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CREEP BEHAVIOR INVESTIGATION OF 3D PRINTED POLYETHERIMIDE
PARTS WITH CARBON BLACK REINFORCEMENT VIA EXPERIMENTAL
ANALYSIS AND MODELING

SUMMARY

Additive manufacturing (AM) technologies, also known as 3D printing technologies,
have garnered significant attention across various sectors due to their distinct
production methodology compared to conventional manufacturing methods. AM
technologies based on a principle of building geometries layer by layer, offering
advantages such as minimum waste material, the ability to produce complex
geometries in a single process, no need for assembly, and the elimination of initial
investment costs. Initially introduced for rapid prototyping, AM has evolved with
technological advancements, leading to more precise product dimensions, faster part
production, and a broader range of raw materials. Consequently, it has found
applications in aerospace, automotive, and medical sectors.

Fused Filament Fabrication (FFF) technology is the most widely used AM technology
for polymeric part production. Its popularity stems from nearly zero waste production,
accessibility and ease of use of FFF printers, and relatively low production costs
compared to other AM technologies. Despite its many advantages, FFF-produced
parts often exhibit lower mechanical performance compared to their conventionally
manufactured counterparts, and the relatively slow production speeds limit their use in
high-strength demanding fields.

In recent years, researchers have focused on using high-performance thermoplastics
in FFF applications to overcome these limitations. High-performance thermoplastics,
such as polyetherimide (PEI), maintain their mechanical strength at high temperatures
and exhibit greater chemical and thermal stability compared to commonly used
thermoplastics like polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS).
PEI filaments, with a high glass transition temperature (7g), high tensile strength,
and thermal stability, are suitable for use as load-bearing functional components.
Additionally, PEI’s flame retardancy, low smoke density, and low toxicity make it an
ideal material for aerospace applications. Its low coefficient of thermal expansion and

amorphous structure further enhance its dimensional stability, making it suitable for
FFF.

The corporation of various reinforcement materials to PEI filaments to create
composite materials has been shown to enhance the performance of FFF-produced
parts for advanced technological applications. Carbon-based reinforcements like
carbon nanotubes (CNT), graphene, carbon black (CB), and carbon fiber (CF) improve
the mechanical properties of neat thermoplastic filaments and impart additional
features such as electrical and thermal conductivity, making them multifunctional.
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These developments have increased the importance of composite materials in
high-performance applications and brought new opportunities for their employment.

This thesis investigated the potential of overcoming the mechanical weaknesses
of FFF-produced parts compared to their conventionally manufactured counterparts
by reinforcing PEI with CB particles. The study systematically investigates the
recovery of mechanical strength lost due to the layered structure inherent in AM by
adding varying amounts of CB. Samples were characterized using various techniques,
with a focus on their creep behavior, and compared to conventionally produced
samples. Additionally, the creep behavior of the samples was further analyzed through
mathematical modeling.

First of all, composite filaments consisting of neat PEI and varying concentrations of
CB (5%, 10%, and 20% by weight (wt)) were prepared using a co-rotating twin-screw
extruder. Creep test samples were produced from these filaments using a 3D printer
specifically designed for printing high-performance thermoplastics. To compare the
mechanical properties of FFF-produced samples with those produced conventionally,
neat PEI creep test samples were also manufactured using the hot-press technique.

The thermal, rheological, morphological, and mechanical characterizations of the
composite filaments were conducted to evaluate the CB reinforcement effects.
Thermogravimetric analysis (TGA) revealed that PEI experienced no significant
weight loss up to 500 °C. The initial thermal degradation temperatures of all samples
were calculated, showing that CB did not significantly affect this temperature.
Rheological measurements indicated that the storage moduli and complex viscosities
of all filaments increased with CB content, reaching a rheological percolation threshold
around 10 wt% CB. Scanning electron microscope (SEM) analysis confirmed adequate
dispersion of CB within the PEI matrix. Tensile tests showed that 5 wt% CB
reinforcement resulted in the highest tensile strength, with strength decreasing slightly
at 10 wt% and reducing significantly at 20 wt% due to brittleness.

Creep tests conducted between 30 °C and 190 °C, in 20 °C increments, with a 3
MPa load applied for 10 minutes, demonstrated that increasing CB content improved
the creep resistance of the composites. The 5 wt% CB/PEI samples exhibited the
least creep deformation and similar behavior to conventionally produced neat PEI
samples, indicating that the mechanical strength lost in FFF-produced samples could
be recovered with CB reinforcement. Finally, experimental creep data were simulated
using viscoelastic models. The Burgers and Findley power law models successfully
modeled the behavior, with the Findley power law showing better alignment with
experimental results. The generalized Kelvin-Voigt model, despite fitting the curves
well, provided inconsistent parameter values. The study concluded with the creation of
time-temperature superposition principle (TTSP) master curves, where manual shifting
using Python provided the most reasonable results.

This thesis aims to enhance the mechanical properties of high-performance composite
materials produced via FFF, thereby increasing their potential use in advanced
technological applications. The findings contribute significantly to the broader
industrial application of FFF-based 3D printers by optimizing the mechanical strength
and creep resistance of PEI and CB-reinforced composites.
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3B BASILMIS KARBON SiYAHI TAKVIYELI POLIETERIMID PARCALARIN
DENEYSEL ANALIZ VE MODELLEME ILE SURUNME DAVRANISININ
INCELENMESI

OZET

Eklemeli imalat (EI) teknolojileri, diger adiyla 3B yazic1 teknolojileri, konvansiyonel
tiretim yontemlerine kiyasla farkli bir iiretim metodolojisi benimseyerek getirdigi
yenilikci bakis acistyla cesitli sektorlerde dikkat ¢ekmis ve hizla yaygilagmugtir.
Prensip olarak iiretilecek geometrileri katmanlar halinde {iist iiste ekleyerek insa
etmeye dayanan EI metodolojisi, karmasik geometrilere sahip parcalarin tek
seferde Uretilmesini saglar ve montajlama ihtiyacim1 ortadan kaldirir. Ayrica, az
miktarda atik hammadde olusturmas1 ve kaliplama maliyeti gibi baslangi¢ yatirimlari
gerektirmemesi gibi avantajlari ile konvansiyonel iiretim yontemlerinin bir adim 6niine
cikar. Tlk olarak hizli prototipleme amaciyla piyasaya siiriilen EI, teknolojinin
de gelismesiyle birlikte daha hassas iiriin boyutlandirma, hizli parca iiretimi ve
hammaddedeki cesitlilikle birlikte hizla farkli sektorelere yayilmis, havacilik-uzay,
otomotiv ve medikal gibi sektorlerde de tercih edilmeye baslanmistir. Eriyik Yigma
Modelleme (EYM) teknolojisi, diger eklemeli imalat teknolojileri arasinda polimerik
parca iiretiminde en cok tercih edilen EI teknolojisidir. Bunun baslica sebepleri, iiretim
esnasinda neredeyse sifir atik ¢cikmasi, EYM yazicilarinin ulagilabilir ve kullaniminin
kolay olmas1 ve diger El teknolojilerine nispeten diisiik maliyetli bir iiretim yontemi
olmasidir. EYM’nin bir¢ok avantaja sahip olmasina ragmen, elde edilen iiriinlerin
mekanik performansinin konvansiyonel iiretim yontemleriyle iiretilen muadillerine
gore diisiik olmas1 ve gorece yavas iiretim hizlari nedeniyle yiiksek dayanim isterleri
olan havacilik ve uzay teknolojileri alaninda kullanimlart sinirlidir.

Ancak, aragtirmacilar son yillarda yiiksek performansli termoplastiklerin EYM
yontemi ile parca liretiminde kullanilmasi lizerine ¢alismalarimi siirdiirmektedirler.
Bu da ileri teknoloji alaninda bu parcalarin kullaniminin 6niinii agmaktadir. Yiiksek
performansli termoplastikler, poli laktikasit (PLA) ve akrilonitril biitadien stiren
(ABS) gibi yaygin kullanilan termoplastiklere kiyasla yiiksek sicakliklarda mekanik
dayanimlarim koruyabilirler. Ayrica, molekiiler yapilar1 sayesinde kimyasal ve termal
olarak daha kararhidirlar. Polieterimid (PEI) filamanlar, yiiksek performansh termo-
plastikler arasinda EYM uygulamalarinda en cok tercih edilen termoplastiklerden
biridir. Yiiksek camsi gecis sicakligi (217 °C), yiiksek cekme dayanimi ve termal
kararliligi ile yiik tasiyici fonksiyonel elemanlar olarak kullanima elveriglidir. Ayrica,
alev geciktirici 0zelligi, diisiik duman yogunlugu ve diisiik toksisite gostermesi PEI’yi
havacilik uygulamalar1 i¢in ideal bir malzeme yapar. Ek olarak, diisilk genlesme
katsayis1 ve amorf yapis1t PEI'nin boyutsal stabilitesini artiran dolayisiyla da EYM i¢in
elverisli kilan diger onemli faktorlerdendir. PEI filamanlara eklenen cesitli takviye
malzemeleri ile olusturulan kompozit malzemelerin EYM ile iiretilmis parcgalarin
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ileri teknoloji uygulamalarinda kullanimini artirdign goriilmiistiir. Ozellikle karbon
nanotiip (KNT), grafen, karbon siyah1 (KS) ve karbon fiber (KF) gibi karbon temelli
takviye malzemeleri, saf termoplastik filamanlarin mekanik 6zelliklerini gelistirmekte
ve ayrica elektriksel iletkenlik, termal iletkenlik gibi ozellikler kazandirarak ¢ok
fonksiyonlu hale getirmektedir. Bu gelismeler, yiiksek performans gerektiren alanlarda
kullanilan kompozit malzemelerin 6nemini artirmakta ve yeni uygulama alanlari
acmaktadir.

Bu tez calismasinda, eklemeli imalatin dogasi geregi katmanli yapida iiretimin
neden oldugu, konvansiyonel iiretim yOntemi ile iiretilen muadillerine kiyasla
goriilen diisiik mekanik Ozelliklerin telafi edilmesi ama¢ edinilmistir.  karbon
bazli muadillerine kiyasla olduk¢a diisiik maaliyetli KS takviyesi yapilarak PEI’nin
mekanik ozellikleri iyilestirilmeye ve konvansiyonel iiretim seviyesine ¢ikarilmaya
calistlmigtir.  Farkli miktarlarda KS takviye edilerek eklemeli imalat nedeniyle
kaybedilen mekanik dayanimin geri kazanimi sistematik olarak incelenmistir. Bu
amacla, cesitli karakterizasyon yontemleriyle numuneler karakterize edilmis, 6zellikle
numunelerin siirlinme davranisi incelenmis ve konvansiyonel yontemlerle iiretilmis
numuneler ile karsilagtirilmigtir.  Ayrica, numunelerin siiriinme davranisi deneysel
karakterizasyonlara ek olarak matematiksel modellemelerle daha iyi anlasilmaya ve
tahmin edilmeye calisilmistir.

Calismaya kompozit filamanlarin iiretimi ve numunelerin hazirlanmas: ile baglan-
mustir.  Saf PEI ve farkli oranlarda KS (agirlikca (ag.) %5, %10 ve %?20)
iceren kompozit 3B yazici filamanlari, es doniisli ¢ift vidal ekstriider kullanilarak
hazirlanmistir. Elde edilen bu filamanlardan, yiiksek performansh polimerler i¢in 6zel
olarak tasarlanmis bir 3B yazici kullanilarak, siiriinme testi numuneleri iiretilmistir.
Ayrica, KS takviyesinin kazandirdigi mekanik ozellikleri konvansiyonel iiretimle
karsilastirmak amaciyla, sicak presleme yontemi kullanilarak saf PEI siirlinme testi
numunesi de iiretilmistir.

Ilk olarak, elde edilen kompozit filamanlarin, KS takviyesi ile degisen termal, reolojik,
morfolojik ve mekanik karakterizasyonlar1 gergeklestirilerek KS eklenmesinin etkileri
anlasilmaya calisilmistir.  Saf PEIL, ag. %5, %10 ve %20 KS/PEI filamanlarindan
graniil numuneler kirpilarak termogravimetrik analiz yapilmigtir. Analiz sonucunda
PEI'nin 500 °C’ye kadar kayda deger bir kiitle kayb1 yasamadig1 goézlemlenmistir.
Ek olarak, tiim numunelerin baglangi¢ termal bozunma sicakliklar1 hesaplanmis
ve KS’nin bu sicakligi énemli oOlciide etkilemedigi goriilmiistiir. Benzer sekilde,
graniil formuna getirilen tiim KS konsantrasyonlarindaki filamanlarin reometre cihazi
kullanilarak depolama modiilleri ve kompleks viskoziteleri dlciilmiistiir. Ag. %5
KS takviye miktar1 agildiktan sonra mikro yapiin degismeye basladigi ve %10 KS
civarinda reolojik sizma esigine ulasildigr goriilmektedir. Ayrica KS ile birlikte
kompleks viskozitenin aniden artti§1 ancak PEI’nin artan frekansa bagl olarak kayma
incelmesi (shear thinning) davranisi gosterdigi gozlemlenmistir. KS’nin PEI matrisi
icerisinde homojen dagilip dagilmadigini incelemek ve kompozitlerin iiretim kalitesi
hakkinda yorum yapmak amaciyla taramali elektron mikroskobunda filaman kesitleri
incelenmistir. PEI matris icerisinde KS’nin kiiciik agregalar halinde yeterli bir sekilde
dagildig1 goriilmiistiir. Son olarak, KS katkisinin filamanlarin ¢cekme dayanimlarina
olan etkisini aragtirmak icin evrensel ¢ekme cihazi kullanilarak maksimum ¢ekme
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dayanimlari incelenmistir. %35 KS oraninda filamanlar en yiiksek cekme dayanimi
sonucunu vermigtir. A§. %10 KS miktarina ulasildiginda ¢ekme dayanimi hafifce
diismiis ve AZ. %20’de asir1 KS yiiklemesiyle son derece kirilgan yapiya sahip olan
filamanlarin cekme dayanimlari aniden diismiistiir.

Filaman karakterizasyonu tamamlandiktan sonra KS katkisimin eklemeli imalatla
tiretilen numunelerin mekanik performansini konvansiyonel numunelerle karsilagtir-
mak icin siirlinme testleri yliriitiilmiigtiir. 30 °C - 190 °C araliginda, 20 °C araliklarla,
3B basilmig saf PEI, Ag. %5 ve %10 katkili numunelere ve sicak preslenmis saf
PEI numuneye 10 dakika boyunca 3 MPa yiik uygulanmis ve siiriinme gerinimleri
Olciilmiistiir. A8. %20 katkili filamanlarin son derece kirilgan yapisindan dolay: efektif
baskilar alinamadig: i¢in siiriinme testlerine dahil edilmemistir. Yapilan siirlinme
testleri sonucunda, KS iceriginin artmasiyla kompozitlerin siiriinme direncinin
arttigi, siirinme deformasyonlarinin azaldig1 ve yiiksek sicakliklarda bu etkinin
daha belirgin hale geldigi belirlenmistir.  Ozellikle %5 KS/PEI numunelerinin
stirinme deformasyonunun en az oldugu ve konvansiyonel yontemle iiretilen saf PEI
numuneleriyle benzer davranislar sergiledigi goriilmiistiir. Boylelikle eklemeli imalat
ile kaybedilen dayanim degerleri KS takviyesi ile tekrar kazanilabilmistir.

Son olarak, deneysel siiriinme verileri, viskoelastik fonksiyonlar kullanilarak simiile
edilmistir. Burgers, Findley giic yasas1 ve genellestirilmis Kelvin-Voigt modelleri
kullanilarak detayl bir sekilde incelenmistir. Burgers ve Findley modelleri davraniglari
bagarili bir sekilde modellemis, ancak Burgers modelinin elastik anlik gerinimi
yakalamakta zorlandigi, buna karsilik Findley giic yasasinin deneysel sonuclarla
daha uyumlu egriler olusturdugu tespit edilmistir.  Genellestirilmis Kelvin-Voigt
modelinde ise egri uydurma sonuglart deneysel sonuglarla ¢ok uyumlu goriinse
de parametre degerleri tutarli sonuglar vermemistir. Calisma, tiim numunelere ait
zaman-sicaklik siiperpozisyon (TTS) egrilerinin olusturulmasiyla sonlandirilmistir.
Siirlinme egrilerinin kaydirilarak bir ana egri elde edilmesi icin gerekli kaydirma
faktorleri dort farkli yontem kullanilarak elde edilmeye calisilmistir. Arrhenius ve
William-Landel-Ferry (WLF) yontemleri PEI'nin termo-mekanik olarak karmagik
yapiya sahip bir polimer olmasi nedeniyle basarili olamamustir. Literatiirde yeni
bir yontem olan MNAT prosediirii kullanilarak makul bir siirinme ana egrisi elde
edilmistir, ancak siiriinme ana egrisi zaman ekseninde 10'® saniyelere kadar uzamustir,
bu da gercekei sonuglar vermemistir. Son olarak, Python kullanilarak deneysel verileri
manuel kaydiracak bir kod yazilmig ve TTS ana egrisi elde edilmistir.

Bu tez, EYM yontemiyle iiretilen yiiksek performansli kompozit malzemelerin
mekanik Ozelliklerini diisitk maaliyetli ama etkili bir yontemle gelistirerek, ileri
teknoloji uygulamalarinda kullanim potansiyelini artirmayr amaglamistir.  Bu
baglamda, PEI ve KS takviyeli kompozitlerin mekanik dayanimini ve siirlinme
direncini optimize etmek icin yapilan calismalar, EYM temelli 3B yazicilarin
endiistriyel uygulamalarda daha yaygin olarak kullanilmasinin 6niinii agmaktadir.
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1. INTRODUCTION

1.1 Purpose of Thesis

AM has been gaining popularity in the last few decades with its advantages, such as the
ability to produce intricate geometries that are difficult to produce with conventional
manufacturing methods, less waste material, and rapid prototyping. Among the several
AM methods, FFF has gained attention not only in the industrial area but also within
academic communities. The widespread adoption of FFF printers can be attributed to
the ease of accessibility and the relatively low initial investment required compared to
other manufacturing techniques like injection molding. Although FFF originated in its
early days for the rapid and cost-effective production of prototypes, it has recently
employed as a novel application providing design flexibility and a wide range of

feedstock materials.

Despite significant benefits, 3D-printed parts still face considerable challenges related
to lower mechanical properties, which hinder their employment as structural and
functional components. The lower mechanical properties of FFF parts compared
to injection molded counterparts significantly limit their use as functional and
load-bearing elements in advanced engineering applications, highlighting the pressing
need for solutions to enhance their performance. Recent research indicates a growing
trend in employing FFF parts in advanced technological applications, driven by the
availability of high-performance thermoplastics and their composites formulated with

reinforcing fillers.

The primary objective of this thesis is to address the inherently lower mechanical prop-
erties of parts fabricated through FFF. By enhancing the mechanical characteristics
of thermoplastic 3D-printer filaments through reinforcement strategy, the aim is to
elevate their performance to a level competitive with, and potentially surpassing, that

of conventionally manufactured parts. This enhancement aims to be achieved in a



cost-effective yet highly efficient manner, breaking down barriers that currently inhibit
the widespread adoption of the FFF method in demanding areas such as aerospace and

defense industries.

To realize this objective, a comprehensive research methodology was followed.
High-performance thermoplastic PEI, suitable for advanced engineering applications,
was selected as the matrix material. This thermoplastic was reinforced with
varying concentrations of CB, a cost-effective reinforcing material compared to
other carbon-based alternatives, to produce composite 3D-printer filaments. The
mechanical, thermal, morphological, and rheological performance of these composite
filaments was investigated through a series of experimental analyses. Moreover, the
creep behavior of test specimens printed using these composite filaments was examined
and compared with a reference specimen of neat PEI produced via injection molding.
This facilitated a comparative mechanical performance evaluation of FFF parts against

conventionally manufactured components.

Beyond the experimental investigations, this thesis emphasizes the importance of
mathematical modeling in understanding the creep properties of polymeric composites.
By modeling the creep behavior based on experimental data, the thesis aims to
provide an engineering perspective that allows for the prediction of the material’s
potential behavior. This dual approach of experimental analysis and mathematical
modeling not only enhances the understanding of the creep characteristics of polymeric
composites but also enables more precise predictions regarding their performance,

thereby optimizing the design process.

1.2 Literature Review

FFF has gained attention among the several AM methods since it offers tailorable
solutions with a wide range of feedstock materials and design flexibility. However,
FFF parts still struggle with drawbacks associated with inferior mechanical properties,
impeding their suitability in high-strength applications. The presence of porous
structures and interlayer voids resulting from inadequate layer bonding diminishes the
mechanical integrity of these parts [2,3]. Lay et al. [4] conducted a comperehensive

study to compare the mechanical performance of PLA, ABS, and nylon 6 produced



via injection molding and FFF. They measured the ultimate tensile strength (UTS),
elastic modulus, and elongation at break and found that all properties in 3D-printed
form decreased due to weak layer adhesion and gaps between layers. Similarly, Ding
et al. [5] investigated the mechanical behaviors of FFF-printed PEI and Polyether
ether ketone (PEEK) via different nozzle temperatures to compare with injection
molding of ones. The results demonstrated that the tensile strength of printed PEI
and PEEK was roughly 80% of the injection-molded ones. Since the injection
molding technique provides high pressure, it increases the entanglement in the polymer
chain, and thus, higher stiffness is obtained. High-performance thermoplastics,
such as PEI and PEEK, are characterized by their ability to maintain mechanical
integrity at elevated temperatures and exhibit thermal and chemical stability. As a
result, these materials have paved the way for the potential use of FFF in advanced
engineering applications [6]—[8]. Furthermore, researchers have explored reinforcing
these thermoplastic polymers with various filler materials at nano- and micro-scales to
offset potential reductions in mechanical properties. Commonly utilized carbon-based
materials for reinforcing high-performance thermoplastics include CNT, CB, graphene
nanoplatelets (GNP), CF [9,10]. For instance, Kaynan et al. [6] produced PEI filaments
reinforced with CNT at various (2, 5, and 7 wt%)concentrations. These filaments
exhibited a significant 55% increase in tensile modulus with a 5 wt% CNT fraction.
Among carbon-based filler materials, CB stands out for its cost-effectiveness and
versatility in reinforcing elastomers and thermoplastic polymers. Studies, such as that
conducted by Guo et al. [11], have demonstrated notable enhancements in mechanical
properties by incorporating CB. For instance, they found that the UTS of CB/PLA
composites increased by nearly 10% with a 12% CB reinforcement. These findings
underscore the potential for carbon-based filler materials to improve the mechanical
properties of thermoplastic composites significantly. Polymer-based materials exhibit
time-dependent behavior due to the nature of viscoelasticity, in contrast to the
instantaneous response of elastic materials. One notable characteristic of this behavior
is creep, where viscoelastic materials experience an increase in deformation over time
when subjected to a constant load. This phenomenon underscores the importance

of careful consideration in design for long-term applications. Zhang et al. [12]



conducted a study to investigate the creep dynamics of PEI, especially its alteration
with the introduction of reinforcements. By incorporating varying concentrations
of short carbon fibers (SCF) into PEI, they noted a reduction in creep deformation
as SCF concentration increased. Similarly, Panin et al. [13] studied the cyclic
creep characteristics of PEI with SCF reinforcement. Their findings indicated a
diminishing creep rate with the increasing length of SCF, with a reported 4.5-fold
reduction compared to neat PEI at 2000 um. Despite these investigations in literature,
the comprehensive understanding of the creep behavior of PEI composite parts,
especially manufactured via FFF, remains relatively unexplored. Understanding the
creep behavior of polymeric composites and predicting their future performance
relies not only on experimental research but also on mathematical modeling and
simulation. Theoretical models enable us to comprehend materials’ creep behavior
better and predict their potential performance by supporting experimental data.
Various viscoelastic models, such as the Burgers model, generalized Maxwell or
Kelvin models, Zener model, and Findley’s empirical model, are commonly used
to simulate experimental creep data [14]. In a study conducted by Xu et al. [15],
the creep behavior of chopped bagasse fiber-reinforced polyvinyl chloride (PVC)
and high-density polyethylene (HDPE) composites was successfully simulated using
the Burgers model and Findley power-law model. These models provided results
consistent with experimental data, accurately describing the creep properties of the
materials. Another point is evaluating the material’s service life and structural integrity
over time, especially when designing parts that will be used over a long period.
However, such a long-term test is unfeasible to be performed on a lab scale. Therefore,
the Time-Temperature Superposition Principle (TTSP) facilitates estimating the life
of a material by creating long-term creep data and manipulating the short-term creep
data [13]. Jabbar et al. [16] used TTSP to simulate the long-term creep behavior of
jute fiber-reinforced epoxy composites using short-term creep data. Since the regular
Arrhenius model cannot adequately model PEI, which exhibits a complex viscoelastic
behavior, Wu et al. [17] modified the Arrhenius model to succesfully simulate PEI’s

viscoelastic properties.



1.3 Hypothesis

Due to the nature of the production methodology, the mechanical properties of FFF
parts are lower than the conventional manufactured counterparts. For this reason,
FFF parts cannot compete with parts produced by conventional methods in advanced
engineering applications. To enable the integration of 3D-printed parts into such
industries, it becomes essential to address this deficiency in mechanical attributes,

aiming to elevate them to a level that matches injection-molded parts.

Incorporating varying concentrations of CB into PEI-based 3D-printer filaments is
hypothesized to enhance the mechanical properties of parts fabricated through FFF
significantly. As the concentration of CB increases, there is expected to be a
proportional improvement in printed parts’ mechanical properties, particularly creep
behavior. Furthermore, it is anticipated that the enhanced mechanical properties
achieved through the CB reinforcing will enable PEI-based 3D printed parts to meet
and potentially exceed the performance of conventionally manufactured components.
This unlocks their potential for utilization as structural and functional elements in
demanding applications, such as the aerospace and defense industry. In addition to
experimental investigations, mathematical modeling provides an understanding of the
creep properties of PEI-based composites, allowing more accurate prediction of their

long-term performance under load.

To test this hypothesis, a systematic experimental approach will be undertaken,
involving the fabrication of composite 3D printer filaments with varying concentrations
of CB. These filaments will then be used to produce test specimens through FFF,
and their thermal, rheological, and mechanical properties will be comprehensively
characterized. In addition to experimental investigations, linear viscoelastic functions
in literature will be employed to gain insights into the creep behavior of the polymeric

composites.






2. FFF WITH HIGH-PERFORMANCE THERMOPLASTICS

AM is defined as a manufacturing method of joining materials, generally layer by
layer, to create parts from 3D model data [18]. Initially introduced in the mid-1980s
as a technology called "rapid prototyping" for the production of models and prototype
parts [19], it has since undergone continuous development. The increase in production
speed, part quality, dimensional accuracy, and the variety of usable feedstock materials
has led to widespread adoption of AM technologies. Due to its numerous advantages
over conventional manufacturing methods, AM has evolved beyond rapid prototyping
and found applications in various fields. This evolution has standardized the term
"additive manufacturing," commonly referred to as "3D printing" technologies in

everyday life [20].

Conventional manufacturing methods are generally classified as subtractive, casting,
and forming technologies. In subtractive manufacturing technologies, a block of
raw material is shaped into the desired product by removing excess material using
cutting tools. Although this method can produce highly precise products, it results
in approximately 90% of the raw material being wasted and rendered unusable [21].
In contrast, AM technologies build objects by adding material layer by layer, as
suggested by the term "additive." This method offers significant advantages: it allows
the construction of objects with complex internal geometries and the creation of
functional parts without the need for assembly, thereby reducing production time, cost,

and material waste [22]-[24].

Consequently, AM technologies are utilized across numerous industries and
application areas, including aerospace [25], automotive [26], medical [27], and

consumer products [28], and holds the potential for even broader applications in the

future [29,30].



2.1 Overview of the FFF Process

FFF is one of the most widely used AM technologies across various sectors, including
biomedical, aerospace, automotive, electronics, and construction, as well as within
the scientific community. Its leading position in the polymer 3D printing market is
attributed to design flexibility, low cost, easy accessibility to FFF printers and lower
entry barriers [31]. The FFF method based on the deposition of melted thermoplastic
material layer by layer onto a building platform, extruded from a nozzle. The basic

working principles of an FFF system are as follows (see Figure 2.1):

Filament material
ﬂ Pinch roller
Feed system

Liquefier

reservoir \

Nozzle tip
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X-Y axes

Platform I Z-axis

Figure 2.1 : 3D printing process schematic with FFF method [1].

* Filament Feeding: The polymer raw material in filament form is fed into the system
through a pinch roller feeding mechanism. The pinch roller controls the filament,

feeding it at a consistent rate and speed.

* Liquifier Reservoir: The filament enters the liquefier reservoir from the feeding
mechanism. Inside the reservoir, heating elements melt the filament. At this stage,
the temperature of the filament is carefully controlled to achieve an appropriate

viscosity of the melt.



» Extrusion: The liquefied filament in the reservoir is pushed towards the nozzle
tip. The nozzle ensures that the melted filament is extruded in a thin, controlled
manner. The extruded filament is deposited onto the build platform in cylindrical

roads called beads.

* Print Head Movement: The movement of the print head within a printing
environment is enabled by stepper motors, which typically operate in the XY
plane. These motors precisely control the nozzle’s position, allowing each layer’s

geometry to be accurately formed.

* Layer-by-Layer Building: Once a layer of the part is completed, the build platform
moves along the Z-axis, transitioning to the next layer. Each new layer fuses with

the one below, ensuring the mechanical integrity of the part.

* Cooling and Solidification: The extruded filament, upon being deposited onto the
build platform, cools and solidifies rapidly. This quick cooling helps ensure strong

adhesion between the layers and enhances the overall durability of the part.

2.2 FFF Materials

Different types of polymers for FFF applications can be employed depending on
requirements. These polymers are classified on a pyramid based on their mechanical
properties, operating temperatures, and cost (see Figure 2.2) [32]. While the bottom
of the pyramid, commodity thermoplastics such as ABS, PLA, HDPE, etc. employ
a wide range of commercial applications, on top of the pyramid shown in Figure
2.2, high-performance thermoplastics can meet high strength demands. They possess
distinct properties compared to commodity and engineering thermoplastics, including
higher melting and glass transition temperatures, elevated molecular weight, and
increased entanglement ratio. These properties confer superior characteristics such
as enhanced thermal stability, elevated chemical resistance, and the capability to retain

mechanical properties at high temperatures.

Recent research reports that the use of the FFF method is accelerating in advanced
technological applications, due to the availability of high-performance thermoplastics.

The most popular high performance thermoplastics in FFF applications are PEI,
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Figure 2.2 : Classification of thermoplastic polymers for FFF applications [32].

PEEK, Polyphenylsulfone (PPSU), Polyphenylene sulfide (PPS), etc. These advanced
materials offer enhanced properties and performance, expanding the scope of
applications for FFF technology in industries requiring robust and durable components

[7,8,33].

PEI is a high-performance thermoplastic polymer renowned for their exceptional
mechanical properties and chemical resistance. PEI possesses a unique chemical
structure characterized by aromatic imide, propylidene, and ether groups, imparting
stiffness and processability to the material. With high mechanical strengths and
rigidity at varying temperatures, PEI finds applications in the aerospace, automotive,
and electronics industries. Since it exhibits linear stress-strain relationships and
is exceptionally resistant to creep at high temperatures, it can replace metal parts
in some structural applications. Its resistance to a wide range of chemicals,
coupled with low molding shrinkage and excellent flame resistance. Moreover,
PEI’s high softening point and elevated heat deflection temperature make it an ideal
candidate for high-temperature environments [34]. Its increasing adoption in structural
components, such as aircraft cargo flooring and business jet interiors, reflects its

growing prominence in advanced engineering applications [35].
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3. LINEAR VISCOELASTIC MODELS FOR CREEP

Some materials, such as thermoplastic polymers, can display characteristics of both
elastic solids and viscous liquids when subjected to an applied load. Elastic materials
deform instantaneously upon applying a load and return to their original shape once
the load is removed. Viscous materials, on the other hand, deform depending on time
under stress and maintain their deformed state even after the load is removed. As
the name suggests, viscoelastic materials simultaneously exhibit elastic and viscous
characteristics. When a load is applied to a viscoelastic material, such as a polymeric
material, its deformation increases over time, unlike an elastic material. This behavior
arises from molecular rearrangement within the material. The applied mechanical
stress induces position change of the long polymer chains. After removing the load,

the polymer returns to its original form [36].
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Figure 3.1 : Representation of the linear spring and dashpot.

Understanding the viscoelastic behavior of materials has practical implications in
various fields, from material science to engineering. Various mechanical models have
been developed to model this behavior. These models, which combine a linear spring
representing elastic behavior and a dashpot representing viscous behavior, have tried
to explain the stress-strain relations of viscoelastic materials. These models are limited
to describing only linear viscoelasticity, which applies to polymer systems undergoing
small deformations, and Boltzmann’s superposition principle can be applied as in
elastic solids [37,38]. Figure 3.1 illustrates the linear spring and dashpot, and the

corresponding stress-strain relations are given in Eq. 3.1 and 3.2.
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Here, ¢ denotes applied stress, and € represents captured strain, with £ and 11 denoting
stiffness and viscosity coefficients, respectively. The sub-indices e and v define elastic

and viscous behavior.

3.1 Maxwell Model

n

E
Oo‘_w E — 0,

Figure 3.2 : Representation of the Maxwell model.

The Maxwell model in Figure 3.2 consists of a linear spring and a dashpot connected in
series. The linear spring represents the instantaneous strain when the load is applied,
while the dashpot represents the permanent strain. The total strain and stress in the

Maxwell model are expressed in Eq. 3.3 and 3.4.

6=0,=0, (3.3)

e=¢,+¢ (3.4)

Similarly, total strain rate is written as

E=E,+E, (3.5)

Substituting Eq. 3.1 and 3.2 in Eq. 3.5, the total strain in the Maxwell model is
obtained as Eq. 3.6

g—9.0 (3.6)
n
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This equation is written in differential form as Eq. 3.7 and 3.8, referred to as the

governing equation for the Maxwell model.

dé& ldo o

d¢ _1ldo o 7
dt Edt+n G-7)

dé = Lao+ Cai (3.8)
-2 ; .

A constant stress, 0y, is applied during the creep test. Integrating Eq.3.8, the
time-dependent strain response of the Maxwell model is expressed by the governing

equation in Eq. 3.9 and 3.10.

t 1 t GO t
de:—/dc7+—/dt 3.9
/o E Jo n Jo (39)
_ %0, %
e(t)= E+nt (3.10)

Based on this governing equation, the strain response of the Maxwell model under
constant oy load: An instantaneous strain occurs due to the linear spring when the load
is applied, followed by linearly increasing strain due to the damping increasing linearly
until #{. When the load is removed from the system (after #1), the instantaneous strain of
the linear spring is fully recovered, i.e., the spring is 100% restored. Still, the viscous
strain represented by the dashpot is a permanent deformation and cannot be recovered.
Hence, the Maxwell model fails to capture viscoelastic recovery, only simulating the

elastic recovery of the system [39].

E

Figure 3.3 : Representation of the Kelvin-Voigt model.
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3.2 Kelvin-Voigt Model

In the Kelvin-Voigt model, the linear spring and dashpot are connected in parallel, as
illustrated in Figure 3.3. Total stress and strain in this model are articulated in Eq. 3.11

and 3.12.

o =0,+ 0, (3.11)

E=¢,=§, (3.12)

Substituting Eq. 3.1 and 3.2, the total stress equation for the Kelvin-Voigt model is

derived as in Eq. 3.13

oc=Ee+n¢ (3.13)

Eq. 3.13 is a first-order differential equation, finds its solution by assuming ¢ = 0y in

the creep test:

e(t)= % +A.exp (—%Z) (3.14)

To determine the unknown coefficient A in 3.14, assuming no initial strain in the system

(g—0 = 0), the strain response of the Kelvin-Voigt model is obtained as in Eq. 3.15:

e(r) = % [1 _exp (—%z)] (3.15)

The strain response of the Kelvin-Voigt modeled with Kelvin-Voigt function
successfully in Eq. 3.15. It is evident that the strain undergoes exponential growth
upon applying a constant load, 6p. Following the loading phase, the strain gradually
decreases and tends to return to zero. However, it’s important to note that the
Kelvin-Voigt model cannot represent the instantaneous strain resulting from bond
stretching. Furthermore, it fails to simulate permanent (viscous) deformations that

may persist in the system.
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3.3 The Burgers Model

The Burgers model, also known as the four-element model, has been widely used
in the literature to model viscoelastic properties of materials such as creep [40,41].
As shown in 3.4, the Burgers model is constructed by connecting a Maxwell and a
Kelvin-Voigt unit in series [42,43]. By combining these two models, it is thought
that the shortcomings of both models can be overcome and show the elastic and
viscous parts of viscoelastic materials, constituting a more appropriate model [44].
The literature has reported that the Burgers model successfully simulates viscoelastic
behavior. In the Burgers model, the total strain on the material at time t under stress 0y
equals the sum of the strains of the Maxwell and Kelvin-Voigt units (see Eq. 3.16 and

3.17).

By ™M I\A}/EV\’
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Maxwell unit Kelvin - Voigt unit

Figure 3.4 : Representation of the Burgers model.

In the equation of the Burgers model (3.17), oy represents the applied constant stress;
Ej; and mys represent the Maxwell spring elastic modulus and Maxwell dashpot
viscosity, respectively; Ex and ng represent the Kelvin-Voigt spring elastic modulus

and Kelvin-Voigt dashpot viscosity, respectively.

EB = &M spring + SM,dashpot + €k (3 16)
O (o))} o7y} Ex
&gg=—+—t+— |l —exp| ——t (3.17)
T En ' nu EK{ p( TIK”

3.4 Findley’s Power-Law Model

Another model used to characterize viscoelastic behavior is Findley’s empirical power
law method. Findley’s power law equation, expressed by 3.18, is widely used in the

literature to predict the creep of viscoelastic materials [45]—[47]. In this equation, &
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represents the instantaneous elastic strain as a function of time and temperature, and A

and n represent the experimentally obtained material constants.

€ =g+ A" (3.18)

3.5 Generalized Kelvin-Voigt Model

The last model used in this study is the generalized Kelvin-Voigt model. This model
consists of a Kelvin-Voigt unit connected in n number of series. In addition, a Maxwell
spring is added at the beginning of this series to represent elastic deformation. The

equation of the generalized Kelvin-Voigt model is shown in Eq. 3.19

IR o e R (27
EK—EO+ZE {1 exp< nt)} (3.19)

i=1"5n n
The number of Kelvin-Voigt terms n shown in the equation is determined according

to the material’s behavior. This study used the Kelvin-Voigt model with three terms

(n=3)

3.6 TTSP

Determining the long-term creep behavior of polymer composites intended for
structural applications ensures their performance over time. However, one of the
primary challenges in assessing long-term creep behavior lies in the long test durations.
To address this challenge, models can be employed to predict long-term creep behavior
based on short-term experimental data. One well-established creep prediction model is
the TTSP, which establishes an equivalence between the material’s behavior at elevated
temperatures and its long-term behavior at a relatively lower constant temperature
[48,49]. To create a long-term creep master curve for a material, short-term creep
tests are conducted at increasing temperatures and plotted on a logarithmic scale. The
reference curve is held constant while all other curves are moved along the time axis

using a shift factor, log ar until they are superimposed.
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The shift factor, log ar, which determines the amount of shifting of the curves in TTSP,
has been calculated using different methods in the literature. One of these methods,

the William-Landel-Ferry (WLF) empirical equation, was shown in Eq. 3.20 [50].

C] * (T—Tref)

Co+ (T~ Tyy) 20

logar =

In Eq. 3.20, the coefficients Cy and C; represent the material-specific constants, 7, is

the reference temperature in the shift, and 7 is the temperature.

The Arrhenius equation (see Eq. 3.21) governs chemical reaction rates as a function
of temperature. Integrating the Arrhenius equation and incorporating it into TTSP can
provide a powerful framework for predicting the long-term creep behavior of materials
over their service life. The creep factor can be defined below the 7, using an Arrhenius

law.

E, (1 1
logar = & 21
84T = 5 303R (T To) 32D

Where E, is the activation energy, R is the universal gas constant and 7 is a reference
temperature in Kelvin [49]. Indeed, alongside the WLF and Arrhenius, the creation of
a master curve by manually shifting the creep data to achieve superimposed a single
curve is another method reported in the literature for creep estimation. This approach
allows researchers to tailor the TTSP model to better suit the specific characteristics
of the material under consideration, resulting in more precise predictions of its creep
behavior. By manually aligning the experimental data, researchers can account for
nuances and complexities in the material’s response to different temperature and time

conditions, ultimately improving the reliability of the creep estimation process [12].

Alongside these methods, various studies in the literature have explored different
approaches to the shift method [17,51]. One such approach is the MNAT procedure
developed by Naya et al. [52], which aims to predict the mechanical properties of

viscoelastic materials. The procedure involves the following steps:

1. Generating curves that represent the selected viscoelastic property against

frequency at each temperature.
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2. Applying a non-parametric regression model known as b-spline to fit each curve,

using the mgcv library available in the statistical software R.

3. Creating smooth estimates for each curve, consisting of 3,000 equally spaced fitted

points across the frequency range, using these flexible models.

4. Performing numerical differentiation on each curve obtained in the previous step,

utilizing the sfsmisc library in R.
5. Selecting a reference temperature to construct the master curve.

6. Determining horizontal shifts by aligning the derivatives of these shifts with the
derivatives of the horizontal displacements. This is achieved by measuring the L1
distances between the derivatives at adjacent temperatures, resulting in the master

curve through an iterative process.

7. If required, calculating vertical shifts by measuring the L1 distances between the

horizontally shifted curves.

8. Fitting the master curve using b-spline non-parametric models, with the accuracy
of the master curve being validated through bootstrap confidence intervals at a 95%

confidence level.

To facilitate the use of this method for obtaining TTSP curves, Meneses et al.
[51] developed a library in R. By leveraging this library, experimentally obtained
strain (or compliance) curves at different temperatures can be analyzed within the
TTS framework. Additionally, the library supports the use of WLF and Arrhenius

approaches.

18



4. MATERIALS AND METHODS

4.1 Materials

PEI in granule form (commercially known as ULTEM 1010) was purchased from Sabic
as a matrix polymer to fabricate composite filaments. PEI has a 1.27g/cm? density and
a T, of 217 °C. CB (with a density of 1.90 g/cm?) from OMSK carbon was employed

as a reinforcement material. All materials were used without treatment.

4.2 Composite Production

Since PEI is a polymer that retains moisture, it’s essential to eliminate any residual
moisture before the filament production process. This moisture can lead to air bubbles
in the filament during extrusion. The PEI granules were placed in a convection oven
(Niive KD 400) at 150 °C for eight hours to remove the residual moisture, allowing the

moisture to evaporate effectively.

CB & PEI Feeding
Nooiake Air Cooling

/0000000000000 OO IR OCOCORRY
25¢°C 340°C 350°C 360°C
Twin-Screw Extruder CB/PEI Filament

d=1.75mm

Figure 4.1 : Illustration of the extrusion process details of CB/PEI filaments.

The neat PEI and CB-reinforced PEI composite filaments were fabricated
using a custom-built twin-screw extruder. The extruder, tailored explicitly to
high-performance polymers, was designed and manufactured by Kokbir Import &

Export. The extrusion unit consists of two co-rotating screws with a screw diameter (D)
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of 12 mm and a length (L) of 264 mm, resulting in a L/D ratio of 22. It also consists of
six different mixing zones (individually controlled temperatures) whose screw designs
are configured to ensure homogeneous mixing of the reinforcement material in the
matrix without agglomeration. Further details of the screw configuration are given in

the previous study [6].

Figure 4.2 : 3D printer called "Pegasus" suitable for printing high-performance
thermoplastics.

Neat PEI and 5, 10, and 20 wt% CB reinforced PEI filaments with a diameter of
1.75 mm, which is suitable for 3D printers, were produced using process parameters
of temperature zones of 310-360 °C from the hopper to the die and 210 rpm screw
rotor speed. To achieve the desired CB ratio in the production of CB-reinforced
filaments, first, CB was manually mixed into PEI granules and fed as a mixture from
a single hopper. This approach was favored over feeding the CB through the side
feeder due to challenges encountered during mixing ratio optimization. Attempts to
optimize the screw speed of the side feeder to obtain the desired mixing ratio proved
unsuccessful, primarily because the CB flowed too rapidly through the hopper. The

filament extruding process illustrated in Figure 4.1.

4.3 Creep Test Samples Preparation

Following ASTM D790-17 standards, neat PEI and CB/PEI DMA samples were

printed using a 3D printer to print high-performance thermoplastics (ARC-Pegasus
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Table 4.1 : 3D-Printing parameters of Creep Test Samples

Parameter (unit) Value
375 (Neat PEI)
Nozzle Temperature (°) 380 (5 wt% CB/PEI)
385 (10 wt% CB/PEI)
Bed Temperature (°) 150
Nozzle diameter (mm) 0.4
Layer height (mm) 0.2
Number of layers 15
Infill pattern Rectilinear pattern (-45°/+45°)
Infill ratio 100%
Number of perimeters 3
Skirt (1% layer) 10 outlines without offset
Speed (mm/s) 30 (50% reduced for 1* layer)

(see Figure 4.2) [9]). Printing parameters were tabulated in Table 4.1. Although
neat PEI and 5, 10 wt% CB/PEI samples were successfully produced, the 20 wt%
CB-reinforced PEI filament proved challenging for successful 3D printing. Increased
CB ratio induced stress concentration zones, producing exceedingly brittle filaments.
Hence, continual breakage occurred during printing attempts. The obtained granules,

filaments, and creep test specimens were shown in Figure 4.3 as representative.

Figure 4.3 : Representative samples of a) 3D printed Neat PEI and b) 3D printed 5
wt% CB/PEI, and c) Hot-pressed (HP-) Neat PEI DMA Samples; and Neat PEI and 5
wt% CB/PEI d) granules and e) filaments.
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4.4 Characterization

4.4.1 Thermogravimetric analysis (TGA)

All CB/PEI composite filament samples were subjected to a thermogravimetric
analysis (TGA) using TA Instrument-TGASS to investigate their thermal properties.
Samples weighing 9-11 mg were cut off from filaments and heated at 10 °C/min of 30
°C-700 °C with a nitrogen purge of 50 mL/min to determine the thermal decomposition

temperature. Temperature-induced weight loss was monitored and analyzed.

4.4.2 Oscillatory rheology analysis

Oscillatory rheology analyses were conducted to understand better how reinforcement
influences polymer microstructure change and viscoelastic behavior. Before testing
neat PEI and CB/PEI granules, they were preconditioned in an oven at 150 °C. They
were then tested on TA Discovery HR-2 rheometers in parallel plate geometry with 1
mm gaps and 25 mm diameters. A strain sweep test was conducted at 360 °C with
an angular frequency of 10 rad/s between 0.0125% and 12.5% strain to determine the
linear viscoelastic regions (LVR) boundaries. All specimens within the LVR at 360 °C

were then subjected to frequency sweep tests between 0.1 and 628 rad/s.

4.4.3 Scanning electron microscopy (SEM)

A scanning electron microscope (FEG-SEM) (Quanta FEG 450) operated at 15 keV
was employed to characterize the dispersion and distribution of CB particles in the
polymer matrix. Gold-palladium alloys were coated to the cross-sectional areas of

CB/PEI filaments after fracturing in liquid nitrogen.

4.4.4 Filament tensile test

The mechanical properties of neat PEI and 5, 10, and 20% CB/PEI composites were
investigated by filament tensile testing. The tests were carried out at room temperature
using a SHIMADZU AGS-X universal testing machine (UTM) with a single-bollard,

self-tightening type grips with 1 kN load cell at room temperature. According to
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ASTM D-3822 [53], a crosshead speed of 5 mm/min was applied without using an
extensometer and the specimen length was 1050 mm with a gauge length of 200 mm.

Moreover, each of the tests was repeated with three samples.

4.4.5 Creep test

Within this thesis, creep tests were conducted using dynamic mechanical analysis
(DMA) device (TA Instrument DMA 850, New Castle, DE). The creep tests were

realized using two different protocols. In the first protocol:

* Creep tests were carried out under the dual cantilever fixture.

* Specimens fabricated using neat PEI, 5 wt% CB/PEI, and 10 wt% CB/PEI filaments

were tested.

* In the creep tests, a constant stress of 4 MPa was applied for a duration of 15 minutes
followed by a recovery period of 15 minutes during which the load was removed.
This procedure was repeated at every 20 °C interval within the temperature range

of 30 °C to 170 °C.

* Before the creep tests, a strain sweep tests was performed at 170 °C, the highest
temperature to be applied, to determine the applied stress (4 MPa) remaining within

the Linear Viscoelastic Region (LVR).

In the second set of experiments, the creep tests conducted with several modifications

to the test protocol:

* Previously, only one specimen of each CB composition was tested, which could
compromise the accuracy and reliability of the results, especially considering the
variability inherent in composite materials and additive manufacturing. Therefore,

the creep tests were repeated using three specimens of each composition.

* Creep tests were also performed on neat PEI hot-pressed specimens to facilitate
comparing the mechanical properties of additively manufactured parts with those

produced using conventional manufacturing methods.
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* The fixture was replaced with a three-point bending fixture to address the issue of
increased specimen deformation due to extra moments when using a dual cantilever

fixture.

* In previous creep tests, 170 °C was chosen as the limit temperature. However, PEI
could still maintain stiffness at this temperature without significantly decreasing
mechanical strength values. Therefore, the temperature was increased to 190 °C to

further challenge the material.

e The TA Instrument DMA 850 is designed to apply a maximum stress of 4 MPa.
However, in previous tests where a 4 MPa creep stress was selected, it was observed
that the instrument could not consistently apply exactly a 4 MPa load. As a result,

the applied test stress was reduced to 3 MPa.

» To optimize testing efficiency, the test time at each temperature was reduced from

900 to 600 sec. while still ensuring sufficient data collection.

The creep strain curves of all specimens at different temperatures were analyzed using
the nonlinear curve fitting module of OriginPro software. Burgers, Findley power-law,
and generalized Kelvin-Voigt models were used, and the relevant parameters were
defined in the software. The initial and boundary values were carefully set to guarantee
the convergence of the curve-fitting process. The parameters obtained from the models
for each creep curve were then used to establish a correlation with the experimental

conditions.

Two different methods were tried to obtain the creep master curves of composites using
the time-temperature superposition principle. As mentioned in Section 3.6, the TTS R
library was used in the first method, which was obtained using the MNAT procedure
developed by Naya et al. [52] and includes the WLF and Arrhenius methods. The
second method used Python to write a code to manually shift each temperature curve
along the horizontal and vertical axis. The creep master curves of neat PEI, hot pressed

PEI, 5 wt% CB/PEI, and 10 wt% CB/PEI were generated by two different methods.
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S. RESULTS AND DISCUSSION
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Figure 5.1 : TGA curves of neat PEI and 5, 10, and 20 wt% CB/PEI granules.

PEI, a thermoplastic polymer, features aromatic imide, propylidene (isopropylidene),
and ether groups within its chemical structure. The aromatic imide group contributes to
PETI’s high thermal stability and stiffness. Conversely, the ether group facilitates easy
processability and lowers melt viscosity [54]. Two distinct mechanisms are observed
in the degradation of aromatic polymers like PEI: crosslinking and chain scission.
Crosslinking, prevalent at approximately 380 °C in PEI, is the primary degradation
mechanism, enhancing molecular mass and strength. Beyond 400 °C, chain scission
becomes dominant, exhibiting a peak decomposition rate around 510-540 °C [55,56].
Temperature-dependent weight loss variation was observed to investigate the effect of
CB reinforcement on PEI’s thermal stability behavior and decomposition temperature.
Figure 5.1 shows the corresponding TGA and their derivative thermogravimetric
(DTG) curves of neat PEL 5, 10, and 20 wt% CB/PEI. All samples were exposed up to

700 °C, which is above the range of the chain scission thermal degradation regime for

the PEL
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Figure 5.2 : TGA curves of neat PEI and 5, 10, and 20 wt% CB/PEI granules.

Table 5.1 : Onset and the maximum thermal decomposition temperatures of the
samples depending on the CB amount.

CB Concentration (wt%) Tonser °C Tnax °C
Neat 515.05 529.96

5 514.29 526.91

10 511.13 518.67

20 512.24 522.26

Additionally, a detailed examination of the samples’ DTG curves revealed a two-stage
chain scission process, which is proved by the peak analysis in Figure 5.2. The primary
decomposition step occurs around 529 °C, followed by a secondary step at 564 °C.
The first stage is attributed to the scission of ether bridges and the breaking of imide
rings, whereas the second stage pertains to the degradation of the stronger aromatic

groups [6,54].

TGA results for neat PEI and CB-reinforced PEI indicate no measurable weight
loss up to 500 °C, similar to the literature [56]. The initial thermal decomposition
temperatures, Ty,5r, and the temperature at the maximum rate of thermal
decomposition, 7.y, for neat PEI and 5, 10, 20 wt% CB reinforced PEI composites,
respectively. As a result, it was observed that CB did not cause a significant change in
the thermal degradation temperature of PEI, indicating that CB reinforcement has no
significant effect on the thermal stability of PEI. Similar results were also observed in

the [57].
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5.2 Oscillatory Rheology Analysis

Reinforcing materials need to be uniformly dispersed in the polymer matrix
to enhance polymeric parts’ performance effectively. However, observing the
reinforcement dispersion state within the matrix material is not straightforward, as
in-situ observations yield local results. The importance of oscillatory rheology analysis
is evident here. It is an effective tool for investigating the dispersion quality of CB
in the PEI matrix, providing insights into the microstructure that evolves with the

addition of reinforcement to the system and assessing the formation of the filler-matrix

interactions.
106 J
. 105 4
a5
=)
% 104_
S
=rs]
S 104
(0]
=3
5102+ —=&— Neat PEI
192} —o— 5 wt% CB/PEI
—v— 20 wt% CB/PEI
10" 10° 10! 102 10°
Angular Frequency (rad/s)

Figure 5.3 : Storage modulus curves as a function of the angular frequency of neat
PEI and CB/PEI composites.

Oscillatory rheology measurements were performed for neat PEI and 5, 10, and 20
wt% CB/PEI composite samples. Figure 5.3 shows the storage modulus results for
all samples as a function of angular frequency. The storage modulus, representing
the composite stiffness and elastic behavior, is a key indicator. When the storage
modulus trend of neat PEI is examined, it exhibits a frequency-dependent, typical
polymer behavior. This behavior was observed at 5 wt% CB concentration. However,
frequency-dependent behavior was reduced when it reached 10 wt% CB concentration.
At his concentration, 10 wt% CB/PEI transitioned from a liquid-like behavior to a
more solid-like behavior (Hooken behavior), indicating that microstructure began to
change. At 20 wt% CB fraction, an almost frequency-independent storage modulus

behavior was observed. These findings are similar to those reported in the literature.
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Kalaitzidou et al. measured the storage moduli of CB-reinforced polypropylene
composites at different ratios, and at 20 wt% CB, the storage modulus became almost

frequency-independent [58].

The impact of CB reinforcement on the storage modulus is best understood
when evaluated separately in the low-frequency and high-frequency regions. High
reinforcement loading (10 wt% CB and above) significantly increases the storage
modulus at low frequencies (up to 1 rad/s), indicating enhanced stiffness and elastic
behavior. However, this effect diminishes at high frequencies, suggesting that the CBs
do not significantly influence the short-range dynamics of the PEI chains. Similar
results are seen in other rheology studies [59,60]. This behavior implies that while the
interactions between the filler matrix are pronounced at low frequencies (long-range
motion), i.e., CB restricts the motion of polymer chains, they are weak at high
frequencies. It physically means that the presence of CB can effectively prevent
large-scale polymer chain relaxations, so it can be employed to increase the stiffness of
the PEI at low frequencies [61]. In the literature, it has been proposed that the carbon
black (CB) effect weakens in comparison to the entanglement length at length scales or

chain slippage at high frequencies could be responsible for this phenomenon [61]-[63].
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Figure 5.4 : The complex viscosity curves of neat PEI and CB/PEI composites as a
function of the frequency.

Complex viscosity is the other rheological property used to evaluate the reinforcement
effect and frequency-dependent behavior. As seen in Figure 5.4, the presence of

CB reinforcement had an incremental effect on complex viscosity, and PEI becomes
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more viscous with increasing CB contents at the low-frequency region (up to 1 rad/s).
Similar to storage modulus results, this point is related to the particle network formed
within the composite that restrains molecular motion in the long range, resulting in
high viscosity. However, this effect gradually decreases with increasing frequency
as a result of shear-thinning [61]. Neat PEI behaves like a typical polymer at low
frequencies by drawing a Newtonian plateau independent of frequency. Likewise,
it was observed that the complex viscosity did not change significantly for 5 wt%
CB contents and shows Newtonian plateau at low frequencies. The Newtonian
plateau, however, diminishes when reinforcement content exceeds 10 wt%. These
conclusions are consistent with other studies in the literature [64]. Complex viscosity
decreased with increasing frequency (shear thinning), and increased reinforcement

content resulted in a steeper slope [65].

5.3 Morphological Analysis

Figure 5.5 : The cross-sectional SEM micrographs of neat PEI, 5, 10, and 20 wt%
CB/PEI filaments.

The uniform dispersion of CB particles within the matrix material plays a crucial role

in evaluating the mechanical properties of composites, which can vary depending
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on the amount of reinforcement. Using the SEM technique, the cross-sectional
surface morphology of neat PEI and PEI filaments reinforced with 5, 10, and 20%
CB were examined. In the SEM images presented in Figure 5.5, CB particles are
represented as bright spherical particles and clusters distributed fairly uniformly across
all compositions. Due to van der Waals forces, CB tends to form aggregates resembling
chains or grape-like clusters ranging from 50 to 500 nm in size [66]. As the proportion

of CB increases, an expected increase in CB clusters within the PEI matrix is observed.

5.4 Filament Tensile Test

Tensile tests were conducted on the feedstock filaments to explore the influence of CB
reinforcement on their mechanical properties post-production via melt mixing. Using
capstan grips, as depicted in Figure 5.6, tensile tests were performed on neat PEI
filaments and 5, 10, and 20 wt% CB/PEI composite filaments. The ultimate tensile
strength (UTS) of the filaments was measured. Three separate samples were tested
for each CB concentration to determine the standard deviation, and the results were

reported.

Figure 5.6 : An image from a neat PEI filament tensile test using SHIMADZU
AGS-X UTM.
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Figure 5.7 presents the stress-strain curves of the feedstock filaments, providing a
visual representation of their mechanical behavior. The mean UTS results, along with
their standard deviations, were calculated for neat PEI and 5, 10, and 20 wt% CB/PEI
as 97.81+£0.99,104.66 +1.17,103.12 £ 0.51, and 81.35 £ 0.82, respectively (see Table
5.2). Notably, the UTS of the neat PEI filament aligns with Sabic’s specifications [67],

further validating our findings.

The tensile strength of CB-reinforced filaments increased by 7% at 5 wt% CB
reinforcement, reaching the highest value. This can be attributed to the homogeneous
distribution of the reinforcing material in the matrix and the interaction and adequate
wetting between the matrix and the reinforcing material up to 5 wt% CB loading [68].
Adequate wetting of the reinforcement material facilitates load transfer between the
matrix and the reinforcement, resulting in increased mechanical strength. It has been
shown to decrease slightly when the filler loading increases to 10 wt% and drops
abruptly at 20 wt% CB loading. CB particles agglomerate in the matrix as the CB
loading increases, creating stress concentration points. As can be seen from the results,
it can be said that at 10 wt% loading, CB started to agglomerate and slightly decreased
the UTS. At 20 wt% CB loading, the UTS suddenly reduced due to excessive CB in
the system [57,69].
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Figure 5.7 : The representative stress-strain curves of neat PEI, 5, 10, and 20 wt%
CB/PEI filaments.

CB emerges as a cost-effective reinforcement material for enhancing the mechanical

properties of thermoplastic filaments. In our previous research, Yildiz et al. [9]
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Table 5.2 : Average UTS results of neat PEI and 5, 10, 20 wt% CB/PEI filaments.

CB concentration (wt%) UTS (MPa)
Neat 97.81 £0.99
5 104.66 £ 1.17
10 103.12 £ 0.51
20 81.35+£0.82

reinforced PEI filaments with CNT at concentrations of 1 wt% and 3 wt% to improve
their mechanical properties. Interestingly, in this study, we achieved a similar strength
value of 104.66 MPa with just 5 wt% CB (see Figure 5.8). This finding underscores
the cost-effectiveness of CB as a reinforcement material, offering a comparable level
of improvement in the mechanical properties of PEI filaments to CNT. Such findings

are particularly relevant for applications that balance performance and cost efficiency.

The reinforcement strategy to enhance the mechanical properties of 3D printing
filaments has some drawbacks. When the reinforcements in the polymer matrix exceed
a specific concentration, the composite filaments cross the rheological percolation
threshold, leading to changes in their microstructure. This results in a significant
increase in the viscosity of the composites, thereby reducing the printability of the
filaments [57]. The previous section thoroughly examined the rheological properties of
CB-reinforced filaments. Upon analysis, it was found that the rheological percolation
threshold of CB/PEI composite filaments was at a CB concentration of about 10 wt%
[14]. This finding indicates that the viscosity remains below the rheological percolation
threshold at 5 wt% CB concentration, allowing easy printing at low viscosity values
during FFF. Furthermore, the highest mechanical strength value was observed at 5 wt%
CB loading. Therefore, 5 wt% CB reinforcement offers the best result by ensuring easy
printability and the highest mechanical strength value. This finding underscores the
importance of considering both rheological and mechanical aspects when determining
the optimal CB concentration for improved performance in the FFF process, thereby

making our research highly relevant to practical 3D printing applications.

However, although CB reinforcement improves the mechanical properties, it
compromises the multifunctional properties of the filaments.  The electrical

conductivity of CNT-reinforced PEI is significantly higher than that of their
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Figure 5.8 : The average UTS results of neat PEIL, 5, 10, and 20 wt% CB/PEI
filaments with their standard deviations.
CB-reinforced counterparts. Based on the previous study [9], the electrical percolation
threshold of CNT/PEI composites was well below the concentration of 1 wt% CNT.
In contrast, no significant electrical conductivity was measured for CB reinforcement
(<1075 S/cm). This difference may be due to the 1-dimensional (1-D) nature and high
aspect ratio of CNTs, which form a conductive network pathway that can facilitate
electron conduction even at low concentrations within the polymer matrix [70]. In the
case of 0-dimensional (0-D) CB, much higher amounts of filler are required to reach

the electrical percolation threshold than CNTs.

5.5 Creep Analysis

5.5.1 Creep test under double cantilever fixture

The creep strain curves of 3D-printed specimens produced with neat PEI, 5 and 10
wt% CB/PEI were shown in Figure 5.9. A primary creep stage was observed in the
curve at each temperature following the instantaneous strain, an elastic deformation.
In this stage, the creep strain increased with time at a decreasing rate. Subsequently, the
specimens transitioned to the secondary creep region with a constant creep rate [15].
The final creep stage, the tertiary creep phase, which ends in rupture, was not observed
in any specimens due to the short test duration for high-strength thermoplastics such
as PEI. Moreover, larger instantaneous strain and steeper creep strain curves were

observed at higher temperatures, indicating a higher creep rate at higher temperatures.
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Figure 5.9 : Creep strain curves of 3D-printed neat PEI, 5 and 10 wt%CB/PEI
specimens at the range of 30-170 °C.
For instance, neat PEI exhibited instantaneous strains of 0.25955% and 0.39251% at
30 °C and 170 °C, respectively. Therefore, it can be concluded that when the polymer
matrix is exposed to high temperatures, the chain mobility and entanglement increase,

thus reducing the composite’s stiffness and leading to deformation.

To better analyze the effects of CB reinforcement, the creep strain curves of the
samples at the limit temperatures of characterization, 30 °C and 170 °C, were plotted
in Figure 5.10 as a function of time. The results revealed that as the reinforcement
concentration increases, the creep strain of the composites decreases significantly
in each isotherm. This phenomenon can be attributed to CB particles effectively
dispersed among the polymer chains, hindering chain mobility and reducing strain
at higher CB concentrations [71]. Furthermore, the creep resistance was observed
to be enhanced with higher CB content, particularly at elevated temperatures. This

observation suggests that CB reinforcement builds resistance to deformation even
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Figure 5.10 : Creep strain curves of all specimens at a) 30 °C and b) 170 °C..

under high-temperature conditions. This behavior may be attributed to forming a
thermally conductive network by CB particles, facilitating heat dissipation within the

structure and mitigating creep deformation.

5.5.2 Creep test under three-point bending fixture

Creep tests of all specimens were carried out using the second test protocol (using
3 point bending fixture) described in detail in section 4.4.5 . Hot-pressed neat PEI
and 3D-printed neat PEI and CB-reinforced composites at elevated temperatures were
shown in Figure 5.11. The average value of three different samples was used to
plot each creep curve. The creep curves for all CB concentration specimens and the
hot-pressed specimen showed a similar pattern: An instantaneous strain is observed
when the load is first applied to the specimen. When the specimen is applied to the
load for the first time, it undergoes an elastic deformation associated with stretching
the polymer chains and the bonds between the molecules. Following the instantaneous
strain, a primary creep phase was observed in the specimens. Time-dependent
increases at a decreasing rate characterized this phase of creep deformation. Then,
the specimens transitioned to the secondary creep phase with a constant creep rate
[15]. Especially for high-strength thermoplastics such as PEI, the tertiary creep phase,
defined as permanent viscous deformation resulting in specimen rupture, could not be

observed because of the short testing duration.
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Figure 5.11 : Time-dependent creep strain curves of 3D printed a) neat PEIL, b) 5 wt%
CB/PEI, c) 10 wt% CB/PEI, and d) hot pressed neat PEI specimens in the range
30-190 °C.

Furthermore, when these curves are examined, it becomes evident that the samples
exposed to higher temperatures exhibit larger instantaneous strains and steeper slopes
in the creep strain curves. For example, as given in Table 5.3, the instantaneous
strain of neat PEI was measured as 0.1244-0.012% and 0.2474-0.033% at 30 °C and
190 °C, respectively. These findings suggest that exposing the polymer matrix to
elevated temperatures enhances chain mobility, subsequently reducing the stiffness of

the composites and promoting deformation tendencies.

Table 5.3 : Instantaneous creep strain values of all specimens in the range 30-190 °C.

Instantaneous Strain (%)

Temp. (°C) Neat PEI 5 wt% CB/PEI 10 wt% CB/PEI _ HP-Neat PEI
30 0.124+0.012 0.107-£0.004 0.117+0.010 0.104+0.006
50 0.12840.012 0.1104:0.006 0.11940.010 0.10740.008
70 0.133+0.014 0.11340.006 0.122+0.011 0.11140.009
90 0.13840.016 0.11640.007 0.12640.012 0.11340.010
110 0.14240.018 0.118+0.007 0.129+0.013 0.115+0.010
130 0.14540.019 0.12040.008 0.13140.014 0.11740.010
150 0.149+0.020 0.122+0.009 0.134+0.015 0.11940.010
170 0.16640.023 0.1324:0.012 0.14440.018 0.12640.009
190 0.247+0.033 0.184+0.023 0.20140.029 0.15540.009
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Figure 5.12 : Creep strain curves of all specimens at a) 30 °C and b) 190 °C.

For a more comprehensive analysis of the effect of CB reinforcement, the creep strain
curves of the specimens at 30 °C and 190 °C were plotted over time in Figure 5.12.
The results highlight a significant reduction in creep deformation for the creep curve at
each temperature in the presence of CB reinforcement. The creep strain of 5 wt% and
10 wt% CB reinforcement decreased by 14% and 7%, respectively, compared to the
3D printed neat PEI specimens at 30 °C. This finding can be attributed to the effective
dispersion of CB particles between polymer chains, which inhibits chain mobility and
stiffness of the composite, resulting in lower deformation at higher CB concentrations
[71]. Moreover, this increase is more pronounced at higher temperatures. At 190 °C,
specimens reinforced with 5 wt% and 10 wt% CB showed a 26% and 19% reduction

in creep strain.

Examination of the creep curves at both 30 °C and 190 °C revealed that the hot-pressed
sample exhibits the most minor creep deformation. This is an expected result due to the
inherently porous nature of 3D printing, resulting in lower mechanical strength values
than conventional manufacturing methods. The results showed that adding 5 wt% CB
reinforcement to the 3D-printed PEI gave the closest results to the hot-pressed sample.
This result is noteworthy as it implies an improvement in creep behavior, consistent
with the findings from the filament tensile tests. The 5 wt% reinforcement shows a
compensating effect by reducing the negative impact of 3D printing on the mechanical

properties and optimally improves the creep resistance.

To more clearly understand the effect of CB concentration in the PEI matrix from

a reproducibility point of view, the maximum creep strain of the specimens at each
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temperature is presented in Figure 5.13a, along with the corresponding standard
deviations. The main point to be noted here is the amount of standard deviations.
The deviation values in the data from the three samples produced for each different
concentration can provide information to show the repeatability in production with
the respective filament. Although the three samples are not a large enough statistical
cluster, the observed values of the deviations show that, as in creep, 5 wt% CB/PEI
samples and the hot-pressed neat PEI samples are similar. These specimens, produced
by two different methods and with two different raw material forms (filament and
pellet), can be produced with a similar consistency, and specimens of the same raw

material can exhibit very similar mechanical values.
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Figure 5.13 : a) The average maximum strain values and standard deviations of the
specimens at each temperature, b) the average and deviation values of the standard
deviations of all strain values.

To extend this discussion to all measured values of maximum creep strain, one can
look at the average values of the standard deviations, although this is not a common
approach. Figure 5.13b shows the mean values of the standard deviations of the strain
values obtained versus time at each temperature for all specimens. The deviation values
of these averages have also been added to the graph. It is seen that as the temperature
increases, the deviation values of all specimens also increase. The specimens with
the lowest deviation values were the 5 wt% CB/PEI specimens, which exhibited very
similar values to the hot-pressed neat PEI specimens produced by the conventional
method. In this context, it can be said that doping PEI thermoplastic with 5 wt%

CB positively affected the additive manufacturing process and overcame deficiencies
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such as decreased mechanical values and reproducibility compared to the conventional

production method.

5.6 Creep Modeling

5.6.1 Modeling of creep results under double cantilever fixture

Modeling the creep behavior of materials using mathematical functions is essential
from an engineering standpoint, as it allows for predicting the material’s performance
in real-world applications. Experimental data of creep strain as a function of time
for 3D-printed neat PEI, 5 wt% CB/PEI, and 10 wt% CB/PEI, along with their fitting
curves obtained using the Burgers and Findley model functions, were presented in
Figure 5.14. Although the Burgers and Findley models exhibit good agreement with
the experimental data at all temperatures, only the modeling results at 30 °C are
depicted for clarity. The parameter values of the Burgers and Findley models obtained
from curve fitting for all samples are provided in Table A.1 and Table A.2, respectively.
Additionally, the goodness of fit is evaluated using the reduced (Red.) x> and adjusted

(Adj.) R? values, which were also reported in the tables.

Examining the curve fitting results of the Burgers and Findley models, it is observed
that the Burgers model, represented by the red line, did not successfully estimate the
instantaneous strain and the primary creep region. Conversely, in the last minutes of
the creep test, the Burgers model tends to overestimate the creep strain. This outcome
is expected because the Burgers model includes a Maxwell dashpot to simulate the
viscous creep phase (tertiary creep region). However, since the duration of the creep
test conducted may not be long enough to traverse through the viscous deformation
region, this phase is not observed, potentially leading to overestimation by the model.
Upon examining the Red. x2 and Adj. R” values in Table A.l, which is about the
suitability of the Burgers model, overall, the Burgers model adequately captures the

creep behavior of PEI.

On the other hand, as seen in Table A.1, the Maxwell unit’s elastic modulus Ej,
corresponds to the samples’ instantaneous elastic strain. Therefore, as the polymer

chains became more mobile and more prone to deformation under high temperatures,
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Figure 5.14 : Curve fitting results were obtained using Burgers and Findley’s model
for the strain at 30 °C of 3D-printed a) neat PEIL, b) 5 wt% CB/PEI, and c) 10 wt%
CB/PEI specimens.
the E); decreased with increasing temperature, consistent with the instantaneous strain
experiments. This behavior results in lower modulus and higher strain results. In
addition, all temperatures showed an increase in Ey; with increasing concentration of
CB reinforcement because the CB particles restrict the movement of polymer chains

and contribute more stiffness to the specimens.

Similar to the Burgers model, the Findley function, depicted by the blue line,
effectively captured the creep behavior of PEI. Furthermore, in contrast to the Burgers
model, the Findley function better simulated both the primary creep region and the final
stage of the creep test. This conclusion is supported by the smaller Red. y2 and Adj.
R? values observed in Table A.2. As expected, the parameter & decreased with the
concentration of CB reinforcement at all temperatures and increased with temperature.

Parameter A exhibited an increasing trend up to a peak value between 50-70 °C,
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followed by a decreasing trend. Additionally, it decreased with the concentration of CB
reinforcement in each isotherm. Conversely, the exponent n decreased to a minimum

value between 50-70 °C and then increased with temperature. Moreover, it increased

with CB content in almost all isotherms.

5.6.2 Modeling of creep results under three-point bending fixture

Experimental creep strain data for 3D-printed neat PEIL, 5 wt% CB/PEI, 10 wt%
CB/PEI, and HP-Neat PEI at 30 °C as a function of time were modeled using Burgers,

Findley, and Generalized Kelvin functions. Figure 5.15 shows these curve-fitting

results. Based on the Red. x? and Adj. R? results of the Burgers, Findley, and
Generalized Kelvin model shown in Tables A.3, A.4, and A.5 respectively, it can be

concluded that all functions give satisfactory results with the experimental results.
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Figure 5.15 : Simulation results of strain curves of 3D-printed a) Neat PEIL, b) 5
CB/PEI, c) 10 CB/PEI, and d) HP-Neat PEI samples at 30°C using three different
models.

The Burgers model, represented by the black solid line in the graphs, exhibited a
slight deviation during the simulation of the primary creep stage in all specimens.
Table A.3 tabulates the four Burgers model parameters (Ey;, Ex, Ny, and Ng) used
to fit Equation 3.17 to the experimental data. The Maxwell unit’s elastic modulus,

denoted as Ej;, reflects the elastic part of the specimens. Therefore, E); decreased
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with increasing temperature, inversely proportional to the experimental instantaneous
strain results. This phenomenon can be attributed to the increased mobility of polymer
chains at high temperatures, which makes them more susceptible to deformation.
Furthermore, the observed trend revealed that the Ej; increased proportionally to the
CB reinforcement concentration at all temperatures. This is attributed to the CB
particles, which impart greater stiffness to the specimens by restricting the movement
of the polymer chains. In contrast, the Burgers model encountered problems accurately
capturing the instantaneous strain and the onset of creep behavior for all specimens. A
closer examination of the final stage of the creep curves revealed that the model slightly
overestimated the creep behavior. This discrepancy is due to the Kelvin dashpot in the
Burgers model, which allows it to simulate viscous deformation. However, the duration
of the creep test applied in this research is insufficient to observe the viscous phase of
creep fully. Therefore, the Burgers model overestimates the results when simulating

the final phase of the creep curves.

On the other hand, the creep behavior was well represented by the empirical Findley
power law, indicated by Red. x? values smaller than those obtained using the Burgers
model at all temperatures. As expected, the & value increased with increasing
temperature and decreased in parallel with the CB reinforcement concentration at each
temperature. The Parameter A showed an increasing trend, peaking between 50 and
90 °C and then decreasing. Moreover, A showed a decrease in response to the CB
supplement concentration in each isotherm. On the other hand, as the temperature
increased, the n exponent decreased to a minimum value between 50 and 90 °C and
then started to increase. Moreover, n was shown to increase with CB content in almost

all isotherms.

5.6.3 TTSP

To obtain a master curve according to the TTSP, two different approaches were tried:
model-based and manual shifting. In the first method, the TTS R library mentioned in
Section 2.1.2 was used to derive master curves based on the WLF equation (Eq. 3.20)
and the Arrhenius equation ( Eq. 3.21). The reference temperature was fixed at 30 °C,

and the algorithm was expected to identify the curves. However, due to the complex
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Figure 5.16 : Obtained shift factors using TTS R library based on (a) WLF, (b)
Arrhenius, (¢) MNAT methods.
thermo-rheological nature of PEI, neither equation provided reasonable shift factors
to create a single, coherent master curve. This challenge with PEI has been noted in

various sources in the literature [12,17].

As another model, the MNAT approach developed by Naya et al., available within
the TTS R library, was employed. The shift factors obtained using WLF, Arrhenius
and MNAT approach were given in Figure 5.16. Obtained mastercurves using these
shift factors, also, plotted in Figure 5.17. As seen in the graph MNAT approach
gives better curve fit. Figure 5.18 represents the creep master curves at 30 °C for
neat PEI, hot-pressed PEI, and 5 wt%, 10 wt% CB/PEI obtained using this method
by horizontally and vertically shifting the curves. This method, adaptable to any

temperature to obtain creep master curves, selected 30 °C as the reference temperature
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Figure 5.17 : The mastercurves using obtained shift factors.

to determine the long-term creep behavior of specimens intended for use at room

temperature.
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Figure 5.18 : Creep master curves of 3D printed neat PEI, 5 wt% CB/PEI, 10 wt%
CB/PEI and HP-Neat PEL. a) Using all data b) Generated creep master curves with
data points reduced to one at 15.

As depicted in Figure 5.18a, the derived creep master curves reach up to 10'3 seconds
on the time axis, in contrast to the more commonly reported values around 10° seconds
in the literature [10,12,17], thus raising questions about their validity. The MNAT
procedure applied during TTS calculations uses the derivatives of the creep curves
to determine the shift factors [52]. Analyzing the creep curves obtained at lower
temperatures reveals that PEI, due to its high mechanical strength, exhibits nearly

linear behavior. This indicates that the algorithm tends to concatenate the creep
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curves across different temperatures. This effect is more clearly observed in Figure
5.18b, where the color map of the creep master curves, plotted with fewer data points,

demonstrates this behavior more explicitly.

-0.5 4 =
IR | ® = 30°C ¢ 50°C
0.6 = 4 70°C v 90°C
= + 110°C 130 °C
507 B > 150°C = 170°C
<3 * 190 °C Mastercurve
55 -0.8 > L
2
-0.9 " —
1 Neat PEI | 5 wt% CB/PEI
-1.0 I . I . | A | . ] | .
03709 K
0.6 =
e
‘3 -0.7 1 L
=
wn
%508 =
— >
-0.9 | L
104 10 wt% CB/PEI | HP-Neat PEI
T T T T T ' T T T T T T
0 3 04 6 9 0 3 6 9
IR Neat PEI
—— 5 wt% CB/PEI
=067 ——10wt% CB/PEI
g Hot-pressed PEI
L 0.8
0.
=
-1 0 4
0 3 6 9
log (Time)

Figure 5.19 : Creep master curves of 3D printed neat PEI, 5 wt% CB/PEI, 10 wt%
CB/PEI and HP-Neat PEI. a) Using all data b) Generated creep master curves with
data points reduced to one at 15.

Due to the inability to achieve reasonable results with model-based methods, a manual
shifting approach was implemented as an alternative. A Python script was developed
in Jupyter Notebook to manually adjust all temperature curves both vertically and
horizontally. Figure 5.19 displays the manually shifted creep master curves for neat
PEIL, hot-pressed PEI, and 5 wt%, 10 wt% CB/PEI. Various functions were attempted
to fit these curves, and the fitting results are shown in Figure 5.19¢ . Despite trying
different functions to model the creep master curves, none provided an adequate
simulation of the entire curve. Upon analyzing the creep master curves, it was noted

that the creep strain changes linearly up to approximately 10® seconds, after which a
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sigmoidal change is observed. Consequently, separate curve fits were applied using

linear and sigmoidal functions (Figure 5.19¢ ).

Using both methods, the resulting creep master curves align well with the short-term
experimental creep data. The hot-pressed neat PEI specimen demonstrated the greatest
resistance to creep, while the 5 wt% CB-reinforced PEI specimen exhibited a creep

behavior that closely paralleled that of the hot-pressed sample.

5.7 Key Outcomes and Further Discussion

The impact of CB reinforcement on the mechanical properties of PEI composites
produced through FFF was analyzed in details, with a specific emphasis on their creep
characteristics. Several challenges and limitations inherent to additive manufacturing
were identified during this thesis study. One major challenge was that reinforcing
CB to the polymer matrix increased its viscosity and aked changes in its flow
characteristics, limiting the CB content to a maximum of 20 wt%. Even at this
threshold, the filaments exhibited high brittleness, rendering them unsuitable for the
FFF process. Another crucial factor influencing the mechanical properties of the
samples is the infill ratio of the 3D-printed specimens. To replicate the qualities of
conventionally manufactured parts and achieve optimal performance, a 100% infill

ratio was selected for this study.

Although the effect of printing temperature on the mechanical properties was
not directly investigated, temperatures were chosen based on prior experience to
ensure optimal results [9]. In addition, the variability and anisotropy inherent in
FFF-produced samples posed another limitation. In the dual cantilever tests, creep
test specimens were manufactured and tested as single specimens per concentration,
leading to inconsistencies. For instance, the creep performance of specimens with
10 wt% CB was the best, which was contrary to the tensile test results. To mitigate
these issues, a different approach was tried by using a 3-point bending fixture instead
of a dual cantilever fixture. This fixture was selected for its simplicity and ease of
setup, particularly since more complex properties like the shear modulus were not
assessed. Importantly, three tests were conducted for each type of specimen, allowing

for evaluations based on the mean and standard deviation, thus improving the reliability

46



of the data. Despite the limited number of specimens tested due to the lengthy duration
of each test and budget constraints, this method provided more robust and reliable

results compared to the single-specimen approach previously used.

The key findings of this study are encapsulated in Table ??.Furthermore, Table 5.5
presented a comparison of the mechanical properties observed in this study with those
reported in similar studies from the literature. This comparative analysis underscores

the relevance and significance of our findings within the broader context of existing

research.
Table 5.4 : Main outcomes and summary of the this study.
Property Outcomes
Thermal No significant change in thermal decomposition with CB.
. Rheologically percolated around 10 wt% CB
Rheological Printing difficulties due to high viscosity.
. 7% Enhancement in UTS with 5 wt% CB.
Tensile

Too brittle for printing at 20 wt% CB

Creep (strain) 14% reduced at 30 °C with 5 wt% CB.
19% reduced at 150 °C with 5 wt% CB.

Findley model gave the best curve-fit results.

Burgers model overestimates the final phase of the creep curves.

Burgers model did not capture the instantaneous strain effectively.

The terms of Kelvin-Voigt model were inconsistent.

Creep Modeling

This investigation revealed a 7% increase in UTS with the incorporation of 5 wt%
CB into PEI filaments. This enhancement is consistent with findings from other
studies (Table 5.5), demonstrating the efficacy of CB in improving tensile properties.
Moreover, it establishes CB as a cost-effective yet efficient reinforcement material
compared to other carbon-based reinforcements. However, the study also noted
increased brittleness at higher CB concentrations (10 wt% and 20 wt%), which poses

a significant challenge for practical applications.

Furthermore, the addition of 5 wt% CB improved the creep resistance of PEI
composites. As depicted in Table 5.5, various reinforcing agents have been shown

to enhance the creep behavior of PEI, though literature on this topic is limited. While
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CB has been reported to improve the creep behavior of polymers in numerous studies,
no specific research addressing the creep behavior of PEI with CB reinforcement
was identified. Consequently, a direct quantitative comparison with this study is not
possible. It is also important to note that none of the existing studies involve samples

produced using FFF.

Table 5.5 : Comparing the outputs of this study (marked by *) with the findings
reported in the literature.

Property Polymer Reinforcement Result
PEI (Ultem 1010)* 5 wt% CB 7% Enhancement
PEI (Ultem 1010) [9] 3 wt% CNT 7% Enhancement

UTS PEI (Ultem 1000P) [72] 5 wt% CNT 6% Enhancement
PEI (Ultem 1000) [73] 5 wt% SCF 7% Enhancement
PEI (Ultem AUT 100) [68] 2 wt% MWCNT-COOH 7% Enhancement
PEI (Ultem ROOH) [74] 10 wt% CF (2000 um) 7% Enhancement
PEI (Ultem 1010)* 5 wt% CB Creep strain decreased by ca. 14%
PEI (Ultem 1000) [73] 5 wt% SCF Creep strain decreased by ca. 30%

Creep PEI (Ultem 1000) [13] 10 wt% CF CF reduced the growth rate of cyclic creep
Polyethylene [75] 1 wt% CB Creep resistance improved by ca. 35%
SBR and NBR rubber [76] 20-70 wt% CB More CB improved relax. and reduced creep
Epoxy carbon fiber [77] 4 wt% nano CB Creep strain improved by ca. 19%
Poly(methyl methacrylate) [78] 2-5 vol%CB Higher CB enhanced creep recovery.

In future studies, efforts will be directed towards implementing various methods to
further enhance the mechanical performance of samples produced via FFFE. Several
techniques in the literature aim to improve the interlayer adhesion of FFF parts. For
example, Tofangchi et al. [79] increased polymer chain reptation at the interface by
utilizing ultrasonic vibration, which relaxes the polymer chains. Another innovative
approach by Stano et al. [80,81] involves ironing, where mechanical pressure is applied
to the printed layers with the nozzle tip. This process enhances chain diffusion between

layers and reduces porosity cost-effectively without needing additional mechanisms.

By implementing these methodologies, future research aims to significantly improve
the mechanical properties of high-performance thermoplastic composites. Integrating
these advanced techniques is expected to address the current limitations of FFF, making

it a more viable option for applications that demand high-performance materials.
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6. CONCLUSION

In this thesis, the mechanical properties of CB reinforced PEI composite materials
produced using the FFF technology were investigated. FFF technology offers
advantages such as low cost, ease of use, and minimal waste production. However,
a significant drawback of FFF is the lower mechanical strength of the produced parts
compared to those manufactured using conventional methods. This study aimed to

address this disadvantage by reinforcing PEI material with CB.

Initially, composite filaments containing different ratios of CB (5%, 10%, and 20% by
weight) were prepared using a co-rotating twin-screw extruder, and creep test samples
were produced from these filaments. During the characterization phase, thermal,
rheological, morphological, and mechanical properties were examined. It was found
that CB reinforcement did not affect the thermal stability of PEI filaments but increased
the complex viscosity and tensile strength at certain ratios. The highest tensile strength
was obtained with 5% CB reinforcement, while decreases in tensile strength were

observed at 10% and 20% CB concentrations.

Creep tests revealed that CB reinforcement significantly enhanced the mechanical
performance of PEI samples. The 5% CB/PEI samples exhibited creep behavior
similar to conventionally produced pure PEI samples. This finding indicated that
the mechanical strength lost in FFF-produced samples could be regained with CB

reinforcement.

The experimental creep data were mathematically modeled using Burgers, Findley
power law, and generalized Kelvin-Voigt models. The Findley power law model was
found to be more consistent with the experimental results. Additionally, TTSP curves
were created to analyze the thermal and mechanical behaviors of PEI in more detail.
The TTSP master curves obtained using the MNAT procedure and manual shifting

methods provided more reasonable results compared to other methods in the literature.

49



In conclusion, this thesis demonstrated that the mechanical properties of
high-performance composite materials could be improved by producing them with FFF
technology, thus increasing their potential use in advanced technology applications.
This study, focusing on optimizing the mechanical strength and creep resistance of PEI
and CB-reinforced composites, makes a significant contribution to the wider industrial

application of FFF-based 3D printers.
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APPENDIX A : Creep Modeling Parameters’ Tables

Table A.1 : Parameter values were obtained by fitting the Burgers model with reduced
%% and adjusted R? values for specimens tested under a double cantilever fixture.

Sample Temp. (°C) Epy (MPa) Ex (MPa) mny (MPa.s) ngx (MPa.s) Red. x2 Adj. R?
30 1.47E+03 247E+04  2.68E+07 2.20E+06 4.16E-07 0.990
50 1.37E+03 2.67E+04  3.13E+07 2.24E+06 4.54E-07 0.986
70 1.31E+03 2.87E+04  3.35E+07 2.25E+06 447E-07 0.984
Neat PEI 90 1.25E+03 3.24E+04  3.57E+07 2.79E+06  4.09E-07 0.983
110 1.19E+03 3.54E+04  3.43E+07 3.27E+06 3.18E-07 0.987
130 1.14E+03 3.29E+04 3.01E+07 3.67E+06 2.97E-07 0.991

150 1.08E+03 243E+04 1.79E+07  3.03E+06 3.57E-07 0.996
170 9.80E+02 1.20E+04  6.79E+06 1.63E+06  8.62E-07  0.998

30 2.34E+03 4.32E+04  4.02E+07 3.05E+06 1.51E-07 0.990
50 2.24E+03 3.51E+04  3.90E+07 3.34E+06 2.28E-07 0.989
70 2.16E+03 3.69E+04 4.21E+07 3.45E+06  2.54E-07 0.987
90 2.12E+03 4.03E+04  4.22E+07 3.78E+06  2.20E-07 0.987

3 WG] 110 2.09E+03 420E+04 3.85E+07  4.49E+06 2.00E-07  0.990

130 2.03E+03 3.60E+04 2.94E+07  4.52E+06 1.88E-07 0.994

150 1.92E+03 2.36E+04  1.57E+07 3.32E+06 2.67E-07 0.997
170 1.63E+03 1.17E4+04  6.24E+06 1.79E+06  6.52E-07  0.999
30 2.39E+03 3.59E+04 3.65E+07 3.98E+06 1.74E-07 0.993
50 227E+03 4.43E+04 4.93E+07  4.24E+06 1.45E-07 0.989
70 2.25E+03 4.76E+04 5.05E+07  4.37E+06 1.49E-07 0.988
90 223E+03 5.26E+04 5.12E+07  5.16E+06 1.43E-07 0.987

10wt% CBPEL 110 5 19E+03 536E+04 530E+07  6.50B+06 1.22E-07  0.990

130 2.15E+03 5.11E+04 441E+07  6.21E+06 9.56E-08 0.994
150 2.08E+03 4.14E+04 3.40E+07  5.56E+06 1.10E-07 0.996
170 1.94E+03 2.69E+04 1.67E+07 3.78E+06  1.92E-07 0.998
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Table A.2 : Parameter values were obtained by fitting the Findley model with Red.
%% and Adj. R? values for specimens tested under a double cantilever fixture.

Sample Temperature °C & A n Red. x> Adj. R?

30 2.52e-01 1.38e-02 1.86e-01 3.02e-08  0.999

50 2.66e-01 1.88e-02 1.47¢e-01 4.15e-08  0.999

70 2.80e-01 1.99e-02 1.35¢e-01 5.27e-08  0.998

Neat PEI 90 3.0le-01 1.39e-02 1.60e-01 7.04e-08  0.997
110 3.23e-01 7.81e-03 2.14e-01 7.08e-08  0.997

130 341e-01 5.26e-03 2.71e-01 6.67e-08  0.998

150 3.63e-01 3.65e-03 3.67e-01 6.99e-08  0.999

170 3.98¢-01 3.99¢e-03 4.67e-01 1.07e-07  0.999

30 1.6le-01  6.84e-03 2.04e-01 2.92e-08  0.998

50 1.64e-01 9.62¢e-03 1.87e-01 2.28¢e-08  0.999

70 1.69e-01 1.08e-02 1.71e-01 3.17e-08  0.998

90 1.77e-01  7.94e-03 1.95¢-01 3.60e-08  0.998

> wite CB/EE 110 1.84e-01 449e-03 2.6le-01 42808  0.998
130 1.90e-01  3.02e-03 3.35¢e-01 4.05e-08  0.999

150 2.0le-01 2.56e-03 4.24e-01 4.49¢e-08  0.999

170 2.36e-01 3.16e-03 5.09¢e-01 6.27e-08 1.000

30 1.58e-01 5.57¢e-03 2.49e-01 1.89e-08  0.999

50 1.65e-01  7.59¢-03 1.88¢-01 1.57e-08  0.999

70 1.67e-01 6.98¢-03 1.91e-01 2.05e-08  0.998

90 1.72e-01 4.84e-03 2.23e-01 2.82e-08  0.998

10 wt% CB/PEI 110 1.76e-01  3.39e-03 2.63e-01 3.01e-08  0.997
130 1.81e-01 2.50e-03 3.11e-01 2.14e-08  0.999

150 1.87e-01  2.29¢-03  3.52e-01 2.29¢-08  0.999

170 2.0le-01  1.99e-03 4.45e-01 2.96e-08  0.999
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Table A.3 : Parameter values were obtained by fitting the Burgers model with reduced
%% and adjusted R? values for specimens tested under a three-point bending fixture.

Sample Temp. (°C) Epy (MPa) Ex (MPa) mny (MPa.s) ngx (MPa.s) Red. x2 Adj. R?
30 2338 48242 3.86E+07 2.32E+06  7.03E-08 0.986
50 2253 36158 3.38E+07 3.23E+06  1.05E-07  0.990
70 2176 39382 3.64E+07 3.16E+06 8.38E-08  0.990
90 2101 44044 4.88E+07 3.63E+06 5.74E-08  0.990
Neat PEI 110 2051 51083 5.82E+07 4.12E+06 3.91E-08 0.991
130 2018 53071 4.76E+07 4.12E+06  3.03E-08 0.994
150 1963 40965 2.19E+07 3.07E+06  3.36E-08  0.998
170 1751 17796 5.69E+06 1.48E+06 1.16E-07 0.999
190 1153 4976 1.18E+06 4.60E+05 1.57E-06  1.000
30 2717 60966 4.39E+07 3.54E+06 5.09E-08 0.987
50 2619 37309 5.09E+07 3.98E+06 5.82E-08 0.993
70 2563 41505 5.21E+07 3.70E+06 4.30E-08 0.993
90 2509 46184 6.31E+07 3.98E+06 2.99E-08 0.994
5 wt% CB/PEI 110 2472 53095 6.88E+07 445E+06 2.15E-08 0.994
130 2452 58860 5.74E+07 4.58E+06 1.78E-08  0.995
150 2413 49361 3.11E+07 3.52E+06 1.65E-08  0.998
170 2216 25144 8.76E+06 1.98E+06 4.37E-08  0.999
190 1549 6218 1.75E+06 6.64E+05 8.73E-07  0.999
30 2491 59939 5.31E+07 2.59E+06 4.68E-08 0.983
50 2427 35591 4.29E+07 3.35E+06 6.59E-08  0.993
70 2368 39114 4.48E+07 3.13E+06 4.97E-08  0.993
90 2309 44162 5.50E+07 342E+06 3.51E-08 0.993
10 wt% CB/PEI 110 2270 50724 6.46E+07 3.89E+06 2.57E-08 0.993
130 2245 54508 5.85E+07 4.03E+06 2.18E-08 0.994
150 2200 48023 3.23E+07 3.05E+06 1.95E-08 0.997
170 2024 24503 7.87E+06 1.78E+06  5.90E-08  0.999
190 1419 6234 1.81E+06 6.36E+05 9.25E-07 0.999
30 2789 66357 4.68E+07 3.12E+06  4.07E-08  0.987
50 2688 44155 4 47E+07 4.51E+06 5.57E-08 0.992
70 2621 47045 4.81E+07 4.13E+06 4.55E-08 0.992
90 2576 49400 6.48E+07 4.39E+06 3.24E-08  0.993
HP-Neat PEI 110 2551 52909 6.83E+07 4.61E+06 1.84E-08 0.995
130 2522 53140 5.94E+07 4.53E+06 1.34E-08 0.997
150 2473 47481 3.38E+07 3.82E+06 1.27E-08 0.998
170 2337 30121 1.23E+07 2.38E+06 2.09E-08 0.999
190 1839 7617 2.05E+06 7.95E+05 6.22E-07  0.999

63



Table A.4 : Parameter values were obtained by fitting the Findley model with Red.
x? and Adj. R? values for specimens tested under a three-point bending fixture.

Sample Temp. °C £ A n Red. >  Adj. R?
30 0.1155 0.0108 0.1209  5.62E-09  0.999

50 0.1242  0.0060 02079 2.75E-08  0.997

70 0.1283  0.0068  0.1850  1.92E-08  0.998

90 0.1325  0.0077 0.1555 2.17E-08  0.996

Neat PEI 110 0.1369  0.0072  0.1472  1.74E-08  0.996
130 0.1423  0.0046  0.1946  1.31E-07  0.976

150 0.1489  0.0023  0.3331  7.30E-09  0.999

170 0.1672  0.0020  0.5060  2.42E-08 1.000

190 0.2502  0.0046  0.6054  2.98E-07  1.000

30 0.1038  0.0050 0.1772  6.40E-09  0.998

50 0.1061  0.0056  0.1994  3.99E-08  0.995

70 0.1071  0.0073  0.1627  2.94E-08  0.995

90 0.1092  0.0080 0.1426  2.94E-08  0.994

5 wt% CB/PEI 110 0.1126  0.0067  0.1458  2.12E-08  0.994
130 0.1163  0.0044  0.1838  1.02E-08  0.997

150 0.1202  0.0026 02797  7.53E-09  0.999

170 0.1322  0.0017 04745  1.88E-08 1.000

190 0.1840  0.0039  0.5822  3.61E-08 1.000

30 0.1032 0.0156 0.0764 3.41E-09  0.999

50 0.1135  0.0071  0.1828  3.61E-08  0.996

70 0.1149  0.0090 0.1505 2.62E-08  0.996

90 0.1175  0.0099  0.1288  2.64E-08  0.995

10 wt% CB/PEI 110 0.1210  0.0090  0.1243  2.15E-08  0.995
130 0.1252  0.0065 0.1502  1.36E-08  0.996

150 0.1312  0.0036  0.2395 9.33E-09  0.999

170 0.1453  0.0016  0.4886  3.34E-08 1.000

190 02012  0.0042  0.5648  3.84E-08 1.000

30 0.1008  0.0055 0.1564  6.05E-09  0.998

50 0.1055 0.0038  0.2346  223E-08  0.997

70 0.1070  0.0052  0.1914  1.67E-08  0.997

90 0.1075  0.0067 0.1540  2.34E-08  0.995

HP-Neat PEI 110 0.1099  0.0058 0.1606  2.26E-08  0.994
130 0.1125 0.0046  0.1867 1.96E-08  0.995

150 0.1170  0.0027  0.2762  1.19E-08  0.998

170 0.1251  0.0018 04299  1.87E-08  0.999

190 0.1555  0.0031  0.5893  3.41E-08 1.000

64



Table A.S : Parameter values were obtained by fitting the generalized Kelvin-Voigt
Model with Red. 2 and Adj. R? values for specimens tested under a three-point
bending fixture.

Sample Temp. (°C)  E; E> E3 Ny N; Red. x> Adj. R?

30 2381.506 52910.46 38003.38 586439.9 9893489 2.09E-08 0.996
50 2322.104 49964.77 24788.11 359940.7 5791236 1.58E-08 0.999
70 2232.794 53275.18 27833.9 390948.2 6233933 2.02E-08 0.998
90 2155.033 58435.91 33353.21 306443.4 6493005 1.75E-08 0.997
Neat PEI 110 2094.815 68521.17 39267.99 334611.2 7.35E+06 1.56E-08 0.996
130 2033.892 93911.76 38308.66 1579958 9559410 1.80E-08 0.996
150 1970.557 61003.93 18699.71 2313200 9.76E+06 2.24E-08 0.998
170 1764.049 4135.419 27660.1 3304930 1131424 5.10E-08 1.000
190 1180.651 796.4854 8672.31 722537.7 310313.6 2.64E-07 1.000

30 2772.053 41423.44 68150.38 1.11E+07 6.67E+05 1.11E-08 0.997
50 2698.773 64743.41 28327.57 372977.2 5785231 8.50E-09 0.999
70 2626.662 70250.15 32264.52 443710.8 6105283 1.47E-08 0.998
90 2567.536 77194.01 37029.2 383276.1 6.40E+06 1.48E-08 0.997
5 wt% CB/PEI 110 2512.113 97767.68 42420.12 637507.9 7.53E+06 1.37E-08 0.996
130 2462.555 100000 46856.68 3176401 1.36E+07 1.11E-08 0.997
150 2417912 64535.13 25244.27 3095818 1.58E+07 1.29E-08 0.998
170 2225.068 34508.07 5753.909 1728127 5599360 2.74E-08 1.000
190 1589.261 1266.799 12842.13 945191.5 440029 1.25E-07 1.000

30 2531.355 52672.02 62889.24 1.28E+07 652340.5 1.50E-08 0.995
50 2492.794 60531.27 26890.68 423954.4 5459095 1.41E-08 0.998
70 2414.814 67468.24 30790.55 614887.9 6024332 2.27E-08 0.997
90 2349.164 77298.57 36072.14 613838.8 6.46E+06 2.25E-08 0.996
10 wt% CB/PEIL 110 2284.299 99563.61 45067.52 2134232 9.38E+06 1.77E-08 0.996
130 2255.009 93223.69 47000.86 2735078 1.23E+07 1.35E-08 0.997
150 2203.481 58194.81 25595.9 2694030 1.78E+07 1.64E-08 0.998
170 2033.411 33137.51 5207.871 1466271 5101744 3.35E-08 1.000
190 1453.279 1339.376 12262.31 972928.4 418290.9 1.45E-07 1.000

30 2835.292 47303.6 70303.37 1.37E+07 759754.7 1.25E-08 0.99
50 2767.797 29997.13 66607.55 6992014 401743.2 8.41E-09 0.999
70 2685.044 338353 71130.43 7241023 482112.6 1.24E-08 0.998
90 2637.096 78752.92 38810.4 400388.9 7058592 1.19E-08 0.997
HP-Neat PEI 110 2593.606 100000 41512.93 592054.7 7.45E+06 1.32E-08 0.997
130 2529.036 46052.71 93354.23 1.38E+07 4045706 9.86E-09 0.998
150 2477.614 66923.99 27829.8 3504582 1.50E+07 9.07E-09 0.999
170 2340.653 36461.04 6505.052 2273569 8869402 1.74E-08 1.000
190 1887.109 1473.821 15293.21 1135450 514158.4 9.12E-08 1.000
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