chapter 2 Test methods and test conditions used to characterize PETG

2.1 Specimen dimensions and preparation

2.1.1 Extruded PETG dog-bone specimens
The extruded PETG dog-bone specimens were obtained from water-jetting the commercial clear

PETG sheet, with a nominal thickness of 1/8”, as shown in Figure 2-1.

Figure 2-1 Clear extruded PETG sheet (with a nominal thickness of 1/8”)

Dimensions of PETG specimens with holes in the tab region are shown in Figure 2-2, Figure 2-3

is a sample of water-jetted extruded PETG dog-bone specimen with holes.
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Figure 2-2 Schematic description of the dog- Figure 2-3 ngple water jetted PETG
bone specimen (with holes) dog-bone specimen (with holes)

The holes in the tab region were designed for a special rig that is used to study the effect of the
test environment on mechanical properties for plastics. PETG dog-bone specimens without holes
in the tab region were also prepared, which have the same dimensions as those specimens with

holes but removing the holes in the tab region.

2.1.2 3D printed dog-bone specimens

The 3D printed PETG plates were fabricated using DREMEL 3D45 3D printer (FDM technique)
with PETG filament, Dimensions of 3D printed PETG plate are illustrated in Figure 2-4. Each
plate was used to manufacture one 3D printed dog-bone specimen using water-jet cutting. 3D
printed dog-bone specimens have the same dimensions as the extruded dog-bone specimens, but
the former has a nominal thickness of 3.2mm, while the extruded specimens 1/8” (3.175mm).
Details of the printing parameters for each type of 3D printed specimen are given in Table 2-1.
Basically, different types of 3D printed specimens had different raster angle configurations, but

identical for all other printing parameters.



Rather than 3D printing the final dimensions of the specimens, 3D printing PETG plates and then
water-jet cutting the dog-bone specimens has several advantages. Firstly, a dog-bone specimen has
a relatively complex shape, compared to a plate. The former may cause local inconsistency in the
specimen. Secondly, due to the thermal effect introduced in the 3D printing process, residual stress
exists in the 3D printed specimens [27]. If the dog-bone specimens were produced by 3D printing
directly, residual stress at the ends of the gauge section and around the holes could be different
from the other areas, and the difference may vary among specimens with different raster angles.
3D printing plates first and then water-jet cutting the dog-bone specimens from the plates could

avoid the above uncontrollable inconsistency.

]
@ (b)

Figure 2-4 Schematic description of 3D printed PETG plate, (a)dimension, (b) Isometric view

Table 2-1 Printing parameters of 3D printed specimens

[0°] [£30%]s  [+45%;  [90°]

Layer thickness 02mm 0.2 mm 0.2mm 0.2mm
Filament diameter 1.75mm 1.75mm 1.75mm 1.75 mm
Nozzle diameter 0.4 mm 0.4mm 04mm 0.4 mm
Nozzle temperature 250°C 250°C 250°C 250°C
Bed temperature 80°C 80°C 80°C 80°C
Infill percentage 100% 100% 100% 100%
Print speed 60 mm/s 60 mm/s 60 mm/s 60 mm/s
Raster angle 0° +3(0° +45° 90°

Figure 2-5 (a) gives definition of raster angle, i.e., the angle between the printing direction and the
long edge the specimen. Figure 2-5 (b) describes the layer configuration for [0°] specimens, in
which filaments in all layers were printed in the direction that is parallel to the long edge and is

parallel to the loading direction in the test. Figure 2-5(c) describes the layer configuration for



[£30°], specimens, 0.2mm thick for each layer with the total thickness of 3.2mm, i.e., 16 layers
for each specimen. The plane of symmetry in the specimens is between layer numbers 8 and 9.
That is, printing layers have raster angle of +30° and -30° alternatively till layer number 8, and then
-30° and +30° alternatively from numbers 9 to 16 so that the raster angles are symmetric about the
middle plane. [+45°]¢ specimens were printed using same layer configuration as [+30°]
specimens but using raster angle of +45° instead of £30°, as shown in Figure 2-5 (d). While for
[90°] specimens, filaments in all layers were printed in the transverse direction, i.e., perpendicular

to the loading direction, as shown in Figure 2-5 (e).

Raster angle a

N=2

N=15

N=16




N=1 +45°

N=1 +30°
N=2 -45°
N=2 -30° -
. N=7 +45°
N=7 +30°
N=8 -45°
N=8 -30° [+45°],
[£30]s N=9 -45°
N=9 -30°
N=10 +45°
N=10 +30° =
. N=15 -45°
N=15 -30°
. N=16 +45°
N=16 +30
N=1
90° N=2
N=15
N=16

Figure 2-5 Definition of raster angle a° (a) and schematic description of layer configurations for
four types of 3D printed specimens: [0°] (b), [£30°]s (¢), [£45°]s (d), and [90°] (e)

2.2 Test method: Multi-Relaxation (MR) test

The main test method used to characterize the PETG specimens was the MR test [25]. The MR
tests were conducted using a universal test machine (Qualitest Quasar 100, Lauderdale, FL, USA),

with the crosshead speed of Smm/min during the loading stage, with stroke increment of about



0.15mm, after each loading stage followed by a relaxation stage at a fixed stroke. Each relaxation
stage is for a period of 10,000 seconds. Each test was stopped either after 24 loading and relaxation
stages or when the specimen fractured, whichever happened first. Load, time, and stroke were
recorded for the whole test. Thickness and width for the gauge section were measured for each

specimen before the test.

Engineering stress was calculated based on the recorded load and the original cross-sectional area

using Equation 2-1 below:

P

Okng = 7 Equation 2-1

where ogy, is engineering stress, P is load recorded during the test, W specimen width and t

thickness of the gauge section all of which were measured before the test.

Figure 2-6 (a) shows a typical curve of engineering stress vs. stroke using an extruded PETG
specimen. Note that drop of the engineering stress during the relaxation stage was insignificant at
strokes before 0.75 mm. The stress drop increased before the engineering stress reached the peak
value, at the stroke about 1.25 mm in Figure 2-6 (a). After the peak engineering stress, the
engineering stress dropped and eventually reached a plateau region. Figure 2-6 (b) shows the
corresponding curve of engineering stress vs. time from the same test, showing that during each
relaxation stage, stress drop is not a linear function of time. Rather, the stress dropped fast at the

beginning of the relaxation stage and then slowed down with the further increase of time.
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Figure 2-6 Typical MR test results: (a) engineering stress vs. stroke (b) engineering stress vs. time
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2.3 Test condition

In this section, three test conditions are introduced for the MR test. Two test conditions are for
specimens with holes and without holes using the same gripping method, named gripping method
one below. The other test condition is by using gripping method two for specimens with holes.
The holes in 3D printed specimens are filled with LePage Epoxy 5-Minute Syringe to strength the

region around the holes.

2.3.1 Gripping method one

The gripping method one was used for both ‘with holes’ and ‘without holes’ specimens, which is
shown in Figure 2-7. Using gripping method one, edges of the specimen gauge section were
aligned with the edge of two steel blocks. This is the gripping method originally intended for the
test. In this case, the gripping region is shown in Figure 2-8, which as shown in the dark blue area,

is 10 mm away from the edge of the specimen tab.

. Gripping region

Figure 2-7 Experimental set up (method one)  Figure 2-8 Schematic diagram for method one
with the gripping region in blue
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Figure 2-9 (a) and (b) shows the extruded PETG specimens after MR tests under two different test
conditions, i.e., with holes and without holes using gripping method one. They both showed no

fracture at the end of the tests. The regions with indent lines are the gripping regions.

Figure 2-9 Extruded PETG dog-bone specimens after MR tests (method one): (a) with holes,
(b) without holes

As shown in Figure 2-9 (a), for specimens with holes using gripping method one, only half of the
hole close to the gauge section was gripped, this could potentially initiate fracture from the hole
for the 3D printed specimens. Therefore, another gripping method was introduced, as discussed

in the next section.

2.3.2 Gripping method two

The gripping method two is used only for specimens with holes, as shown in Figure 2-10, edges
of the gauge section are 15mm away from the edges of the blocks. In this case, the total length of
the true gauge section would be increased. As shown in Figure 2-11, the gripping regions would
be 15 mm away from the edge of the gauge section so the region with the holes near the gauge
section caused increase of the specimen compliance. Figure 2-12 shows the extruded PETG

specimens after MR tests using gripping method two, the marked lines on the specimens show the

gripping region.
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. Gripping region
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Figure 2-10 Experiment set up (method two) Figure 2-11 Schematic diagram for gripping
method two with the gripping region in blue

15mm

Figure 2-12 Gripping method two for extruded PETG dog-bone specimens with holes after the
MR tests
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2.4 Analysis of the MR test results

2.4.1 Model and equations

Analysis of the MR test results was based on a standard, viscoelastic model as shown in Figure 2-
13 in which the upper branch represents the time-dependent viscous stress response, consisting of
a spring with modulus E,. and a damper with strain rate &5. The lower branch represents the time-
independent quasi-static (QS) stress response and consists of only one spring with modulus Eg;
[25]. The applied stress, oy, is the summation of viscous stress o;-(t) component and QS stress

(ost) component, as shown in Equation 2-2 below [25]:

ca(t) = op(t) + o Equation 2-2
0 AN
E, éD

et _/\/WW_

Figure 2-13 Schematic diagram of the standard, viscoelastic model used for the analysis of MR
test results

The stress decay Ao, during the stress relaxation can be expressed using Equation 2-3 below:
Ao, = 6,.(0) — 6,.(t)=5,(0) — c,(1) Equation 2-3
where t is the time measured from the beginning of each relaxation stage.

By adopting Eyring’s law of viscosity [28-30], the stress response to deformation of the damper

in the viscous branch is [26]:

x sinh‘l(%) Equation 2-4

Go
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Where o, is the stress applied to the damper, 6, and €, two parameters in Eyring law of viscosity,

€, the reference strain rate and o, the reference stress [25].

The total strain in the viscous branch has two parts, one for elastic strain with modulus E,., and
another one for viscous deformation with Eyring parameters 6, and &,, Therefore, the following

equation can be obtained for stress relaxation at a constant total strain:

&Sinh(c./cy) + 6,/E. =0 Equation 2-5

With 64 being constant, this expression can also be written as:

% (ﬁ) — (_ Tir) sinh (Z_;) Equation 2-6

So

where 7, is the relaxation time, defined as:

7,71 = &E,. /o, Equation 2-7

Expression for the stress decay Ac, during the relaxation stage can then be derived [26], as

given below:

Ao, = 6,.(0) — 26,tanh™[tanh (Gr—(o)) exp (— TL)] Equation 2-8

260

Equation 2-8 shows that the stress decay Ao, can be expressed as a function of time t. By curve
fitting the experimental curves of Ac, vs. t from MR test using Equation 2-8, the values of
parameter ,.(0), 64, and 7, can be determined, and thus the oy, value using Equation 2-2 att =0,
where 6,4(0) and ,.(0) are the applied stress and viscous stress at the beginning of the stress

relaxation.

2.4.2 Curving fitting of the relaxation behavior

Figure 2-14 presents an example of the best curve fitting based on Equation 2-8 for the stress drop
vs. time from the MR test, at the stroke 1.54 mm. Time in Figure 2-14 (a) is in the linear scale
while 2-14 (b) in the logarithmic scale. The curve fitting was focused on the time above 1000
seconds, since the curve of Ao, vs. t in the larger timeframe were used to determine og;. As a

result, data for time less than 1000 seconds was ignored in the curve fitting.
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Figure 2-14 Example of stress drop occurring in the MR tests as a function of time at the relaxation
stroke of 1.54mm and the best fitting curve generated based on Equation 2-8 using the following
values for the fitting parameters: o, = 6MPa, c,(0)=13.2MPa, and t, = 8000s. (a) linear time
scale and (b) logarithmic time scale.

Figure 2-15 shows how each fitting parameter affects shape of the fitting curve. The experimental
data and best fitting curve, same as Figure 2-14, are presented in logarithmic scale. If o is
changed from 6MPa to SMPa, as shown in the green curve, the curve becomes flatter, especially
in the time range from 500 to 4000s. If ,.(0) is changed from 13.2 MPa to 12.2 MPa, as shown
in the black curve, the whole curve would move downwards. If 7, is decreased from 8000s to
5500s, as shown in the orange curve, the curve in the larger time range, especially for the time
greater than 4000s, is affected. In general, o, is mainly to control the slope of the curve, 6,.(0) the
absolute level of the curve and 7, the trend of the curve in the longer time range. Combination of

the effects from these three fitting parameters would help find the best fitting curve for the given

experimental curve from the MR test.
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Figure 2-15 Experimental data (in blue, same as in Figure 2-14) and the best fitting curve (in red,
0p = 6MPa, 0,(0)=13.2MPa, and t, = 8000s), the rest of the curves are generated based on
the following changes of fitting parameters using equation (8): oy =5MPa (in
green), 0,(0)=12.2MPa (in black), or 7, = 5500s (in orange).

Figure 2-16 shows three fitting examples using Equation 2-8 for Ac, vs. t obtained from the MR
test. Figure 2-16 (a) is for the stroke of 0.1mm, which is at the beginning of the test. Due to the
resolution of the data acquisition system, the load resolution is not sufficient to detect the small
stress drop at this stroke. Therefore, the experimental data do not form a continuous curve. As a
result, data point at the shortest time among the data points of the same stress drop was chosen for

the curve fitting. This criterion is applied to all MR tests results at small strokes.
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Figure 2-16 (b) is for the stroke at 1.1mm, which is around the yield point based on the applied
engineering stress. Since the trend of change of the experimental curve at a large time scale is
sharply increased, a larger t,. value of 12000s was needed to fit the curve. In this case, it was found
that only the time frame greater than 1000s could be well fitted, based on which values for
0,(0) and o, were determined. Figure 2-16 (c) is for the stroke of 2.1mm, in which the applied
engineering stress reached the plateau region. Since the trend of change of the experimental curve
at the large time scale (greater than 6000s) is different from the one shown in Figure 2-16 (b), a

smaller 1, value of 5500s was needed to fit the curve.
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Figure 2-16 Examples of stress drop occurred in the MR tests as a function of time at certain
strokes in the logarithmic scale and the best fitting curve generated based on Equation 2-8 using
the following values for the fitting parameters,(a) stroke=0.1mm, oy = 0.05MPa ,
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0,-(0)=0.39MPa, and 7, = 2200s, (b) stroke=1.1mm, o, = 1.5MPa, o,-(0)=6.2MPa, and 7, =
12000s, (¢) stroke=2.1mm, oy, = 5.4MPa, c,.(0)=8.4MPa, and 7, = 5500s

2.5 Determining the best test condition to be used for characterizing PETG specimens

After finalizing the approach for analyzing MR test results, fitting parameters ¢y, 6,-(0), and 7.,
QS stress (o) can then be plotted as functions of stroke. MR tests were conducted on four types
of PETG specimens, i.e., conventionally extruded, and 3D printed [0°], [£30°]; and [+45°],
specimens. Three combinations of specimen types and gripping methods were used, i.e., specimens
with holes using either gripping method one or gripping method two, and specimens without holes
using gripping method one. For each combination, at least two duplicate tests were conducted to
ensure repeatability of the test results, since the results from two duplicate tests are very similar.
For the convenience of comparison, only one of the two duplicate test results will be shown in this
section. The best combinations were used for the comparison and the analysis. Below is the

summary of MR test results for each type of PETG specimens under three different combinations.

2.5.1 Extruded PETG specimens

Figure 2-17 (a) shows the og; vs. stroke for different combinations of specimen type and gripping
method in which specimens without holes using gripping method one showed the highest stiffness
before it reached the yield point, and specimens with holes had higher stiffness using gripping
method than using gripping method two. The latter is expected as the gripping method two
provided a relatively long effective gauge length. Specimen without holes using gripping
method one reached the yield point at about 0.8mm, specimens with holes using gripping method

one at about 1.2mm, and specimens with holes using gripping method two at about 1.5mm.

It is worth pointing out that the stroke distance from the yield point to the end of the post-yield
sharp decrease is 1mm for specimens without holes, 0.5mm for specimen with holes using gripping
method one, and 0.5mm for specimen with holes using gripping method two. This suggests that
specimens with holes have a relative short stroke range for neck development and thus reach the

plateau region relatively fast, compared to specimens without holes.

Figure 2-17 (b) shows G, vs. stroke for all the above combinations. The curve reaches the
maximum G, value at the stroke of 0.8mm for specimens without holes using gripping method one,
and 1.5mm for specimens with holes using gripping method one and 2mm using gripping method

two. This suggests that the order of stroke difference for the maximum G, is same as that for QS
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yield stress. Also, it is noted that after the maximum point, specimens with holes have significantly
larger maximum o value than specimen without holes, possibly caused by the presence of the

holes.

Figure 2-17 (c) shows variation of 6.(0) vs. stroke in different test conditions. The maximum
o,(0) values occur at about the same stroke for all curves, around 1.7mm, but for specimens
without holes the ,.(0) value increased faster than specimens with holes, as shown in the figure,
in the stroke range from 0.7 to 1.7mm. The c.(0) value at the post-yield plateau region is the
highest for specimens without holes, and about the same level for specimens with holes using the

two gripping methods.

Figure 2-17 (d) shows 7, vs. stroke for different combinations of specimen types and gripping
methods. Three to four 1, values were used for covering the whole stroke range covered in the MR
test. Since T, is the least sensitive parameter for the curve fitting, it was not possible to determine
the exact 1, value for its variation with the increase of stroke. Nevertheless, change of the 1,
values are still an indication of the difference in the specimen state during the MR test. Note that
in general, a small 1, value of 2000s was used only at the first relaxation stage. The largest 1,
value, 12000s was used in the stroke range from the second relaxation stage till the beginning of
plateau regions of the stress. During the plateau region, t,- values decreased to either 6500s or

5500s depending on the curve fitting requirement.
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Figure 2-17 Comparison of parameters analyzed from the MR test results for an extruded
specimen: (a) oy, (b)oy, (¢c)oy(0), and (d)z,

In conclusion, the four graphs in Figure 2-17 suggest that specimens with holes have lower
stiffness than specimens without holes, but the former require a shorter stroke to initiate the
necking, possibly because of the stress concentration introduced by the presence of the holes. Also,
curves for specimens without holes reach their maximum points at the shortest stroke, while for
curves for specimens with holes, gripping method two generated their maximum points at a longer
stroke. All those three test conditions can give the desired results. Although three types of test
conditions are suitable for the extruded PETG specimens, the results suggest that gripping method
two does not have any obvious advantage over gripping method one. This finding is further

investigated using 3D printed PETG specimens.

2.5.2 [0°] specimens

Figure 2-18 presents the typical post-tested [0°] 3D printed PETG specimens, in the three
combinations of specimen types and gripping methods. Figures 2-18 (a) and (b) are specimens
with holes, using gripping methods one and two, respectively, which show that fracture was
initiated from the holes. For specimen without holes, Figure 2-18 (c), fracture was not generated

at the end of the test, at the stroke of 3.5mm, and the deformation was confined to the gauge section.
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Figure 2-18 [0°] 3D printed PETG specimens after MR tests (a) with holes using gripping method
one, (b) with holes using gripping method two, (c) no holes using gripping method one.

Figure 2-19 summaries the typical MR test results for [0°] PETG specimens, as a function of stroke
for different combinations of specimen type and gripping method. Specimens with holes using
gripping method one only lasted three relaxation stages before fracture but using gripping method
two the specimen lasted for six relaxation stages and fractured during the seventh relaxation stage.
On the other hand, specimens without holes survived till the end of the test, as indicated in Figure
2-19. Figure 2-19 (a) indicates that curves for specimens without holes are stiffer than the
specimens with holes. The curve for specimen without holes using gripping method one reached
the maximum stress at the stroke of about 0.8mm. However, the maximum stress for the specimens
with holes cannot be determined, as fracture was initiated before the peak could be reached.
Figures 2-19 (b) and (c) shows that 6, and 6.(0) values are higher for specimens with holes than
those without holes, but again yield points in the curves for specimens with holes were not reached.
Figure 2-19 (d) shows 1, values used for [0°] specimens, which do not show much sensitivity to

the specimen type or gripping method.
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Figure 2-19 Comparison of parameters analyzed from the MR test results for a [0°] specimen: (a)
st, (b) oy, (¢)o,(0), and (d)z,

The results in Figure 2-19 suggest that introducing holes to [0°] specimens have made the area
around holes susceptible to crack initiation and using gripping method two has increased specimen
compliance. Therefore, the specimen without holes using gripping method one seems to be the

best choice for the [0°] specimen.

2.5.3 [£30°], specimens

Figure 2-20 presents typical [£30°]s 3D printed PETG specimens after MR results using three
different combinations of specimen types and gripping methods Figure 2-20 (a) and (b) are for
specimens with holes, where the fracture locations are around the holes and the edges at the end
of the gauge section, but for specimens without holes, as shown in Figure 2-20 (c), the fracture

location is within the gauge section.
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Figure 2-20 [1£30°]s 3D printed PETG specimens after MR tests (a) with holes using gripping
method one, (b) with holes using gripping method two, (c) no holes using gripping method one

Figure 2-21 shows parameters from the analysis of MR test results for [+30°]s specimens. Figure
2-21 (a) shows that curves for specimens under all three combinations reached their yield points,
where the curve for the specimen without holes showed the highest stiffness and stroke for the
yield point is 0.75mm, while the curve for specimen with holes using gripping method one shows
a sudden decrease right after the yield point which led to fracture. The curve for the specimen with
holes using gripping method two, on the other hand, decreases slowly after the yield point with

fracture occurring at a stroke larger than that for the specimen without holes.

Figures 2-21 (b) and (c) summarize curves for specimens with holes using either gripping methods
one or two and for a specimen without holes using gripping method one, all of which show a clear
trend of increase at first and then remain relatively steady after their yield points. The curves for a
specimen with holes using the gripping method one show some trend changes after the yield point,
possibly due to the early initiation of fracture around the hole. Figure 2-21 (d) shows 1, which has
values of 12000s and 8000s for all specimens, other than the t, values for the first relaxation stage

and before the fracture. That is, a smaller 1, value (5000s-6000s) is needed for the first relaxation
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stage for specimens with holes. For the specimen with holes and using gripping method one, 7,

for the last two relaxation stages before fracture was 5500s. This was possibly caused by the

fracture onset of the specimen.
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Figure 2-21 Comparison of parameters analyzed from the MR test results for [£30°]s 3D printed
specimen, plotted as a function of stroke: (a) o, (b)oy, (c)o,(0), and (d) z,

The above comparison suggests that specimens with holes using gripping method two and

specimens without holes using gripping method one could have a few more stages after the yield

point than the specimens with holes using gripping method one. But the specimens with holes

using gripping method two showed fracture at a location nearby the holes. Therefore, the specimen

without holes using gripping method one should be the best combination for testing of [+30°]

PETG specimens.
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2.5.4 [£45°], specimens
Figure 2-22 presents typical post-test [+45°]s 3D printed PETG specimens after MR tests under

three different combinations of specimen types and gripping methods. All fracture locations are

within their gauge sections.

Figure 2-22 +[45°|s 3D printed PETG specimens after MR tests (a) with holes using gripping
method one, (b) with holes using gripping method two, (c) no holes using gripping method one.

Figure 2-23 shows MR test parameters for [+45°]s PETG specimens. Figure 2-23 (a) indicates
that the curve for specimens without holes reached the maximum point at the smallest stroke, and
its maximum QS stress is much lower than those for specimens with holes. The former curve also
shows a plateau region before the fracture, while the latter two curves, for specimens with holes,
decreased continuously after their yield points till the onset of fracture. With holes and without
holes specimens have different trends of 6, curves and c,.(0) curves after the stroke of 1.6mm
until they are totally fractured: Figure 2-23 (b) indicates that the o, curves for with holes
specimens are continuously decreased and the curve for without hole specimen is reached the
plateau, Figure 2-23 (c) shows that the o,-(0) curve for without hole specimen is reached the

plateau but the curves for with holes specimens are scattering. Figure 2-23 (d) shows that at the
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first relaxation stage, small 1, values is needed for the curve fitting. For the rest of the relaxation
stages, on the other hand, three t,. values of, 12000s, 8000s and 5500s are sufficient to cover all
MR test results. Note that t. with 12000s was used for the regions around the yielding, which
changed to 8000s followed by 5500s after the yielding.
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Figure 2-23 Comparison of analyzed MR test parameters vs. stroke for [£45°]s 3D printed
specimens with different combinations of specimen types and gripping methods, (a) oy, (b)oy,

(¢)o,(0), (d) 7

The above results suggest that all three combinations of specimen types and gripping methods can
be used to characterize [+45°]s specimens, since they all fractured after a stroke of at least 3 mm
and their facture locations were all in the gauge section. However, since specimens without holes

are the best choice for [0°] and [+30°]¢ specimens, and for both extruded and [+45°]s specimens
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using specimens with holes do not provide additional information, MR test results from specimens
without holes, using gripping method one, is chosen to compare relaxation behaviours among

different types of PETG specimens, as to be shown in the next chapter.

2.6 Methods used to obtain QS elastic modulus

In this study, the QS elastic modulus for all types of PETG specimens were determined from the

experimental results, as summarized below.

2.6.1 Using MR test to obtain the QS stress-stroke relationship for PETG specimens

The QS stress-stroke relationship during the initial loading stage (stroke less than 0.1mm) were
determined for extruded, [0°], [£30°]s, and [+45°]s specimens from the MR test results. For 3D
printed [90°] specimens, both monotonic and MR tests were conducted using gripping method
one, on specimens with holes, with the same testing parameters and procedures as other PETG

specimens.

2.6.2 Monotonic tensile test

This testing method was used only for 3D printed [90°] specimens to obtain the force-elongation
relationship. Monotonic tensile test was conducted using the same universal test machine as MR
test (Qualitest Quasar 100, Lauderdale, FL, USA) and at the same crosshead speed of Smm/min.
Each test was stopped either after the stroke of 3mm or when the specimen was fractured,
whichever happened first. Load, time, and stroke were recorded for the whole test. Thickness and
width for the gauge section were measured for each specimen before the test. Engineering stress

was calculated based on the recorded load and the original cross-sectional area using Equation 2-

1.

2.6.3 Finite element simulation of QS stress-stroke curve to calculate the QS elastic modulus

Finite element (FE) modelling to simulate the QS stress-elongation relationship for the stroke
range of less than 0.1mm, was used to determine the QS elastic modulus of the specimens. The FE
model was built based on the nominal dimensions of the dog-bone specimen in ABAQUS, due to
the geometric symmetry of the specimens, length, width, and thickness of the FE model were half
of their values for the specimen. Therefore, as shown in Figure 2-24 (a), a 3D dog-bone model
with size 1/8 of the specimen was developed, using 8-node linear brick (C3D8) with 35,000 nodes

and 29,000 elements. The simulation is based on the plane-stress condition and in the displacement
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control, so that variables F, (force in the y direction) and U, (displacement in the y direction) could
be output from the FE model. The gripping region, as shown by the blue area in Figure 2-24 (b),

is 10mm above the edge of the gauge section.

Using the FE model with the simulated gripping conditions, QS elastic modulus E for the specimen

was determined so the experimental QS stress-stroke curve could be regenerated using the FE

model.

Figure 2-24 (a) The meshed model for FE simulation, and (b) a typical contour plot after small
deformation
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2.7 Measurement of volume ratio for 3D printed specimens

Many researchers have investigated void content and distribution in 3D printed samples. Among
the studies, X-ray computed tomography (XCT) is the most common and effective technique [27]
[31-32], which has been widely used as a non-destructive method to characterize features that are
initiated internally in the samples, including void distribution, size, density, and shape. In this
study, XCT has helped determine the voids and PETG filament distribution, as well as their

volumetric percentages in the specimens.

The XCT equipment used in this study was Zeiss Xradia Versa 620 X-Ray Microscope, as shown
in Figure 2-25 (a). The equipment contains two parts. One is the computer control panel for setting
up the parameters, including the set-up of the scanning area, field mode, voltage, and power of the
source. The other part is the X-ray microscope, controlled by the computer panel, with the detailed
view shown in Figure 2-25 (b) in which the left side is the X-ray beam source, with the sample in

the middle, the objective lens on the right side, and the detector at the back.

Source Sample Objective lens

Figure 2-25 Zeiss ZEISS Xradia Versa 620 X-Ray Microscope used to scan 3D printed specimens,
(a), whole X-ray Microscope, (b), detail view

Results from XCT were processed using a software named Dragonfly [33], for image process
and analysis. Figure 2-26 shows the reconstructed images using Dragonfly for [0°], [£30°]

and [+45°], 3D printed specimens. Note that the [90°] specimen was not scanned since it should
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have very similar filament volume ratio for the [0°] specimen. The scanned region was chosen to
be part of the original sample, as further increase of the scanned region could cause decrease of
the image resolution. In this study, half of the area in the gauge section was scanned for each
sample to obtain enough information to characterize the void and the filament distribution in the

sample, with the resolution of 20pum/pixel which is sufficient to detect any meaningful voids in

the scanned regions.

Figure 2-26 3D scanned area of the 3D printed specimens (a) [0°], (b) [£30°]s and (c) [£45°],

Figure 2-27 (a) shows the front view of the scanned region for [0°] 3D printed sample, the volume
ratio of filament to voids in the blackened region was determined. Figure 2-27 (b) shows the
sectional view of the blackened region. As a result, the blackened region was extracted as a

rectangular box from the original scanned region, as shown in Figure 2-27 (¢).
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Figure 2-27 Determining the volume fractions of filament and voids in the selected region using
Dragonfly: (a) Front view, (b) Sectional view of the blacked region in (a), and (c) 3D view of
blackened region in (a)

After the box shown in Figure 2-27 (c) was extracted with known dimensions, a function in
Dragonfly software, known as segmentation, is used, to allow users to reconstruct different models
for the regions of interests. Volume for the reconstructed models and the corresponding filament
and void volume fractions, with respect to the total volume of the box, could then be determined.
As shown in Figures 2-28 (a) and (b), which are two examples of the reconstructed models for
PETG filament and voids, respectively, in the region of interests. Figure 2-28 (¢) is the combined

view the reconstructed model that contains segmented PETG filaments and voids.

Figure 2-28 Reconstructed 3D model after segmentation: (a) reconstructed 3D model for
segmented filament only, (b) reconstructed 3D model for segmented voids only and (c)
reconstructed 3D model including segmented filament and voids.
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Chapter 3 Characterization of mechanical behaviour of extruded and 3D

printed PETG specimens

This chapter focus on the analysis of the MR test results for different types of PETG specimens.
The first section demonstrates the MR test and monotonic tensile test results for [90°] specimens
which will be used to determine the QS stress-stroke relationship for the [90°] specimen. The rest
of the chapter is focused on the use of specimens without holes and gripping method one, as
described in chapter 2, to characterize different types of PETG specimens using MR tests. The
discussion includes comparison of the analyzed MR tests results between conventional extruded
and 3D printed [0°] PETG specimens, and comparison of the analyzed MR test results among three
types of 3D printed specimens with different raster angle configurations. The last section is focused
on the analysis of curves for QS stress, applied stress and fitting parameters (o, 0,-(0) and 7,.) as
a function of stroke, to examine the relationship among those curves for the same type of

specimens and the relationship of these curves among different types of specimens.

3.1 Test results for [90°] 3D printed specimens

Test results used to find the QS stress-stroke relationship during the small stroke deformation

(stroke less than 0.1mm) are demonstrated below.

3.1.1 MR test results
The MR test was conducted for [90°] specimens to obtain the QS elastic modulus. Below are the

summary of the analyzed MR test results.

Figure 3-1 (a) is the total applied stress at the onset of each relaxation stage and QS stress, for 3
and 2 stages, respectively. At the first relaxation stage, the applied stress and QS stress are close
to each other, suggesting that only a little stress drop occurred during the relaxation. But the
difference increased dramatically at the second relaxation stage, and the specimen fractured during
the third relaxation stage. As a result, there are only two points for the plots of fitting parameters
as a function of stroke. Figures 3-1 (b), (c) and (d) show the relaxation fitting parameters o,.(0),
G, and 7, as a function of stroke. Since very limited information could be obtained from the [90°]
3D printed specimen and fracture occurred at a small stroke (about 0.4 mm), results for the [90°]

specimens are not included in the analysis and discussion in the rest of this chapter.
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Figure 3-1 MR test results for a [90°] specimen: (a) QS stress and applied stress, (b) oy, (c)o,(0),
and (d),

Figure 3-2 shows the [90°] 3D printed specimen after the MR test. The fracture was caused by de-
bonding between the filaments in the gauge section, with little influence by the presence of the
holes. In view that limited information can be obtained from the [90°] 3D printed specimens, no
more MR tests were conducted on [90°] specimens. Instead, monotonic tensile test was used to

obtain the force-elongation relationship for the [90°] specimen, for determining the QS elastic

modulus.
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Figure 3-2 [90°] 3D printed PETG specimen with holes after MR tests using gripping method

one

3.1.2 Monotonic tensile test results

Two sets of monotonic tensile test results are shown in Figure 3-2. The specimens were fractured

at strokes of 0.38 mm and 0.44 mm, respectively. The two curves start showing some difference

at the stroke of around 0.1 1mm. However, the initial slopes are very close, as shown in the Figure

3-2, with the slope values of 34.8 and 32.4 MPa/mm, respectively.
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Figure 3-3 Engineering stress vs. stroke for [90°] 3D printed specimens from monotonic tensile
test

3.2 Analysis and discussion of MR test results between [0°] and extruded PETG specimens

Figure 3-4 presents the comparison of MR tests results between [0°] and extruded PETG specimens.
Results from two tests are presented for each type of PETG specimens, showing good repeatability
of the test results, especially before the yield point. The comparison between conventionally
extruded and 3D printing PETG specimens is focused on the QS stress, applied stress, viscous
stress as well as the ratio of QS to applied stresses. Values for 7, and ¢, will be discussed in the

latter sections, to explore their relationship with transitions shown by the applied and QS stresses.

Figures 3-4 (a) and (b) are the QS and applied stress-stroke curves, respectively. The extruded
specimens have better repeatability compared to the [0°] specimens. The two curves for the
extruded specimens are almost identical but for the [0°] specimens some inconsistency is shown
especially after the yield point, during the neck development. At the same stroke, extruded
specimens have higher QS and applied stresses than [0°] specimens. The maximum applied stress
for the extruded specimens is 51.5MPa at the stroke of 1mm, compared with the yield strength of
PETG that is determined from tensile tests is from 47.9MPa to 52.9MPa [52], and for [0°] specimen
45.3MPa at the stroke of 1.1mm, as indicated using black circles in Figure 3-4 (b). This suggests
that the maximum applied stress for [0°] specimens is 88% of that for the extruded specimens.
Similarly, Figure 3-4 (a) suggests that as indicated using black circles, the maximum QS stress for
extruded specimens is 41.2MPa, at the stroke of 0.8mm, but for [0°] specimen 36.7MPa at the
stroke of 0.8mm. The latter is about 89% of that for the extruded specimen. So, it is clear that the
[0°] specimen has lower yield strength and is less stiff than the extruded specimen. This is believed
to be mainly caused by the voids in the [0°] specimen, as even with the machine setting of 100%

infill rate, the 3D printed specimens still contain voids [34].

Figure 3-4 (c) compares 0,-(0) values between extruded and 3D-printed [0°] specimens. Before the
stroke of 0.7mm, the o,-(0) values between these two types of specimens do not show a clear
difference but the 0,.(0) value for the extruded specimens increases dramatically from the stroke
of 0.7mm, much higher than that for [0°] specimen. This difference can still be explained by the
voids in [0°] specimen. For the ratio of QS stress to the applied stress, as shown in Figure 3-4 (d)

which removes the effect of voids, results for the extruded and the 3D-printed [0°] specimens are
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consistent, which suggests that despite the difference in the absolute stress values between the
different types of specimens, the relaxation performance in terms of the ratio of QS stress to the

applied stress as a function of stroke does not show any significant difference.

In conclusion, the main effect of the different relaxation performance between conventionally
extruded and 3D printed [0°] PETG specimens is the voids in the 3D printed specimens. Results

from the 3D printing are more inconsistent than those from the conventional extrusion.
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Figure 3-4 Comparison of MR test results vs. stroke between extruded and [0°] 3D printed
PETG specimens, circles stand for the maximum stress of each type of specimen. (a) QS stress
(b) Applied stress (c) o,(0) (d) the ratio of quasi-static stress/applied stress
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3.3 Analysis and discussion of MR test results for 3D printed PETG specimens of [0°],
[£30°]s, and [£45°],

Figure 3-5 presents the comparison of MR tests results between three different types of 3D printed
PETG specimens, to investigate the effect of raster angles on the relaxation performance. Two
repeated tests were conducted for each type of PETG specimens. QS stress, applied stress, viscous
stress as well as the ratio of QS/applied stress as functions of stroke are presented, same as those

in the previous section between extruded and [0°] specimens.

Figures 3-5 (a) and (b) are curves of QS and applied stress vs. stroke, respectively. The three types
of specimens show some degree of inconsistency, but their values and the trend lines between the
two tests still show some similarities. Note that one of the [+30°], specimens, 30 degree#2, did
not fracture during the test, but the fracture process started at the stroke of 2.5mm. Another
[£30°]s specimen, 30degree#1, and all [+45°]; specimens fractured during the tests. The
30degree#1 specimen started fracturing at the stroke of 2mm and fractured at the stroke of 2.3mm,
and the two [+45°] specimens, fractured at the strokes of 2.9 and 2.4mm. These curves clearly
show that at a given stroke, the applied and QS stresses are in the order of: [0°] > [+30°]s>[+£45°];,
but when at the plateau regions, stress curves for [0°] specimens are closer to the stress curves for
[£30°]s specimens. The maximum applied stress for [0°] specimens is 45.3MPa at the stroke of
1.Imm, for [£30°]; specimens is 31.2MPa at the stroke of 1mm, for [1+45°]; specimens is
19.8MPa at the stroke of 0.9mm, as indicated using black circles in Figure 3-6 (b). The ratio for
the maximum applied stress for [+30°], and [+45°]s specimens to [0°] specimen is 68.8% and
43.7%, respectively. The maximum QS stress for [0°] specimens is 36.7MPa at the stroke of 0.8mm,
for [+30°], specimens 24.3MPa at the stroke of 0.8mm, and for [+45°]; specimens 14.6MPa at
the stroke of 0.7mm, as indicated using black circles in Figure 3-6 (a). The ratio of the maximum
QS stress for [+30°]; and [£45°]¢ specimens to that for [0°] specimen is 66.2% and 39.8%,

respectively.

Figure 3-5 (c) is the comparison of ¢,-(0) values among 3D printed specimens. The figure shows
that during the small deformation, with the stroke less than 0.8mm, o,.(0) values are similar with
no clear difference. But for [+45°], and [£30°], specimens d,-(0) values stopped increasing at the
stroke of 0.9mm and 1.1mm, respectively, though for the [0°] specimens 0,.(0) values continue

increasing till the stroke reached around 1.6 mm. They start showing the difference at the stroke
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of Imm, with the o, (0) values for [0°] and [£30°]; specimens larger than those for
[+45°] specimens. 0,-(0) values for [0°] specimens are higher in the necking region (from 1mm
to 2.3mm), compared to those for [+30°]¢ specimens, though when the plateau region was reached,
there was no clear difference between curves for [£30°]; and [+45°], specimens. The difference
in relaxation performances among these specimens may come from two parts. One is the different
porosities between different types of 3D printed specimens, and the other is the effect of the raster
angles. Figure 3-5 (d) compares the ratio of QS stress to the applied stress, which removes the
effect of the voids. Since two tests from same types of specimens show similar trends, for the
convenience of comparison, only one of the two repeated tests is shown in Figure 3-5 (d) for each
type of specimens. The figure suggests that when the curves reached the plateau region, all types
of specimens should have the same QS/applied stress ratio, but when they approaching to their
maximum applied stress level, the stress ratio for [+45°], specimen showed the steepest drop and

that for [£30°] specimen the second steepest.

In conclusion, the raster angles have significant effects on the mechanical performance of 3D
printed specimens. Stiffness of the 3D printed specimens is in the order of [0°] >
[£30°]s > [£45°]s. [0°] specimens survived at the end of the test, but [+30°]; and
[£45°], specimens started fracturing during the tests. Despite the possible difference of void
content and distribution among these specimens, the ratio of QS/applied stress ratio still shows
some difference. The ratio for [+45°]s specimens dropped fastest to their plateau while [0°]
specimens dropped slowest, and eventually when they all reach their plateau, the ratio becomes

close to each other.
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Figure 3-5 Comparison of MR test results between three different types of 3D printed PETG
specimens, circles stand for the maximum stress of each type of specimen, (a) Quasi-static stress
vs. stroke, (b) Applied stress vs. stroke, (c) o,-(0) vs. stroke, (d) The ratio of quasi-static
stress/applied stress vs. stroke.

3.4 Relationship among QS stress, applied stress, and fitting parameters for the extruded
specimens

This section is focused on the analysis of curves for QS stress, applied stress and fitting parameters
(09,0,(0) and 7;.) as functions of stroke, to examine the relationship among those curves for the
extruded PETG specimens from the MR test Since MR test results for extruded specimens are
pretty consistent, as shown in section 3.2, for clarity only results from one specimen is used to

represent data for the extruded specimens.
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Figure 3-6 presents MR test results for an extruded PETG specimen. Figure 3-6 (a) shows applied
stress and QS stress as functions of stroke. The former is the stress applied at the beginning of each
relaxation stage, and the latter determined by removing viscous stress component, a,.(0), from the
applied stress at the beginning of the relaxation stage. The figure suggests that the deformation
process contains three noticeable transitions, with critical strokes for the transitions determined

using the change of the curve trend line, as indicated using dashed circles in the figure.

The first transition is at the point where the stress-stroke curve changes from a linear curve to a
non-linear one. Note that since both curves in Figure 3-6 (a) have the first transition at the same
stroke, and these two curves are very close at the first transition point, for convenience, only one
dashed circle is used to represent the transition and is on the applied stress curve. Trend line for
the linear relationship is established using the first two data points in the curve, as shown on the
applied stress curve in Figure 3-6 (a). Note that the same trend line can also be applied to the QS
stress curve since the two curves at this stage are very close to each other, suggesting that viscous
stress takes a very small component of the applied stress at this stage. Since the fourth data point
in the curves of Figure 3-6 (a) does not fall onto the trend line, transition must have occurred
between the third and the fourth data points, as indicated using a dashed circle. Figure 3-6 (a) also
suggests that the two curves start showing a clear difference at the fourth data point, suggesting

that viscous stress is significant enough at this deformation level.

The second transition is at the peak of the two curves in Figure 3-6 (a), which occurs at a smaller
stroke for QS stress (about 0.7mm) than that for the applied stress (about Imm). The difference is
believed to be caused by the continuous increase of ¢,.(0) at this stroke range, as indicated in
Figure 3-6 (b), which resulted in the continuous increase of the applied stress, even though the QS

stress started decreasing at the stroke of 0.7mm.

The third transition is for the start of a plateau region on the two curves in Figure 3-6 (a), which is
from the stroke about 2mm for the applied stress and 1.8mm for the QS stress. For the ¢,.(0) curve,
as shown in Figure 3-6 (b), the plateau started at a stroke about 2mm. Figure 3-6 (b) also contains
a dashed line to represent the applied stress curve, as a reference for the comparison. Same dashed
line is also included in Figures 3-6 (c) and (d). The three transition points identified on the applied

stress curve in Figure 3-6 (a) are also included in the dash line in Figures 3-6 (b), (c) and (d).
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For the 6,-(0) curve in Figure 3-6 (b), the first three data points follow a linear relationship, as
indicated by the black trend line. Clearly, the fourth data point at the stroke of 0.5mm follows a
different trend line, and the stroke for the transition is similar to the stroke for the change from
linear to non-linear stress-stroke relationship which is the first transition point on the applied stress
curve, as indicated by the dashed circle. Therefore, the first transition is also detectable using the
0, (0)-stroke curve. After the first transition, g,-(0) shows a sharp increase till the stroke of 1mm
where the 0,-(0) value becomes relatively constant. As discussed earlier, the second transition point
in the applied stress curve occurred at the stroke of 1mm. Therefore, this transition can also be
detected using the g,.(0)-stroke curve. Similarly, the third transition point on the applied stress

curve, at the stroke of 2mm, can also be detected in the o,-(0)-stroke curve.

Figure 3-6 (c) presents o -stroke curve and applied stress vs. stroke trend curve with three
transition points as indicated using three open black circles, determined from Figure 3-6 (a).
Similarly, the change from linear to onset of non-linearity is between the third and fourth data
points, which is about the same stoke with the first transition point of applied stress curve. Then
the curve experienced a sharp increase when passing through the stroke of 0.7mm where the
maximum QS stress occurred. The second transition point matches with the local maximum o,
curve at the stroke of I1mm. Then the curve shows a valley in the necking region, o, value starts
increasing at the stroke of 1.4mm, which suggests that there may be a transition point in the
necking region that cannot be detected from other curves. From the stroke of 2mm, which is at the
same stroke with the third transition point of applied stress curve, the G, curve increases slowly

and smoothly, indicating the curve enters a plateau region.

Figure 3-6 (d) presents a z,.-stroke curve, and the corresponding applied stress-stroke curve with
three transition points indicated by the dashed circles. As mentioned earlier in Chapter 2, z,. values
could remain relatively constant with the change of the stroke. Therefore, it is not surprising to see
that little correlation exists between 7, and the three transition points on the applied stress.
However, 7, values still need to be adjusted in order to fit all stress relaxation curves from the MR
test. For the extruded specimens, as shown in Figure 3-6 (d), a small 7, value of 2000s is needed
to fit the first relaxation curve, and then the 7, value needs to be increased to a large value of

12000s for the next relaxation curve. The 7, value remains to be 12000s through the maximum
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applied stress, till the stroke of 1.5mm at which 7, starts dropping quickly, eventually to 5500s for
the rest of the strokes in the MR test.
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Figure 3-6 MR test results as a function of stroke for an extruded PETG specimen, with three
dashed black circles standing for three transition points on the applied stress curve,:(a) OS
stress and applied stress, blue circles stand for the transition points of the QS stress curve (b)
o,-(0) and applied stress trend curve. (c) oy and applied stress trend curve, and (d) t, and
applied stress trend curve.

3.5 Comparison of QS stress, applied stress and relaxation parameters among specimens

of different types

After the relationship of QS stress, applied stress and fitting parameters 6, 0,-(0) and 7,.) as a
function of stroke are examined for the extruded specimen, the same approach was used to analyze
3D printed PETG specimens. This section is focused on the comparison of the relationship among
different types of PETG specimens for the same types of curves. For clarity, only results from one

specimen are used to represent the difference.
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3.5.1 Applied stress and QS stress versus stroke curves

Figure 3-7 shows the applied stress and QS stress for different types of 3D printed specimens.
Curves for [0°] and [+45°], specimens, as shown in Figure 3-7 (a) and (c), respectively, have
similar trends, each of which includes three transition points for applied stress and QS stress. The
trend lines in the curves for the [+45°]¢ specimen is clearly different, suggesting that from the
second relaxation stage, viscous stress takes a significant component of the applied stress, but for
the curve of [0°] specimens, viscous stress is still negligible at the second relaxation stage. For the
stress curves of the [+30°] specimen, as shown in Figure 3-7 (b), the first and second transition
points can be identified using the same approach, but viscous stress is still a small component of
the applied stress at the second relaxation stage. After the second transition point, the curves for
the [1£30°]; specimen decreased slowly to generate fractured which is different from any other
PETG specimens. Therefore, the third transition point for the [+30°]¢ specimen can be considered
as the point at which the curve start dropping. This transition is at the stroke of 2.3mm for the
applied stress, and the [+30°]; specimen soon fractured after this point. For the QS stress curve,
the third transition point for the [£30°], specimen is at the stroke of 2.1mm, one stage earlier than
that for the applied stress curve. This suggests that fracture started in the [£30°], specimen during

the stress relaxation at the stroke of 2. 1mm.
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Figure 3-7 QS stress and applied stress versus stroke curves for different types of 3D printed
specimens, blue circles stand for the transition points of the QS stress curve, black open circles
stand for three transition points of applied stress curve, (a) [0°], (b) [£30°], (c) [£45°],

3.5.2 Applied stress and ,-(0)

Figure 3-8 shows the applied stress trend curves with three transition points as indicated using
black dashed circles and G,.(0) curves for different types of the 3D printed specimens. With the
same analysis approach that was used for the extruded specimen, the first and second transition
points of applied stress curves can be detected using the c,.(0) curves for all types of PETG
specimens and these relationships are similar among all types of PETG specimens. After the
second transition point of the applied stress curves, the o, (0) curves for [0°] and [+45°];
specimens decreased slightly, as shown in Figure 3-8 (a) and (c), to reach a plateau. The third
transition point of the applied stress curves can also be detected using the c,.(0)-stroke curves for
[0°] and [£45°]¢ specimens, but for the [£30°]¢ specimen, as shown in Figure 3-8 (b), the 5,.(0)
curve reaches a relatively stable section after the second transition point, but at the stroke of 2. 1mm,
the ¢,(0) curve increase dramatically, indicating that the specimen starts fracturing. Note that this
is not corresponding to the third transition point of the applied stress curve, as the fracture was
occurred during the relaxation at the stroke of 2.1mm, so the applied stress curve cannot detect
this change at the beginning of the relaxation at the stroke of 2.1mm but show this change at the

beginning of the next relaxation stage.
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Figure 3-8 Applied stress and o, (0) versus stroke curves for different types of 3D printed
specimens, black open circles stand for three transition points of applied stress curve, (a) [0°],

(b) [£30°]s, (c) [£45°]s

3.5.3 Applied stress and oy versus stroke curve

Figure 3-9 shows trend curves of applied stress with three transition points indicated using black
dashed circles and oy curves for different types of the 3D printed specimens. For the [0°] specimen,
as shown in Figure 3-9 (a), the point where the trend line change is at the different stroke compared
with the first transition of the applied stress curve, as shown in Figure 3-9 (b) for [+30°], specimen.
The first transition of the applied stress curve can be detected using the change of the trend line
from the oy curve for [£45°]; specimen, as shown in Figure 3-9 (c) in which the o curve
increases linearly until the stroke of 0.7mm, which suggests that the first transition point of the

applied stress curve cannot be clearly detected in the oy curve. Therefore, co may not always be
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able to indicate the first transition of applied stress curves for all types of PETG specimens. The
second transition point of applied stress matches with the trend of change of the oy curves for all
types of specimens. For [0°] and [+45°], specimens, the third transition points of applied stress
can be indicated using the oy curves. For the [£30°], specimen, however, the o, curve starts
dropping at the stroke of 2.1mm, which is the point at which the specimen started fracture.
Therefore, the third transition point of applied stress curve cannot be detected using the o curve

as fracture occurred during the relaxation stage at this stroke.

Similar to the extruded specimen G, curve, for all types of 3D printed specimens’ G, curves,
seems like every o curves also show a transition point between the second and the third transition
points that cannot be detected by other types of curves and the 6, curves for different specimens
seems show different trends during this region. For the 3D printed [0°] specimen, the oy curve
keep constant and decreases in the neck forming stage, and there may have a transition point
around the region when the curve starts decreasing, around the stroke of 1.8mm. For the [+30°],
specimen, the o, curve keep increasing and then reach a steady state, and there may have a
transition point around the region when the curve stops increasing, around the stroke of 1.5mm.
For the [1+45°]; specimen, the o, curve keeps increasing and then decreasing in the necking
region, and there may have a transition point around the region where the curve stops increasing
and start decreasing, around the stroke of 1.3mm. However, due to scattering of the data and the

limit experiment data obtained, the conclusion cannot be derived at this stage.
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Figure 3-9 Applied stress and oy versus stroke curves for different types of 3D printed

specimens, black open circles stand for three transition points of applied stress curve, (a) [0°],
(b) [£30°];, (c) [£45°]s

3.5.4 Applied stress and 7,

Figure 3-10 shows the applied stress curves with three transition points as indicated using black
dashed circles, and 7, curves for different types of the 3D printed specimens. Similarly, to the
extruded specimens, 7, values show little correlation with the transition of the applied stress curves.
However, different 7, values would be needed for different regions. For example, a small 7. value
of around 2000s-3000s would be used for the first relaxation stage, except for the [+30°];
specimen. Start from the next relaxation stage till the region around the maximum applied stress,
a large 7, value of 12000s would be needed. During the necking region of [0°] specimens, 7, value
could decrease to 8000s, and when the applied stress curve approach to the plateau region, the z,.
value would further decrease to 5500s and remain constant for the entire plateau region. For the
[£45°], specimens, 7, value of 8000s needs to be used during the necking region, and when the
applied stress curve reaches the plateau region, the 7, value would decrease to 5500s. For the

[£30°]s specimen, 7, value of 8000s would be used after the maximum applied stress.
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Figure 3-10 Applied stress and 7, versus stroke curves for different types of 3D printed
specimens, black open circles stand for three transition points of applied stress curve, (a) [0°],

(b) [£30°], (c) [£45°]s
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Chapter 4 Analysis of test results using the classical laminate theory

In chapter 3, the effects of the raster angles are presented and show that specimen stiffness are in
the order of: [0°] > [£30°]s>[+45°],. By considering each layer of a 3D printed specimens as a
lamina with filament as fiber in certain directions, the whole 3D printed specimens can be
considered as a laminate. Therefore, a question is raised on the possibility of applying classical
laminate theory (CLT) to prediction of mechanical properties for 3D printed specimens. The aim
of this chapter is to examine applicability of describing the mechanical behaviour of 3D printed
specimens with different raster angle configurations by using CLT and to compare the results with
experimental results. Finally, since voids affect different types of 3D printed specimens in different
ways, and CLT does not consider those effects, some modifications to CLT are suggested to

consider the void effect.

4.1 Review of classical laminate theory and literature review

This section introduces analytical equations from CLT and summarizes previous works about

using CLT to describe mechanical properties of FDM parts.

4.1.1 Analytical equations from CLT for FDM parts
CLT is to use mechanical properties of a unidirectional lamina with orthotropic properties (E1, Eo,
vi2 and Gi12) to describe the elastic behaviour of a laminate that is formed by compiling a number

of laminae together with specific orientation. This section introduces the constitutive equations

derived from CLT.

The laminate is a thin plate subjected to a plane-stress loading condition. Each lamina has
orthotropic elastic properties. The stress-strain relationship for a unidirectional lamina is given by:

] Q11 Q12 0
{‘72} = [Q12 Qn O

&
[ & ] Equation 4-1
T12 0 0 Qg

}/12

where subscripts 1 and 2 are the filament and transverse directions, respectively, ¢ normal stress,
T in-plane shear stress, € normal strain, y in-plane shear strain, and @;; the reduced stiffness which

is expressed as a function of mechanical property constants of the unidirectional lamina, as shown

below:
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_ E; _  VizEp —
Qll - s Q12 - s QZZ 1-V12Vaq

v v .
, Q¢ = Gy, and =2 = 2 Equation 4-2
1-v12V21 1-v12V21 E;

E;

In the above equations, there are four independent material constants and one dependent material

constant:

E;: elastic modulus in the filament direction

E,: elastic modulus in the transverse direction

G15: in-plane shear modulus

V12 major Poisson’s ratio

V41 : minor Poisson’s ratio which is a dependent constant

The stress-strain relation for an angle lamina, as shown in Figure 4-1, can be described using two
coordinate systems, a local coordinate system which is the one used for unidirectional lamina with
axis 1 in the fiber direction and axis 2 the transverse direction, and a global coordinate system with
x- and y-axes being the loading and transverse directions, respectively. Figure 4-1 presents the two
coordinate systems, with the loading in the vertical direction. Angle between x-axis and 1-axis is

denoted as 0.

%

\ loading
) \‘\_

Figure 4-1 Schematic of an angle lamina showing local 1-2 and global x-y coordinate systems.

The stress-strain relation for a unidirectional lamina in the global x-y coordinate system can be

expressed as:
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Ox (2 11 g12 g16 x

[Gy] =10y, 0, 0, [ &y ] Equation 4-3
Fxy Q26 Q26 Qosl Vv

[Qi j] is the reduced stiffness matrix in in the global x-y coordinate system. Each element in [Ql j]

is related to the reduced stiffness matrix in the local 1-2 coordinate system, with Q;; and 6

expressed using expressions below in which c=cos and s=sin6:

611 = Qu1¢* + Qgp5* + 2(Q12 + 2Q66)52C2

Q12 = (Qu1 + Q22 — 4Qe6)s%c? + Qr2(c* +5%)

sz = Qq15* + Qpc* + 2(Q12 + 2Q66)52C2

Qlé = (Q11 — Q12 — 2Q66)c>s — (Q22 — Q12 — 2Qe6)S°¢C

st = (Q11 — Q12 — 2Qs6)s3c — (Q22 — Q12 — 2Qs6)C>s

Qo6 = (Q11 + Q22 — 2Q12 — 2Qe6)s*c? + Qs (c* + %) Equation 4-4
With Equation 4-4, the reduced stiffness matrix for laminae of different 6 values can be determined.

By stacking n laminae together in a designed sequence, a laminate is formed as shown in Figure
4-2, in which the mid-plane is x-y plane with z-axis in the upward direction. Thickness for layer k

is expressed as hi-hi.1.

A A

Layer n
A
h A
" Layer k h/2
h]r—l 4
hyc
hi-1 z | ——Mid-Plane B
A
h2
hy
Layer 2 hy h/2
Layer 1 v v

Figure 4-2 Schematic description of an n-layered laminate
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Based on the CLT concept, the resultant normal and shear forces of the laminate, Ny, Ny and Ny,

are related to the mid-plane strains, &, &) and ;ﬁy, and mid-plane curvatures, iy, &, and iy,

where ., represents the twist curvature of the middle plane. This expression is given below:

&

Nx All A12 A16 Bll BIZ Bl6 Kx
Ny = A12 Azz A26 g:())l + B12 Bzz B26 Ky Equation 4'5
ny A16 A26 A66 7};(3} BIG BZG B66 ny

Similarly, the resultant bending and twisting moments of the laminate, My, My and My, are also

related to the mid-plane strains and curvatures, as shown in the equation below:

M.] [Bix Biz Bis]|®| [Dix Diz Die][ %
My = BlZ Bzz BZ6 g:())/ + D12 DZZ D26 Ky Equation 4'6
M, Bis Bzs Bee jfcy Dig Dys DeellXxy
The matrices A, B, and D above are defined as:
Ajj = k=1(éij)k(hk — hy-1)
1 p—
Bij = > Zr=1(Qij) (A% — hf-1)
1 = .
D = 5271}=1(Qij)k(hli - hzsc'—1) Equation 4-7

The resultant forces and moments for FDM parts can be determined using Equations 4-5 and 4-6

as functions of Qj and thickness for each lamina, denoted as (Ql f)k and hy-hy.1, respectively, for

the k™ lamina [35] [36].

4.1.2 Literature review

Some researchers have already used CLT to describe the mechanical behaviour of the FDM parts.
Casavola et al. [37] determined experimentally the Young’s modulus for ABS and PLA with the
stack sequence of [+30/—30/0/—30/+30]. They also used CLT to describe the mechanical behaviour
of FDM parts by firstly determining E; and E, experimentally using single layer of FDM parts
with raster angles of 0° and 90°. Value for v;, was determined by using strain gauges to measure
experimentally the longitudinal and transverse deformations of 0° specimens, and G, by (Give
the generic nature of the measurement), following ASTM D3518-94. The results show that CLT
can predict well the elastic modulus for FDM parts of ABS and PLA laminates of
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[+30/-30/0/-30/+30] with errors of 1.07% and 5.37%, respectively. Mishra et al. [38] used CLT
to predict the in-plane stiffness of polylactic acid (PLA), polylactic acid carbon black (PLA CB)
and PLA/PLA CB biomaterial structures in three laminate configurations (0°, 0°/90° and +£45°),
using the same approach as Casavola et al. [37], to determine E;, E;,,v;, and G;,. The results show
that accuracy of the prediction is varied by the laminate configuration and material types. For
example, [+45°] PLA/PLA CB composite specimen has the highest deviation of 19.75% compared
to the experimental data, while the deviations for [+45°] PLA and PLA CB specimens were 0.94%
and 0.3%, respectively.

Alaimo et al. [39] also used CLT to predict FDM specimens of ABS with raster angles of 20° and
70°. Similarly, they used 0° specimens to determine E; and v,,, and 90° specimen to determine
E,. For G;,, they measured the elastic modulus of 45° specimen experimentally, based on which
G4, value was determined [40][41]. The results show that some of the experimental data had good
consistency with the estimation based on CLT, but CLT overestimated other experimental data.
Magalhaes et al. [42] used CLT to predict elastic modulus of ABS specimens of [+15°]s and [£75°]s,
and found that the prediction was close to the experimental values but still have some noticeable
deviations. They suggested that this is because CLT does not consider voids, and in their study the
void distribution and shape (triangular, diamond or rectangular) showed variation among laminates

of different configurations.

All of the above studies applied experimentally determined elastic properties (E;, E;, v, and G;5)
of uni-directional lamina to CLT directly without considering the possible effects of voids.
Although some their predictions are in the acceptable range of deviations from the experimental
results, other results still show the possibility of significant deviations which could be reconciled
by considering the presence of voids, but such an idea was never verified. In addition, none of the
studies has ever considered the viscous, time-dependent deformation behaviour of polymers,
which should not be included in the use of CLT to predict mechanical properties. Therefore, the
aim of this part of the study is to predict the mechanical behaviour of 3D printed specimens, with
the consideration of volumetric content of voids and removal of the viscous contribution to the
mechanical properties. In the end, possible modification of CLT to improve prediction of

mechanical properties for 3D printed specimens is discussed.
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4.2 Approach of applying CLT

4.2.1 Applying analytical equations from CLT to 3D printed specimens
This section describes the application of CLT to [+60°]¢ 3D printed specimens, The stress-strain

relation is given below, with the detailed derivations provided in Appendix A.

Gy ?11+6 ?12+6 0 82
I 0 l = Q12,9 Q2249 0 &5 Equation 4-8
~ 0
0 0 0 Q66+e yxy

where Q; Jie is the stiffness for the [10°]; 3D printed specimen, for which the strains are
expressed as:

-1

& ?11+6 ?12+6 0 Oy
&= Q2,9 Q22,49 0 [ 0 l Equation 4-9
Zol L0 0 Qesyel °

The inverse matrix of Q; Jto is denoted Q; j*+ 0’ i.e., the compliance matrix for the [+60°]¢ 3D printed
specimen. Then, the elastic modulus in the x-direction for [+0°], 3D printed specimen is:

E, = ! Equation 4-10

- = *
Qi149

where Qllie is the element 11 in the Q; j*+ o - Thus, the elastic constants Eq,E,, v, and Gy, for a
unidirectional lamina need to be determined to predict the elastic modulus.

4.2.2 Determining E4 and E;

The first step of applying CLT is to find the reduced stiffness matrix Qjj which requires
determination of the elastic constants of the unidirectional lamina E,,E,, v;, and Gy, . V45 is

chosen to be 0.33 for both FEM simulation and CLT analysis [43]. This section focuses on the

determination of elastic constants E; and E, based on FEM simulation of the experimental results.

The stress-strain relation for a [0°] 3D printed specimen is:
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01 Q11 Q12 0 ‘511)

l 0 l = Q12 Q22 0 8(2) Equation 4-11
0 0 0 Qeed|p,

This is based on Equation 4-8 with zero values for o, and 7;, due to the experimental set up,

exactly same as the Equation 4-1 for the unidirectional lamina. Thus, the elastic constants for

unidirectional lamina can be represented by using the elastic constants of [0°] 3D printed specimen.

Since stresses considered in CLT are all independent of time, the analysis should use the time-
independent QS stress components, determined from the MR test, rather than the total applied
stress which also contains time-dependent viscous stress. In this study, the QS stress vs. stroke
curve during the initial loading stage for the stroke less than 0.1lmm was used to determine the QS
elastic modulus for the specimens. Figure 4-3 (a) presents the curve of applied stress vs. stroke for
a [0°] specimen. The curve shows a linear increase during the initial loading stage with the slope
of 64.486 till the first stress relaxation. However, the specimen experienced a sudden stress
increase at the onset of the stress relaxation. Causes for such a sudden stress increase are unknown
at this stage, but is suspected to be related to the driving system of the machine which includes a
rubber belt. As shown in Figure 4-3 (a), the applied stress increased suddenly from 5.87MPa to

8.76MPa at the onset of stress relaxation, resulting in a stress overshooting of 49%.

The recorded ,.(0) at the beginning of the first relaxation stage is 0.34MPa. Therefore, based on
the proportionality between applied and QS stresses, the actual 6,.(0) before the overshooting
should be:

o,(0) after overshooting _ 0.34MPa

= 0.23MP
1 + overshooting % 149% ¢

0,(0) before overshooting =

With the same concept the overshooting at the second relaxation stage is 20% and the ©.(0)
before the overshooting 0.59 MPa. Figure 4-3 (b) presents o;.(0) before the overshooting as a
function of stroke for the first two relaxation, which can be fitted using a quadratic function. And

the corresponding function for QS stress during the initial loading stage can be determined as:

f(QS) = f(a4) — f(c.:(0) before overshooting)

= 64.486x — (0.7985x% + 2.2718x) = —2.2718x% + 62.21x
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The above function is plotted in Figure 4-4, based on which the FEM simulation was used to find
the QS elastic modulus (E;) through reproducing the fitting curve for the data shown in Figure 4-
4 (with stroke up to 0.1mm). The E; value determined from the FEM simulation is 1800M Pa.
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Figure 4-3 Curve fittings for MR test results of a [0°] 3D printed specimen vs. stroke: (a) Linear
curve fitting for the initial applied stress, with circles to indicate the overshooting of applied
engineering stress at the onset of the relaxation stages,(b) Polynomial curve fitting for the first
three points of o,-(0).
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Figure 4-4 Linear fitting of QS stress vs. stroke quadratic function based on experimental data
with FEM simulation results for a [0°] 3D printed specimen, using QS elastic modulus of
E,=1800MPa
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The QS elastic modulus may vary for the same type of 3D printed specimens due to data scattering,
at least one more E; value is needed to evaluate possible variation for the E; values. Since the
o,(0) values from two duplicate MR tests suppose to be very close to each other during the early
relaxation stages, thus the same o.(0) function as shown in Figure 4-3 (b) will be used for another
set of MR test for a [0°] 3D printed specimen, the experimental applied stress slope for another

[0°] specimen is 61.03, thus E; = 1700 MPa is determined.

The same analysis approach is used for [90°] 3D printed specimen, for which axis 2 is the loading
direction. Comparison of the initial slope of engineering stress vs. stroke from the MR test and
monotonic tensile test is shown in Figure 4-5 (a) below, with using the same &,.(0) function before
overshooting determined from MR test for [90°] specimen, as shown in the Figure 4-5 (b). The
results of E, are 900MPa, 840MPa and 800MPa. For the comparison, only the largest and the
smallest E, values were chosen to evaluate the variability of the prediction based on CLT, i.e.,

using E, =800 and 900 MPa.
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Figure 4-5 The initial slopes of engineering stress vs. stroke curves for [90°] 3D printed
specimens using MR test and monotonic tensile test.

In summary, two E; values 1800 MPa and 1700 MPa and two E,values 900 MPa and 800 MPa
were used to have four possible sets of E; and E, values that were used to predict QS elastic

modulus E, for [£60°]s 3D printed specimens.
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4.2.3 Prediction of the elastic constants

The remaining unknown elastic constant for the unidirectional lamina is G;,, which was
determined following the approach given in ref. [35], for which the determination required
filament volume fraction (V) and void volume fraction (V,) for the FDM parts. For this purpose,
XCT technique was used to determine the volume fraction for filament and void in the 3D printed

specimens.

As shown in the Figures 4-6 (a), (b) and (e), five different regions (darkened areas) were chosen
to determine the volume fractions for each type of specimens. With the consideration that 3D
printed [90°] specimens have the same volume fractions as the [0°] specimens, no test was
conducted on the former specimens to determine their V; and Vj, values. Figures 4-6 (¢) and (d)
used red circles to show some examples of imperfections in the 3D printed [+30°]¢ specimens.
These areas were avoided in the examination. The XCT results are shown in Figure 4-4. The figure
suggests that for the same type of specimens, difference of V; among five chosen areas is around
1%. Therefore, a 1% error bar is used for each data point in the figure. The results show that the
difference of V; among different types of 3D printed specimens is negligible, especially with the
consideration of the 1% error. This means that the change of the printing directions has little effect
on V;. As aresult, amean V; value of 88% is chosen for 3D printed [0°] specimen for the prediction
of the elastic constants, and the same V; value is used for [+30°]; and [+45°]; 3D printed

specimens.
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Figure 4-6 Segment processing of scanned 3D printed specimens in which five different stages
(darkened area) were chosen for a 3D printed specimen: (a) [0°], (b) [£30°]s, (c) imperfections
in the [£30°] at the right side, (d) imperfections in the [+30°] at the left side, and (e) [£45°]
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Figure 4-7 Plot of filament volume ratio (Vf) in % of total volume, vs. raster angle (°) with
error bar of 1% for three different types of 3D printed specimens. Five stages were chosen for
each type of specimens.

For 3D printed specimens, there is there is no additional material used as the matrix. Rather, the
matrix is represented by the same material that bonds the adjacent filaments. So, the rest of 12%
is the average matrix volume V},, which represents the combination of voids and bonding material
between the filaments, which are assumed to be a homogenous, elastic, and isotropic, with the
properties directly related to the bonding between the filaments. As a results, the 3D printed
specimen can be considered as a composite material that consists of filament and an average matrix,

both being isotropic.

To determine the elastic constants for the ‘composite material,” shear modulus (G,,) for the

filament and for the average matrix, Gy and G,,, respectively, need to be determined first, based
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on linear elastic, isotropic material properties. G¢ and Gy, are related to E¢, Ep,, vf and v;, by the

equations below [35]:

_ _ Erf
G = 2(1+vy)

_ _Em
m o 2(1+vy)

Equation 4-12

Values for the four constants that are needed to calculate Gy and Gy, are assigned to be filament
QS elastic modulus for E¢, average matrix QS elastic modulus for E,,, filament Poisson’s ratio for
vy and average matrix Poisson’s ratio for v;,,. A unidirectional lamina can be represented by a

periodic structure that is formed by a representative volume element (RVE), defined as the smallest
part of the material that can represent the whole material structure. Based on the strength of
materials approach [35], the RVE can be represented by rectangular filament surrounded by the

matrix, as shown in the Figure 4-7 [35], with E; and E, expressed as functions of Ef and E,;:
E; = EfVr + EnVp Equation 4-13

A _YyVm ion 4-
B, B/ + En Equation 4-14

After Eq, E,, Vf and V,,, were experimentally measured, Eqn.4-13 and 4-14 could then be used to

determine Ef and E,, values.

Based on the strength of materials approach [35], Poisson’s ratios for filament (v¢) and average

matrix (v,,) have the following relationship with v;,.
Vip = VeV + vV Equation 4-15
Based on v;,=0.33, and vy = 0.35 [44], value for v,, was determined to be 0.18.

Values for Gy and G,, were determined using Equation 4-12, which were then used to
predict the value for G;,. Based on the mechanics of materials approach [35], G, is expressed

as:

1 _Vy Vin

6 6 om Equation 4-16
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Figure 4-8 Cross section view of representative volume element (RVE) of a unidirectional
lamina based on mechanics of materials approach, blue area is filament and white area is
matrix.

All the elastic constants needed in CLT to predict elastic modulus for a unidirectional lamina,
based on the mechanics of materials approach, are summarized in Table 4-1 with four

combinations of possible E; and E, values.

However, Hashin [45] reported that for unidirectional glass/epoxy lamina with V in the range
from 0.45 to 0.75, experimental results of E, and G;, are higher than those predicted using the
mechanics of materials approach, suggesting that the mechanics of materials approach may
underestimate the E, and G, values for fiber composites. Therefore, elasticity model [46][47] was
introduced. Since the predicted values for E; and v, using the elasticity model are very similar to
those using the mechanics of materials approach [45], only equations from elasticity model to
predict E, and G,, were considered. For the prediction of G;,, one elasticity model named
composite cylinder assemblage (CCA) model was adopted [45]. RVE for the CCA model is a
single solid cylinder (filament) surrounded by cylindrical matrix, arranged in a hexagonal packing
pattern with the maximum fibre volume fraction of 91% [53], so CCA model is valid to be used

for specimens with V;=88%. as shown in Figure 4-8. The corresponding equation for G,

expressed in terms of G, and Gy [45] [48-50], is:

Gme+Gf(1+Vf)

G2 = ™ G (Vi + G (14V f)

Equation 4-17
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Figure 4-9 RVE of a unidirectional lamina based on CCA model(left), front view 1-2
axis(middle) and top view 2-3 axis (right).

Another elasticity model, named three-phase model [45] where the filament is surrounded by

matrix and then surrounded by a homogeneous material that is equivalent to the composite, is used

to derive the exact solution for E, [45] for which the expression is given below.
EZ = 2(1 + V23)G23 Equation 4-18

where v,5 is the transverse Poisson’s ratio and G5 the transverse shear modulus on the 2-3 plane.

The transverse Poisson’s ratio v, is given by [51]:

_K"-mGas .
Va3 TG Equation 4-19
where m is expressed as:
2
m=1+ 41{*”;—2 Equation 4-20
1

And K~ is the bulk modulus of the composite material, expressed as:

K* = K (K +Gm )Vin +K s (K +Gm)V 5
B (Kf+Gm)Vm+(Km+Gm)Vf

Equation 4-21

K; and K,, are filament bulk modulus and average matrix bulk modulus, respectively. The

equations are given by:

_ Ef
Ky = 2(1+vp)(1-2v)

— Em
T 214V (1-2vim)

Equation 4-22

m
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The transverse shear modulus on the 2-3 plane, G,3, is determined using the following function

[48]:

G23 G23

2)2 +2B(2

( ) + C=0 Equation 4-23

where A, B and C are:
A=V 2 = Dy +17) + m + 150m = e = 1)V 1V (r — 1D — (7 + 1]

B=3VV*(y = Dy +1p) +5 [Vt + & = DV + 1[G = Dy + 1) = 207 —

Da)Vp*] + L (e + D& = DIy + g + (i — 1)V

C=3Vi 2 (y = Dy + 1) + [¥im + & = DV + 1[y +1p + (v — 1)V

G
Ny =3—4v NMm = 3 —4v, y=—f

Equation 4-24
Gm

V,3 and G,3 are related to the other elastic constants that were introduced before, and thus by using
equation 4-17 and 4-18 for the prediction of G;, and E, based on the elasticity model approach,
with equations 4-13 and 4-15 for the prediction of E; and v;, from the mechanics of materials
approach, all of the elastic constants for the unidirectional lamina which are needed for CLT can
be determined. The MATLAB code used to solve the system of equations of Equations 4-12, 13,
15 and 17-24 are given in Appendix B. By taking E;=1800 MPa and E,=800 MPa as an example,
results are summarized in Table 4-1 with two possible values for each of E; and E,. Note that the
predicted G;, using the elasticity model approach has a better agreement with Hashin’s [45]
experimental data. However, the experiment data presented in ref. [45] are for fibre composite
materials only. It is not clear whether this model is also suitable for 3D printed PETG. Therefore,
G1, values obtained from both the mechanics of materials approach and the elasticity model
approach are presented to evaluate their suitability for prediction of the QS elastic modulus E, for

the 3D printed PETG.
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Table 4-1 Elastic constants for [0°] 3D printed specimen using two prediction approaches with
four combinations of E; and E,, grey cells are the data known and white cells are predicted data.

E1/E2 E1/E2 E1/E2 E1/E2
Combination | Combination | Combination | Combination
#1 #2 #3 #4
E,/E, (MPa) 1800/900 1700/900 1800/800 1700/800
Vi 0.33 0.33 0.33 0.33
Mechanics of materials approach
G, (MPa) 361 360 323 322
E{(MPa) 2021 1907 2025 1911
E,,(MPa) 178 185 147 152
Elasticity model approach
G, (MPa) 378 375 342 339
E:(MPa) 2030 1916 2033 1919
E,,(MPa) 114 118 94 97

As shown in Table 4-1, for the same E; and E, values, the predicted G;, using the mechanics of
materials approach is slightly smaller than that using the elasticity model approach. The main
difference between the extruded specimen and [0°] 3D printed specimen is the presence of voids
in the [0°] specimen, thus the E¢ value should be close to the QS elastic modulus for conventionally
extruded specimen. The QS elastic modulus for conventionally extruded specimen is
experimentally determined to be 2090 MPa which is close to the E¢ values presented in Table 4-1.

Therefore, this verifies the validity of using this approach to predict E¢ values.

4.2.4 Prediction QS elastic modulus E, using CLT

The predicted results for [+30°], and [+45°], 3D printed specimens using mechanics of materials
approach and elasticity model approach are shown in Table 4-2. The average values of the
predicted results using different combinations of E; and E, values with max/min values are also
shown in Table 4-2. For given E; and E, values, the predicted E; values using the mechanics of
materials approach are slightly lower than using G, from the elasticity model approach, due to
the lower value predicted for G;, from the mechanics of materials approach. Calculation details
for the prediction of E, values are shown in Appendix C, taking E;=1800 MPa and E,=800 MPa

as an example.
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Table 4-2 Predicted results using CLT for [£30°]; and [145°]s specimens, grey cells are the
average values of the results for the four E; and E, combinations and Max/Min predicted values.

E;/E, combination | 1800/900 | 1700/900 | 1800/800 | 1700/800 | Average Max/Min
predicted
value
Mechanics of materials approach
Ey [£30°]; (MPa) 1315 1272 1253 1211 1263 1315/1211
E, [1+45°]s (MPa) 1021 1011 926 917 969 1021/917
Elasticity model approach
E, [£30°]; (MPa) 1341 1295 1284 1238 1290 1341/1238
E, [+45°]; (MPa) 1054 1040 966 952 1003 1054/952

The QS elastic modulus for [+30°], and [£45°]¢ 3D printed specimens are also determined by
using the experimental data and FEM simulation. The experiential results from FEM simulation
are all shown in the Figure 4-10 with black open circles. The average predictions with error bars
to show the maximum and minimum values of the predicted results, as the upper and lower bounds
of the predictions, are also included in Figure 4-10, also indicated in Table 4-2 using grey cells.
Red open circles in Figure 4-10 are the average predicted results using the mechanics of materials
approach, and blue open circles the average predicted results using the elasticity model approach.
Figure 4-10 suggests that the predicted results for [+30°], specimens are close to but higher than
the average of the experimental results, with the overestimation being 9.8% and 12.2%, for
mechanics of materials approach and elasticity models approach, respectively. For the [+45°],
specimens, the predicted results from either approach are closer to the average of the experimental
data, partly because the two experimental data for the [+45°] specimens are closer to each other

than the two experimental data for the [+30°], specimens.
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Figure 4-10 Predicted E, using CLT with two approaches to predict G, and FEM simulation of
experiment results for 3D printed specimens with different angles.

Difference of the predicted elastic constants using the mechanics of materials and the elasticity
models is not significant for the 3D printed PETG. No matter which approach is chosen, CLT can
be used to provide a reasonable prediction of Ey for [+30°], and [+45°]; 3D printed specimens.

4.3 Modified CLT using adjusted E,, to predict E,
Although CLT can predict the QS elastic modulus E, for [£30°]s and [1+45°], specimens, the

predicted results overestimate slightly the measured values for the [+30°], specimens, consistent
with results reported in another work [39]. Therefore, it is possible that the overestimate is due to
the initial assumptions of the CLT which does not consider the effect of void distribution on the
3D printed specimens, even though the void content has been considered using V. In this study,
the CLT is slightly modified by considering the effect of void distribution, based on which the
elastic properties of 3D printed specimens are predicted using elastic properties of filament and

average matrix that are determined separately.
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4.3.1 Difference of interlaminar contact area among specimens of different raster angle
configurations

One possible effect of voids is the difference in the interlaminar contact area among specimens of
different raster angle configurations. As shown in Figure 4-11, the difference in the interlaminar
contact area is shown using three unit cells of 1x Imm?. Blue area in each unit cell of Figure 4-11
represents the interlaminar contact area among filaments. Figure 4-11(a) is for [0°] specimen, with
the assumption that filaments between layers are perfectly aligned, so that the interlaminar contact
area is 88% of the total area, with the rest of the area occupied by voids. For the [£30°]; and
[£45°]; specimens, as shown in the Figures 4-11 (b) and (c), respectively, the interlaminar area
between 30° and -30° layers and between 45° and -45° layers are shown in blue colour, which
results in a decrease in the interlaminar contact area to 73% of the total area, which is caused by
some sections of the filament being in contact with voids due to the alternate printing directions.
The decrease in the interlaminar area could cause decrease in the mechanical performance of the
[£30°]s and [+45°]; specimens, which could not be considered by CLT as the CLT only
considers in-plane contribution of the mechanical properties. As a result of the decrease in the

interlaminar contact area, the use of elastic constants for [0°] 3D printed specimens to predict E,,

for [£30°]; and [£45°] specimens, CLT could overestimate the predicted results.

Figure 4-11 Schematic description of difference of interlaminar area (blue area) among different
raster angle configurations using 1mm? unit cell: (a) [0°] interlaminar area of 0.88mm?, (b)
[+30°], interlaminar area of 0.73mm?, and (c) [£45°], interlaminar area is 0.73mm?.

As value for E,,, here reflects directly the bonding between filaments, with the assumption that
little bonding exists between filaments in the same lamina, bonding between the filament comes

mainly from the interlaminar contact area. Therefore, decrease of the interlaminar area can cause
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decrease of the equivalent E,,, value. In the case of [+30°], and [+45°], specimens, the use of the
elastic constants of [0°] specimen is expected to cause overestimate of the bonding by 17%, as
shown by the calculation below.

88% — 73%

=179
88% o

%decreasing =

With the above consideration, using the same Ef and v;, values from Table 4-1, but with the E,
values decreased by 17% from the original E,,, values could result in different values for the
predicted E;, E, and G;, from those based the original E,,, values from Table 4-1. A MATLAB
program has been developed to solve the system equations using the elasticity model approach, as
shown in Appendix D, taking E,=78 MPa and E{=2033 MPa. The predicted elastic constants E;,
E, and G, based on adjusted E,,, are shown in the Table 4-3, the original elastic constants from
Table 4-1 are also shown in Table 4-3 for comparison, which shows that those predicted elastic
constants are all decreased with using adjusted E,,, values compared with the original elastic

constants.

Table 4-3 Predicted elastic constants for prediction of Ey, based on adjusted E,, and original Ej,
grey cells are the data known and white cells are predicted data.

E,/E, combination in Table 4.1 1800/900 | 1700/900 | 1800/800 1700/800

V1o 0.33 0.33 0.33 0.33

Mechanics of materials approach

E¢(MPa) based on [0°] specimens 2021 1907 2025 1911

Adjusted E,,,(MPa) by 17% decrease 148 154 122 126
G, (MPa) (G;, in Table 4.1) 324 (361) | 324 (360) | 286 (323) | 286 (322)
E,/E,(MPa) 1796/802 | 1697/806 | 1797/705 | 1697/708

Elasticity model approach
E¢(MPa) based on [0°] specimens 2030 1916 2033 1919
Adjusted E,,,(MPa) by 17% decrease 95 98 78 81

G, (MPa) (G;, in Table 4.1) 344 (378) | 341 (375) | 308 (342) | 307 (339)
E,/E, (MPa) 1798/807 | 1698/805 | 1798/709 | 1698/713

4.3.2 Prediction of QS elastic modulus E, using modified CLT

The QS elastic modulus E,, for [£30°], and [+45°], specimens is now predicted using Equation

4-10 again, based on the elastic constants shown in Table 4-3 which were after the decrease of E,;,

by 17%. The average % decrease compared to the original CLT prediction is:
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Average % decrease compared to original CLT prediction =

Average orginal CLT predction — Average modified CLT predction
Average orginal CLT predction

x 100%

Equation 4-25

the results show that average percentage decrease using modified CLT compared with original
CLT predictions for the [+30°], specimen is about 4-5% while that for the [+45°], specimen is
about 8-9%.

Table 4-4 Prediction of results using modified CLT for [£30°]s and [+45°], specimens, grey
cells are the average values of the results for the four E; and E, combinations and Max/Min
predicted values.

Original E; /E, | 1800/900 | 1700/900 | 1800/800 | 1700/800 | Average Max/Min Average %

combination predicted decrease
value compared to
original CLT
prediction
Mechanics of materials approach
Predicted E, 1253 1213 1189 1150 1201 1253/1150 4.8%
+[30°]; (MPa)
Predicted E, 930 923 836 829 880 930/880 9.2%

+[45°], (MPa)

Elasticity model approach

Predicted E,, 1286 1240 1227 1185 1235 | 1286/1185 4.3%
+[30°], (MPa)
Predicted E,, 971 956 882 873 921 971/873 8.2%

+[45°], (MPa)

Average of the predicted results using square symbols and Max/Min values using error bars to
indicate the upper and lower bounds of the results are presented in Figure 4-12 (data are grey cells
in Table 4-4), original predicted results from Table 4-2 are also presented in Figure 4-12 using
triangular symbols for comparison. Data in blue colour are based on the elasticity model approach
and in red colour based on the mechanics of materials approach. The experimental results are

shown in Figure 4-12 using open black circles.

71



1600

1400 A

1200 | %Eﬁg@é

©
a
2
%]
=
3 1000 - o S | 4
o [0 Modified CLT prediction using mechanics of @8
LE) materials approach [I]
e 800 4 [ Modified CLT prediction using elasticity model
© J approach
It O FEM simulation of experiment results
Q600 - P
-
© ]
{
‘w400 A
o 1 A CLT prediction using mechanics of materials
g approach
200 4  ACLT prediction using elasticity model approach
0 Ll 1 T T T T T T T
0 10 20 30 40 50

Raster Angle(°)

Figure 4-12 Predicted E, using modified CLT with adjusted E,,, equals to 83% of original E,,,, the
original CLT prediction results using two prediction elastic constants approaches, and FEM
simulation of experimental E, results.

After modifying the E,,, value, all values for the predicted results dropped, with the predicted
results for the [+30°]¢ specimens being closer to the experimental results, suggesting that
modified CLT provides a better prediction for [+30°] specimens. For the [+45°], specimens, the
predicted results from either the Mechanics of materials approach or the Elasticity model approach
are still close to the experimental results, but without a clear improvement from the original CLT

method.

Prediction based on CLT is suggested to use the time-independent QS stress, rather than the applied
stress which includes the time-dependent component. Overall, the CLT can provide a reasonable
prediction of the QS elastic modulus for [£30°], and [+45°]s specimens using the above two
approaches, and there is no clear difference between the two approaches in this study.
Modifications of the CLT is presented which considers effect of voids in the interlaminar region,

due to change of the raster angle configurations, on the E,, values, even with the same V. This

modification provides improvement in the ability of CLT to predict the experimental results.
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Chapter 5 Summary and future works

Main findings of the work done in the thesis are summarized below, followed by suggestions for

the future work.

5.1 Summary of current work

This study focuses on an increasingly used 3D printed material PETG. Although some researchers

already investigated the mechanical behaviours of the PETG 3D printed specimens, few of them

focused on the analysis of relaxation behaviour of PETG. In this study, a newly developed MR

test 1s used to characterize the relaxation behaviour of PETG specimens to determine the quasi-

static stress component. The main findings in this study are summarized below:

1.

The presence of holes in specimen tabs has significantly degraded the mechanical
performance of [0°] and [£30°]g 3D printed specimens as their fracture locations are
around the holes. Therefore, 3D printed specimens without holes have been chosen for the

analysis.

Comparison of MR test results for conventionally extruded and 3D printed PETG
specimens was made. The results show that [0°] specimen is less stiff than the extruded
specimen, but the ratio of QS stress to the applied stress do not show any clear difference.
Therefore, it is believed that the differences between PETG specimens using these two

methods are mainly caused by the voids in the [0°] specimens.

Comparison of MR test results for 3D printed specimens with different raster angle
configurations, [0°], [£30°], and [+45°], suggests that the raster angles have significant
effects on the mechanical performance of 3D printed specimens, with the stiffness in the

order of [0°] > [£30°]s>[1+45°],.

Different 3D printed specimens show different fracture behaviour. [0°] specimen survived

from the test, and [+30°] and [+45°], specimens started fracture in the middle of the tests.

Raster angles have a significant effect on the relaxation behaviour of 3D printed specimens,

the ratio of QS to applied stresses for 3D printed specimens shows some difference.
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6.

10.

For each type of PETG specimens, the relationship between applied stress and QS stress,
and relaxation fitting parameters (oG, (0), 6, and t,-) are investigated. Three obvious

transition points for applied stress were detected during the deformed process.

The comparison of applied stress with QS stress, ,.(0), 6, and t,- among different types
of PETG 3D printed specimens suggests that the stress curves for the [+30°]¢ specimen
decreasing slowly and then fractured after the second transition point. This is different from
the stress curves for any other PETG specimens. Variation of 6,.(0), 6, and 7, as a function
of stroke for the [+30°], specimen after the second transition point also showed different

behaviour compared to other types of specimens.

G, curve does not always reflect the first transition point in applied stress curves for all
types of PETG specimens, but 6,.(0) curves do. 7, value shows little correlation with the
transition points of the applied stress. However, different 7z, values are needed for different

range of stroke.

Time independent QS stress is suggested to used for the analysis of CLT, CLT is valid for
prediction of the QS elastic modulus E, for [+30°], and [£45°], 3D printed specimens.

With the consideration of the effect of voids on the mechanical performance of 3D printed
specimens with different raster angles, modifications to the CLT can provide better

prediction.

5.2 Future work

Suggestions for the future works are summarized below:

1.

The possible transition points from G, curves between the second and the third transition

points need to be further investigated.

The 3D printed specimens with 100% infill percentage still have voids in the specimens.
Possibility of producing 3D printed specimens without voids should explored in the future
study, to improve consistency of the results and to remove the potential effects of voids

when making comparisons among different types of 3D printed specimens.

Microstructural analysis and additional experiments are needed to investigate the

difference of fracture behaviours among 3D printed specimens
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4. The behaviour of overshooting of the applied stress at the onset of each relaxation stage

for PETG specimens need to be further investigated.
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APPENDIX

Appendix A Detail calculations of applying CLT equations to 3D printed specimen

Applying analytical equations from CLT to the 3D printed specimens with different raster angle
configurations. Since the midplane curvatures are 0 due to the experimental setup, the equations

from CLT can be rewritten as:

[ N, | (A1 A1z Age]
Ny = A12 Azz Aze
_ny_ —A16 A26 A66—

:Q% Su ><°’i::

My] [Bi Bi Big)| %
My | = (B2 Bz Bis ‘5?/ Equation A-1
(Myy| LBis Bas Beel 7)923/

For all 3D printed specimens, each layer thickness is 0.2mm with total of 16 layers, 8 layer on the
top of the middle plane and 8 layers on the bottom, so h/2 is1.6mm and hj-h;_; is 0.2mm. For
[0°] 3D printed specimen, since each lamina is unidirectional lamina with direction 1 for the
filament direction and direction 2 for the transverse direction, so the reduced stiffness matrix for

[0°] 3D printed specimen is Q;;. In Equation 4-7, the matrix A for [0°] 3D printed specimen is:
Ajj = ﬁ:l(Qij)k(hk — hy—1)
Aj=0Q;*(-14-(-16) + Q;; * (-12 = (-1.4)) + -+ Q;; * (1.6 — (1.4)) = h = Q;;
Where h is the thickness of the specimen, 3.2mm. The matrix B for [0°] 3D printed specimen is:
B = % r=1(Qij), (i = Ri_D)

Bij= (Qyj * (—14)% = (=1.6)2) + Qi * (-1.2)2 = (=14)%) + - + Q;; x (142 — 1.22) +

Q;j * (1.6* — 1.4%))=0 Equation A-2

The angle from x-axis to printing direction clockwise to de defined as positive raster angle, but
from Fig.4-1, the angle lamina with angle 0 is counterclockwise from x-axis. Therefore, the

reduced stiffness matrices for [£30°], 3D printed specimen can be noted as [Q], 3, for -30°
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laminate layers and [Q]_3, for +30° laminate layers, with 8 of +30° and -30°, respectively. So

[Q] .30 can be written as:

Qll+30 Q12+30 Q16+30
[Q]+30= Q12+30 Q22+30 Q26+30

QlG+30 Q26+30 Q66+30

While the elements in [Q]_3, are relative to the elements in [Q],3, as shown below:

Q11430 Q2430 Q16430
[Q]—30 = Q12+30 Q22+30 _Q26+30
—CQi6430 Q26430 o630

Then matrix A and B for [£30°],3D printed specimen are:

A =[0] 30 * (—14— (-1.6)) + [Qls30 * (-1.2 = (=1.4)) + - + [Ql 30 * (1.4 — 1.2)

Q11+30 Q12+30
+ Q30 * (1.6 = 1.4) = h * Q12,5

0

Q22+30

Q66+30

Bij:% [Q]_30 * ((—=1.4)* = (—=1.6)®) + [Q 430 * ((—1.2)% = (=1.4)H) + -+ [Q] 130 *

(1.4%2 — 1.2%) + [Q] _30 * (1.6% — 1.42))=0 Equation A-3

Similarly, the reduced stiffness matrices for [+45°]; 3D printed specimen can be written as:
(_211+45 @12+45 Ql6+45

[Q]+45= Q12+45 Q22+45 Q26+45

Q16+45 Q26+45 Q66+45

Q11445 Q2445  ~Qi644s
[Q]—45 = Q12+45 Q22+45 _Q26+45
Q16445 Q26445 Q66445

Matrix A and B for [1+45°]s 3D printed specimen are:
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Aij =[Q]_4s * (—14 = (=1.6)) + [Ql 145 * (—1.2 = (=1.4)) + - + [Ql 445 * (1.4 — 1.2)
Q11+45 Q12+45
+ Q45 * (1.6 —1.4) = h Q12+45 Q22+45
0 Q66+45

1

Bij=; ([Q]_45 * (=1.4)* = (=1.6)2) + [Q] a5 * ((=1.2)% = (=1.4)%) + - + [Q] 145 *
(1.4%2 — 1.2%) + [Q]_45 * (1.6% — 1.4%))=0 Equation A-4

So, matrix B is 0 for all types of 3D printed specimen due to the mirror symmetry of the lamina
plates about the middle plane, then laminate resultant moments are 0 for all types of specimens
and resultant forces are directly proportional to the reduced stiffness matrix Q; (Q;j for [0°]
specimen) except for Q, and Q,¢ are 0 due to equal number of +0 and — 0 lamina plates in each
specimen (16 plates for each angle) with a factor of 3.2 which is the total thickness of the 3D
printed specimen. So, the resultant forces can be written as the equation below with angle 6

(Reduced stiffness matrix would become @;;j when 6 is 0°):

N, Qi1, Q12,9 0 &
Ny [=h+« (_?12+9 (\_222+e 0 5?1 Equation A-5
Nicy 0 0 Q66+e ﬁy

Due to the experiment test is uniaxial loading in x-direction, so N,, and N,,, are 0, and Ny is

the normal force per unit length in x-direction, so under the small deformation, Eqn.A-5 can be

rewritten as:

Oy Q11,6 Q1249 0 &
I I Q1z+e Q22,9 0 & Equation A-6
Y

0 6664.9
The stiffness matrix for the [+6°]¢ 3D printed specimen is denoted as éif+e’ then the

strains are given by:

g?c Gll.,.e 6124.9 0 Oy
I l Equation A-7

‘c’?f = 612+e 622+e 0 0
;}3)6)/ 0 0 Q66+9
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The inverse matrix of Qi1'+e is denoted as Qif:e’ which is the compliance matrix of the [+0°],

3D printed specimen. From Equation A-7, 82=Qn*+ecsx, where @11:6 is the element 11 in the

compliance matrix Q;; ., As 2= so the elastic modulus in x-direction for the[ +6°]; 3D
i1 X E, s

printed specimen is:

E, =— Equation A-8

x_—*
Qi14¢

Appendix B MATLAB code for solving the system of equations from elasticity model
approach

The MATLAB manuscript use to solve the system of equations from elasticity model

approach to predict G, and solve other elastic constants.

clear;

clc;

tic;

syms E1 E2 Ef Em Vf Vm vm vf Kf Km v12 Gm Gf G12 gama A nf nm B C ...
G23 v23 Ks m

E1=1800;

E2=800;

Vf=0.88;

Vm=0.12;

vf=0.35;

vin=0.18;

eqnl=E1-Ef*Vf-Em*Vm==0;

eqn2=v12-vf*Vf-vm*Vm==0;

eqn3=G612-Gm* (Vm*Gm+(1+VF) *Gf) / ((1+VF) *Gm+Vm*Gf)==0;

eqn4=Gm-Em/ (2*(1+vm))==0;

eqn5=Gf-Ef/(2*(1+vf))==0;

egn6=Km-Em/ (2*(1+vm)*(1-2*vm) )==0;

eqn7=Kf-Ef/(2*(1+vf)*(1-2*vf))==0;

egn8=gama-Gf/Gm==0;

eqn9=nf-3+4*vf==0;

eqnle=nm-3+4*vm==0;

egnll=A-3*Vf*Vm~2*(gama-1)*(gama+nf)-(gama*nm+nf*nm- (gama*nm-nf)*VFf~+3)...
*(Vf*nm*(gama-1) - (gama*nm+1) )==0;

eqnl2=B+3*Vf*Vm~2*(gama-1)*(gama+nf)-1/2*(gama*nm+(gama-1)*Vf+1)*((nm-1)...
*(gama+nf)-2*(gama*nm-nm)*VF~3) -Vf/2*(nm+1)*(gama-1)* (gama+nf+(gama*nm. ..
-nf)*Vf"3)==0;

eqnl3=C-3*Vf*Vm"2*(gama-1)*(gama+nf)-(gama*nm+(gama-1)*Vf+1)*(gama+nf...
+(gama*nm-nf)*Vf"3)==0;

eqnl4=A*(G23/Gm)"2+2*B*(G23/Gm)+C==0;

egqnl5=E2-2*(1+v23)*G23==0;

egnlé=v23-(Ks-m*G23)/(Ks+m*G23)==0;

eqnl7=m-1-4*Ks*v12~2/E1==0;

egnl8=Ks- (Km*Kf+(VF*KF+Vm*Km)*Gm) / (Vm*KF+VF*Km+Gm)==0;
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[solEf,solEm,solKf,solKm,solvl2,solGm,solGT,...
solG12,solgama,solA, solB,solC,solnf,solnm,s0l1G23,s0lv23,s0lKs, solm]= ...
vpasolve([egnl eqgn2 eqn3 eqn4 eqgn5 eqn6 eqn7 eqn8 eqn9 eqgnle...
eqnll egqnl2 eqnl3 eqnl4 eqnl5 eqnlé eqnl7 eqnil8],...
[Ef Em Kf Km v12 Gm Gf G12 gama A B C nf nm G23 v23 Ks m])

Appendix C Detail calculations of the prediction of QS elastic modulus for [£6°] 3D
printed specimen

The following calculations taking the combination of E;=1800 MPa and E,=800 MPa as an

example. From predicted G, using mechanics of materials approach the reduced stiffness matrix

Qis:

Eq v21E1

Q11 Q12 O] 1-vi12V21  1-Vi2V21 0 [1891.55 277.43 0]
= 0

[Q]Z[Qn Qp O Vv21Eq Ez 27743 84069 0
0 0 Qe6 0 0 323

1-v12V21  1-Vi2V21

0 0 Gy,
Then Qifizo for [£30°]s specimen, based on Eqns.4-4 is:

QU+30 Q12,30 Q22430 443.44 93740 0

Quiyz0  CQizy30 ‘ [146283 44344 0 ]
0 0 Qesrng 489.01

The inverse of Qij+30 is

B 7981 -3775 0
[Qij,,,]7t =|-3775 1245 0
) 0 0 2045

x 107%

Then the predicted QS elastic modulus for +[30°]s 3D printed specimen E 3¢ is:

1 1
Biso = 5 = 758110 1253MPa
11430

Similarly, the éif+45 for [+45°], specimen is:
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Quisgs Quzpes O 1144.77 49877 0
Qijrys = |Qiz4as Qozy4s . 0 |=1498.77 1144.77 0
0 0 Qesrus 0 0 54435

The predicted QS elastic modulus for +[45°]s 3D printed specimen E 4z is:

1 1
Q11445  1.08x1073

=926 MPa

Etsse =

From predicted G, using elasticity model approach, the reduced stiffness matrix Q is:

1891.55 277.43 0
[Q=| 27743 840.69 0
0 0 342

Then the predicted QS elastic modulus for [£30°]5 3D printed specimen E 3¢ is:

1

Eys00 = = = 1284 MPa

Qur,qy  7-791% 107

The predicted QS elastic modulus for [+45°]; 3D printed specimen E 4z is:

1
=966 MPa

Eigse ==

Qi 104x1073

Appendix D MATLAB code for solving the system of equations with adjusted E,,, for

elasticity model approach
The MATLAB manuscript use to solve the system of equations from elasticity model
approach for modified CLT with adjusted E,,, (results from original combination

E;/E,=1800 MPa/800MPa as an example)

Ef=2033;

Em=78;

Vf=0.88;

Vm=0.12;

vf=0.35;

vm=0.18;
eqnl=E1-Ef*Vf-Em*Vm==0;
eqn2=v12-vf*Vf-vm*Vm==0;
eqn3=G12-Gm* (Vm*Gm+(1+VF) *Gf) / ((1+VF) *Gm+Vm*Gf)==0;
eqnd=Gm-Em/ (2*(1+vm))==0;
eqn5=Gf-Ef/ (2*(1+vf))==0;
egn6=Km-Em/ (2*(1+vm)*(1-2*vm))
eqn7=Kf-Ef/(2*(1+vf)*(1-2*vf))

==@;
==@_;
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eqn8=gama-Gf/Gm==0;

eqn9=nf-3+4*vf==0;

eqnle=nm-3+4*yvm==0;

egnll=A-3*Vf*Vm"2*(gama-1)*(gama+nf)- (gama*nm+nf*nm- (gama*nm-nf)*VFf~3). ..
*(VF*nm* (gama-1) - (gama*nm+1) )==0;

eqnl2=B+3*Vf*Vm"2*(gama-1)*(gama+nf)-1/2*(gama*nm+(gama-1)*Vf+1)*((nm-1)...
*(gama+nf)-2*(gama*nm-nm) *VF~3) -V£/2* (nm+1)*(gama-1)* (gama+nf+(gama*nm. ..
-nf)*Vf13)==0;

eqnl3=C-3*Vf*Vm"2*(gama-1)*(gama+nf)-(gama*nm+(gama-1)*Vf+1l)*(gama+nf...
+(gama*nm-nf)*Vf~3)==0;

eqnl4=A*(G23/Gm)"2+2*B*(G23/Gm)+C==0;

eqn15=E2-2*(1+v23)*G23==0;

eqnlée=v23-(Ks-m*G23)/(Ks+m*G23)==0;

eqnl7=m-1-4*Ks*v12”2/E1==0;

eqn18=Ks - (Km*KFf+ (VF*KF+Vm*Km) *Gm) / (Vm*KF+VF*Km+Gm)==0;

[solEl,solE2,solKf,solKm,solvl2,s0lGm, solGf,...
so0lG12,solgama,solA,solB,so0lC,solnf,solnm,s0lG23,s0lv23,s0lKs, solm]= ...
vpasolve([eqnl eqn2 eqn3 eqn4 eqn5 eqn6 eqn7 eqn8 eqn9 eqnle...
eqnll eqnl2 eqgnl3 eqgnl4 eqnl5 eqnl6 eqnl7 eqni8],...
[E1l E2 Kf Km v12 Gm Gf G12 gama A B C nf nm G23 v23 Ks m])
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