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Jacob J. Fallon 

Abstract 

 Nanomaterials are becoming increasingly prevalent in final use products as we continue to 

improve our understanding of their structure and properties and optimize their processing. The 

useful applications for these materials extend from new drug delivery systems to improved 

materials for various transport industries and many more. Nanoscale materials which are 

commonly used include but are not limited to carbon nanotubes, graphene, silica, nanoclays, and 

cellulose nanocrystals. The literature presented herein aims to investigate structure-process-

property relationships of cellulose nanocrystal (CNC) polymer composites. These CNC 

nanocomposites are unique in that they provide a dynamic mechanical response when exposed to 

H2O. Currently, these nanocomposite systems are most commonly solvent cast into their final 

geometry. In order to enable the use of these materials in more commercial processing methods 

such as extrusion, we must understand their inherent structure-process-property relationships. To 

do this, we first characterize the influence of temperature and shear orientation on the unique 

mechanical adaptive response. Next, the melt processability of the nanocomposite was 

characterized using material extrusion (MatEx) additive manufacturing (AM). Additionally, the 

diffusion behavior of water within the film, which controls the dynamic mechanical response, was 

probed to better predict the concentration dependent behavior. Finally, a literature review is 

presented which outlines the state of the art for melt extrusion AM of fiber filled polymer 
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composite materials and provides insight into how we can further improve mechanical properties 

through further addition of composite filler materials.  

 The initial focus of the dissertation is on the influence of melt processing CNC 

thermoplastic urethane (TPU) composites and the resulting impact on the mechanical adaptive 

response. Dynamic mechanical analysis (DMA) fitted with a submersion clamp was used to 

measure the mechanical softening of the composite while submerged in water. Small angle x-ray 

scattering (SAXS) and polarized raman spectroscopy were used to qualify the orientation of the 

various CNC/TPU composite samples. The results of the orientation measurements show that 

solvent casting the films orient CNCs into a mostly random state and melt extrusion induces some 

degree of uniaxial orientation. The DMA results indicate that at the processing conditions tested, 

the uniaxial orientation and thermal exposure from the melt processing do not significantly impact 

the mechanical responsiveness of the material. 

 The next objective of this work was to expand upon the aforementioned learnings and 

determine the CNC composite material processability using MatEx. The ability to process 

mechanically dynamic CNC/TPU composites with a selective deposition process capable of 

generating complex geometries may enable new functionality and design freedom. To realize this 

potential, a two factor (extrusion temperature and extrusion speed) three level (240, 250 & 260 ℃/ 

600, 1100 & 1600 mm/min) design of experiments (DOE) was utilized. The resulting printed parts 

were characterized by DMA to determine their respective mechanical adaptivity. Processing 

conditions did prove to have a significant impact on the mechanical adaptivity of the printed part. 

A correlation between applied energy and mechanical adaptivity demonstrates how increasing 

residence time and temperature can reduce mechanical performance. The shape fixity of the 
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printed parts was calculated to be 80.4% and shape recovery was 44.2%. A 3D prototype part was 

also produced to demonstrate the unique properties of this material. 

 Although the understanding of the melt processing behavior of these CNC composites had 

been improved, a stronger understanding of the moisture diffusion behavior within the composite 

is required to fully realize and control their potential. Therefore, a study was undertaken to capture 

the diffusion behavior and correlate it to the mechanical responsive mechanism. To do this, a 

thermogravimetric sorption analysis (TGA-SA) instrument was used to monitor the mass uptake 

as a function of time exposed to a humid environment. These data were then compared to DMA 

data collected for the same samples exposed to a similar degree of humidity. All studies were 

conducted as a function of concentration in order to better elucidate the influence that percolating 

network structures may have on the resultant properties. Interestingly, the results show how 

increasing addition of CNCs results in a decrease in the rate of diffusivity, which is counter to 

what has been commonly hypothesized. It is hypothesized that increasing CNC content restricts 

the mobility of surrounding amorphous matrix material, thus increasing the resistance for diffusion 

of a water molecule. However, the rate of mechanical adaptation was found to increase with 

increasing CNC content, which is believed to be a result of the increased connectivity, enabling 

further transport of water molecules. 
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General Audience Abstract 

 Nanomaterials are becoming increasingly prevalent in final use products as we continue to 

improve our understanding of their structure and properties and optimize their processing. The 

useful applications for these materials extend from new drug delivery systems to improved 

materials for various transport industries and many more. The literature presented herein aims to 

investigate structure-process-property relationships of cellulose nanocrystal (CNC) polymer 

composites. These CNC nanocomposites are unique in that they provide a unique mechanical 

response when exposed to water. In order to enable the use of these materials in more commercial 

processing methods, we must understand their inherent structure-process-property relationships. 

The following documents multiple aspects of these unique composite materials which enables their 

commercial viability and scientific versatility.  
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Original Contributions 

The following are considered the significant contributions of this research: 

• Established structure-process-property relationships for the impact of shear induced 

orientation and thermal history imparted by single screw melt extrusion on the 

mechanically percolating network structure of CNC/TPU nanocomposites. 

• Defined processing window for CNC/TPU nanocomposites with a material extrusion 

(MatEx) based additive manufacturing (AM) process, and the resulting performance of the 

mechanical adaptive network.  

• Identified and quantified the concentration dependent diffusion behavior of water in 

cellulose nanocrystal composites and how this behavior correlates to the mechanical 

adaptivity driven by disruption of the percolating CNC network.  

• Established and identified key rheological, mechanical and geometric limitations for 

thermoplastic extrusion AM of highly fiber filled polymer composite materials in an effort 

to define research directions for expanding AM into structural materials with further 

improved properties.  
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Chapter 1 - Introduction 

1.1. Motivation 

Composite materials have long been used by humans largely for their improved mechanical 

performance over their pure material components. Mesopotamians are thought to have been the 

first inventors of composites with the creation of the composite bow (3400 B.C.). These bows were 

produced from composite plywood materials which were created by gluing together wood strips 

at different angles, incorporating animal tendons on the outside of the bow and a compressible 

animal horn on the inside.1 The resulting composite bow was more powerful and functional than 

the one made using previous construction techniques, providing the Mesopotamians with an 

advantage in war over other civilizations. Composite technology has continually advanced from 

these early stages with the development of the first concrete materials in 25 B.C.2 to more recent 

developments with the chemical revolution in the late 19th century, allowing for production of 

synthetic resins.3 

The ability to produce thermosetting and thermoplastic synthetic polymers in a cost-effective 

manner has significantly changed how our society uses materials today. These synthetic polymers 

have been an integral part of our everyday life as they provide an inherent toughness, low density 

and chemical resistance that is unmatched by many materials. However, one shortcoming of these 

polymers is their lack of relative stiffness or yield strength, which can hinder their use in certain 

applications. To combat this issue, researchers began blending these low strength polymer matrices 

with high strength filler materials such as glass fibers and talc.4-7 Composite blends of a polymer 

and filler result in a synergistic response, forming a relatively low density material with one to two 

orders of magnitude higher compressive strength when compared to the pure polymer.5, 8-10 The 
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capabilities of incorporating various fillers into polymers and producing polymeric composite 

materials has significantly advanced over the years and the demands of these materials continues 

to grow.11, 12 

Polymer nanocomposites are a relatively recent development which has arisen from the 

increasing performance demand of traditional composite materials. Polymer nanocomposites are 

different from traditional polymer composites in that they use nanoscale fillers rather than micro 

scale or larger fillers. Nanoscale fillers exhibit a much larger surface area to volume ratio, allowing 

a much larger interface to transfer loads, thus resulting in a stronger material.13 One of the first 

commercial uses of a polymer nanocomposite was from Toyota in 1991, where a clay/nylon-6 

nanocomposite material was used for timing belt covers.14 The use of these nanocomposites has 

significantly grown over the years and still has significant potential for growth and development. 

It is for these reasons that the following proposed research is of significance and will contribute to 

the current knowledge base, advancing our understanding of these materials. 

1.2. Research Objectives 

The primary objective of this research is to investigate structure-process-property relationships 

of polymeric nanocomposites. CNC nanocomposite materials are primarily investigated with 

various objectives, however, a final objective relates to carbon fiber filled thermoplastic 

composites. The specific objectives which are investigated are… 

1. Characterize the effects of shear induced orientation and thermal history imparted by 

processing on the percolating network structure of CNC/TPU nanocomposites.  
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2. Investigate how processing variables such as shear and temperature impact the shape 

memory behavior of cellulose nanocrystals polymeric. 

 

3. Establish relationship between water diffusion and mechanical response in CNC/TPU 

composites as a function of CNC concentration. 

 

4. Determine key limitations associated with processing of highly fiber filled thermoplastic 

composite systems for extrusion based additive manufacturing. 
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Chapter 2 - Literature Review  

Section Overview 

The following sections are intended to provide the reader with a comprehensive review of 

relevant background concepts and current literature required for understanding the recently 

completed and proposed research topics. First, the definition of nanocomposites and their current 

usage and importance in society is presented in Chapter 2. A literature review for mechanically 

adaptive cellulose nanocrystal (CNC) polymer composites is presented in §2.2. Sections §2.2.1 

and §2.2.4 provides detailed background into the components of the composite system  for CNCs 

and TPU respectively and is followed by a descripton and background of several applications for 

these nanocomposites in §2.2.5 and §2.2.6. A review of the water diffusion behavior can be found 

in §2.2.7. 

2.1. Nanocomposites 

 Nanocomposites are a rapidly growing field of research which is continually improving 

many aspects of everyday life. These improvements are impacting large markets such as the 

automobile industry with lighter weight materials used to make vehicles more fuel efficient.1 These 

high performance materials are available at industrial scale quantities, enabling integration with 

smaller markets such as the golf industry, which now has improved performance and design 

freedom of golf balls due to the incorporation of nanomaterials such as graphene.2 Some of these 

nanoscale fillers that are being used today include carbon nanotubes,3-5 graphene,6, 7 silica,8, 9 

nanoclays,5, 10 CNCs and cellulose nanofibrils (CNF) 10-15. Nanofillers are unique in that they can 

significantly improve the mechanical properties of a matrix material with less than 2-5 weight 

(wt)% addition of the nanofiller.16 This is caused by the inherently large surface area to volume 
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ratio of nanofillers as shown in Figure 2-1.17 This increased surface area to volume ratio of 

nanofillers allows for a larger interface to transfer filler properties to the matrix. 

 

Figure 2-1: Surface area to volume ratio of a spherical particle as a function of the particle 

radius. 

 

 However, many of these nanoscale additives are either nonrenewable, unsustainable or 

extremely expensive. In order to make polymeric nanocomposites more accessible, alternative 

nanomaterials which are renewable, sustainable and relatively inexpensive must be investigated. 

The proposed work focuses on development and characterization of novel composite systems with 

a key emphasis on understanding the structure-process-property relationships. The composite 

systems of primary focus is a cellulose nanocrystal (CNC) thermoplastic polyurethane composite. 

The findings of the proposed research will enable more cost effective and functional materials for 

use in several industries including medical, aerospace and automotive. A detailed discussion of the 

current state of the art for the composite system is presented in the following sections.  
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2.2. CNC Polymer Composites 

CNC polymer composites are an emerging composite system which are driven by their 

unique reinforcing phase, which is comprised of CNCs, a biorenewable material derived from 

cellulose. CNCs are typically desired for their reinforcement effect when added to a polymer 

matrix in the dry state. However, when exposed to water, this reinforcement is significantly 

lessened, resulting in a softer material. For many scientists, this hydro responsive mechanism is a 

hindrance, as the use application may demand a constant high stiffness material property. 

However, many applications can benefit from this mechanical adaptive behavior, providing 

dynamic functionality with zero energy input to otherwise static materials. The potential benefits 

of these functional materials have inspired us to further understand the mechanisms and driving 

forces enabling use for dynamic mechanical applications. This investigation is important because  

CNCs are sensitive to processing as they degrade at relatively low temperatures and can have 

relatively high aspect ratios allowing orientation to influence their structure and mechanical 

properties. Understanding the structure-process-property behavior may enable the generation and 

integration of a new material which can be leveraged for integration into new processing 

technologies such as additive manufacturing. 

2.2.1. Cellulose Nanocrystals (CNCs) 

 Cellulose based nanofillers have recently become of particular interest for use in polymer 

composites due to their bio-renewability, low toxicity, optical and mechanical properties. CNCs 

and CNFs are derived from a naturally occurring semi-crystalline polymer known as cellulose. 

Cellulose is found in living organisms containing cell walls, including sources such as flax, 

softwood, hardwood, bacteria, algae and tunicates such as those shown in Figure 2-2.18 The 
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structure and properties of the crystalline and amorphous domains contained within the cellulose 

is highly dependent on the source.19 Therefore, the source of cellulose can vary the dimensions of 

the cellulose nanofillers, shown in Table 2-1, as well as the degree of crystallinity and crystalline 

structure of the nanofiller.19-21 The mechanical properties of various CNC sources is documented 

in Table 2-2. 

 

Figure 2-2: Diagram showing the common sources of cellulose, followed by the cell wall structure 

within the cellulose fibril. The morphological structure of the cellulose domains are shown on the 

far right along with the cellulose chemical structure.  

 

The isolation of cellulose nano-fillers is a critical area of research aimed at driving the 

production of these materials to a larger scale while improving efficiency and yield. The process 

begins by collecting cellulose containing resources such as cotton,22, 23 wood,24-26 flax,27 algae28-30 

and many other sources which contain cell walls. These feedstocks are typically preprocessed into 

a pulp or powder form to improve consistency for subsequent processing steps.14  The refined 
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cellulose pulp/powder may be treated with three processing methods which include mechanical 

treatment,26, 31, 32 acid hydrolysis32, 33 and enzymatic hydrolysis.14, 32 

Table 2-1: Size characterization of CNCs from various sources. Adapted from reference 19 

Source Length (nm) Width (nm) Aspect ratio (L/D) Reference 

Wood 100-300 3-5 20-100 34, 35 

Cotton 100-150 5-10 10-30 36 

Bacteria 100-1,000 10-50 2-100 37 

Tunicates >1,000 10-20 ~100 38 

 

For the purpose of this literature review, we will focus on CNCs isolated using an acid hydrolysis 

separation process. The acid hydrolysis process utilizes an acid which dissolves amorphous 

domains within the cellulose microfibrils, leaving the crystalline domains intact (assuming the 

processing conditions are not too aggressive). The most common acid used for this process is 

sulfuric acid,32 however other acids such as hydrochloric acid,39-41 formic acid,42, 43 and phosphoric 

acid44 are used to introduce various surface functionalities to the CNCs which influence the final 

mechanical and thermal properties. The treatment conditions have many tunable processing 

parameters which influence the yield and properties of the CNCs. These parameters include acid 

concentration, exposure time and reaction temperature.12 Once the hydrolysis is complete, the 

resulting suspension must undergo an additional separation process to remove the residual 

amorphous sections and other impurities. This process is typically accomplished by centrifugation 

which is followed by a dialysis process until a neutral pH of ca. 7 is obtain.44 Finally, the 

suspension of CNCs is further purified using microfiltration to ensure rejection of agglomerates 

and isolation of the nanoscale CNCs.  
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Table 2-2: Mechanical properties of CNCs. Obtained from Moon 201145 

Cellulose Source Property 
Measurement 

Method 
Value Units Reference 

Tunicate CNCs E’ (axial) AFM 150 GPa 14 

Tunicate CNCs E’ (axial) AFM 151 ± 29 GPa 45 

Plant CNCs E’ (axial) Raman 57,105 GPa 46 

Wood CNCs E’ (transverse) AFM 18-50 GPa 47 

Bacterial CNCs E’ (axial) AFM 78 ± 17 GPa 48 

Bacterial CNCs E’ (axial) Raman 114 GPa 49 

    

2.2.2. Mechanically Adaptive CNC Networks 

The readily modified surface functionality of CNCs, combined with their inherent 

mechanical properties, encourage their use as a mechanical reinforcement filler if properly 

dispersed in a polymer matrix. Once the loading concentration of CNC surpasses a certain 

threshold (typically 0.1 - 3.5 vol%),50, 51 CNCs (which are commonly processed with sulfuric acid 

hydrolysis) will form an inter connected networks via hydrogen bonding of exterior surface 

hydroxyl groups.27, 44, 52-54 The percolating network of CNCs significantly improves the 

mechanical properties of the nanocomposite. However, the CNC network is unique in that the 

interconnectivity can dissociate with the addition of water. The currently accepted mechanism for 

the disassociation is attributed to the hydrogen bond detaching from neighboring CNCs and 

preferentially attaching to incoming water molecules as shown in Figure 2-3.52, 55 The competitive 

hydrogen bonding of water to CNCs will continually reduce the mechanical reinforcement until 

the diffusion of water into the nanocomposite reaches an equilibrium.56 This mechanism has been 

shown to be a reversible process, and can fully recover the mechanical properties of the initial state 

of the nanocomposite upon complete drying.50, 52 
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Figure 2-3: Softening mechanism for CNC networks connected via hydrogen bonding. (Left) Dry 

state hydrogen bonded CNC network (Right) Disconnected CNC network from competing 

hydrogen bonding with local water molecules. 

 

2.2.3. Mechanical Modeling of CNC Composites 

This section describes how many researchers have applied mathematical models from 

composite theory to the mechanical reinforcement of nanocomposites and, more specifically, the 

mechanical stiffness and strength of CNCs in thermoplastic matrices. Traditional mean field 

composite models such as the Halpin-Tsai and Halpin-Kardos were originally designed to aid in 

predicting mechanical properties of single unidirectional fiber plys (Halpin-Tsai) and 

unidirectional multi ply layup with various degrees of ply orientations (Halpin-Kardos).57 These 

theoretical models are capable of predicting the resulting composite properties such as storage 

modulus based on the independent material properties of the filler and matrix material, their 

respective volume fractions as well as the size and aspect ratio of the filler. The Halpin-Tsai 

micromechanics equation for approximating longitudinal Young’s modulus is shown in Equation 

(2.1), where EL is longitudinal Young’s modulus, Em is the matrix materials Young’s modulus, ELf 
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is the longitudinal filler modulus, φf is the filler volume fraction, ζ is the shape factor define by L, 

the length of the filler, and w the width of the filler.  

 

 
𝐸𝐿 = 𝐸𝑚

1 + 𝜂𝐿 ∗ 𝜁 ∗ 𝜑
𝑓

1 − 𝜂𝐿 ∗ 𝜑
𝑓

 (2.1)  

where 

𝜂𝐿 =
𝐸𝐿𝑓/𝐸𝑚 − 1

𝐸𝐿𝑓/𝐸𝑚 + 𝜁
 

𝜁 =
2 ∗ 𝐿

𝑤
 

The Halpin-Tsai equation for estimating transverse Young’s modulus of the composite 

material is shown in Equation (2.2), where ET is the transverse Young’s modulus, Em is the matrix 

materials Young’s modulus, ETf is the longitudinal filler modulus, φf is the filler volume fraction, 

ζ is the shape factor define by L, the length of the filler, and w the width of the filler.  

 
𝐸𝑇 = 𝐸𝑚

1 + 2𝜂𝑇 ∗ 𝜁 ∗ 𝜑
𝑓

1 − 𝜂𝑇 ∗ 𝜑
𝑓

 (2.2)  

where 

𝜂𝑇 =

𝐸𝑇𝑓

𝐸𝑚
− 1

𝐸𝑇𝑓

𝐸𝑚
+ 2

 

𝜁 =
2 ∗ 𝐿

𝑤
 

 The Halpin-Tsai equation was further extrapolated by Halpin-Pagano58 to predict directly 

the storage modulus from the transverse and longitudinal moduli as shown in Equation (2.3).  
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𝐸𝑐 =

3

8
𝐸𝐿 +

5

8
𝐸𝑇 

(2.3)  

 

The Halpin-Kardos equation shown in Equation (2.4), is used to predict storage modulus 

of composites, Ec, where Gf is the filler shear modulus, Gm is the matrix shear modulus, vf is the 

poisson’s ratio of the filler and vm is the poisson’s ratio of the matrix.   

 
𝐸𝐶 = 4

𝑈5

𝑈1

(U1 − 𝑈5) (2.4)  

where 

𝑈1 =
1

8
(3𝑄11 + 3𝑄22 + 2𝑄12 + 4𝑄66) 

 

𝑈5 =
1

8
(𝑄11 + 𝑄22 + 2𝑄12 + 4𝑄66) 

 

𝑄11 = 𝐸𝐿/(1 − 𝑣12𝑣21) 

 

𝑄22 = 𝐸𝑇(1 − 𝑣12𝑣21) 

 

𝑄12 = 𝑣12𝑄22 = 𝑣21𝑄11 

 

𝑄66 = 𝐺12 

 

𝑣12 = 𝜙𝑓𝑣𝑓 + 𝜙𝑚𝑣𝑚 =
𝑄11

𝑄22
𝑣21 

 

𝐺12 = 𝐺𝑚(1 + 𝜂𝜙𝑓)/(1 − 𝜂𝜙𝑓) 

 

𝜂 =
𝐺𝑓/𝐺𝑚 − 1

𝐺𝑓/𝐺𝑚 + 1
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Although Halpin-Tsai and Halpin-Kardos models take into account a number of significant 

variables, there are still several assumptions which need to be made. Common assumptions of the 

aforementioned models include monodisperse filler sizes, quasi-isotropic orientation, no filler-

filler interactions and no accounting for a filler-matrix interphase region.15. Filler sizes often 

polydisperse, for CNCs, how poly disperse the sample geometry is will be dependent on the source 

of cellulose as well as the hydrolysis process.22 The polydisperse will not only have an influence 

on the reinforcement effect of the material but also determines the percolation behavior, which for 

CNCs is known to be rather significant because of their ability to connect locally through hydrogen 

bonds. The use of quasi-isotropic orientation is intended to simulate the 2D random orientation of 

CNCs, however in reality, CNC will often arrange in a random 3D network.59  Finally, the 

assumption of no filler-filler interactions or filler-matrix interactions is an obvious variation from 

their known behavior which consists of the formation of a interconnected network by hydrogen 

bonding, as well as the potential for hydrogen bonds to form between CNCs and various matrix 

materials. These assumptions can lead to gross over or under estimations of the composite’s 

mechanical properties, therefore caution is required when applying these models 

Other models such as the Cox-Krenchel model shown in Equation (2.5) use a rule of 

mixtures based approach which is a modified version of the Halpin-Tsai model.60 This model 

modifies the influence of the longitudinal modulus, representing the fiber reinforcement as a short 

filler rather than continuous reinforcement. 

 𝐸𝑐 = 𝐸𝑚(1 − 𝑣𝑓) + 𝜂0𝐸𝜂1𝐸𝐸𝑓𝑣𝑓 (2.5)  

 

The Cox-Krenchel model also introduces two variables η1E and η0E which represent the 

fiber length efficiency, Equation (2.6), and orientation factors, Equation (2.1), respectively.60, 61 
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The fiber length efficiency factor is defined by the fiber length l, the fiber diameter rf, the matrix 

shear modulus Gm and the interfiber spacing distance R based on a homogeneous square geometric 

packing. 

 
𝜂1𝐸 = 1 −

tanh(𝛽𝑙/2)

𝛽𝑙/2
 (2.6)  

where 

𝛽 =
1

𝑟𝑓
√

2𝐺𝑚

𝐸𝑓 ln(𝑅/𝑟𝑓)
 

𝑅

𝑟𝑓
= √

𝜋/4

𝑣𝑓
 

 The orientation factor introduced by Rosenthal is shown in Equation (2.7). 

 η0E = ∑ an cos4 ϕn

n

 
(2.7)  

where an represents the fiber fraction for every orientation, Φn is the nth fiber orientation angle. 

Typical values for in plane random distributions include 0.375 and 0.2 for 3D distributions. 

The percolation model is another common tool used to predict the elastic tensile modulus, 

and is better suited for composite filler systems which demonstrated network structures formed by 

filler-filler interactions. This model is shown in Equation (2.8). 

 
𝐸𝐶 =

(1 − 2ψ + ψ𝑣𝑅)𝐸𝑆𝐸𝑅 + (1 − 𝑣𝑅)ψ𝐸𝑅
2

(1 − 𝑣𝑅)𝐸𝑅 + (𝑣𝑅 − ψ)𝐸𝑆
 (2.8)  

where EC is the elastic tensile modulus, ψ is the percolation fraction of the filler, vR is the 

volume fraction of filler, ES is the soft phase elastic tensile modulus and ER is the fillers elastic 

tensile modulus.   
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The fraction of filler which is acting as part of the percolating network can be estimated 

using Equation (2.9). 

 

𝜓 = 𝑣𝑅 (
𝑣𝑅 − 𝑣𝑅𝐶

1 − 𝑣𝑅𝐶
)

𝑏

 (2.9)  

where vRC is the percolation threshold, and b is the critical percolation exponent which has been 

shown to equal 0.4 for 3D networks.62, 63 The percolation model has been shown to accurately 

predict the elastic tensile modulus for composites systems above the glass transition temperature 

(Tg) (temperature at which filler-filler interactions dominate) and at high filler loadings.62-67 

 These models have been extensively used by researchers to aid in predicting the mechanical 

properties resulting from the CNC addition to thermoplastic matrices. Although there has been 

significant progress made in estimating the stiffness of nanocomposites, no models currently exist 

which can completely predict the mechanical behavior of various filler types and degrees of filler 

loadings. The results of these models are used mainly to provide insight into the mechanical trends 

produced by various composite systems, and absolute results are often cautiously compared to 

experimental data. 

 Annamalai et al. used both the Halpin-Kardos model and percolation model to provide 

insight into the effect of processing films with various methods.50 The authors produced styrene-

butadiene rubber (SBR)/CNC composites using three different processing methods: solution 

casting, compression molding and a CNC organogel template method. Once produced, the 

mechanical properties of the samples were probed using dynamic mechanical analysis (DMA) and 

correlated to mechanical models. The correlation between the mechanical models and the 

empirical results is shown in Figure 2-4, and illustrates how both models correlate poorly to the 
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empirical results. The authors suspect the poor correlation is possibly attributed to the models lack 

of accounting for filler-filler interactions and filler-polymer interactions. The interactions between 

CNCs are known to be significant due to the intra CNC hydrogen bonding and thus are likely 

contributing to the deviation from the mechanical models.  

  

Figure 2-4: Tensile storage modulus E’ of styrene-butadiene rubber/CNC composites obtained 

from Annamalai 2013 where (a) is solution cast films and (b) is solution cast followed by 

compression molding. (Reprinted with permission from Pratheep K. Annamalai, Koffi L. Dagnon, 

Seyedali Monemian, E. Johan Foster, Stuart J. Rowan, and Christoph Weder. ACS Applied 

Materials & Interfaces 2014 6 (2), 967-976. Copyright 2019 American Chemical Society.)50 

  

Other researchers have been more successful at implementing mechanical models (with 

polymer/CNC systems) that more closely match empirical values. For example, Capadona et al. 

studied the reinforcement and softening of ethylene oxide-epichlorohydrin (EO-EPI) copolymer 

material mixed with tunicate CNCs at varying weight percent’s.68 The authors found that the 

percolation model was able to describe closely the empirical results of the dry EO-EPI/TNW 

composite system, whereas the Halpin-Kardos model would more accurately describe the 

empirical results of the swollen systems. The authors deduce that the filler-filler interactions are 

the leading reason why the percolation model and Halpin-Kardos model correlate with different 



18 

 

states of the materials. First, the percolation model correlates with the dry state storage modulus 

(E’) of the composite which has intra CNC hydrogen bonding present. This aligns well with the 

method in which the percolation model simulates E’ by using a critical concentration for network 

formation as shown in Equation (2.8). The strong correlation between the percolation model and 

the empirical results can be seen in Figure 2-5 (A). However, once the sample swells with water, 

the empirical results correlate closely with the Halpin-Kardos model (Figure 2-5 (A)), which does 

not account for filler-filler interactions. As previously stated in the earlier part of this section, the 

Halpin-Kardos model simulates E’ by treating the sample as a multi directional, multi ply system 

with no interconnectivity. This happens to correlate well with the water saturated EO-EPI/TNW 

composite system which has had the strong intra CNC hydrogen bonding disrupted from 

competitively bonding water molecules. In order to prove their hypothesis and confirm the effect 

isn’t caused by a plasticization effect, the authors tested a EO-EPI/TNW composite system which 

was swollen in isopropanol (IPA) which is known to plasticize the material considerably (E’ 

decrease from 3.6 to 0.93 MPa). The results of this test are shown in Figure 2-5 (C), and indicate 

that the percolation model correlates well with the empirical results, as the CNC interactions 

continue to exist in the presence of IPA.  Additional studies have reported similar findings to the 

previously mentioned studies. 44, 56, 69 
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Figure 2-5: (A) shows the E’ of the EO-EPI/TNW (19% v/v whiskers) composite system with 

(open square) and without water (open circle and closed square). (C) shows the E’ of EO-EPI/TNW 

composite system swollen in IPA. This image was reproduced from Capadona 200868 with 

permission.  

 

 As with any type of modeling which attempts to fit theoretical values to empirically 

measured results, the accuracy of the input parameters, system conditions and properties are 

critical when attempting obtain precise predictions. Obtaining properties and parameters for CNCs 

presents a challenge as they are anisotropic nanoscale additives with various properties which 

change drastically between cellulose sources and isolation methods.19 In addition to 

characterization of CNC size, as previously shown in Table 2-1, mechanical properties of the pure 

CNCs are often required for mechanical models and are shown in   

Table 2-2. The mechanical properties of CNCs can be measured using several techniques 

including, but not limited to, X-Ray diffraction (XRD), inelastic X-Ray scattering (IXS), Raman 

spectroscopy and atomic force microscopy used in various modes. These measured values can then 

be used with the mechanical models to more accurately predict the composite properties.  



20 

 

2.2.4. Thermoplastic Urethane (TPU) 

Thermoplastic urethanes (TPU) are linear segmented block copolymers which are created 

by a condensation reaction of three components: polyols, chain extenders and diisocyanates. Once 

polymerized, the TPU will phase separate into hard and soft domains. The hard-polar domains are 

made up of alternating chain extender and diisocyanate whereas the soft non-polar domains are 

comprised of flexible segments of the polyol as shown in Figure 2-6. This phase separation is what 

provides the TPU with its unique strength and toughness, enabling its use in a number of industries 

such as medical devices70 and automotive applications71. These mechanical properties are derived 

from the hard domains which form pseudo crystalline regions in an otherwise amorphous polymer 

system. The morphology of this microphase separation is dependent on the compositional ratio of 

the TPU. Additionally, this ratio will dictate the rubbery state modulus between of the Tg of the 

hard and soft phase. These pseudo-crystals act as physical crosslinks, providing the materials with 

its strength. The flexible soft segments allow for molecular motion which provides the elongation, 

recovery and toughness that TPUs are known for.72 
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Figure 2-6: The upper image shows the components of TPU chemical structure and their 

respective arrangement. The lower image shows the morphological arrangement of the hard and 

soft domains of the TPU.  

  

TPUs are commonly used in medical applications for their inherently low storage modulus, 

toughness and biocompatibility. Table 2-3 shows a few of the material properties for a common 

injection molding and extrusion medical grade TPU, known as Texin RxT70A®. The 

aforementioned properties make TPU an excellent material choice for applications such as tubing, 

catheters, device housings, soft grips and other medical devices. Combining TPUs with cellulosic 

materials has become of particular interest for biomedical applications as it enables shape-memory 

behavior which can present several advantages for biomedical applications.73, 74 More details and 

the specific applications which leverage these unique shape memory properties in biomedical 

applications are presented in §2.2.6. 
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Table 2-3: Table of properties for Texin® RxT70A TPU 

Properties Value Units 

Density 1.07 g/cm3 

Melt Temperature* 200 °C 

Tensile Strength 25.5 MPa 

Tensile Strain (break) 770 % 

Vicat Softening Temperature 75 °C 

* denotes common terminology for polymer processing, however, it is noted that TPU 

is an amorphous material which doesn’t demonstrate “melting” of crystalline domains 

2.2.5. Additive Manufacturing 

Additive manufacturing (AM) is an increasingly popular production technique which 

leverages an additive style of manufacturing counter to traditional subtractive techniques such as 

milling. Utilizing an additive style of manufacturing reduces material waste, improves energy 

efficiency and greatly increases overall design freedom.75 In addition, prototyping times for 

additively manufactured parts are often much shorter when compared to their subtractively 

manufactured counterparts, primarily due to a reduction in the number of processing steps. Several 

industries such as aerospace, automotive and health care currently utilize FFF76-79; however, 

further implementation of the FFF process is largely restricted due to several limitations. A few of 

these limitations include production speed of high-volume parts, interlayer adhesion and quality 

control. Addressing these limitations and developing solutions will ultimately lead to cheaper and 

safer parts and services within these industries. 

Improving the material selection for the FFF process has gained significant attention over 

the last few years.80-82 Several researchers and companies have been pushed by consumers and 

industry to stretch the capabilities of the FFF process to end use products.83, 84 FFF, which was 

originally developed as a prototyping tool, is now progressively challenged each day to produce 
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end use parts for a wide variety of applications.84 This has led to the use of engineering polymers85, 

86 such as poly (ether ether ketone) (PEEK)87-89 and poly (ether imide) (PEI)90 as well as flexible 

polymers such as thermoplastic urethane (TPU)91. These thermally labile materials are converted 

from pellets to a filament feedstock which is then forced into the hot end of an FFF printer, heating 

up the material which is eventually forced out of a circular orifice at the bottom of the hot end as 

shown in Figure 2-7. The coordinate-based pathing of this orifice, temperature, extrusion rate and 

a number of processing variables are precisely controlled by g code which is input into most FFF 

printers. This process will produce a three-dimensional part via stacking of multiple two-

dimensional layers atop one another.  

 

Figure 2-7: Processing flow diagram for fused filament fabrication (FFF) 

 

Engineering thermoplastic materials provide exceptional mechanical performance in both 

stiffness and toughness as well as much higher thermal stability and greater chemical resistance 

compared to traditional materials, such as ABS and PLA, in the FFF process. However, these 
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materials, including both commercial and developmental materials, are mechanically static and 

unable to react to stimuli other than temperature. Developing a smart material, such as a 

mechanically dynamic TPU/CNC composite which can be processed with FFF, would further 

increase design freedom and provide a higher degree of functionality for FFF products.  

2.2.6. Mechanically Adaptive Thermoplastic/CNC Composites 

Experimental validation of a thermoplastic smart material has previously been 

demonstrated by several researchers.50, 56, 92 Mendez et al. demonstrated the mechanical 

adaptiveness of these materials with manufacturing processes such as film casting/solvent 

evaporation.52 The authors were able to produce a biocompatible, mechanically adaptive TPU 

nanocomposite by dispersing CNCs in a TPU solution. The resulting nanocomposite was capable 

of mechanically switching from a dry state storage modulus of ~75 MPa to a wet state storage 

modulus of ~35 MPA in approximately 30-35 mins. This switching effect was also shown to be 

reversible and resulted in complete recovery of dry state properties upon removal of water.  

Although the mechanical adaptivity mechanisms have been studied previously, very little 

is currently understood about the influence of melt processing conditions on the mechanical 

adaptive response of these composites. As evident in the research on the mechanism of the 

mechanical adaptivity §2.2.2, the structural arrangement of CNCs significantly influence the 

degree of network connectivity and thus mechanical adaptivity. However, the influence of shear 

induced orientation on the structural arrangement of CNCs may significantly influence the 

mechanical properties and adaptiveness of the composite. Furthermore, thermal history imparted 

during the melt extrusion process may alter the surface functionality of the CNC and its propensity 
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to hydrogen bond with neighboring CNCs, impacting the percolating network structure and 

corresponding mechanical properties.  

Annamalai et al. studied the influence of various processing techniques (compression 

molding, solvent casting and a sol-gel process) on the resulting mechanical reinforcement and 

adaptiveness of styrene-butadiene rubber (SBR) CNC composites.50 The study found that the CNC 

concentration and processing method strongly influenced the resulting reinforcement. The 

swelling behavior and kinetics of modulus switching were found to vary between processing 

techniques. The author’s hypothesis is that this variation is due to differences in the structural 

arrangement of the percolating CNC network, which acts as “channels for water absorption and 

transport within the hydrophobic SBR matrix”. Although the authors investigate multiple 

processes and the resulting impact on the mechanical properties of the composite, none of the 

processes investigated induced any significant amount of shear. Understanding the influence of 

shear stress and hydrodynamic alignment on the mechanical properties of this material is vital as 

many novel and industrial processes operate with some appreciable amount of shearing stress.   

In 2011, Harris et al. published their findings from using TPU/CNC composites as 

mechanically adaptive intracortical implants.93 The authors hypothesized that trauma during 

insertion of the intracortical implant would be reduced if the implant was initially stiff. The 

CNC/TPU composite would then mechanically adapt to a similar stiffness of the surrounding brain 

tissue, thus reducing inflammation during use.  
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2.2.7. Studies of Moisture Diffusion in CNC networks 

Moisture diffusion in CNC networks is of interest for several applications including but 

not limited to water separation membranes94, 95, packaging products96, 97 and mechanically adaptive 

networks. Because CNCs are the crystalline structure of a hydrophilic biopolymer, they have a 

strong affinity for water but also act as an impenetrable barrier because of their dense crystalline 

structure.98 These factors combined with their nanoscale geometry, which often forms percolating 

or connected networks at sufficient concentrations (0.1 – 3.5 vol%), results in a complex diffusive 

behavior. This behavior is of particular interest in mechanically adaptive nanocomposite materials 

as it is the stimuli for the mechanical change. Previous studies have not quantitatively documented 

any direct correlation between the water diffusion and resulting mechanical adaptiveness, 

however, the following studies do provide great insight into the diffusive behavior of CNC 

composites.  

Matthew et al. studied the moisture absorption behavior and its impact on the mechanical 

properties of CNC polyvinyl acetate nanocomposites.99 Samples containing 5 and 10 wt% CNC 

were conditioned in a humid environment (95% RH) for 170 hours and were weighed periodically 

using a blot and weigh method. The resulting mass uptake profiles revealed several unique 

characteristics. Increasing CNC content resulted in an increase in the total mass uptake. This is 

believed to be caused by the accumulation of water at the interface between the CNC and matrix. 

The rate of mass uptake decreased with increasing CNC content. This is hypothesized to be caused 

by the restriction of polymer segmental mobility, which restricts diffusion. Additionally, the rate 

of water uptake was found to have a two-phase behavior, where phase one has a fast uptake 

followed by a slower phase two sorption. The origin for this behavior is not further investigated or 

discussed in the manuscript.   
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Follain et al. studied the water transport properties of poly(ε-caprolactone) filled with 0-

12wt% CNC.98 The authors describe the hypothesized diffusion kinetics of CNC composite 

systems when exposed to varying degrees of water activity. The authors report that the sample 

with the highest water uptake was also the sample with the highest amount of CNC content. The 

authors also report that the sigmoidal water uptake profile at high water activity is a result of water 

molecule entry into microvoid spaces present in the material. The impact of CNC concentration 

on the absorption behavior is also of interest. At approximately 9wt% CNC content, there was 

noticeable change in the absorption behavior. From 3 to 9 wt% the rate of water uptake was 

reduced with each subsequent increase in CNC concentration, however, the 12 wt% sample 

showed an increase in the rate of water uptake, which was concluded to be the result of surpassing 

the percolation threshold. 

In conclusion, composite materials have demonstrated their versatility and usefulness for 

various parts of our lives since their initial discovery. Fast forward to our present time and our 

society relies on composite materials now more than ever before. As various industries become 

more environmentally conscious and sensitive, we look to produce bio renewable composite 

systems such as CNC nanocomposites. This literature review has discussed the origins of these 

unique composite materials, methods for predicting their mechanical behavior as well as novel 

processing methods which leverage their unique dynamic mechanical response. At the highest 

level, this information is required to continue providing improved material solutions for ever 

changing and increasingly complex societal needs (medical, automotive and aerospace). Several 

detailed research objectives are outlined which aid in fulfilling this societal need.   
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1. Characterize the effects of shear induced orientation and thermal history imparted by 

processing on the percolating network structure of CNC/TPU nanocomposites.  

 

2. Investigate how processing variables such as shear and temperature impact the shape 

memory behavior of cellulose nanocrystals polymeric. 

 

3. Establish relationship between water diffusion and mechanical response in CNC/TPU 

composites as a function of CNC concentration. 

 

4. Determine key limitations associated with processing of highly fiber filled thermoplastic 

composite systems for extrusion based additive manufacturing. 
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volume 136, issue 4, permissions received from Applied Polymer Science) 

Jacob J. Fallon,1,4 Benjamin Q. Kolb,2 Cara J. Herwig,3 E. Johan Foster,3,4 Michael J. Bortner 2,4 

1 Department of Macromolecular Science and Engineering, 2 Chemical Engineering, 3 Material 

Science and Engineering, 4 Macromolecules Innovation Institute, Virginia Tech, Blacksburg, VA 

24061, USA 

3.1. Abstract 

To enable filament extrusion additive manufacturing of mechanically adaptive 

nanocomposites, the effect of melt extrusion on the tensile modulus and mechanical adaptiveness 

of cellulose nanocrystal/thermoplastic urethane (TPU) composites was investigated. Texin® 

RxT70A was processed with 10 wt% cellulose nanocrystals (CNC) in multiple formats, including 

solvent cast films, and melt extrusion produced filaments. CNC orientation is characterized by 

polarized Raman spectroscopy and small angle X-ray scattering (SAXS), and found to be 

uniaxially orientated in extruded filaments, and randomly oriented in solvent cast films. Dynamic 

mechanical analysis results show the addition of 10 wt% CNC increases the pure TPU storage 

modulus from 10 to 60-70 MPa in the dry state for solvent cast and extruded nanocomposites. 

Following aqueous saturation, all CNC containing samples reach a similar wet storage modulus of 

approximately 26 MPa, regardless of orientation and thermal processing history. Distance based 

Fickian diffusion scaling factors (6.8 to 11.6) are shown to scale closely to the time dependent 
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empirical scaling factors (4.9 to 7.2), confirming the rate of mechanical adaptivity is driven by 

sample thickness. Our results further suggest the change in mechanical percolation resulting from 

reduced CNC overlap negates the benefit that may be otherwise afforded from the CNC 

orientation. 

3.2. Introduction 

Additive manufacturing (AM) is an emergent production method which selectively places 

material, rather than subtractive removal of material as commonly found with traditional 

machining processes. AM significantly reduces material waste, requires minimal tooling costs, and 

greatly increases design freedom when compared to traditional subtractive processes.1  Several 

AM processing styles which currently exist utilize various feedstocks ranging from liquid resins 

to polymer filaments.2 Fused filament fabrication (FFF) is one of the most prevalent modalities of 

material extrusion AM which utilizes a polymer filament feedstock.3 The filament feedstock is 

formed using a melt extrusion process in order to obtain a consistent cylindrical geometry and is 

subsequently reheated and extruded through the hot end orifice of the FFF machine.2 Upon exiting 

the hot end orifice, a road of material is selectively placed in a layer by layer fashion to produce 

the final part geometry. Various properties of the additively manufactured parts are influenced by 

the melt processing steps.4–7 Understanding the structure-process-property relationships resulting 

from melt extrusion is important to establish processing conditions suitable to enable design of 

functional materials that accounts for any changes in chemical or material functionality as a 

function of processing.  

Nanocomposites are unique materials which are comprised of high surface area to volume 

ratio nanoscale additives which interface with a matrix material. A strong interface between the 

dissimilar material phases allows for transfer of unique material properties such as mechanical 
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strength, toughness and electrical conductivity.8–10 Improving the matrix material properties can 

be achieved by the addition of a low weight percent (0.1-1 wt.%) of nanoscale additives due to 

their inherently high surface area to volume ratio. However, there is currently a limited selection 

of biorenewable nanoscale additives which retain comparable properties to non-biorenewable 

sourced nanoscale additives. Recently a significant interest has developed to utilize the nanoscale 

crystalline domains found within the semi-crystalline polymer cellulose.11 The crystalline domains 

are often referred to as cellulose nanocrystals (CNCs) and are increasingly used as an additive 

within the polymer industry for a number of reasons including their inherent high surface area to 

volume ratio, low density, high strength and ease of adjusting surface functionality.12–14 The rod-

like structure of CNCs vary in size from 5 - 50 nm in diameter, and 100 - 3000 nm in length.15 The 

process of isolating CNCs begins with cellulose, a bio-renewable resource which can be found in 

various sources16–20 and that is typically processed using an optimized acid hydrolysis procedure 

which selectively digests the amorphous components of the cellulose, leaving behind nano-

crystalline structures called CNCs.21–23 When properly dispersed in a polymer matrix, CNCs can 

offer a wide range of beneficial mechanical properties including increased tensile strength, 

modulus and heat deflection temperature.24–26 For example, Sapkota et al. have shown that addition 

of 7.6 vol% of CNCs from tunicates results in a three to four time increase in the strength and 

stiffness for poly(ethylene)/CNC composites when compared to the neat poly(ethylene). Although 

CNCs offer a wide range of beneficial properties, the commercial availability of these materials is 

presently limited. Currently, many researchers are focusing on optimization of CNC yield, size 

and morphology by adjusting factors such as acid hydrolysis processing conditions and the source 

of cellulose.23,27 As the production process for CNCs becomes more efficient over time, the 

economics of their production will become more advantageous for businesses, leading to increased 
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commercial availability and industrial use.28,29 A fundamental understanding of material behavior 

using practical production scale processes is imperative to enable the use of these exceptional 

materials. This is achievable by understanding the fundamental structure-process-property 

relationship of these composites, allowing optimization of material properties for melt extrusion-

based manufacturing. 

Materials such as thermoplastic CNC composites have potential to introduce unique 

capabilities to the extrusion-based AM process as they exhibit a unique mechanical adaptiveness 

when exposed to water saturated environments. Once the CNC concentration surpasses a certain 

volume fraction threshold, neighboring CNCs form an intra connected network via hydrogen 

bonding between surface hydroxyl groups, thus creating a continuously reinforced percolating 

network.15,30–33 The reinforcing effect of the CNC network can effectively be “turned off” by 

exposing the composite to water. Upon exposure, water molecules begin to compete with intra-

CNC hydrogen bonds, thus reducing the connectivity of the CNC network and resulting in a 

significant modulus reduction.34 The mechanical adaptation for thermoplastic CNC composites 

and their underlying mechanism has been well documented in several polymer-CNC composite 

systems.25,30,35,36 Previously investigated thermoplastic matrices include poly(styrene-co-

butadiene) (SBR), thermoplastic polyurethane (TPU), polybutadiene (PDB), poly(vinyl acetate) 

(PVAc), cellulose acetate (CA), poly(butyl methacrylate) as well as thermosetting matrices such 

as natural rubber (NR) and epoxidized natural rubber (ENR).35–40 These studies characterize the 

effect of factors such as hydrophilicity, glass transition temperature, CNC concentration and 

charge density on the mechanical reinforcement and switching behavior of the composite.35,36 A 

common conclusion is generally asserted; increasing water absorptivity of the composite results 

in a larger relative modulus decrease due to a combination of plasticizing effects (depending on 
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the polymer matrix) and a reduction of intra-CNC hydrogen bonds (irrespective of polymer 

matrix). 

Production of CNC thermoplastic composites is commonly accomplished by use of small 

scale solvent casting processes which impart minimal orientation and thermal history effects. As 

a result, little is currently known about the influence of high temperature melt processing on the 

properties of the thermoplastic CNC composites. Understanding the influence of shear induced 

orientation and thermal history imparted by melt processing may potentially impact the percolating 

CNC network and the resulting mechanical adaptiveness of the composite. To the best of the 

authors’ knowledge, there have been no scientific studies which document the influence of 

processing on the mechanical adaptive behavior of TPU/CNC composites, however, several 

previous studies are relevant. Annamalai et al. investigates the influence of processing on styrene-

butadiene rubber (SBR) CNC composites and reported that processing has an influence on the 

swelling behavior as well as the kinetics of water induced mechanical adaptivity.34 These results 

indicated dependence on the CNCs arrangement which act as water transport channels within the 

hydrophobic polymer matrix, and demonstrates the impact of structural arrangement of the CNC 

scaffold on the mechanical properties of the bulk composite system. Chen et al. reported on the 

influence of CNC orientation and concentration in cellulose acetate/CNC fibers prepared by dry 

spinning. The authors concluded that CNC alignment increases with CNC concentration up to 30 

wt%. It was concluded that beyond 30% CNC concentration resulted in the shear forces being 

unable able to overcome the intra CNC interactions to increase CNC alignment in the system.40 

Oksamn et al. studied the effect of twin screw extrusion of cellulose nanocrystal 

(CNC)/poly(lactic) acid (PLA) nanocomposites. 41 The results of this study indicate that feeding 

of dried CNCs into an extruder is very difficult due to strong intra CNC hydrogen bonding. In 
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addition, limited improvements are observed with respect to the tensile modulus of the CNC/PLA 

composites, which is postulated to be a result of thermal degradation and poor dispersion. 

 In addition to processing induced shear orientation, several studies have investigated the 

influence of various processing strategies on the dispersion of CNC/polyethylene-co-vinyl alcohol 

composites. Orr et al. used polarized optical microscopy to analyze the dispersion of three 

processing techniques which include melt processing, solution casting and a combination of 

solution casting followed by melt processing. The authors concluded that the combination of 

solution casting followed by melt processing resulted in the highest degree of dispersion. 42 

Pullawan et al. also characterized the degree of orientation of magnetic field alignment of CNCs 

using polarized Raman spectroscopy. The results showed the feasibility of using the 1095 cm-1 

Raman wavenumber as an indication of cellulose alignment. The 1095 cm-1 wavenumber is 

previously reported to correspond to the C-O stretch along the backbone of the cellulose 

backbone.43 

Herein, we report on the influence of melt processing induced orientation and thermal 

history on the storage modulus and the resulting mechanical adaptiveness of TPU/CNC 

composites. In order to characterize the influence of processing on the nanocomposite, we utilized 

two different processing techniques which include solvent casting and single screw extrusion. The 

CNC orientation produced by the various processing methods is measured using polarized Raman 

spectroscopy and SAXS. The tensile modulus of these samples are characterized by means of 

dynamic mechanical analysis (DMA) fitted with a submersion tensile clamp accessory, enabling 

mechanical analysis in water saturated environments as well as in dry environments. When used 

in combination, these techniques provide significant insight into the influence of melt processing 

and thermal history on the structure and mechanical adaptivity of thermoplastic CNC composites.  
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3.3. Experimental 

3.3.1. Materials 

Covestro Texin Rxt 70A (TPU, density, 1.07 g cm−3) was purchased from Independent 

Plastic, Inc. (Houston, TX). Dried cellulose nanocrystals (CNC) were produced from sulfuric acid 

hydrolyzed hardwood pulp by Forest Products Laboratory (Madison, WI) and received from the 

University of Maine (Orono, ME). The dry CNC powder was stored in a silica pellet based 

desiccator. Dimethylformamide (DMF) was purchased from Fisher Scientific (Fair Lawn, NJ) and 

used as received. 

3.3.2. TPU/CNC Sample Preparation (DMA) 

The TPU/CNC nanocomposites were produced by combining 25 mg/mL of TPU in DMF 

and stirring at 23 °C for 12 h or until completely dissolved. CNCs were dispersed in DMF at a 

concentration of 10 mg/mL. This mixture was stirred for 2 h and then sonicated for 48 h using a 

Branson 5800 ultrasonic bath. The TPU/DMF and CNC/DMF mixtures were mechanical stirred 

for 1 h and then immediately sonicated for 8 hours. The resulting sonicated mixture was then 

heated in a polytetrafluoroethylene (PTFE) dish at 60 °C for 24 h. The sample was then placed in 

a vacuum oven at 60 °C for 3 days to remove any residual DMF. To analyze thermal history effects, 

a TPU/CNC cast film sample was heated in a ThermoFisher Scientific HeraTherm convection 

oven at 170 °C for 13 min. The resulting TPU/CNC films were then stored in a desiccator for one 

week. 
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3.3.3. Fiber Extrusion 

A Filabot (Barre, VT) EX2 single screw extruder and Filabot spooler were used for 

TPU/CNC fiber formation Filabot. A masterbatch approach44 was implemented in which a 

guillotine style paper cutter was used to cut pure TPU and TPU/CNC cast films into pellet sized 

(approximately 4 mm by 4 mm) square sections, the size required for proper feeding into the 

Filabot hopper. The Filabot extruder was preheated to 180 °C for 20 min. Approximately 50 grams 

of pelletized sample was then poured in the hopper and extruded at a rate of approximately 10 

g/min. The extrudate was immediately submerged in a 23 °C recirculating water bath. After exiting 

the water bath, the fiber was collected on a spool using the Filabot spooler. The spooler speed was 

set at a feed rate of approximately 40 mm/s resulting in a fiber diameter of approximately 1.5 ± 

0.1 mm. The fiber samples were dried in a vacuum oven for 2 h at 50 °C and stored in a silica bead 

desiccator for 1 week prior to further characterization. 

3.3.4. Aqueous Swelling 

Aqueous volumetric swelling ratio (VSR) of neat TPU and TPU/CNC materials was 

characterized by measuring the dimensions of the sample using a ZEISS AXIO Zoom.V16 optical 

microscope. In addition, the samples were weighed using a Mettler Toledo scale capable of 0.1 

mg resolution. The dimensions of the fiber and film sample were first measured, and then 

completely immersed in ultra-pure deionized (DI) water for 24 h at 37 °C. The length, width, and 

thickness of the film samples were measured; the diameter and length of the fiber samples were 

measured. After 24 h, the saturated samples were then lightly blotted with a disposable tissue to 

remove any excess DI water, and the saturated samples were immediately measured using the 

instruments previously mentioned. 
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3.3.5. Dynamic Mechanical Analysis (DMA) 

The tensile modulus of neat TPU and TPU/CNC nanocomposites were characterized using 

a TA Instruments DMA Q800 fitted with a submersion tensile clamp. Film specimens had 

approximate dimensions of 18 mm length, 8 mm width, and 0.6 mm thickness, and fiber specimens 

had approximate dimensions of 18 mm length and 1.5 mm diameter. The tensile modulus was 

measured while submerging a dry sample into 23 °C water until equilibrium is reached. Once the 

sample was equilibrated, the water was removed from the submersion fixture, thus allowing the 

sample to dry while monitoring the modulus change during sample drying. The oscillatory 

experiment was conducted at a fixed strain of 0.1%, a fixed frequency of 1 Hz and with an applied 

preload force of 0.01 N. Dry specimens were conditioned in a desiccator for 48 h at 23 °C prior to 

mechanical testing. 

3.3.6. Polarized Raman Spectroscopy 

A WiTec Alpha500 confocal Raman microscope equipped with a near-IR laser (785 nm) 

beam was attenuated to a power of 112.3 mW for recording sample spectra.45 A 10x objective 

lens with a 0.3 numerical aperture was focused onto the sample, creating a lateral spot size of 1.6 

µm and an axial spot size of 17.4 µm. The orientation of the samples was probed by fixing a 

polarizer and analyzer in parallel (v/v), while rotating the sample using a Thorlabs RP01 manual 

rotating stage. Raman spectra were recorded in 10° increments from 0° to 350°. Sample spectra 

were analyzed using Project FIVE and Spectragryph optical spectroscopy software and were 

plotted into polar plots using OriginPro. 
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3.3.7. Small Angle X-Ray Scattering (SAXS) 

Small angle x-ray scattering (SAXS) was performed on a Bruker N8 Horizon instrument 

equipped with a Cu Kα X-ray tube source emitting X-rays with a wavelength of 1.5418 Å-1. An 

accumulation time of 360 s was used, resulting in approximately 300,000 total counts across the 

area of the detector (2048 x 2048 pixels). 

3.4. Results and Discussion 

3.4.1. Processing Approach Overview for Sample Analysis 

A systematic sample production process shown in Figure 3-1 was utilized to produce 

samples with varying degrees of orientation and thermal history. Samples were solvent cast to 

induce random orientation with no significant thermal history. Solvent cast samples were then 

further processed by either heating in an oven to impart thermal history without substantial change 

in orientation, or by using a single screw extruder with the intent to induce significant uniaxial 

orientation.  
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Figure 3-1: Schematic illustrating process for producing solvent cast TPU/CNC nanocomposite 

films (left, middle) and TPU/CNC fibers (right), along with visualization of expected degrees of 

orientation (inserted images). 

3.4.2. Processing Influence on Swelling Behavior 

Swelling experiments were performed with the TPU/CNC nanocomposites created from 

the various processing techniques illustrated in Figure 3-1 to explore the impact of processing on 

the water induced mass and volume changes. Table 3-1 overviews the swelling behavior of the 

pure TPU and TPU/CNC samples. Similar degrees of total mass and volume change after 24 h 

exposure to water was observed when comparing the pure TPU film to the pure TPU fiber. The 

TPU/CNC film and fiber sample absorbed significantly more water compared to the pure TPU 

samples within the same 24-hour period. This result indicates that the hydrophilic nature of the 

cellulose nanocrystals is increasing the water absorptivity when incorporated into the TPU matrix 

material. In addition, the processing approach did not significantly impact the absorptivity of the 

composite, as the percentage volume change between the cast TPU/CNC cast film (11.1%) and 

TPU/CNC fiber (9.0%) is negligible within experimental error (± 1.5%). This result also confirms 

that water induced volume changes are relatively consistent between samples, therefore; changes 
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in the cross-sectional area which are a result of water induced swelling during the submerged DMA 

experiment is determined to be insignificant within experimental error. 

Table 3-1: Swelling data of TPU/CNC nanocomposite films and fibers. Samples were exposed to 

37 °C deionized water for 24 hours. Film and fiber samples of comparable volume were evaluated. 

Sample ΔLength ΔWidth ΔThickness Total ΔVol. Total ΔMass 

Cast TPU Film 0.2% 0.4% 1.7% 2.3% ± 1.5% 1.7%± 0.5% 

Cast TPU/CNC Film 1.5% 3.7% 5.6% 11.1% ± 1.5% 4.8%± 0.5% 

Sample ΔLength ΔDiameter Total ΔVol. Total ΔMass 

Extruded TPU Fiber 0.6% 1.1% 2.8% ± 1.5% 0.7% ± 0.5% 

Extruded TPU/CNC Fiber 0.6% 4.1% 9.0% ± 1.5% 4.0% ± 0.5% 

3.4.3. Processing Influence on CNC Orientation 

We characterize the influence of melt processing on CNC orientation using polarized 

Raman spectroscopy with a 785 nm laser. Polarized Raman spectroscopy has been successfully 

implemented for probing CNC orientation by exploiting the Raman effect of molecular vibrations, 

specifically the 1095 cm-1 peak which is representative of the glycosidic linkage (C-O ring stretch) 

along the backbone of the cellulose unit cell, and which corresponds with the CNC orientation.25,43 

When using polarized Raman spectroscopy, the intensity at 1095 cm-1 will change based on the 

orientation of this bond, which is indicative of the orientation of the CNC. Thus, orientation may 

be probed by monitoring the 1095 cm-1 intensity as a function of sample rotation while the sample 

is under polarized light. The results of the polarized Raman experiment for all samples are 

illustrated in Figure 3-2. 
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Figure 3-2: Polar plots of intensity at the ~1095 cm-1 Raman band acquired as a function of 

rotation angle. (left) Pure TPU extruded fiber, (middle) 10 wt./wt. % CNC/TPU cast film, (right) 

10 wt./wt. % CNC/TPU extruded fiber. Fiber samples are oriented in the 180° and 0° plane. 

We first analyze the orientation of the pure TPU fiber, Figure 3-2 (left), to ensure that the 

hard and soft domains of the TPU do not contribute or interfere with the orientation measurement. 

Figure 3-2 (left) verifies that the pure TPU fiber shows no significant variation in intensity as a 

function of rotation angle, confirming there is no orientation contribution. The intensity 

measurement for the cast TPU/CNC film shown in Figure 3-2 (middle) forms a relatively circular 

pattern, indicating no significant intensity variation as a function of polarization angle. This 2D 

circular pattern indicates that CNCs are equally oriented in all directions within the plane of the 

cast film. The machine direction of the CNC/TPU fiber was oriented in the 0/180 direction of the 

rotating stage. The maximum intensity of the TPU/CNC fiber shown in Figure 3-2 (right) is visible 

at 0° and 180°, which coincides with the orientation of the sample relative to the polarizer and 

analyzer positions. This shear induced uniaxial orientation of the TPU/CNC fiber is produced by 

the single screw extrusion process. These results confirm that melt processing induces uniaxial 

CNC orientation in the extrusion direction that is further maintained following extrudate cooling.  

 Two dimensional SAXS measurements were conducted to further verify the results of the 

polarized Raman spectroscopy. SAXS analysis of the pure TPU fiber sample is shown in Figure 

3-3 (left). The pure TPU has a weak scattering signal due to the lack of crystalline or pseudo-
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crystalline domains along with no preferential orientation as seen by the circular scattering signal. 

The cast TPU/CNC film shown in Figure 3-3 (middle) shows an increase in scattering intensity 

resulting from the addition of highly crystalline CNCs. The circular scattering signal shown in the 

two dimensional SAXS plots indicates no signs of preferential orientation. Lastly, the scattering 

pattern of the TPU/CNC fiber is shown in Figure 3-3 (right). The scattering signal stretches in the 

0° and 180° directions, which is orthogonal to the fiber direction, indicating CNC alignment in the 

direction perpendicular to the highest intensity, thus indicating uniaxial orientation in the fiber 

direction. This orientation confirms the results from the polarized Raman spectroscopy as there is 

a noticeable stretch of the scattering signal in the fiber direction, 0° and 180°.  

 

Figure 3-3: SAXS plots of (left) Pure TPU extruded fiber (middle) 10 wt./wt. % CNC/TPU cast 

film (right) 10 wt./wt. % CNC/TPU extruded fiber 

3.4.4. Processing Influence on Tensile Modulus 

The water induced mechanical adaptiveness of the TPU/CNC nanocomposites are 

investigated as a function time submerged in water by use of DMA. The results of the DMA 

experiment for the heated and non-heated TPU/CNC cast film as well as the extruded fiber with 

and without CNCs are shown in Figure 3-4. The tensile storage moduli (E’) data show that the 
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pure TPU fiber sample maintains a E’ of approximately 10 MPa during the entirety of the test, 

indicating the pure TPU material is not mechanically adaptive nor does it experience a significant 

reduction in E’ due to water induced plasticization. Samples containing CNCs exhibit a dry state 

(at time t=1, Figure 3-4) E’ of approximately 60-70 MPa compared to 10 MPa for the pure TPU 

fiber sample. This result confirms that the CNCs were sufficiently dispersed to provide mechanical 

reinforcement.  

 

Figure 3-4: Storage modulus of TPU/CNC samples tested at 1 Hz, 23 °C and with a fixed strain 

of 0.1% as a function of deionized water (37 °C) exposure time 

The effect of thermal history is analyzed when comparing both the heated and non-heated 

cast TPU/CNC film samples. The storage modulus of the heated TPU/CNC film (68 ± 11 MPa) is 

not statistically different from the non-heated TPU/CNC film (66 ± 5 MPa), indicating that under 

the conditions tested, thermal history did not significantly influence the dry state modulus.  A 

similar conclusion is realized when comparing the wet modulus of the TPU/CNC samples. All 

TPU/CNC samples softened to a similar wet E’ of approximately 26 ± 1 MPa irrespective of their 

thermal history. This result confirms that neither thermal history nor orientation significantly 



53 

 

impact the wet state E’. These results are further reinforced by thermogravimetric analysis data 

presented in Figure A-1 and Figure A-2, showing the weight loss of CNC powder in both an 

oxygen rich environment and a nitrogen rich environment. The results of the thermogravimetric 

analysis indicate a 5% weight loss temperature of the CNCs in both environments at approximately 

245 °C. Furthermore, as illustrated in Figure 3-2 and Figure 3-3, polarized Raman spectroscopy 

and SAXS confirm substantial CNC alignment oriented in the machine direction of the extruded 

fiber. The impact of this alignment on the tensile storage modulus of the TPU/CNC composite can 

be realized by comparing the TPU/CNC fiber to the TPU/CNC film. The tensile storage modulus 

of the TPU/CNC fiber (67 ± 6 MPa) and the TPU/CNC film (66 ± 5 MPa) are not statistically 

different, therefore confirming orientation also does not significantly impact the dry state E’ of the 

TPU/CNC composite materials. 

The Young’s modulus of the randomly oriented TPU/CNC composite can be estimated in 

a mean-field approach using the Halpin-Kardos semiempirical model.46–48 This model simulates 

randomly orientated composite materials as quasi-isotropic laminates, in which fibers are 

uniaxially aligned within four plies, which are oriented at 0°, 45°. 90°, and -45°. The Halpin-

Kardos model requires information about the modulus of the filler and matrix material, size of the 

filler, as well as the volume fraction of filler within the composite system. Based on the material 

properties of the TPU/CNC composites, shown in Table 3-2, the Halpin-Kardos model estimated 

E’ of the TPU/CNC composite material to be 212 MPa, calculations shown in the supporting 

information. The Halpin-Kardos model assumes uniform CNC sizes however we have a 

distribution of sizes characterized using TEM. A TEM image of the characteristic CNC size and 

size distribution applied to the Halpin-Kardos model can be found in the supplementary 

information. The average CNC size determined from TEM indicates a length of 111.7 ± 34.4 nm 
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and an effective diameter of 3.9 ± 1.4 nm (Figure A-3 and Table A-1). These seemingly small 

variations in size can lead to significant differences with the calculated Halpin-Kardos E’, ranging 

from 101 MPa to 495 MPa across this standard deviation of filler dimensions (Table A-2 and Table 

A-3). Additionally, prior work has reported that the deviation between the empirical and theoretical 

modulus is often encountered with high filler concentration (> 0.05). 37,46 

Table 3-2: Parameters for the Halpin-Kardos model analysis 

Parameter Variable Value 

Matrix Modulus Em 10 MPa 

Longitudinal Filler Modulus ELf 105 GPa 

Transverse Filler Modulus ETf 5 GPa 

Filler Length L 111.7 nm 

Filler Width W 3.9 nm 

Filler Volume Fraction φf 0.1 

 

Although thermal history and orientation does not significantly impact the dry or wet state 

E’, there is a significant variation in the rate of mechanical adaptivity between film and fiber 

samples. TPU/CNC composite film samples (0.25 mm diffusion distance) reached equilibrium 

softening E’ within 3.5 hours, whereas the melt extruded fiber (0.75 mm diffusion distance) 

required approximately 28 hours. We hypothesized that the variation of time to reach the softening 

equilibrium E’ is controlled by the speed at which water molecules can diffuse and interact with 

CNC surface hydroxyl groups. The diffusion of water in pure TPU systems has been 

experimentally verified to be Fickian and follows Fick’s second law.49,50 Fick’s second law states 

that diffusion time is related to the square of the diffusion distance, causing slight increases in the 

distance to diffuse to result in a significant increase in the diffusion time. The relationship between 

the sample thickness and softening modulus was substantiated using empirical results and 
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comparing them to Fick’s second law, assuming a constant diffusion coefficient for each sample 

which is independent of pressure and temperature.  

The diffusion time ratio is defined as the ratio of fiber to film diffusion times required to 

reach the sample center. This ratio is calculated using Fick’s second law and is based exclusively 

on the difference in sample diffusion distance. Theoretical analysis using Fick’s second law was 

conducted with the sample geometries and size ranges as the empirically scaling factor 

calculations. At the observed range of sample sizes (film 0.4 mm ± 0.05 mm, fiber 1.48 ± 0.05 

mm), the theoretical model indicates a scaling relationship ranging from 6.8 to 11.6. The 

empirically observed scaling relationship, which is based exclusively on the time to reach the wet-

state “soft” modulus (26.5 MPa), is 4.9 to 7.2 The difference between the theoretical and empirical 

scaling factors is not statistically significant, confirming that rate of mechanical adaptivity is 

largely controlled by the diffusion distance of water into the sample. Although there is no 

significant observable difference within these experiments, we do recognize that modifying the 

structural arrangement of the hydrophilic CNC network through processing may influence the 

diffusive behavior of water.36,51 This conclusion is in agreement with prior literature which has 

shown that increasing the rate of water diffusion by increasing the CNC charge density results in 

an increased rate of mechanical adaptivity.35 

In addition to understanding the impact of processing on the rate dependent softening 

behavior of the TPU/CNC nanocomposite, it is also imperative to understand the influence of 

processing on the reversibility of the softening process (e.g. stiffening process). The stiffening 

process was performed by removing the water from the DMA submersion fixture and subsequently 

drying the samples in ambient conditions during the measurement. The stiffening process data is 

shown in Figure 3-5 and indicates that the time to reach a dry state equilibrium E’ is slightly longer 
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than the time required to reach equilibrium softening. In addition, the dry state equilibrium E’ of 

all samples recover approximately 85-95% or the original dry state E’. The slightly reduced E’ 

observed during recovery was determined to not be statistically different from the original dry 

modulus for all samples. These results suggest that near complete recovery is observed in ambient 

humidity conditions (23 °C, 30-40% relative humidity). Similar to the observations of the softening 

experiment, thermal history has no significant impact on the recovery of E’ as can be seen by 

comparing the heated and non-heated TPU/CNC film sample. The samples recover E’ at similar 

rates as well as reaching a similar recovered dry state E’. 

 

Figure 3-5: Storage modulus of TPU/CNC samples tested at 1 Hz, 23 °C and with a fixed strain 

of 0.1% as a function of time removed from deionized water environment. 

3.5. Conclusions 

In this work, TPU/CNC nanocomposites were successfully prepared using two processing 

methods to probe the impact of thermal history and orientation on the resulting mechanical 

adaptiveness of the TPU/CNC composite. The swelling experiment documents the volume and 
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mass change of the various samples after 24 hours of submersion in water. The results of the 

submersion experiment verify that the change in cross-sectional area after swelling is negligible 

when considering its impact on the E’ calculation. Orientation of the samples was verified using 

polarized Raman spectroscopy and SAXS. These techniques qualitatively verify the CNC 

orientation of the TPU/CNC cast film samples to be random and the extruded TPU/CNC fiber 

samples to be uniaxially oriented in the machine direction. Additionally, the combination of 

techniques verifies that contributions to orientation related signals are emitted from CNCs and that 

they do not result from significant changes in the TPU structure. Orientation within the TPU/CNC 

samples resulted in no significant change in the degree of mechanical adaptiveness. Additionally, 

thermal history is found to not significantly impact the mechanical adaptiveness of the material 

under the tested conditions. The rate of mechanical adaptivity is found to be primarily governed 

by the diffusion rate of the water, which is strongly dependent on the geometry of the sample and 

the fundamental chemistry of the polymer itself. The dry E’ modulus of the TPU/CNC material 

was compared to Halpin-Kardos short fiber composite model and showed a deviation from the 

empirically measured E’ value. However, the Halpin-Kardos model is incredibly sensitive to 

aspect ratio at the volume fractions investigated in this study. The reversible stiffening behavior 

of the composites upon water removal is also not significantly affected by the induced thermal or 

orientation effects. The E’ measured during the stiffening process was slightly lower than the initial 

dry modulus due to ambient moisture, however this variation is not statistically significant. These 

results highlight the impact of melt processing on the structure-process-property relationships for 

a CNC containing thermoplastic matrix composite, and provide insight into the impact on resulting 

modulus and mechanical adaptivity following processing. These findings provide a framework to 
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incorporate TPU/CNC composites with extrusion-based AM to facilitate manufacturing of novel 

functional products. 
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4.1. Abstract 

Additive manufacturing of deployable structures is an area that is continuing to gain 

interest. Cellulose nanocrystal (CNC) thermoplastic composites have been demonstrated as a water 

responsive, mechanically adaptive material that has promise for use as deployable structures. We 

hypothesize that these unique materials can be used in material extrusion (MatEx) additive 

manufacturing (AM) to produce unique deployable structures that can be activated with a low 

energy input process. In this study, a 10wt% CNC thermoplastic polyurethane (TPU) 

nanocomposite is produced through a solvent casting process and extruded into a 3D-printable 

filament. A two factor, three level design of experiments (DOE) was implemented to determine 

the impact of the MatEx conditions on the mechanical response and adaptiveness of the printed 

parts. Extrusion temperature and extrusion speed were shown to significantly affect the storage 

modulus of dry and wet printed samples. Printing at 250℃ and 1600 mm/min was determined as 
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the optimal set of conditions that resulted in the largest range of mechanical adaptivity with a dry 

storage modulus of 49.67 +/- 0.95 MPa and a wet storage modulus of 23.90 +/- 0.5 MPa. These 

conditions provided a balance between thermal degradation of the CNC/TPU composites and 

interlayer adhesion of printed parts. A foldable cube was printed with these parameters and fixated 

to a closed cube shape to demonstrate the ability of the material to be used as a deployable 

structure. The shape fixity and recovery properties were evaluated, and the prototype demonstrated 

fixity and recovery values of 80.4% and 51.2%, respectively. These results suggest TPU/CNC 

nanocomposites are suitable for 3D printed deployable structure applications. 

4.2. Introduction 

Deployable structures are gaining interest in additive manufacturing (AM) due to their 

unique functionality and innovative potential [1-5]. The emergence of this technology is attributed 

to, but not limited to, advanced materials such as shape memory polymers (SMPs), shape memory 

alloys (SMAs), and mechanically responsive structures, which are all currently incorporated with 

a range of AM processes [6-8]. AM of these constituents enable novel product design through the 

addition of material functionality and improved design freedom [8-9]. Innovative products that 

incorporate shape memory materials with AM include space-deployable structures, stimuli-

sensitive implants, smart clothing, and fastening systems in automobiles [5,8,10-13]. To trigger 

the functional capability, an external or environmental stimulus prompts a response to the material 

system by means of heat, light, pH change, water, etc. [5-8,14-17]. This unique mechanism 

provides AM with a dynamic and functional materials which enable unique end use part production 

[2-5,8-10,14].  
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In the field of AM, the incorporation of cellulose nanocrystals (CNCs) has also been 

gaining interest [18-21]. CNCs are rigid crystalline domains that are extracted from the abundant, 

bio renewable, and semi-crystalline polymer known as cellulose [14,22-24]. Cellulose sources 

used for harvesting CNCs commonly include soft and hard woods, algae, tunicates, and bacteria 

[24-28]. CNCs derived from each of these sources present various length scales, material 

properties, and crystallographic orientations. These rod-like nanostructures are commonly 

incorporated into material matrices as fillers to enhance or reinforce the base materials properties 

such as strength [14,22], stiffness [29-30], thermal and electrical conductivity [22,31]. When 

properly incorporated and dispersed, a strong interface between the filler and the material matrix 

as well as a network of interconnected CNCs permits a transfer of the properties of the CNCs to 

the bulk material [9,14,16,22,32-35].  

CNC composite systems present a unique mechanical response when in contact with water 

[14,16]. At a critical concentration of CNCs within the thermoplastic matrix, a percolating network 

is formed and connected via the hydrogen bonds on the surface of neighboring CNCs [14,16]. In 

the dry state, this percolating network of CNCs strengthens the bulk composite, however, once 

water is present near the hydrogen bonding sites, the inter-CNC bonds will break and preferentially 

attach to the nearby water molecules [9,14,16-17,36]. The disassociation of the percolating CNC 

network results in a significant softening effect of the bulk matrix [14,16,37]. However, this effect 

has been shown to be reversible once water is removed from the system, allowing the inter-CNC 

hydrogen bonds to reconnect and reinforce the base material [14,16,36]. 3D-printing CNCs with 

MatEx can bring additional alternatives to the material’s mechanical adaptability.  Specifically, 

CNC/TPU composites systems require low energy to mechanically respond to water [14,16]. With 

the selective layer placement and variable processing parameters, MatEx will enable printable 
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complex designs of a CNC/TPU composite system for deployable water-based applications 

requiring low energy input [39-45] for a mechanical response. Such applications that can benefit 

from this unique behavior include deployable structures such as hinges and origami structures that 

fold themselves upon water introduction [12,46] or biomedical applications such as self-tightening 

sutures and self-retractable stents [18].    

The mechanical adaptive mechanism of additive CNCs has been studied and used in 

various applications ranging from intracortical brain implants [28] as well as fishing lures [16]. 

However, little is known about whether the mechanical adaptive properties of these materials can 

withstand other processing means such as material extrusion (MatEx). There are several studies 

which investigate CNCs in AM processes purely for their reinforcement effect, but they do not 

involve 3D-printing in the melt state [14,18-20]. Murphy et al. successfully created a 3D printable 

polylactic acid and microcrystalline cellulose bio composite which was printed using FFF, 

however, the mechanical adaptive mechanisms were not investigated [38]. Fallon et al. studied the 

processability of a 10 wt% CNC filled thermoplastic polyurethane (TPU) nanocomposite and the 

impact of thermal history and orientation of the mechanical adaptiveness of the composite [14]. 

Although this study only investigates the filament forming step and not the impact of the FFF 

process, the authors showed that the CNC nanocomposite retained near complete mechanical 

adaptivity regardless of orientation or thermal history at the conditions tested. These findings 

suggest CNC nanocomposites have the potential to be 3D-printed with MatEx. 

In this paper, we demonstrate the potential for a CNC/TPU nanocomposite to be 3D-printed 

into a deployable structure. A masterbatching process previously documented by Espinosa et al. 

and Fallon et al. is implemented to create a filament of TPU and CNCs through solvent casting 

followed by FilaBot extrusion [14,31]. Filament extruding printers are used to study the MatEx 
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printing parameter effects on the nanocomposite’s mechanical properties and adaptability in water. 

A design of experiments (DOE) is implemented to determine the largest degree of mechanical 

softening by varying extrusion temperature and speed. DMA tests quantify the effect each 

parameter has on the mechanical properties of printed samples by collecting storage modulus 

values when dry and wet. Additionally, the shape memory behavior was quantified through 

dynamic DMA tests which utilize a submersion clamp to alternate between wet and dry states. 

Finally, a foldable box was printed to demonstrate fixity and recovery for a deployable structure 

application. 

4.3. Materials and Methods 

4.3.1. Materials 

Covestro Texin TPU RxT70A was obtained from Independent Plastic Inc. was dried at 

100°C for 2 hours and otherwise used as received. Sulfuric acid hydrolyzed CNCs were received 

from the University of Maine Process Development Center. The CNCs were received at a 10.4 

wt% solids loading in water and 1.1wt% sulfur loading. Dimethylformamide  (DMF, 99.9%) was 

used as received from Fisher Chemical.  A replica masterbatching approach set up by Fallon et al. 

was used to create 10 wt% CNC in TPU nanocomposite films from these materials [14]. 

4.3.2. Capillary Rheometry 

A CEAST SR20 Instron Capillary Rheometer was used to measure the viscosity of the cut 

TPU/CNC pellets to ensure that proper dispersion of the CNCs was achieved. A pressure 

transducer of 1000 bar and a capillary die with a nozzle diameter of 1mm with a length of 20 mm 

were used. The machine was preheated to 180°C. About 5 grams of the pelletized samples were 
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placed into the barrel and pre-compacted. The test was started and the material was preheated for 

5 minutes and then compressed until a force of 200N was reached within the barrel. A shear rate 

sweep was performed from 10 1/s to 1000 1/s with 10 logarithmically spaced data points. Capillary 

rheometry was performed prior to all filament extrusion. 

4.3.3. Filament Extrusion 

A pure TPU and a TPU/CNC composite filament were created using a Filabot (Barre, VT) 

EX2 single screw extruder with a 1.75mm nozzle and a Filabot spooler. The Filabot was preheated 

to 180°C. About 60g of pellets were fed into the hopper. The material was extruded at a rate of 

approximately 4.3 g/min and immediately submerged in a circulating water-bath at 23°C. The 

filament was then removed from the water bath and collected onto a spooler. The spooler speed 

was varied to achieve a filament diameter of 1.65mm to 1.75mm. The pure TPU and TPU/CNC 

composite filament were created using the same processing method. 

4.3.4. Additive Manufacturing Materials Based Extrusion 

The extruded TPU/CNC composite filament was dried in a vacuum oven at 30°C for a 

minimum of 24 hours and was then printed using a FlashForge Creator Pro with a dual extruder 

and a 1 mm nozzle. A Flexion extrusion head was installed to prevent filament buckling. Before 

the part was printed, one 0.2mm layer of 150 mm2 was printed to ensure that any degraded material 

was purged before the part was printed. The extrusion orientation was set to be 0° which is parallel 

to the long direction of the printed tensile specimen.  
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4.3.5. Dynamic Mechanical Analysis (DMA) 

The storage moduli of the samples were characterized using a tensile clamp on a TA 

Instruments DMA Q850. Printed samples were approximately 0.8 mm thick, 6 mm wide, and 20 

mm long. Samples were placed in the tensile clamp at a length of 15mm and a preload force of 

0.35 N was applied. A frequency sweep was performed from 1 Hz to 100 Hz with 5 logarithmically 

spaced points per decade. Dry samples were dried in a vacuum oven at 30°C for 12 hours. This 

test was repeated on each sample after being soaked in 7mL of distilled water in a 2 dram vial for 

48 hours. 

4.3.6. Quantification of Shape Fixity and Shape Recovery 

A test to quantify shape fixity and shape recovery was designed that was similar to a test designed 

by Mendez et al. [16]. This was conducted with multiple tests using a TA instruments DMA Q850 

with a submersion clamp. A TPU/CNC part was printed at 250°C and 1600 mm/min. This part 

was placed in the submersion clamp with an original length of approximately 15 mm. A time 

sweep was then run with a preload of 2N at a frequency of 1 Hz over 5 hours, with water being 

added to the submersion clamp after 1 minute. When the test was completed, all the water was 

removed from the submersion clamp and a uniform strain (IsoStrain) was applied with a preload 

of 2N at a fixed strain of 20% at 40°C for 18 hours. The fixed strain was removed from the sample. 

The water was again removed from the submersion clamp and a uniform stress (IsoStress)  was 

applied with a preload force of 2N and a fixed stress of 0N for 5 hours. Finally, the sample was 

dried at 40°C for 2.3 hours. The length and percent strain were measured at each of these steps. 

From the data received from the tests, Eq. (4.1) is used to quantify shape fixity (Rf) and Eq. (4.2) 
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is used to quantify shape recovery (Rr), with lt being the temporary shape, li being the initial shape, 

lf being the fixed shape, and lr being the recovered shape. [16] 

 

𝑅𝑓(%) =  
𝑙𝑡 − 𝑙𝑖

𝑙𝑓 − 𝑙𝑖
∗ 100 (4.1)  

 

𝑅𝑓(%) =  
𝑙𝑡 − 𝑙𝑟

𝑙𝑓 − 𝑙𝑖
∗ 100 (4.2)  

4.3.7. Differential Scanning Calorimetry 

A TA Instrument Q2000 DSC was used to quantify the specific heat capacity of extruded 

filament. Seven g of 10wt% CNC/TPU filament was placed into a 51.8g Tzero aluminum pan. A 

modulated DSC was used to gather heat capacity data and steps were taken as follows: equilibrate 

at 240°C, modulate +/- 1°C every 30 seconds, isothermal for 5 minutes, and ramp 3°C/min to 

260°C. 

4.4. Results and Discussion 

4.4.1. Mechanical Property Analysis of Printed Parts 

4.4.1.1. Filament Analysis 

In order to determine the structural homogeneity of the extruded CNC/TPU composite 

filament, samples were analyzed in a capillary rheometer. Monitoring the viscosity as a function 

of shear rate using a restricted nozzle (1 mm), which is similar in size to a MatEx printer nozzle, 

enables structural defects such as agglomerations to be detected. When discussing CNC/TPU 
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composite produced by solvent casting, these agglomerations are often formed as a result of 

precipitation of the TPU phase during the extended evaporation process. If not properly controlled, 

moisture from the ambient air will absorb into the solution, causing the TPU to precipitate out of 

the CNC/DMF mixture, resulting in agglomeration of CNC. The presence of CNC agglomeration 

has detrimental effects on the extrudability of material in a MatEx printer as these machines are 

often pressure limited and clog relatively quickly due to their restrictive nozzle geometries. 

The capillary rheometer process monitors the consistency of the pressure during extrusion 

at a set shear rate. Samples which have agglomerations of CNC’s will experience spikes in pressure 

while the solid like CNC agglomerates pass through the restricted nozzle orifice. This process was 

used to evaluate the quality of the solvent cast film while the sample preparation process was being 

developed and optimized. The results of multiple sample batches are shown in Figure 4-1. As 

shown by the figure, 10wt% dry and wet CNC/TPU, which is a non-optimized solvent casting 

process resulted in significant pressure spikes throughout the extrusion process, which is indicative 

of an agglomerated CNC phase. The label of “10wt% Dry CNC/TPU” indicates a freeze-dried 

powder form of CNCs which is often difficult to redisperse. These preliminary results led to the 

interest in the incorporation of “never-dried” CNCs which are CNCs dispersed in water in a gel 

like state. A distillation process was used to remove water from the sample and replaced it with 

DMF. The resulting sample is referred to as “10wt% Wet CNC/TPU”. The results of the capillary 

rheometer test also indicate poor dispersion of CNCs indicated by the constant fluctuating pressure 

which subsequently produces a fluctuation viscosity value. Finally, the process was optimized by 

limiting humidity exposure from ambient conditions. The dispersion of CNC improved as 

indicated by the consistency of the viscosity data of the sample “10wt% Wet CNC/TPU w/ 
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humidity control”. This sample preparation process was thus utilized in the production of the 

extruded filament samples to obtain a homogeneous CNC structure. 

 

Figure 4-1: Apparent viscosity of various CNC/TPU samples measured via a capillary rheometer 

at 180℃ over a range of relevant MatEx processing shear rates.  

 

 Processing induced structural differences have been previously realized from the results of 

Chapter 3. A more detailed quantitative understanding of the effect of processing parameters such 

as temperature and shear rate on the resulting morphology would be advantageous for developing 

and more complete understanding of the structure-process-property relationship. It is hypothesized 

that the higher temperature and shear rate conditions of MatEx relative to filament production, 
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may result in significantly different structural morphologies. The elevated MatEx printing 

temperatures may enable longer times for CNC relaxations, which when compared to the cooling 

rate of the extrudate, may be sufficient to recover to a predominately random orientation state. The 

inverse is also a possibility, in which shear induce orientation significantly orients the sample and 

the cooling rate is fast enough to lock in the orientated extrudate structure. The work presented 

herein will focus on the impact of the temperature and shear rate on the mechanical adaptiveness 

of the composites from an energy input perspective, however further structural analysis is 

recommended for capturing the relaxation time relative to the various processing conditions.  

4.4.1.2. Effect of Printing Parameters on Mechanical Adaptability 

The processing window determined for the 10 wt% CNC/TPU filament created in this 

study was experimentally found to fall between printing temperatures of 240 ˚C to 260 ˚C and 

extrusion speeds of 600 mm/min to 1600 mm/min. Samples printed inside this window, shown in 

Figure 4-2, display a discoloration as temperature increases and as extrusion speed decreases, 

which is expected to be a result of CNC degradation. These thermal history results are similar to a 

study done by Espinosa et al. as it was shown that the thermal stability of sulfuric acid hydrolyzed 

CNCs was seen to decrease when experiencing temperatures from 100˚C to 240˚C, with similar 

discolorations seen in Figure 4-2 [17]. In efforts to understand this effect, the storage modulus for 

all printed samples, in both dry and wet states, were measured at a frequency of 1 Hz and strain of 

0.01%. The degree of modulus change was calculated as the difference between the dry and wet 

moduli. These values are illustrated in Figure 4-3. 
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Figure 4-2: All print settings for the printed parts in the image above are as follows: 

Temperature(˚C): Extrusion speed(mm/min). A) 240:600, B) 250:600, C) 260:600, D) 240:1100, 

E) 250:1100, F) 260:1100, G) 240:1600, H) 250:1600, and I) 260:1600. 
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Figure 4-3: Degree of storage modulus change of printed parts from Figure 4-2 and a pure TPU 

sample for each printing parameter. Data is grouped by printing temperature as extrusion speed 

increases.  

 

Figure 4-3 and Figure A-4 in the appendix indicate that the CNCs act as storage modulus 

reinforcement to the matrices of TPU printed at 250°C and 600 mm/min. The pure TPU samples 

have dry and wet storage moduli values significantly lower than the CNC/TPU samples. Moreover, 

two trends appear in the printed part’s storage moduli across the printing parameters for the 

nanocomposites. In general, there appears to be mechanical reinforcement as the extrusion speed 

increases at each printing temperature. Additionally, there appears to be a similar reinforcement in 

modulus as the temperature decreases for each extrusion speed. This trend is followed across all 

printing parameters except for the printing parameters represented by G in Figure A-4 and Figure 

4-3. Structural defects were observed during the printing process at this setting. It is likely that this 

condition results in too high of a viscosity for the machine to adequately process. As a result, the 
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part may have been underfilled which resulted in the diminished mechanical properties. Moreover, 

the trend of increasing mechanical reinforcement appears because of the material system 

experiencing less thermal energy during the printing process. It is important to also note that the 

discoloration of the sample or a darkened appearance (as seen in Figure 4-2 B and C) does not 

signify complete loss of the mechanical adaptivity. However, less heat energy input into the system 

results in less thermal degradation of the CNCs and retention of the original mechanical 

reinforcement. From these results, the printing parameters used for D and H (240°C:1100 mm/min 

and 250°C:1600 mm/min respectively) have the highest mechanical reinforcement (dry modulus) 

as well as the highest degree of modulus change. Moving forward, the printing parameters of H 

(250°C:1600 mm/min) were determined as the optimal printing parameters for this material system 

as it had the most softening paired with the least standard error. 

The storage moduli for each temperature and extrusion speed settings were analyzed with 

ANOVA to determine the statistical significance of the parameters. From Figure A-4, Table A-4, 

and Table A-5 in the appendix, it was determined that each factor was significant for both the dry 

and wet storage moduli. Each of the corresponding standardized effect values exceeded the 

predetermined significant value at a confidence interval of 95%. The only factor which was found 

to have no significance was the interaction between the temperature and extrusion speed for the 

wet storage modulus. The interaction between printing temperature and speed represents the 

thermal energy input into the system. The hypothesis is that the amount of thermal energy input 

into the system only significantly affects the hydrogen bonding between CNCs and thus its ability 

to reinforce the composite. Thermal energy has less of an influence on the mechanical 

reinforcement of water saturated CNC composite systems as the network structure in this 

environment is inherently disconnected due to the competitive hydrogen bonding with water 
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molecules. Thermal energy and its effects are examined in more detail in section 4.4.1.3. Further 

work needs to be done to understand the significant effect of temperature and extrusion speed 

alone on the water-saturated system. It is hypothesized that CNC-matrix bonds are affected by 

these parameters as well. Additional printing parameters such as road or layer orientation, nozzle 

size, build plate temperature, etc. have the potential to affect the processing window. Further 

characterization can demonstrate the effect these additional parameters have on mechanical 

properties, overall shape responsiveness of TPU/CNC printed samples, and the design space.  

4.4.1.3. Thermal Energy Effects on Mechanical Performance 

The difference in discoloration of each printed part in Figure 4-2 indicates varying thermal 

energy input. To better understand the relationship between the applied thermal energy and 

resulting mechanical properties, the energy of the process was calculated. As temperature and 

speed vary, the heat energy input into the system during printing changes and can be calculated 

with Eq. (4.3): 

 𝑄 =  𝑚 𝐶𝑝 𝛥𝑇 (4.3)  

Where Cp is the specific heat capacity of the material composite and was measured via 

modulated DSC to be roughly 1.94 J/g*˚C. Moreover, this resulted in the power input into the 

system (J/sec). The heat energy the system experienced before printing was then determined by 

multiplying this power by the experimentally determined residence time. The energy values are 

plotted below in Figure 4-4. 
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Figure 4-4: Energy input into the material system before it was deposited for each print. Each 

point within each line, from left to right, are 240, 250, and 260 ˚C. 

The mass flow rate of the system, ṁ, was experimentally found by determining the mass 

of each printed part (m) and dividing by the time required for each part to print. The change in 

temperature, ΔT, was found as the delta between room temperature and the printing temperature. 

To determine the amount of thermal energy input into the material system, the residence time of 

the material composite was experimentally determined for each extrusion speed. Colored extrudate 

was utilized to experimentally determine the residence time of the material system. Mass flow rate, 

change in temperature, and other relevant values to Eq. (4.3) can be seen in Table A-6. 

Based on Eq. (4.3), thermal energy will decrease as the extrusion speed increases and 

printing temperature decreases. This general trend, as it relates to the composite’s storage moduli, 

is observed in Figure 4-4. A processing condition of 600 mm/min results in the most energy 
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entering the system and demonstrates why the printed parts at this speed degrade the most. 

Additionally, 1100 mm/min results in slightly less energy input into the system and is shifted to 

the left in Figure 4-4. However, 1600 mm/min does not follow this trend. In fact, at this speed each 

temperature experiences the same energy, or more, input into the system as the 1100 mm/min 

speed. At this extrusion speed, the 240 °C data point represents the poorly printed sample with 

structural defects as described in the previous section. However, despite similar energy input, there 

is a modulus increase for 260 and 250°C. This suggests that at higher speeds an additional 

reinforcement mechanism occurs that combats the loss of storage modulus due to thermal energy 

input. This additional reinforcement mechanism could likely be shear-induced orientation of the 

CNCs, however further work is required to verify this hypothesis.  

4.4.2. Quantification of Shape Responsiveness  

4.4.2.1. Shape Recovery & Shape Fixity 

After analyzing the mechanical properties, shape fixity and shape recovery were tested. 

The data from the shape fixity and shape recovery tests conducted on a part printed at 250°C and 

1600 mm/min can be seen in Figure 4-5. The TPU/CNC composite started with an initial length 

of 16.13 mm. After soaking, a fixed strain of 20% was applied resulting in a length of 19.27 mm. 

When the sample was dried and the fixed strain was removed, the length decreased to 18.66 mm. 

Using Eq. (4.1) in section 4.3.6, the shape fixity was calculated to be 80.4%, as seen in Table 4-1. 

Once water was reintroduced to the system, the material softened allowing the TPU to pull the 

sample back to a length of 17.27 mm. Once dried, the length decreased to 17.05 mm. Using Eq. 

(4.2) in section 4.3.6, the shape recovery was calculated to be 44.2%. 
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Figure 4-5: Percent strain over multiple steps of DMA tests to quantify shape fixity and shape 

recovery. 

Table 4-1: Shape fixity and shape recovery results 

 Shape Fixity Shape Recovery 

10 wt% CNC in TPU 80% 51% 

Pure TPU 39% 16% 

 

4.4.2.2. Shape Recovery of Complex Printed Part 

Using the optimized printing parameter H (250°C, 1600mm/min), a flat cross shape design 

created in Inventor was printed to demonstrate the shape fixity and recovery properties of the 

TPU/CNC composite. The printed sample was soaked in water for 24 hours then removed from 

water. The part was fixed into a box shape and placed into a printed cube design to hold it in that 

shape while drying. The part was dried at 40°C for 24 hours and taken out of the cube design 
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demonstrating a temporary held shape as pictured. Pictures taken at each of these steps can be seen 

in Figure 4-6. 

 

Figure 4-6: Printed deployable prototype design demonstration. a) Flat cross part of TPU/CNC 

printed at 250°C, 1600 mm/min, b) part being soaked in water, c) Temporary held shape of part 

after being dried for 24 hours at 40°C in cube shape, d) fixed part being reintroduced to water, 

and e) Recovered shape of part after being reintroduced to water for 24 hours. 

The printed part was then reintroduced to water and observed over the course of 24 hours. 

The results of the first three hours of this test are shown in Figure 4-7. Time 0:00 indicates when 

the sample was placed in the water filled container. The angles observed in the images were 

analyzed through ImageJ. As time moves on, the hydrogen bonds are broken and the parts soften 

with increasing angles, as it begins to form back into the original flat cross shape. A control box, 

seen to the right for each image in Figure 4-7, was also captured during this time-period, 

demonstrating shape fixity in an environment dried using desiccant beads. The fixed parts soften 

a slight amount each step, which could indicate that only a small amount of moisture is required 

to activate a response. For the parts submerged in water, significant shape recovery was observed 
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during the three-hour time-lapse. It can be seen that the highest degree of softening takes place 

within the first hour and each subsequent time step produces a comparable amount of shape 

change. 

 

Figure 4-7: 3 hour shape recovery and shape fixity demonstration of a printed box that went 

through the steps indicated in Figure 4-6. 

4.5. Conclusions 

The results of these experiments confirm that TPU/CNCs can be processed and retain 

mechanical adaptivity using MatEx. A design space was identified that allowed for sulfuric acid 

hydrolyzed CNCs combined with TPU to be extruded at temperatures up to 260℃ and speeds 

reaching 1600 mm/min. The nanocomposite mechanical adaptivity was still present post printing 

for all the temperatures used in the design space. The storage moduli of each printed sample 

decreased significantly and subsequently increased as the percolating network of hydrogen bonds 

was turned “off” and “on” respectively with immersion in water. The shape fixity and shape 

recovery were then successfully quantified to demonstrate the self-deployable nature of post 
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printed CNC/TPU composite. This test showed that the printed CNC composite has a shape 

memory capability as it unfolds itself in water after it was fixed into a cube shape. Further 

optimization and development of this mechanical effect is expected to yield larger mechanical 

adaptive capabilities with a range of mechanical properties suitable for various end use 

applications. Further quantification of the resulting structural morphology would enable a more 

complete understanding of the structure-process-property relationships. Understanding of the 

temperature dependent CNC relaxation time relative to the cooling time of the extrudate would 

provide insight into potential structural morphologies. 
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5.1. Abstract 

Cellulose nanocrystals (CNCs) are emerging as a novel filler for bio-renewable 

nanocomposite systems. CNCs provide mechanical reinforcement through the development of a 

network connected by hydrogen bonds. When CNCs are loaded in concentrations above a critical 

percolation threshold, the storage modulus is greatly enhanced. This effect is reversible upon the 

introduction of water, where competing interactions consume hydrogen bonding sites, thereby 

reducing the mechanical reinforcement provided by CNCs. 

We explore the dynamics of the mechanical softening upon exposure to water and develop 

a relationship between storage modulus and water diffusion as functions of filler loading. Dynamic 

mechanical analysis (DMA) coupled with a relative humidity accessory enabled direct evaluation 

of the mechanical adaptivity in response to the water stimulus. Thermogravimetric analysis – 

sorption analysis (TGA-SA) was implemented to evaluate the diffusivity of water in a high relative 

humidity environment by monitoring mass change. A Fickian and Hindered diffusion model were 
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fit to the TGA-SA data to provide insight into the diffusion coefficient associated with the mass 

uptake. Finally, an empirical relationship between water and filler concentration on storage 

modulus was implemented and compared to existing theories such as Halpin-Kardos, and 

percolation theory. The rate of mechanical adaptivity was found to increase with increasing CNC 

content, whereas the bulk diffusion was found to have an opposite relationship, signifying that 

local and short time scale diffusion may greatly differ from bulk diffusive behavior.  

5.2. Introduction 

Mechanically adaptive materials are currently of interest due to their dynamic mechanical 

properties (stiff to soft transition) which enable the development of smart materials that can react 

to varying sources of stimuli. Sea cucumber dermis is a primary example of a stimuli responsive 

smart material as it exhibits unique mechanical phenomena which allows the dermis to switch 

rapidly and reversibly between a soft or stiff state. The basic mechanism for this mechanical 

adaptiveness is known to be driven hydrogen bonding between collagen fibrils and is controlled 

by a stimuli of the glycoprotein, stiparin.1 By mimicking the physiochemical properties of the sea 

cucumber dermis, scientists have been able to successfully produce polymer composites which 

exhibit varying degrees of mechanical adaptiveness. Several mechanically adaptive polymer 

composites systems developed thus far utilize cellulose nanocrystals (CNCs) as the reinforcing 

phase and water as the stimuli.2-6 

The physiochemical response of polymer CNC composites is formed by CNCs which form 

an interconnected network through hydrogen bonds which increase the overall stiffness of the 

material. The stiffness of the network can effectively be reduced by exposing the composite to the 

stimuli, water, which will preferentially attach to the hydrogen bonding sites of the CNC, thus 

decoupling the CNC network and softening of bulk material. The mechanical reinforcement of 
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these materials has been widely studied and predicted using various mathematical models.2, 7-10 

One such model, called the percolation model, incorporates a variable to compensate for the 

formation of a percolating network at a critical concentration which in theory, will drastically 

increases the bulk material modulus. Several studies implement this model with varying degrees 

of correlation between the theoretical and empirical results. Shanmuganathan et al. found that the 

empirically measured storage modulus for the dry state mechanical reinforcement of a 1:1 

ethyleneoxide/epichlorohydrin copolymer with varying amounts of CNC could be accurately 

predicted using a percolation model.11 Mendez et al. have also shown a similar agreement between 

empirical and theoretical percolation model results with a polyurethane CNC system.12 These 

results suggest that a percolating network does indeed form at a critical concentration, however, 

only a few studies have investigated the concentration dependent diffusive behavior of water 

within these hydrophilic percolating systems. These studies have concluded that the highly polar 

surface functionality of CNC as well as the interface between the CNC and matrix material can 

serve as water transport channels which promote diffusion.3, 13, 14 However, others have reported 

opposite effects in which further addition of CNCs ultimately reduces the rate of water diffusion 

within the sample.15, 16 Follain et al. reported a decrease in the diffusion rate up to 9wt% CNC 

loading, after which the diffusion rate increased dramatically as a result of the formation of a 

percolating network.17 Hamou et al. also report a similar trend of decreasing diffusion rate with 

increasing cellulose nanofibril (CNF) for polyvinyl acetate composites. 18 

In addition to the conflicting results present in literature, little is actually known about how 

the water diffusion within the sample is related to the dynamic mechanical responsiveness.  

Dagnon et al. began to explore this relationship by altering the surface charge density of the CNCs 

with the hypothesis that and increased surface charge density would lead to increased water 
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diffusion and thus mechanical adaptivity.2 The results of the mechanical tests indicated that 

increased charge density would increase the rate of mechanical change, thus indicating in increase 

in the diffusion rate. The significance that CNC surface charge density has on the rate of 

mechanical adaptivity sparks great interest into the potential effects of CNC concentration and 

thus the development of a percolating network may have on the resulting diffusivity and 

mechanical adaptivity.  

Herein, we present the influence of CNC concentration on the water diffusion behavior of 

CNC thermoplastic urethane composites and the resulting mechanical adaptive behavior. Multiple 

diffusion measurement techniques including Dynamic mechanical analysis and gravimetric 

analysis studies were conducted at various CNC concentrations. The results of diffusion 

experiments were compared to Fickian and Langmuir diffusion models. The correlation between 

the concentration dependent water diffusivity and resulting mechanical adaptiveness is 

established. 

5.3. Experimental 

5.3.1. Materials 

Covestro Texin Rxt 70A (TPU, density, 1.07 g cm−3) was purchased from Independent 

Plastic, Inc. (Houston, TX). Cellulose nanocrystals (CNC, density, 1.5 g cm−3)) were obtained 

from the University of Maine (Orono, ME), and were produced from sulfuric acid hydrolyzed 

hardwood pulp by Forest Products Laboratory (Madison, WI). The CNCs were suspended in water 

at approximately 11.8 wt% and stored in a sealed container. Dimethylformamide (DMF) was 

purchased from Fisher Scientific (Fair Lawn, NJ) and used as received. 
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5.3.2. Sample Preparation 

The TPU/CNC nanocomposite films were produced by combining 105 mg/mL of TPU in 

DMF and stirring at 23 °C for 24 h or until completely dissolved. Water suspended CNCs were 

mixed with DMF at a concentration of 80 mg/mL of CNC/H2O (11.8wt% CNC) in DMF and the 

mixture was distilled to remove water. The resulting CNC/DMF mixture had a concentration of 

approximately 1 wt% CNCs in DMF. This mixture was stirred for 1 h and then sonicated for 1 h 

using a Branson 5800 ultrasonic bath. The TPU/DMF and CNC/DMF mixtures were combined 

and mechanically stirred for 1 h and then immediately sonicated for 8 hours. The resulting 

sonicated mixture was then cast on a heated polytetrafluoroethylene (PTFE) surface at 100 °C for 

24 h while in a closed container under constant purge of dry air. The sample was then placed in a 

vacuum oven at 50 °C for 1 day to remove any residual DMF or water. The resulting TPU/CNC 

composites ranged in concentration from 0 to 11.05vol% CNC. Samples were stored in a 

desiccator until characterized. 

5.3.3. Characterization 

TGA Mass Uptake/weight loss: A TA Instruments Q5500 was used to measure the weight 

loss of water saturated samples in order to estimate their total mass uptake. TPU/CNC samples 

were submerged in distilled water for 48 hours. Samples were immediately removed from the 

submerged water and blotted dry with a Kimwipe. The sample chamber was heated from room 

temperature at a rate of 50 °C/min until 115 °C was reached. The chamber temperature was then 

held at 115 °C for 3 minutes. The difference in mass between the original weight at the start of the 

TGA test and final weight was used to calculate the total water uptake.  
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Thermogravimetric Analysis: A TA Instruments Q5000 TGA SA dynamic vapor sorption 

analyzer was utilized to characterize the diffusive transport of water into TPU/CNC films. 3 mm 

diameter samples were prepared with a C.S. Osborne revolving die punch No 155 (7/64” die 

punch). Samples were subsequently dimensioned in diameter with Pittsburgh caliper with a 

resolution of 0.01 mm and thickness with a Mitutoyo micrometer with a resolution of 0.0001 inch. 

Samples were vacuum dried for at least 24h at 60°C and stored in a desiccator until tested. Before 

analysis, TPU/CNC samples were further dried at 60°C and 0.0% relative humidity for 30 minutes. 

The samples were allowed to equilibrate back to 25°C before initiating the sorption analysis 

comprising of a 25°C isothermal hold at 80.0% relative humidity for 150 minutes. 

Dynamic Mechanical Analysis: A TA Instruments DMA Q850 fitted with a relative 

humidity accessory was used to measure the mechanical properties of the CNC polymer films. 

Distilled water was used as the water source for the humidity accessory. Samples were cut using a 

metal blade to a width of 6.35mm and a length of ~20mm. The film thickness was determined 

using 0 to 1 inch Mitutoyo micrometers with a resolution of 0.0001 inch. The humidity chamber 

was equilibrated to 80% RH and 25°C. Once the chamber had equilibrated for 5 minutes, the lid 

to the chamber was removed, sample was secured to the tensile clamps and the test was initiated 

immediately following the sample being attached. The modulus of each sample was recorded for 

approximately 100 seconds prior to attaching the lid and exposing to the high humidity 

environment. The test was operated with a preload force of 0.35 N at a frequency of 1 Hz and 

0.01% strain with a data point collected every one second. 

Atomic Force Microscopy: An Asylum Research MFP-3D-Bio atomic force microscope 

was used to characterize the CNC dimensions. Sample dimensions were collected in tapping mode 

(1 Hz, 512 scans, and 512 scans/line) using Olympus AC200TS R3 tips with a radius of 7 nm and 
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a nominal spring constant 9 N/m. Dilute suspensions of CNCs were spin-coated onto poly-lysine-

coated mica disks using previously established processes.19 Over 100 CNCs were measured and 

their dimensions averaged to calculate the average aspect ratio (56.6). 

5.4. Results and Discussion 

5.4.1. Thermogravimetric Analysis (Sorption Analysis) and Diffusion 

Modeling 

Characterization of the mass transport behavior of water into TPU/CNC films was 

implemented with thermogravimetric analysis - sorption analysis (TGA-SA). The mass uptake of 

water was monitored dynamically in a humid environment, 80% RH and 25℃, as a function of 

CNC loading. While it was postulated that CNCs may enhance the mass transport of water into 

TPU films, the opposite was observed in practice.2, 20 The rate of water uptake decreased with 

increasing CNC concentration, illustrated by a decrease in slope in Figure 5-1. Total water uptake, 

Figure 5-2, was found to increase with CNC concentration. This suggests that hydrophilic CNCs 

attract water, however, there is also complex behavior associated with the dynamics of water 

diffusion in our composites. 
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Figure 5-1: TGA SA mass uptake as a function of time in TPU/CNC films at varying degrees of 

CNC loading (0-15 wt%). Light orange represents 0 wt% and increasing CNC concentration 

follows the color gradient towards 15 wt% in burnt orange. 

 

This prompted further exploration of the mass transport of water within TPU/CNC films 

through mathematical modeling of the diffusion behavior, especially as polymeric systems 

undergoing mass transport may experience anomalous diffusion characteristics which deviate from 

traditional Fickian behavior.21 In such systems, one may expect to see a range of diffusive 

behaviors from hindered diffusion slowing the rate of transport through chemical or physical 

interactions to two-stage transport where multiple diffusion mechanisms drive transport through 

the material. Although, may it be noted that CNC thermoplastic composite systems have 

increasing concentration 
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successfully described their diffusion profiles with Fickian behavior.16, 17 In TPU/CNC 

composites, CNCs maintain strong hydrogen bonding sites which we expect to facilitate water 

transport. However, recent literature has reported incorporation of CNCs acts to slow water 

mobility by increasing the tortuosity of the diffusive pathway.15, 17 

 

Figure 5-2: Total water uptake as a function of CNC concentration measured by TGA.  

 

Distinguishing between Fickian and non-Fickian behavior may reveal additional insight 

into the mechanism of water transport in TPU/CNC films. Thus, we model mass transport via both 

Fickian and hindered diffusion models.21, 22 Additionally, we follow the hindered diffusion 

modifications of Carter and Kibler for one-dimensional diffusion to account for both mobile (n) 
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and bound (N) water concentration. Thus we are able to distinguish between water that is freely 

available for diffusive transport, mobile, and water which is restricted in mobility, bound, most 

likely due to hydrogen bonding with CNCs or the TPU matrix. The hindered diffusion model 

developed by Carter and Kibler is given by Eq. (5.1) and (5.2) 

 𝐷𝛾𝜕2𝑛

𝜕𝑧2
 =

𝜕𝑛

𝜕𝑡
+

𝜕𝑁

𝜕𝑡
 (5.1)  

 𝜕𝑁

𝜕𝑡
=  𝛾𝑛 − 𝛽𝑁 (5.2)  

 

Where Dγ is the diffusion coefficient, n is mobile water concentration, and N is the bound 

water concentration. Water is not expected to permanently remain in either state, thus γ represents 

the probability of mobile water becoming bound and β represents the probability of the bound to 

mobile transition. Carter and Kibler further provided analytical solutions to these equations as 

follows in Eq. (5.3) 
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(5.3)  

Where rι
± is described in equation (5.4) and k is described in equation (5.5), 

 
𝑟𝑙

± =
1

2
[(𝜅𝑙2 +  𝛾 +  𝛽) ±  √(𝜅𝑙2 +  𝛾 +  𝛽)2 ±  4𝜅𝛽𝑙2] 

 
(5.4)  

 
𝜅 =

𝜋2𝐷𝛾

(2𝛿)2
 

(5.5)  
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Applying both the Fickian and hindered diffusion models and fitting to the TGA-SA data, 

Figure 5-3, we observe both models perform reasonably well. While the hindered diffusion model 

has a slightly lower concentration-averaged root-mean-squared error for the Fickian model, the 

small deviation is likely due to having additional model parameters as opposed to suggesting the 

uptake behavior is non-Fickian. In fact, TGA-SA analysis suggests this complicated system 

behaves in a Fickian manner in regards to the macroscopic uptake measurements, similar to 

behavior previously reported.16, 17 

 

Figure 5-3: Fickian and hindered diffusion model fits to TGA-SA for 11 vol% TPU/CNC film. 
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Further analyzing the reported diffusivities from each model, Figure 5-4, illustrates similar 

trends between the diffusion coefficient and CNC concentration however, the hindered diffusion 

model predicts diffusivities that are an order of magnitude faster than the Fickian model. At low 

CNC concentrations an initial increase in diffusivity is observed reaching a maximum at 

approximately 0.7-1.4 vol% followed by a decrease that reaches a lower limit at 5.8 vol%. 

 

Figure 5-4: Predicted diffusivities of TPU/CNC films as a function of CNC loading 

 

At low concentrations, hydrophilic CNCs aid facilitate water transport, however, above 

0.7-1.4 vol% one of two phenomena may restrict additional benefits of increasing CNC 

concentration on mass uptake. A critical percolation threshold may be achieved such that CNCs 
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develop a fully connected pathway throughout the film. This would enable water to quickly diffuse 

along CNCs which would act as channels. Once the CNCs in the network are fully saturated the 

water must diffuse from the surface of the sample through the thickness. The initial water uptake 

from the CNC network contains such a small amount of mass that it was not measurable via TGA-

SA. However, TGA-SA does capture the bulk (through thickness) diffusion behavior, in which 

diffusion rate decreases with increasing CNC content due to the presence of impenetrable CNC 

domains.23  

It is believed that above 5.8 vol%, agglomeration of CNCs occurs as further increasing 

CNC concentration does not impact water transport. DMF has been shown to induce CNC 

agglomeration in some systems7, but due to the solvent compatibility restrictions for processing 

CNC and TPU composites, it was deemed a necessary impediment. Bath sonication was performed 

to limit the degree of CNC agglomeration; however, it is clear that at high concentrations of CNCs, 

it was insufficient to retain dispersion during the solvent casting process. 

5.4.2. Dynamic Mechanical Analysis 

In order to most accurately replicate the environment of the TGA SA, a relative humidity 

accessory fitted with a standard tensile clamp was attached to a DMA Q850. The mechanical 

properties and response were monitored as a function of time in an 80% RH and 25°C environment. 

Figure 5-5 illustrates the results of these tests. The static dry state reinforcement of the CNC is 

illustrated by the mechanical properties from approximately -50 to 0 seconds. This reinforcement 

however rapidly decreases when exposed to moisture beginning at a time of 0 seconds. Pure TPU 

shows nearly no mechanical adaptivity or plasticization throughout the duration of the test, as 

previously demonstrated.9 However, as CNC content increases a mechanical adaptive behavior 
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becomes increasingly prominent. As shown in Figure 5-6, increasing addition of CNCs results in 

an increase in the degree of storage modulus change. Additionally, Figure 5-7 shows that as CNC 

content is increased, the rate of modulus change will increase. The increased rate of mechanical 

adaptation was previously shown by Dagnon et al. by increasing the surface charge density of 

CNCs.2 The 11.1 vol% samples resulted in a decrease in mechanical properties relative to the 

9.1vol% sample. This is likely due to poor dispersion and agglomeration of CNCs as the loading 

percentage becomes so high. As previously mentioned, Meesorn et al. notes how CNC aggregation 

can occur when using DMF as the casting solvent for TPU/CNC systems.7 

 

Figure 5-5: Storage modulus of each film as a function of time. All data is normalized to each 

individual film thickness which varies from approximately 0.2 to 0.3 mm. Negative time value 

indicates mechanical properties prior to moisture exposure whereas time 0 is the initial moment of 

increasing concentration 
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water exposure and subsequent values indicate time in the humid environment at 80% RH and 

25℃. 

 

 

Figure 5-6: Change in storage modulus from the dry and wet state equilibriums as a function of 

concentration. Dotted line indicates the percolation model fit up to 7.3 vol% CNC. 
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Figure 5-7: Linear slope of the storage modulus change from 0 to 30 t1/2/dl (from Figure 5-5) as a 

function of CNC volume concentration 

 

The data in Figure 5-6 and Figure 5-7 are shown to fit a percolation type behavior up to 

approximately 7.25 vol% CNCs. Above this concentration, it is expected that agglomeration of 

CNC reduces the effective volume of CNCs contributing to the mechanical reinforcement and 

transport of water. Thus, the resulting degree of storage modulus change and rate of storage 

modulus change above this concentration begin to deteriorate. For this reason, the percolation type 

fit is applied to the sample at or below 7.25 vol%. Critical to any percolation model fit is the 

concentration at which percolation occurs. This value can be calculated using a number of different 

methods but is most simply estimated using equation (5.8) where A is the aspect ratio of the filler. 
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 𝑋𝑐 =  0.7/𝐴 

 
(5.6)  

The aspect ratio for our CNCs are measured by atomic force microscopy to be roughly 56.6 

which results in a percolation value of 1.2 vol%. This onset concentration closely describes the 

behavior observed in Figure 5-6 and Figure 5-7, indicating that the trends of these properties may 

be related to the formation of a percolating CNC network. However, the calculations assume ideal 

circumstances, when in reality, there are fluctuations in CNC dimensions and thus the aspect ratio. 

The percolation and Halpin-Kardos mechanical models were used to analyze our data in 

both the dry and wet state respectively. The percolation model best fits the dry state mechanical 

properties as it accounts for the intermolecular bonds which form a percolating network, whereas 

the Halpin-Kardos model does not account for intermolecular bonds, which is representative of 

the CNC composite in the wet state in which the water molecules have disrupted the percolating 

network structure. 
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Figure 5-8: Mechanical model fits to experimental data. Percolation model fit (dotted line) is fit 

to the experimental dry data (o) and Halpin Kardos model (solid line) is fit to the experimental wet 

data (x) 

The percolation model shown in Eq. (5.7) was fit to the experimental data using a sum of 

squares residual method in which the following parameters in Table 5-1 were used. The 

percolation model utilized the rigid phase storage modulus (7.4 GPa) as a fit parameter which 

correlates well with other model fit values (6.41 GPa).7 The correlation between the empirical 

mechanical results and percolation model suggest that the filler was adequately dispersed and 

capable of forming an interconnected percolating network 

 
𝐸𝐶 =

(1 − 2ψ + ψ𝑣𝑅)𝐸′𝑆𝐸′𝑅 + (1 − 𝑣𝑅)ψ𝐸′𝑅
2

(1 − 𝑣𝑅)𝐸′𝑅 + (𝑣𝑅 − ψ)𝐸′𝑆
 (5.7)  
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where EC is the elastic tensile modulus, ψ is the percolation fraction of the filler, vR is the volume 

fraction of filler, E’S is the soft phase elastic tensile modulus and E’R is the fillers elastic tensile 

modulus.   

The fraction of filler which is acting as part of the percolating network can be estimated 

using Equation (5.8) 

 

𝜓 = 𝑣𝑅 (
𝑣𝑅 − 𝑣𝑅𝐶

1 − 𝑣𝑅𝐶
)

𝑏

 (5.8)  

where vRC is the percolation threshold, and b is the critical percolation exponent which has been 

shown to equal 0.4 for 3D networks.24, 25 

Table 5-1: Percolation Model Parameters 

Parameter Variable Value 

Rigid Phase Storage Modulus E’r 7.4 GPa 

Soft Phase Storage Modulus E’s 8.9 MPa 

Filler Aspect Ratio Ar 56.6 

 

 Furthermore, the Halpin Kardos model was correlated to the wet state mechanical 

properties to behavior expected from a reinforced network that lacks filler to filler interactions. 

The parameters used for this study are shown in Table 5-2 and details for mathematical operations 

required to calculate this value can be found elsewhere. 26 The correlation between the calculated 

values and experimental data shown in Figure 5-8 suggest that indeed the CNC network has 

decoupled and weakened to a state which can be describe closely by models which do not account 

for these interactions, which is consistent with previously published results.27  
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Table 5-2: Halpin Kardos Model Parameters  

Parameter Variable Value 

Matrix Modulus Em 8.9 MPa 

Longitudinal Filler Modulus ELf 105 GPa 

Transverse Filler Modulus ETf 50 MPa 

Filler Shear Modulus G’f 50 GPa 

Matrix Shear Modulus G’m 2.1 MPa 

Filler Length L 158.5 nm 

Filler Width W 2.8 nm 

 

5.4.3. Correlation Between Diffusion and Mechanical Adaptation 

The comparison between the DMA results and TGA-SA results provides some unique and 

unexpected insights into the underlying behavior. A brief summary of the results thus far have 

shown the mass uptake behavior from TGA-SA to decrease with increasing CNC content. The 

resulting diffusion coefficients for both a Fickian model and Hindered diffusion model fit to the 

experimental data verify that the diffusion rate decreases with increasing CNC content. However, 

when analyzing the experimental DMA results, a stark difference in the behavior arises (shown in 

Figure 5-9). As CNC content increases, a clear increase in the rate of mechanical adaptivity is 

present. As the mechanism for mechanical adaptivity driven by the presence of water molecules 

which disassociate local inter-CNC hydrogen bonds, the increase in mechanical adaptivity would 

commonly suggest an increase in the water diffusivity. The results of this study suggest this 

hypothesis to be partially true. Increasing CNC content does increase the rate of water transport 

within the CNC network, however, the diffusivity of the bulk material (shown by the TGA data) 

suggests the opposite to be true. 
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At concentrations below the percolation threshold (~1.2 vol%), CNCs increase the 

diffusivity by increasing the overall hydrophilicity of the system with little impedance from the 

low volume percent of impenetrable CNC domains. Additionally, the rate of mechanical softening 

remains relatively unchanged when below the percolation threshold. However, above the 

percolation threshold, diffusivity of water within the CNC network increases greatly as the number 

of connections within the network is continually increased, resulting in faster mechanical 

adaptation (Figure 5-7). The mass of moisture absorbed within the network structure is relatively 

small compared to that of the bulk macroscopic sample such that these differences are not detected 

by the TGA-SA. The bulk phase diffusion is largely controlled by the interconnected networks 

formed by CNCs which act to restrict the mobility of water. The behavior becomes increasingly 

effective as the CNC concentration is increased, however, eventually it drops off due to the 

formation of agglomerates. Agglomerates also influence the rate of mechanical adaptivity in a 

similar fashion to a point where increasing CNC content further will also reduce CNC connectivity 

and thus slow down the transport of water. 
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Figure 5-9: Comparison of DMA data collected on the rate of storage modulus change (x) to the 

calculated diffusivity from the Fickian diffusion model fit to the TGA-SA data(o) 

 

5.5. Conclusions 

The correlation between bulk diffusivity and mechanical adaptivity in TPU/CNC 

composites was explored. TGA SA results show that increasing CNC content will reduce the 

diffusion rate of moisture within the sample. However, DMA results show that the rate of 

mechanical adaptation will increase with increasing CNC content. This relationship suggests the 

CNC network diffuses water quicker as more network connections are created, thus enabling faster 

mechanical adaptivity. The impact of the increased network connectivity has the opposite effect 
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on bulk diffusion within the sample. The CNCs reinforce the surrounding amorphous matrix 

material and restrict molecular mobility thus reducing the diffusivity of water molecules. Both the 

rate of mechanical adaption and bulk diffusion are influenced by the formation of CNC 

agglomerates which reduce the effect of further increasing CNC concentration. Further work is 

required to understand the effect of orientation and thermal history on these relationships as well 

as the fundamental mechanism of water binding and unbinding from the CNC network to enable 

further adoption of this work for relevant applications. 
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6.1. Abstract 

This review documents the current state of the art of highly filled (HF) polymer composite 

systems used in additive manufacturing (AM), with a core focus on short and continuous fiber 

filled composites for use in material extrusion (MatEx) AM. Current state of the art composite 

materials systems have been successfully incorporated into the MatEx process with loading 

percentages up to approximately 45 vol. %. Further increasing the loading percentage would afford 

significant mechanical improvements that could enable structural performance, however there are 

currently a number of limitations that need to be addressed. Viscosity limitations associated with 

MatEx processing of HF composites originate from the low processing pressure inherent to 
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filament feed MatEx processes. Restrictive hot end nozzle geometries (high volume contractions) 

increase required processing pressure and potential for nozzle clogging failures. The increased 

viscosity of the HF composite reduces interlayer contact and adhesion during the printing process, 

resulting in increased void spacing. Mechanical limitations of HF composites processed using 

MatEx are also reviewed. Flow induced fiber orientation and its influence on viscosity and 

mechanical anisotropy are investigated. Fiber breakage as well as strain to break limitations are 

reviewed. Lastly, the geometric packing limitations of fibers within a circular bound nozzle are 

reviewed. This review takes an in-depth look at recent advances in addressing these challenges, 

and discusses opportunities for realizing MatEx processing of HF composite systems with 

significantly improved performance. 
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Nomenclature 
  

AC Acetyl Copolymer JF Jute Fiber 

AP Acrylic Photopolymer LOM Laminated Object Manufacturing 

ABS Acrylonitrile Butadiene Styrene LENS Laser Engineered Net Shaping 

AM Additive Manufacturing  LMD Laser Metal Deposition 

AlP Aluminum Particles MD Mat Density 

AMPH Amphora MatEx Material Extrusion 

AF Aramid Fiber MJ Material Jetting 

BAAM Big Area Additive Manufacturing MJF Multi Jet Fusion 

BJ Binder Jetting NEMA National Electrical Manufacturers Association 

CF Carbon Fiber PA12 Nylon 12 

CNF Carbon Nanofiber PA6 Nylon 6 

CPP Circle Packing Problem PAN Poly(acrylonitrile) 

CCJ Continuous Carbon Fiber PA Poly(amide) (Nylon) 

CCF Continuous Carbon Fiber PBT Poly(butylene terephthalate) 

CGF Continuous Glass Fiber PEEK Poly(etheretherketone) 

CJF Continuous Jute Fiber PET Poly(ethylene terephthalate) 

Cu Copper PLA Poly(lactic acid) 

DED Direct Energy Deposition PP Poly(propylene)  

DMD Direct Metal Deposition PVA Poly(vinyl alcohol) 

DMC Dough Molding Compounds PC Polycarbonate 

EP Epoxy Photopolymer PE Polyester 

EEA ethylene-ethyl-acrylate  PETG Polyethylene Terepthalate Glycol 

FRAM Fiber Reinforced Additive Manufacturing PBF Powder Bed Fusion 

FDM Fused Deposition Modeling SLS Selective Laser Sintering 

FFF Fused Filament Fabrication SCW Silicon Carbide Whisker 

GF Glass Fiber SWNT Single Wall Carbon Nanotube 

xGnPs Graphene Nano platelets SL Stereolithography 

GP Graphite Powder TLCP Thermoplastic Liquid Crystalline Polymer 

HDPE High Density Poly(ethylene) 3DP Three Dimensional Printing 

HF Highly Filled UC Ultrasonic Consolidation 

HA Hydroxyapatite VGCF Vapor Grown Carbon Fiber 

HPMC (Hydroxypropyl)methylcellulose ZF Zinc Ferrite 
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6.2. Introduction 

Additive Manufacturing (AM) is a generalized term which encompasses seven unique 

manufacturing processes: vat photopolymerization, material jetting, binder jetting, material 

extrusion, powder bed fusion, sheet lamination and direct energy deposition. Each of these 

processes provides a unique approach for additively producing a 3D geometry. These methods are 

well described in the literature.[1-5] Extrusion based AM (MatEx) is one of the most accessible 

manufacturing processes, and is commonly found in both commercial and industrial 

environments.[6] This is largely due to its relatively affordable equipment and feedstocks, wide 

availability, and relatively minor safety concerns associated with the process, which enables 

integration into many working environments.  

Although MatEx has become one of the most prevalent AM processing methods, a number 

of key challenges limits widespread adoption of the technology. These challenges include slow 

through-thickness (also known as Z-axis) build speed, insufficient quality control[7], limited 

materials selection, z-axis mechanical property anisotropy and modest improvement in final part 

properties upon addition of reinforcements. This review is motivated by the last three challenges: 

limited material selection, anisotropy, and final part properties. There is continued demand at the 

consumer and industrial level to produce end-use parts using MatEx processes. However, the 

material selection is limited (relative to material database for traditional processing methods) and 

processing techniques are suited for traditional materials, which is hindering the advancement of 

selection and properties for final printed parts. To address this core issue, a large body of work is 

focused on incorporating reinforcement fillers into the base resin feedstock, and in modifying AM 

machines and processes, with the hope of improving the materials selection and properties of the 

final printed part.  
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Highly filled (HF) polymer composite systems (>20 vol%) [8, 9] present numerous advantages 

over unfilled or dilute polymer composites. Fillers increase strength and modulus over the base 

polymer and these properties can be tailored by selection of the filler and its concentration in the 

composite material. In order to achieve these benefits, the filler must be adequately dispersed and 

form strong interfacial bonds with the polymer matrix material.[10-12] It is also common for fillers 

to be incorporated into filament MatEx material to enhance functional properties such as electrical 

and thermal conductivity.[13-18] Currently, there are a wide variety of filled composite materials 

which are used with filament based MatEx. These filaments are commercially available with 

various types of fillers ranging from wood, bronze, brass, steel, glass fibers and carbon fibers (CF) 

at varying concentrations. It should be noted that some HF metal composites are used as precursors 

for AM of metal and ceramic components.[19, 20]  

Additionally, numerous studies have produced and analyzed custom composite systems 

with various filler types and degree of loading, resulting in a broad range of mechanical 

reinforcement. The current range of tensile strength and tensile modulus of MatEx composite 

materials is shown in Figure 6-1 as a function of the filler volume fraction, and compared to 

traditional filled polymer composite systems. The information used to generate these two graphs 

consists of 219 unique data points from 139 materials. These data were gathered from 29 original 

sources over a period of 41 years. The data in Figure 6-1 encompasses the current design space for 

varying degrees of fiber orientation in both short and continuous fiber systems; however, a 

majority of data is representative of uniaxial fiber orientation at various loading levels. The current 

highest filler content incorporation for a short fiber MatEx process is approximately 28 vol. % [21] 

and 41 vol.% [22] for a continuous fiber MatEx process. However, it should be noted that novel 

AM process similar to MatEx are being developed which extend past the current limits of 
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traditional filament based MatEx.[23] Sources and numerical values for the data represented in 

Figure 6-1 are provided in Table A-7. 

 

 

Table 6-1 highlights key discussions in several review articles that have previously overviewed 

AM of polymer composite materials, documenting a wide range of filler loading percentages. The 

Figure 6-1: Mechanical property design space comparing (Top) tensile strength and (Bottom) 

tensile modulus of short and continuous fiber filled MatEx systems and comparison to traditional 

filled polymer systems. FRTP and FRTS are Fiber Reinforced Thermoplastic and Fiber Reinforced 

Thermoset composites, respectively.  
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review articles in Table 6-1 are focused on limitations associated with current materials systems 

and processes. This table encompasses of the majority of the major thermoplastic fiber composite 

AM reviews. While some of these challenges faced with current polymer composite systems are 

consistent with HF composite MatEx, there does not exist a comprehensive evaluation of 

limitations in expanding the design space to more HF polymer composites systems. Specifically, 

there is a lack of understanding of the theoretical limitations of these materials as they relate to the 

process, as well as a lack of correlation to empirical results. This review aims to identify the 

knowledge gaps by presenting relevant theory and research as it relates to the MatEx process, with 

a key focus on short and continuous CF thermoplastic composites. The information contained 

within this review is organized into three sections which focus on a limitation of HF MatEx. 

Section 1 focuses on viscosity limitations, section 2 focuses on mechanical limitations and lastly, 

section 3 focuses on geometric limitations.  

Table 6-1: Summary of thermoplastic fiber composite AM reviews 

AM Process Reviewed Materials Reviewed 
Key Finding Reference / 

Year 

SLS, 3DP, LENS, 

LOM, SL, MatEx, and 

ultrasonic consolidation 

Polymer-Fiber Composite, 

Metal Composite 

- Reports minimal development for composites 

properties outside of mechanical performance 

[1] / 2010 

MatEx, LOM, SL, 

Extrusion, and SLS 
Polymer-Fiber Composite 

- Composite issues include void formation, poor 

matrix/fiber adhesion, nozzle blockage, increased 

curing time, lack of modelling and simulation for 

composite MatEx 

[24] / 2017 

BJ, DED, MJ, PBF, 

sheet lamination, vat 

polymerization 

Thermoplastic, Thermoset, 

Metal, Polymer-Fiber 

Composite, Metal Composite 

- Porosity, binding defects, interfaces and 

microstructural effects 

[25] / 2017 

BJ, MJP, MJ, Polyjet, 

MatEx, DED, SL, 

LENS, laser cladding, 

DMD, LMD  

Thermoplastic, Metal, 

Polymer-Fiber Composite, 

Metal Composite 

- Reports how composite materials are bridging 

the gap from prototyping to end-use parts 

[26] / 2018 

MatEx Polymer-Fiber Composite 

- Fiber damage and void formation hinder 

mechanical reinforcement 

- Transverse to print direction mechanical 

properties are low 

- Suggest improving fiber wetting during printing 

and increase fiber volume fractions 

[27] / 2018 

MatEx, SLA, SLS, 

LOM,  
Polymer-Fiber Composite 

- Reports viscosity related printing issues, void 

formation reducing mechanical performance, 

interlayer bonding issues, fiber alignment, 

dispersion and interface importance 

[28] / 2018 
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Inkjet, MatEx, SLS, 

SLA,  

Polymer-Fiber Composite, 

Polymer-Metal Composite 

- Reports challenge with incorporating modified 

feedstocks into traditional AM equipment 

- Results in failures such as agglomeration, 

heterogeneities, poor adhesion, increased curing 

time, poor resolution 

[29] / 2016 

MatEx and sintering 
Polymer-Metal Composite, 

Polymer-Ceramic Composite 

- Focuses on MatEx of highly filled thermoplastic 

composite with the intent on post processing with 

a sintering step 

- Highly filled filament strands are difficult to 

process 

[8] / 2018 

MatEx Polymer-Fiber Composite 

- Reviews common types of fibers and matrix 

components for fiber reinforced additive 

manufacturing (FRAM) 

- Reports advantages as well as future challenges 

for FRAM 

[30] / 2019 

Vat 

photopolymerization, 

BJ, MatEx, Sheet 

lamination, PBF 

Polymer-Fiber Composite 

- Reviews contemporary high throughput 

composite manufacturing methods as well as 

composite AM Techniques 

[31] / 2017 

 

6.3. Materials limitations in Highly Filled Systems for MatEx 

6.3.1. Viscosity 

One key limitation associated with printing HF composites using the MatEx process is the 

high viscosity relative to the unfilled thermoplastic matrix. Failures due to viscosity of HF 

polymers are often referred to as clog failures and are derived from two potential sources, a 

physical blockage created by collection of the filler at a restricted region (nozzle orifice) or 

excessive resistance to flow due to the viscous nature of the material (high viscosity), as shown in 

Figure 6-2. As the filler loading level increases, so will the potential for both types of clog 

failures.[32] Tekinalp et al. observed and reported a clog failure when printing with 40wt% CF in 

acrylonitrile-butadiene-styrene (ABS)[21] and this failure is also referenced by several other 

literature sources.[33-37] With respect to the MatEx process, clogs largely arise as a result of 

insufficient force (exerted by the feeding system) required to disrupt a physical blockage or to 

overcome the polymer viscosity. Beran et al. studied clogging factors encountered with MatEx 

using spherical filled polymer systems and found that extrusion forces up to 42N were 
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unsuccessful at disrupting the clog within their system, which signifies the importance of 

improving machine design for processing HF polymer composite.[32] The authors also developed 

a mathematical model which predicts the printability of filled polymers using input factors such as 

max printer force, print conditions, filler volume fraction and resin viscosity. Within these 

spherical filled systems, the authors found that the geometric ratio of the nozzle diameter (D) to 

the filler diameter (d) exclusively determines nozzle clogging.  

Two common techniques for analyzing melt rheology of HF polymer composites include 

torsional and capillary rheometry, Torsional rheometers are commonly used but have practical 

limitations in sample geometry, mode of operation, and representation of shear rates typically 

experienced during the extrusion-based AM process. Capillary rheometers are more suited for 

acquiring viscosity measurements representative of the extrusion-based AM process as they 

operate in steady shear flow modes. and enable measurements of high viscosity materials at higher 

shear rates that are relevant for material extrusion processes (100 to 1,000s-1).[7, 38] A 

Figure 6-2: Graphical representation of (Left) anisotropic filler flowing from a randomly oriented 

state to an oriented state at the nozzle orifice (Center) Clog failure due to excessive viscosity of 

the polymer melt (Right) Clog failure due to accumulation of filler at the orifice. This graphical 

illustration is intended for demonstrative purposes only; no scaling relationships should be 

inferred. 
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comprehensive review of MatEx rheology and extrusion is not provided in this text, but has been 

studied elsewhere. [38, 39] A detailed model of the melting and flow behavior within the nozzle 

of MatEx process has been developed for unfilled systems by Osswald et al.[40] Through the use 

of mass, momentum and energy balances, the authors are able to predict and optimize the melting 

behavior in a MatEx nozzle. The assumptions of this model (pressure flow melt removal mode) 

was determined to be acceptable when comparing to empirical results collected with a custom-

built piston driven capillary system.  

The viscosity of materials used in MatEx machines is limited by the maximum force 

exerted by the extrusion motor. For benchtop filament printers, this force limit is typically defined 

by the type and size of stepper motor as well as the filament gear drive system design. However, 

most benchtop printers will commonly use a NEMA 17 stepper motor as the drive for filament 

extrusion. On average, the maximum downward force of these stepper motors is approximately 20 

N, assuming that the filament and gear drive remain in intimate contact. However, slipping can 

often manifest from various sources. The force limit of the stepper motor, combined with the 

geometric design of the hot end nozzle, provides information about the theoretical maximum 

viscosity that will be successfully extruded. This theoretical maximum viscosity of a MatEx 

machine can be calculated by using the Hagen Poiseuille law for flow through a cylindrical pipe 

as shown in Equation (6.1), where ΔP is the difference in pressure between the nozzle and 

atmosphere, r1 is the radius of the nozzle, Q is the flow rate out of the nozzle and L is the length 

of the nozzle with a diameter of r1. 

 
𝜂 =

∆𝑃 ∗ 𝜋 ∗ 𝑟1
4

8𝑄 ∗ 𝐿
 (6.1)  
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This equation can be expanded based on the maximum force that the filament can exert to generate 

the pressure differential, as shown in Equation (6.2) where r2 is the radius of the filament. 

 
𝜂 =

𝐹 ∗ 𝜋 ∗ 𝑟1
4

(𝜋 ∗ 𝑟2
2) ∗ 8𝑄 ∗ 𝐿

 (6.2)  

Figure 6-3 illustrates the theoretical viscosity limit for piston (filament) driven type MatEx 

processes based on a NEMA 17 feeding setup and common nozzle geometries. Figure 6-3 left 

illustrates the maximum viscosity as a function of flow rate that can be successfully extruded under 

stepper motor loads of 10 and 20N, whereas Figure 6-3 right illustrates the maximum viscosity 

limit as a function of shear rate. These representations afford a complete understanding of the 

interrelationships between flow rate, maximum viscosity, and operating shear rate range expected 

in many MatEx machines. The limitation of the analysis represented by the data in Figure 6-3 is 

the assumption of no slippage by the stepper motor gripping system, and that the modulus of the 

filament is sufficient to handle the load without buckling. If the gear grip on the filament is weak 

or the filament has insufficient mechanical properties, the grip on the feedstock will fail and 

extrusion will stop.[41] 

Figure 6-3: (Left) Maximum extrudable viscosity as a function of flow rate for a 10-20N stepper 

motor (Right) maximum extrudable viscosity of a desktop MatEx machine as a function of shear 

rate using a 10-20N stepper motor 
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Viscosity limitations are rapidly approached as filler volume fraction are increased which 

can lead to print failure when implemented with pressure-limited processes. This becomes 

particularly relevant when processing yield stress materials, such as highly loaded carbon fiber 

(CF) composite materials, where a critical stress must be exceeded in order to generate flow.  

The theoretical predictions in Figure 6-3 have been validated using in-situ pressure 

measurements[42], where gear slipping occurred at pressures of approximately 6.5-7.0 MPa with 

standard 1.75 mm PLA and ABS[43], corresponding to a force of 15.6-16.8 N. The maximum 

driving force of stepper motors will vary between manufacturers and models, but an approximate 

maximum continuous operating force of 20N is appropriate for most bench top printers using 

NEMA 17 stepper motors. May it be noted that various articles have reported a range of higher 

values for the maximum downward force (40-60N), which likely a result of variations the 

construction of each MatEx machine investigated.[40, 44]   

In addition to viscosity limitations derived from the stepper motor, it is also important to 

consider the potential for other failures to occur such as back flow failure and filament 

buckling.[41] Filament buckling was addressed by Venkatreman[41], and found to correlate well 

to tensile modulus. Annular backflow was investigated by Gilmer et al., and demonstrated the 

importance of polymer shear thinning behavior in filament MatEx.[45] Materials with a delayed 

or limited shear thinning behavior were theoretically predicted and experimentally validated to fail 

during from back flow failure. 

Viscosity increase with fiber filler addition is dependent on a number of factors including 

fiber size, concentration, orientation, dispersion, distribution and mode of shear deformation. The 

relationship between filament properties and processing properties is imperative for developing 

new materials, especially with regards to high filler volume fraction thermoplastic composites. As 
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the filler volume fraction is increased, fiber interactions that result in formation of a mechanically 

percolating network, or that limit flow near processing boundaries, can further increase viscosity. 

The magnitude of viscosity increase is dependent on the size and aspect ratio of the filler, as well 

as its orientation, which will determine the extent of interaction with neighboring fillers as well as 

the critical percolation threshold.[46-50] Above the critical percolation threshold, the filler has 

formed an interconnected network which can significantly increase resistance to flow.  

The following studies have reported findings on viscosity related limitations for filled 

polymer composite systems.  

Table 6-2 summarizes these studies, which discuss topics including filler geometry, 

orientation, and concentration. Wang et al. suggest that nozzle clogging of filled thermoplastic 

systems is a current limitation within the process which restricts materials to loadings of less than 

40 wt% fibers.[34] They suggest the addition of plasticizers and compatibilizers may be potential 

ways to improve the processability of the feedstocks, enabling higher filler loadings. Zong et al. 

demonstrate the addition of an elastomer, ethylene-ethyl-acrylate (EEA), to improve the 

extrudability of the filled composite filament with no noticeable impact on the properties of the 

final printed part.[51] Kishore et al., Ajinjeru et al., and Quan et al. studied rheological properties 

of short CF reinforced thermoplastics and showed by torsional rheology a dramatic increase in the 

complex viscosity at a range of shear rates and the shear thinning and temperature dependent 

effects.[52, 53, 56] Additionally, based on previous studies[57], Ajinjeru et al. expected that the 

actual viscosity of the steady state printing process may be lower than the measured values, as 

fibers align in the shear direction. Although not MatEx focused, it is worth noting the extensive 

review Rueda et al. has provided an on the rheology of HF polymers with a focus on particle filled 
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systems.[58] The authors conclude about the vast potential AM can provide if indeed HF polymer 

composite materials are to become available with such a process. 

Table 6-2: Summary of research regarding filler considerations on viscosity in MatEx 

 

In addition to the aforementioned rheological studies, a number of literature sources present 

studies which investigate and model the flow alignment of fibers within the MatEx nozzle as the 

orientation of the fibers in critical to a number of properties including viscosity. Heller et al. present 

Topic 
Printer 

Type 

Key Finding 
Reference / Year 

Nozzle clogging Desktop 

- Reports nozzle clogging after several layers of printing at 40 wt% 

CF/ABS 

- Fibers oriented in printing direction up to 91.5% 

[21] / 2014 

Nozzle clogging Desktop 

- Reports nozzle clogging in filled systems at approximately 40 wt% 

fiber loading 

- Suggest addition of plasticizers and compatibilizers for improving 

processability and achieving high degrees of loading 

[34] / 2017 

Processability 

(flexibility)  
Desktop 

- The addition of plasticizer and compatibilizer increased flexibility 

- Potential solution for processing of filaments with high loading 

percentages 

[51] / 2001 

Processability 

(viscosity) 
Desktop 

- The addition of 40-50 wt% CF to thermoplastics dramatically 

increases the complex viscosity of the composite material (4-30 times 

higher) 

- Indicates potential viscosity increase is significant enough to create a 

clog failure 

[52] / 2016 

Processability 

(viscosity) 
Desktop 

- 15 wt% CF ABS composite was found to shear thin from 70,000 Pa.s 

at 0.01 s-1 to 300 Pa.s at 10 s-1 

- Shear thinning and minimal clogging was attributed to high degree of 

fiber alignment within the nozzle 

[53] / 2016 

Orientation Desktop 

-  Increasing filler loading increases viscosity and shear thinning 

behavior 

- Flow induced shear forces cause fiber alignment resulting in shear 

thinning effect  

[52] / 2016 

Orientation 

(modeling) 
BAAM 

- Fiber orientation evolution models show fiber alignment is high at 

inlet and increases to the convergence zone followed by a slight 

decrease in the straight portion of the nozzle 

[54] / 2019 

Orientation 

modeling 
Desktop 

- Convergence zone of the nozzle and extrudate swell influence the 

orientate state as well as the mechanical properties of the extrudate 

- Suggest fiber alignment can be altered by augmenting the volume 

contractions in the nozzle geometry 

- Straight portion of nozzle most significantly influences fiber 

orientation 

[55] / 2016 

Processability 

(viscosity) 
BAAM 

- Complex viscosity increased by approximately 2.5 times with the 

addition of 20 wt% CF and 3 times with the addition of 30wt% CF at 

100 rad/s 

- Complex viscosity can be reduced by 47% and 53% for  20 wt% and 

30 wt%, respectively, by increasing the processing temperature from 

365 to 400 °C 

[56] / 2018 
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computation modeling on orientation of fibers during each section of flow within the nozzle and 

found that the convergence zone of the nozzle and extrudate swell influence the orientation state 

as well as the mechanical properties of the extrudate.[55] The authors state that the results of the 

parametric study suggest fiber alignment can be altered by augmenting the volume contractions 

within the nozzle geometry. A number of other studies have investigated the flow induced 

orientation process for MatEx.[59-61] These studies aid in developing the foundational 

understanding of fiber interactions and orientation within the nozzle. However, future work is 

required to make comprehensive models which describe the fiber dynamics within MatEx. A 

model which can incorporate orientation dependent non-Newtonian viscosity would provide more 

representative results and could aid in predicting the physics based limitation as fiber volume 

fraction is increased. A number of studies have begun to investigate fiber orientation models for 

AM.[49, 62-67] 

Fiber breakage is another significant consideration that can result from high viscosity and 

shear stresses in extrusion processes, including screw based filament extrusion/fabrication and 

MatEx processing, because attrition in fiber length will reduce mechanical performance. Kunc et 

al. developed a low shear batch style pultrusion process by which a plunger forces a 

fiber/thermoplastic composite out of an orifice to form a continuous stand of highly oriented 

filament feedstock.[68]  Such a process would be beneficial to highly loaded filler thermoplastic 

composite feedstock as fiber breakage would be mitigated, aiding in the retention of mechanical 

benefits afforded from long fiber reinforcement. Jiang et al. determined that the filament feedstock 

extrusion process of MatEx created small amounts of fiber breakage.[69] A fiber length 

distribution analysis revealed that the MatEx process decreased the fiber length anywhere between 
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1.2% to 14.4% based on a weight average fiber length for several different matrix material types 

loaded with CF from 11.0 to 17.7 wt%. 

Processes which maintain initial fiber length at high CF loading percentages are expected 

to surpass the capabilities of current MatEx filament based processes and potentially screw driven 

BAAM processes. Additionally, decreasing viscosity via increasing temperature will no longer 

serve as a viable method for viscosity control as the degradation temperature of the matrix polymer 

is approached. This exposes the need for change in the current process if HF composite systems 

are to be considered for extrusion based AM.  

The change can manifest in the form of the following: 

• A process capable of generating higher pressures, such as pultrusion 

• Bridge the gap between direct write style process [70-72] and structural 

thermoplastic composite for reduced viscosity of filled systems 

• Incorporation of high flow enhancing additives, such as plasticizers or lubricants 

• Optimization of nozzle/feed system design for pressure drop reduction 

6.3.2. Mechanical Limitations 

One of the most significant limitations to the mechanical properties of HF composite 

originates from the viscosity and surface tension of the material which directly impacts the layer-

to-layer sintering/bond formation of AM parts and significantly impacts their final mechanical 

properties.[38, 73, 74] The bond development process can be estimated using a sintering model 

developed by Pokluda et al. shown in Equation (6.3) where Г is surface tension, η is material 
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viscosity, ao is the initial particle radius, t is time, a is the particle radius at time t and y is the 

distance from the center line of the particles to the outer most point of the weld.[75-77] 

 𝑑𝜃

𝑑𝑡
=

Г

𝑎𝑜𝜂

2 − 5
3⁄ 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃(2 − 𝑐𝑜𝑠𝜃) 1

3⁄

(1 − 𝑐𝑜𝑠𝜃)(1 + 𝑐𝑜𝑠𝜃) 1
3⁄

 (6.3)  

where, 

 𝜃 = 𝑠𝑖𝑛−1 𝑦 𝑎⁄    

As the filler content is increased for MatEx materials, the viscous behavior increases, 

reducing molecular mobility and thus decreasing the bond strength for a given material set and 

process. Although not accounted in the aforementioned sintering model, layer-to-layer diffusion 

will directly impact the through thickness mechanical performance.[78] The work presented by 

Pitchumani et al. was not originally motivated by AM of composite materials, however the authors 

present applicable models for approximation of the molecular diffusion (“healing”) process for 

unidirectional fiber-reinforced composites tapes.[79] Much of the work presented by Pitchumani 

et al. remains applicable to AM of composite materials as models are developed to describe the 

mechanical evolution of layer-to-layer bonds. Accurately predicting the resulting mechanical 

properties of these interlayer bonds proves challenging as the composition of the material can 

fluctuate locally, often manifesting in a resin rich surface.  The lower fiber content at the interface 

results in a gradient of properties, with the interfacial bond between layers as the weakest location 

in printed composite materials. An example of this is presented by Love et al. who shows a tensile 

bar printed in the x and z direction (13% CF filled ABS) in which the tensile strength of the printed 

sample in the x direction (fiber length axis direction) increased by approximately 2.9 times, 

however the z direction (layer-to-layer) tensile strength is reduced by 2.4 times. These results 

highlight the current state of anisotropy of printed composite materials. Some suggested solutions 
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have been highlighted in the literature and are presented in the following discussion. Love et al. 

suggests implementing nonplanar deposition toolpathing to help combat the low layer-to-layer 

adhesion issues. Vidya et al. has demonstrate the utility of implementing infrared heaters to preheat 

the deposited layers prior to deposition of a new layer.[80] This increase in surface temperature of 

the previous layer enables greater molecular mobility, thus forming more interlayer entanglements 

which increases the z-axis strength of the printed part. [81, 82] These solutions thus far have 

provided marginal improvements to the mechanical properties and have their own limitations such 

as process complexity and limitations in orientation control, highlighting the need for further 

research and development. 

A number of additional issues contribute to mechanical limitations in HF composite 

material MatEx beyond interlayer bonding, particularly with respect to filler dispersion and 

interstitial voids as shown in Figure 6-4. Similar to the results presented by Love et al.[83], 

Tekinalp et al. found that the orientation induced by the uniaxial shear extrusion of the MatEx hot 

end produced comparable mechanical performance to those prepared with conventional 

compression molding.[21] However, the increase in mechanical performance obtained by uniaxial 

orientation of fibers in the MatEx process is hindered by the void formation created by the 

ellipsoidal filament deposition inherent to the MatEx process.[84] Additionally, as filler content 

increases, a decrease in filler dispersion uniformity is typically observed, limiting the mechanical 

property benefit afforded by the reinforcement fiber filler. [85, 86] Although the interactions of 

filler loading percentage and void formation is unknown, it is widely understood that void 

formation within the interstitial space of deposited roads will influence the mechanical 

performance of printed composite parts.[87-91] The void spacing effects the amount of bonding 

area between neighboring roads which is a critical parameter for controlling through thickness 
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mechanical properties and thus the anisotropy of the printed component. The porosity created by 

the inherent ellipsoidal deposition of the extrusion process can be mitigated with a unique 

processing technique patented by Duty et al. called Z pinning and is shown in Figure 6-5. [92] 

Additionally, Spoerk et al. has employed a “shifted” layering structure which mitigates void 

formation when layer height is properly controlled. [81] While these solutions are reducing the 

deficiencies of the traditional AM process, further development in areas such as tool pathing, 

nozzle design geometry to control shape deposition, and unique chemistries or processes to 

mitigate void formation are needed to fully overcome these limitations. 

 

Figure 6-4: Image of short fiber reinforced Nylon made using MatEx where (a) is the cross 

section view and (b) is the top down view. Figure courtesy of Blok et al. [88] 

 

While the discussion thus far has focused on layer deposition in the filament MatEx 

process, a significant issue arises when generating HF composite filament. As stiff fillers are added 

to a composite, the strain to break in the thermoplastic solid state will significantly decrease. The 

brittle nature of HF CF composites creates issues during winding of standard filament feedstocks 

onto spools. Jiang et al. showed that between 11.0 to 17.7 wt% addition of CF resulted in a 3.9 to 
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8.5 times reduction in the stain to break of printed tensile bar specimens.[69] Jiang et al. also shows 

how CF addition will continually decrease the ductility of the printed part from 1.4% for 3 wt% 

CF/ABS to 2.7% for 10wt% CF/ABS. HF CF filaments may fracture when attempting to conform 

to the small spool diameters, which can range in size from 5 to 10 cm in diameter. The filament 

winding issue may be mitigated by using larger diameter spools or by eliminating the need for a 

filament by processing directly from a pellet feedstock.[93, 94] Several current companies provide 

commercially available printers (for desktop and BAAM) which can print directly from a pellet 

feedstock such as Direct3D, re:3D and Titan Robotics LTD. Whyman et al. produced a compact 

pellet extruder design for benchtop sized extrusion which is capable of producing a consistent 

filament extrudate.[95] These advances may help in overcoming the processing limitations 

experienced with HF composite systems; however, screw based processing is also well known to 

result in fiber attrition which will negatively impact the benefit afforded by increased loading 

levels.  
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Figure 6-5: Z pinning of CF ABS composite parts. Figure courtesy of Oak Ridge National 

Laboratory, U.S. Dept. of Energy [96] 

Screw based processing of HF composites in MatEx systems introduce relatively high 

shear stresses during the screw feeding process, presenting greater potential for fiber breakage 

compared to that of filament feed systems. This effect has been studied by numerous researchers. 

For example, Karsli et al. investigated the influence of compounding and injection molding on the 

fiber length and length distributions for CF/PP samples from 0 to 20 wt% loading.[97] The authors 

found that at the conditions studied, the fiber breakage did not significantly influence the final 

mechanical properties. However, the authors note that as the fiber content continues to increase, 

so will the degree of fiber breakage. This trend is also described in several additional studies.[98-

101] High shear dispersion of fiber fillers in HF composites with instruments such as twin screw 

extrusion and Brabenders have also been investigated. Capela et al. noticed the effect of fiber 

breakage on low filler content system but wanted to confirm the relationships at high filler volume 

fractions.[102] The authors studied how fiber length (2, 4 and 6 mm in length) influences the 
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mechanical properties of a 60 wt% CF epoxy composite (Biresin®CR120). The results of this 

study conclude that HF composites exhibit low efficiency parameters for both stiffness and tensile 

strength. Additionally, high fiber content combined with increasing CF lengths results in poor 

dispersion, thus deteriorating the mechanical performance of the composite. The authors reference 

studies from Fu et al. which suggest breakage occurs as a result of interaction between fibers, 

instrument surfaces and the polymer.[21, 98] 

Regardless of the processing technology, fiber-matrix interactions are paramount when 

discussing mechanical properties of composites. The filler surface is often modified with various 

sizing and coupling agents to improve adhesion at the fiber/matrix interface. These studies are vital 

to improving composite mechanical performance. While most studies are not specifically directed 

at MatEx processing, readers are encouraged to investigate the following references for more 

information on this topic.[103-112] 

HF printed composite materials suffer from a number of mechanical limitations including 

poor interlayer bonding, anisotropy, void formation, dispersion, reduced strain to break (filament 

handling), and fiber breakage. These key limitations hinder the core motivation of superior 

mechanical performance when using HF composites with MatEx. In order to produce end use HF 

printed composite parts, research and development in the following areas must be improved. 

• Models for interlayer adhesion/healing in HF systems 

• Optimized tool pathing for reduced void formation 

• Feedstock development/processing for improved handling/dispersion 

• Optimized nozzle design and deposition process for reducing fiber breakage 
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6.3.3. Geometric Limitations 

Geometric packing of short fibers and continuous fibers in a polymer matrix presents a 

potential physical limitation with regards to the maximum volumetric loading percent for extrusion 

based AM processes. The geometric packing limitation refers directly to the maximum volume 

fraction of specific filler within a constrained boundary. This limitation can occur with all filler 

geometries and boundary conditions; however, for consistency and applicability, this review will 

focus on geometric packing limitations of cylindrical fibers constrained through a circular die 

orifice, such as that found filament feedstock MatEx systems. Current practical limitations such as 

viscosity and mechanical considerations, as discussed in prior sections, will manifest at currently 

realized composite volume fractions in MatEx. However, as technologies are realized to increase 

filler volume fractions, geometric packing restrictions will become significant. Understanding the 

theoretical packing limitations provides a basis of comparison for the maximum potential filler 

reinforcement volume fraction. Further, mathematical models which predict the viscosity of HF 

polymer composite often utilize a geometric packing parameter.  

The maximum volumetric packing of many circles within a single larger circle does not 

have a closed form solution. Often referred to as the circle packing problem (CPP), the approach 

to solving these unique problems is often solved as an optimization problem, which enables various 

packing arrangements of circles (shown in Figure 6-6) to occur within a single solution. The 

theoretical maximum volume packing fraction of unconstrained circles can be described by 

equation 5 and equation 6 for square and hexagonal packing respectively. 

 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑖𝑟𝑐𝑙𝑒

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑆𝑞𝑢𝑎𝑟𝑒
=

𝜋𝑟2

(2𝑟)2
= 78.5% (6.4)  
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 1/2 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑖𝑟𝑐𝑙𝑒

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒
=

1/2𝜋𝑟2

(2𝑟)(√3𝑟)
2

= 90.7% 
(6.5) 

Although not completely representative of cylinder in cylinder behavior, Rueda et al. 

provides detailed insight into the viscoelastic phenomena surrounding HF composites.[58] The 

authors present a comprehensive outline of work conducted with respect to maximum volume 

fraction (ϕm)  through discussion of mathematical models and experimental methods for 

determining ϕm. At ϕm, there is physically no volume for which an additional filler may be added, 

nor is there a more efficient packing arrangement which would further enable the addition of fillers. 

The percolation threshold (ϕc) is different from ϕm as it is the point at which fillers will physically 

contact their closest neighbors. The concentrations at which these physical networks can form is 

dependent on the size of the particle as well as the dispersion of the particle. [113-115] Although 

this review focuses primarily on packing of fiber structures, packing of non-spherical geometries 

will also be relevant for some composite systems. [116, 117] 

Figure 6-6: Various packing arrangements of circles used for CPP optimization solution. 
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Figure 6-7 highlights the maximum fiber vol% based on the most efficient packing of a 

range of monodisperse fiber diameters for both a standard desktop printer nozzle (0.4 mm) and a 

BAAM printer nozzle (10.16 mm). The ratio of the BAAM nozzle size to fiber diameter enables 

higher fiber loading percentages whereas standard desktop printers are more sensitive and become 

limited in the loading percentage as fiber diameter is increased. This relationship highlights the 

importance of the filler geometry and design for integration with MatEx processes. Increasing 

nozzle size or decreasing filler diameter are appropriate means to increase the maximum 

theoretical loading percentage of filler within the constrained geometry. 

6.4. Conclusions 

AM of composite materials is a continually growing field driven by demand for superior 

mechanical performance of AM parts. Researchers have already begun incorporating fillers into 

thermoplastic filaments in hopes of achieving improved mechanical performance. Several AM 

Figure 6-7: Maximum volume fraction of fibers for Desktop and BAAM printing as a function of 

fiber diameter determined using CPP optimization. 
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studies document the incorporation of fillers into thermoplastics and reporting promising 

mechanical improvements; however, there remains significant room for improvement as has been 

demonstrated by the mechanical properties achieved in the traditional fiber reinforced polymer 

matrix composite field. In order to achieve such mechanical properties, significant advancement 

in materials and machine design must be realized to overcome current limitations. 

This review identifies major challenges that currently hinder the use of HF composites in 

MatEx. These limitations are organized in three categories which include viscosity, mechanical 

and geometric. Viscosity limitations include clogging, excessive extrusion force, filler properties, 

filler orientation, fiber breakage. Mechanical limitations include interlayer sintering and healing, 

anisotropy, void formation, low strain to break, filament spooling, fiber breakage, poor dispersion. 

Potential solutions to these issues include: process capable of generating higher pressures such as 

pultrusion, bridge the gap between direct write style process [67-69] and structural thermoplastic 

composite for reduced viscosity of filled systems, incorporation of high flow enhancing additives, 

such as plasticizers or lubricants, optimization of nozzle/feed system design for pressure drop 

reduction. Additionally, a significant source of the current limitations originates from the 

traditional MatEx printing process, which was designed for a small group of materials. The limits 

of these traditional machines are strained as we continue to explore new processing windows with 

new materials and applications. In order to produce mechanical properties for end use HF printed 

composite parts, research and development in the following areas must be improved: models for 

interlayer adhesion/healing in HF systems, optimized tool pathing for reduced void formation, 

feedstock development/processing for improved handling/dispersion, optimized nozzle design and 

deposition process for reducing fiber breakage. Lastly, as the boundary of filler content is 

continually pushed to higher amounts, the packing formation of fillers will become critical and 
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should be understood. It is for these reasons that optimization and redesign of MatEx printers, 

processing and material feedstock is required to enable AM of HF composite materials. 
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Chapter 7 : Conclusions and Recommendations for Future Work 

7.1. Conclusions 

1. Analysis of the structure-process-property relationships of 10 wt% TPU/CNC 

nanocomposites revealed that these mechanically adaptive materials are able to retain their 

unique properties following exposure to shear orientation and extended thermal history. 

Solvent cast samples, heated solvent cast samples and single screw extrusion produced 

samples had storage moduli of 66, 68 and 67 MPa respectively. Neither shear or thermal 

history at the conditions tested had a significant impact on the reinforcement effect of the 

CNC nor their ability to soften upon exposure to moisture as all samples softened to 

approximately the modulus or 26 MPa. The rate of mechanical adaptivity was found to be 

significantly different between the film (83 minutes) and filament samples (22 hours). The 

difference is attributed to the variation in sample thickness. Overall, these results signify 

potential for the materials to be implemented in melt extrusion processes such as single 

screw extrusion or extrusion based additive manufacturing without significant concern of 

drastic modulus differences following melt processing into filament form. 

 

2. The influence of processing parameters with extrusion based additive manufacturing was 

established for TPU/CNC nanocomposites using a design of experiments. Printing 

temperature and extrusion speed as well as the interaction between the two parameters were 

found to significantly influence the dry state mechanical properties of the printed CNC 

composite. The wet state mechanical properties were also significantly influenced by the 

print temperature and extrusion speed, however, the interaction between the two 

parameters was found to not be significant.  The processing window for extrusion 
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temperature and extrusion speed were determined to be between 240 to 260℃ and 600 to 

1600 mm/min respectively. Although processing at high temperatures and slow speeds 

resulted in discoloration of the extrudate, the corresponding mechanical adaptiveness was 

only slightly hindered. A printing condition of 250℃ and 1600 mm/min was determined 

to provide the highest degree of mechanical response (25.7 MPa). The shape fixity of a 

printed part was demonstrated and found to retain 80% of the fixed shape and recovery to 

approximately 50% of the original shape. Furthermore, a correlation between the amount 

of energy input to the material and the resulting mechanical response was developed. A 

clear trend of decreasing mechanical response with increasing applied energy is evident.  

 

3. The mechanical adaptive behavior was correlated to the water diffusion behavior as a 

function of CNC content. The rate of water mass uptake of a TPU/CNC sample was found 

to decrease with increasing CNC content. Conversely, the rate of mechanical adaptivity 

increases with increasing CNC content. It is hypothesized that after percolation is reached 

(1.2 vol% CNC), further addition of CNCs enables greater connectivity of the network. 

Water uptake is rapid near the CNCs, however, the total water uptake mass near the CNCs 

is minimal, which is why there is no noticeable rate increase in the TGA diffusion data. 

Once the CNC network is saturated, water diffuses outward into the amorphous matrix 

where the mobility has been increasingly hindered from the reinforcement of CNCs. This 

results in a slower bulk water diffusion process, which has an inverse relationship to CNC 

concentration relative to the mechanical adaptive behavior.  
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4. The limitations of incorporating significant volume fractions (>20vol%) of fiber fillers into 

extrusion based additive manufacturing processes is limited by three key factors; viscosity 

limitations, mechanical limitations and geometric limitations. The potential for 

understanding and overcoming these limitations include production of parts with superior 

mechanical properties. Viscosity limitation can be overcome by adopting new low 

viscosity feedstock forms such as liquids or pastes, adjusting machine design (pultrusion), 

less restrictive nozzle geometries or addition of flow enhancing additives. Mechanical 

limitations such as fiber breakage or poor interlayer strength can be overcome by 

improving tool pathing, deposition methods and feedstock handling. Finally, geometric 

limitations which account for the maximum packing fraction of fibers within a nozzle 

geometry are estimated to be between 80 and 91 vol% based on various machine design 

and fiber geometries. Overcoming this limitation is not possible with the current system 

design, however, understanding this maximum enables evaluation of potential unrealized 

improvements. 

 

7.2. Recommendations for Future Work 

1. Melt extrusion processing of CNC composite was shown to not significantly impact the 

mechanical adaptiveness at the conditions tested within this work. However, a more 

comprehensive analysis which quantitative differentiates the influence of orientation and 

applied thermal energy could expand the understanding into other processing types with 

various amounts of shear exposure and applied thermal energy. 
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2. The diffusion kinetics and behavior of CNC thermoplastic nanocomposites are likely to be 

a function of their aspect ratio and corresponding orientation. An in-depth study which 

accurately documents various aspect ratio CNCs, various orientations and the resulting 

impact on the diffusion and mechanical adaptive behavior would prove very useful. As 

these materials are more widely adopted and implemented into customizable applications 

such as additive manufacturing, being able to either understand or finely tune the process 

to control the resulting structure and corresponding properties would greatly improve the 

design versatility of the material.  

 

3. The diffusion kinetics have been modeled using Hindered diffusion models which utilize 

variables for bound and unbound water. Correlating these parameters to experimental data 

collected on the amount of bound and unbound water would prove useful for improving 

the understanding of the diffusion kinetics within these systems. Potential methodologies 

for accomplishing this include attenuated total reflectance infrared spectroscopy or 

utilizing differential scanning calorimetry to measure the quantity and freezing point of the 

water as it is known that bound water will not freeze.  

 

4. Increasing energy applied to TPU/CNC composites was shown to decrease the mechanical 

responsiveness, however, the window which was evaluated could be greatly expanded. The 

material extrusion machine limited the processing range for our system, however, it is 

likely the behavior will not linearly decrease at all powers. It is expected that a plateau 

behavior is present at lower applied energies. Understanding where the onset of this plateau 
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behavior begins can improve processing methodologies which are intended to optimize the 

mechanical responsive behavior.  

 

5. Characterization of percolating CNC networks is a complex and challenging topic due to 

their intricate structure and nanoscale features. Proof of their existence in various systems 

is often contemplated due to the potential for many other phenomena which may contribute 

to a similar behavior. In terms of diffusion, it is recommended that an in-depth study be 

conducted on a CNC composite system in which the matrix material has no potential 

hydrogen bonding functionality, thus eliminating any competing effects with the CNC 

network. Additionally, pressure-based permeation tests should be performed to verify if 

transport of water along the CNC network is a result of micro-void channels or attractive 

hydrophilic surface functionality which acts as a pathway for water molecules  

 

6. Solvent casting TPU/CNC films was found to be a very moisture sensitive process in which 

atmospheric moisture would be enough to create an inhomogeneous film. As a significant 

majority of the CNC thermoplastic composites are produce via solvent casting, it would be 

greatly beneficial to the CNC community for this behavior to be more clearly documented 

and the impact of environmental conditions reported, as consistency and homogeneity is 

critical for achieving repeatable and reproducible results. 

 

7. CNC feedstocks range from freeze dried powders to water suspended CNC gels. It is often 

hypothesized that freeze-dried CNC feedstocks form clusters which prove extremely 

challenging to disperse. A comprehensive study which utilize the same CNC source 
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prepared into different feedstock form and mixed at varying concentrations and sonication 

times, in which the resulting dispersion and mechanical adaptivity is analyzed would be 

beneficial to the CNC community and aid in establishing a baseline for sample preparation 

and best practices.  
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Figure A-1: Thermogravimetric analysis of dry CNC powder. Isothermal analysis at 180 °C for 

60 min. 

 

Figure A-2: Thermogravimetric analysis of dry CNC powder. Ramp at 10 °C/min in oxygen and 

nitrogen. 
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Figure A-3: Representative image of CNC dispersion taken using a JEOL TEM 2100, CNC 

dispersion is stained with NanoVan for contrast. 

Table A-1: Supporting Information Measurements of TEM CNC Sample in Figure A-3 

Measurement Length (nm) Width (nm) 

1 73.7 5.7 

2 171.5 7.0 

3 97.4 3.1 

4 126.0 4.1 

5 108.8 4.5 

6 62.2 3.1 

7 76.8 5.1 

8 109.3 6.0 

9 97.7 3.0 

10 85.6 3.0 

11 107.6 2.2 

12 136.1 3.0 

13 77.6 2.5 

14 149.8 2.7 

15 130.2 3.0 

16 176.8 3.7 

Average 111.7 3.9 

Std Deviation 34.4 1.41 
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Table A-2: Halpin-Kardos Calculation for average CNC size 
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Table A-3: Continued 
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Table A-4: ANOVA table for dry storage modulus results 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 1499.7 187.46 19.80 0.000 

Linear 4 1183.0 295.74 31.24 0.000 

Temperature, °C 2 403.4 201.71 21.31 0.000 

Extrusion Speed 

  mm/min 
2 779.5 389.77 41.17 0.000 

2-Way Interactions 4 316.8 79.19 8.36 0.001 

Temperature, C 

*Extrusion Speed. 

 mm/min 

4 316.8 79.19 8.36 0.001 

Error 18 170.4 9.47   

Total 26 1670.1    

 

Table A-5: ANOVA table for wet storage modulus results 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 747.2 93.40 4.58 0.004 

Linear 4 644.8 161.21 7.90 0.001 

Temperature, C 2 299.7 149.85 7.35 0.005 

Extrusion Speed. 

mm/min 
2 345.1 172.57 8.46 0.003 

2-Way Interactions 4 102.4 25.60 1.26 0.324 

Temperature, C 

*Extrusion Speed. 

 mm/min 

4 102.4 25.60 1.26 0.324 

Error 18 367.1 20.39   

Total 26 1114.3    
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Figure A-4: Wet and dry storage modulus of printed samples at various processing conditions 
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Table A-6: Values used for energy calculation at various processing conditions 

 

Room Temperature 25 °C Mass 
Print 

Time 

Mass 

Flow 

Residence 

Time 

Specific 

Heat 

Capacity 

Delta 

T 
Power 

Parameter 
Speed 

(mm/min) 

Temp 

(°C) 
(g) (sec) (g/sec) (sec) (J/g*oC) (oC) (J/s) 

A 600 240 0.1225 78.32 0.001564 28.48 1.94 215 0.652 

B 600 250 0.1211 78.32 0.001546 28.48 1.94 225 0.675 

C 600 260 0.1222 78.32 0.001560 28.48 1.94 235 0.711 

D 1100 240 0.1215 43.69 0.002781 14.52 1.94 215 1.160 

E 1100 250 0.1213 43.69 0.002776 14.52 1.94 225 1.212 

F 1100 260 0.1214 43.69 0.002779 14.52 1.94 235 1.267 

G 1600 240 0.1162 30.25 0.003841 10.56 1.94 215 1.602 

H 1600 250 0.1155 30.25 0.003818 10.56 1.94 225 1.667 

I 1600 260 0.1194 30.25 0.003947 10.56 1.94 235 1.799 
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Figure A-5: Individual points from Table A-7 used for generating (Top) tensile strength and 

(Bottom) tensile modulus graphs. 
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Table A-7: Tensile Strength and Tensile modulus data collected from various sources used to create. MD 

denotes mat density reported in g/m2, TDS denotes Technical Data Sheet. 
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Pure Polymer 

0.00 36.00 1.90 ABS [21] yes na na 1.04 na TDS 

0.00 21.00 0.25 ABS [60] yes na na na na no 

0.00 28.20 0.50 ABS [60] no na na 1.05 na yes 

0.00 26.90 0.49 ABS [60] no na na 1.04 na yes 

0.00 12.62 1.11 PA [118] no na na na na no 

0.00 42.50 3.26 PLA [119] yes na na 1.07 na yes 

0.00 27.50 1.00 PP [120] yes na na 0.91 na TDS 

0.00 85.00 2.80 PA [121] no na na na na no 

0.00 31.00 1.50 PP [122] no na na 0.91 na yes 

0.00 55.00 1.24 PA12 [122] no na na 1.02 na yes 

0.00 52.00 2.50 PBT [122] no na na 1.32 na yes 

0.00 70.00 3.10 PET [122] no na na 1.38 na yes 

0.00 95.00 3.85 PEEK [122] no na na 1.36 na yes 

0.00 58.78 2.78 Epoxy [123] no na na na na no 

0.00  3.40 Epoxy [10] no na na 1.18 na yes 

Short Fiber MatEx 

6.06 51.00 7.80 CF/ABS [21] yes wt 1.79 1.04 TDS TDS 

12.68 61.00 11.60 CF/ABS [21] yes wt 1.79 1.04 TDS TDS 

19.94 63.00 14.00 CF/ABS [21] yes wt 1.79 1.04 TDS TDS 

27.92 68.00 13.75 CF/ABS [21] yes wt 1.79 1.04 TDS TDS 

8.00 70.69 8.91 CF/ABS [83] no wt 1.79 1.04 TDS TDS 

5.30 37.40 0.79 VGCF/ABS [124] yes wt 2.05 1.00 no no 

2.50 19.50 0.27 VGCF/ABS [60] yes wt 2.05 1.00 no no 

3.75 20.00 0.29 SWNT/ABS [60] yes wt 1.35 1.00 no no 

13.75 39.00 1.38 GF/PP [120] yes wt 2.42 0.90 no no 

10.50 50.90 7.15 CF/ABS [69] no wt 1.79 1.04 no no 

9.08 68.40 9.28 CF/PLA [69] no wt 1.79 1.24 no no 

12.97 68.30 8.47 CF/PETG [69] no wt 1.79 1.24 no no 

8.06 49.30 3.93 CF/AMPH [69] no wt 1.79 1.27 no no 

2.05 41.00 2.10 CF/ABS [125] yes wt 1.55 1.05 yes yes 

3.44 42.00 2.40 CF/ABS [125] yes wt 1.55 1.05 yes yes 

5.21 41.00 2.50 CF/ABS [125] yes wt 1.55 1.05 yes yes 

7.00 34.00 2.10 CF/ABS [125] yes wt 1.55 1.05 yes yes 

10.68 35.00 2.30 CF/ABS [125] yes wt 1.55 1.05 yes yes 

14.76 66.40 11.94 CF/ABS [126] no wt 1.79 1.24 no no 

10.00 44.20 3.5 CF/PP [127] no vol 1.85 0.91 TDS yes 

15.00 49.50 4.6 CF/PP [127] no vol 1.85 0.91 TDS yes 

20.00 57.10 5.7 CF/PP [127] no vol 1.85 0.91 TDS yes 

Short FRTP 

25.00 107.00  GF/HDPE [10] yes Vol N/A N/A no no 

25.00 100.00  GF/PP [10] yes Vol N/A N/A no no 

10.00 35.00  CF/PP [10] yes Vol N/A N/A no no 

25.00 125.00  AC/GF [10] yes Vol N/A N/A no no 

20.00 110.00  GF/PC [10] yes Vol N/A N/A no no 

25.00 100.00  GF/PE [10] yes Vol N/A N/A no no 

15.00 35.00  DMC/PE [10] yes Vol N/A N/A no no 

7.15 83.50  CF/PLA [128] yes wt 1.78 1.24 yes yes 

14.76 105.00  CF/PLA [128] yes wt 1.78 1.24 yes yes 

22.89 109.00  CF/PLA [128] yes wt 1.78 1.24 yes yes 

37.00 220.00 13.40 GF/PET [122] no Vol 441.00 1.38 MD yes 

45.00 270.00 16.20 GF/PP [122] no Vol 441.00 0.91 MD yes 
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24.00 275.00 7.60 GF/PP [122] no Vol 339.00 0.91 MD yes 

19.00 120.00 6.30 GF/PP [122] no Vol N/A 0.91 no yes 

19.00 120.00 5.00 GF/PP [122] no Vol N/A 0.91 no yes 

5.00 40.00  GF/PP [122] yes Vol N/A 0.91 no yes 

10.00 60.00  GF/PP [122] yes Vol N/A 0.91 no yes 

20.00 100.00  GF/PP [122] yes Vol N/A 0.91 no yes 

19.00 118.00  GF/PP [122] yes Vol N/A 0.91 no yes 

31.00 225.00  GF/PEEK [122] yes Vol 618.00 1.36 MD yes 

32.00 230.00  GF/PEEK [122] yes Vol 618.00 1.36 MD yes 

37.00 235.00  GF/PEEK [122] yes Vol 618.00 1.36 MD yes 

8.00 48.00 5.60 GF/PP [98] yes Vol 2.55 0.90 yes yes 

16.00 49.00 7.20 GF/PP [98] yes Vol 2.55 0.90 yes yes 

25.00 51.00 8.50 GF/PP [98] yes Vol 2.55 0.90 yes yes 

8.00 57.50 10.30 CF/PP [98] yes Vol 1.77 0.90 yes yes 

16.00 58.00 13.30 CF/PP [98] yes Vol 1.77 0.90 yes yes 

25.00 59.50 15.00 CF/PP [98] yes Vol 1.77 0.90 yes yes 

1.64 32.79 1.22 CF/PP [129] no wt 1.75 0.90 no TDS 

1.64 33.29 1.30 CF/PP [129] no wt 1.75 0.90 no TDS 

1.64 38.61 1.40 CF/PP [129] no wt 1.75 0.90 no TDS 

11.11 53.40 7.54 CF/PLA [51] no wt 1.75 1.24 no TDS 

Short FRTS 

78.50 96.50 42.75 CF/Epoxy [130] yes wt 1.27 1.80 TDS TDS 

78.50 172.00 35.85 CF/Epoxy [130] yes wt 1.27 1.80 TDS TDS 

78.50 186.00 44.80 CF/Epoxy [130] yes wt 1.27 1.80 TDS TDS 

78.50 241.00 43.09 CF/Epoxy [130] yes wt 1.27 1.80 TDS TDS 

29.94 79.20 11.80 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

34.31 69.50 13.80 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

43.93 64.60 14.10 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

61.04 46.10 14.40 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

29.94 75.30 14.60 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

34.31 78.10 17.10 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

43.93 74.20 18.10 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

61.04 60.90 18.80 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

34.31 70.40 15.80 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

43.93 66.90 16.70 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

61.04 62.10 17.30 CF/Epoxy [131] no wt 1.80 0.94 TDS TDS 

1.76  4.08 CF/Epoxy [132] yes wt 1.60 1.12 TDS TDS 

3.55  4.45 CF/Epoxy [132] yes wt 1.60 1.12 TDS TDS 

5.37  5.26 CF/Epoxy [132] yes wt 1.60 1.12 TDS TDS 

7.22  5.65 CF/Epoxy [132] yes wt 1.60 1.12 TDS TDS 

10.99  5.98 CF/Epoxy [132] yes wt 1.60 1.12 TDS TDS 

14.89  5.92 CF/Epoxy [132] yes wt 1.60 1.12 TDS TDS 

Cont. Fiber MatEx 

6.60 57.10 5.11 CCF/PLA [119] no vol na 1.24 no no 

6.10 185.00 19.50 CJF/PLA [119] no vol 1.46 1.24 yes no 

10.39 149.50 17.85 CCF/PA [121] yes vol na na no no 

29.01 464.40 35.70 CCF/PA [121] yes vol na na no no 

7.15 147.00 4.19 CCF/ABS [133] no wt 1.79 1.24 no no 

41.00 600.00 13.00 CCF/PA [22] no vol 1.40 1.10 TDS TDS 

35.00 450.00 7.20 CGF/PA [22] no vol 1.50 1.10 TDS TDS 

34.00 91.00 3.25 CCF/PLA [134] no vol 1.75 1.04 no no 

Cont. FRTP 

40.00 296.00 68.30 CF/PA6 [135] no vol na na no no 

50.00 393.00 91.20 CF/PA6 [135] no vol na na no no 

60.00 410.00 110.40 CF/PA6 [135] no vol na na no no 

7.16 200.00  CF/ABS [133] no wt 1.79 1.24 no no 

19.00 120.00  GF/PP [122] no vol na 0.91 no no 

24.00 275.10  GF/PP [122] no vol 618.00 0.91 MD yes 

33.00 236.50  GF/PP [122] no vol 441.00 0.91 MD yes 

45.00 270.00  GF/PP [122] no vol 441.00 0.91 MD yes 

37.00 237.10  GF/PET [122] no vol 441.00 1.38 MD yes 

28.00 208.40  GF/PBT [122] no vol 441.00 1.32 MD yes 

16.00 120.60  GF/PBT [122] no vol na 1.32 no yes 

33.00 209.90  GF/PA 12 [122] no vol na 1.02 no yes 

31.00 227.50  GF/PEEK [122] no vol 618.00 1.36 MD yes 

Cont. FRTS 

73.00 1670.00  GF/Epoxy [10] no vol 2.50 na yes no 

72.00 1930.00  GF/Epoxy [10] no vol 2.60 na yes no 

60.00 1400.00  CF/Epoxy [10] no vol 1.70 na yes no 

67.00 1400.00  Boron/Epoxy [10] no vol 2.60 na yes no 
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60.00 1300.00  Kevlar/Epoxy [10] no vol 1.45 na yes no 

70.00 1500.00 181.00 Graphite/epoxy [136] no vol na na yes no 

50.00 1260.00 204.00 Boron/Epoxy [136] no vol 2.60 na yes no 

66.00 1447.00 138.00 Graphite/epoxy [136] no vol na na yes no 

45.00 1062.00 38.60 GF/Epoxy [136] no vol na na yes no 

60.00 1400.00 76.00 Aramid/Epoxy [136] no vol 1.45 na yes no 

60.00 1020.00 45.00 GF/Epoxy [137] no vol 2.50 na no no 

60.00 1240.00 145.00 CF/Epoxy [137] no vol 1.70 na no no 

60.00 1380.00 76.00 Aramid/Epoxy [137] no vol 1.45 na no no 

14.00 520.00 12.00 GF/Epoxy [138] no vol 2.60 na no no 

60.00 2000.00 51.00 GF/Epoxy [138] no vol 2.60 na no no 

60.00 920.00 140.00 Boron/Epoxy [138] no vol 2.60 na no no 

50.00 590.00 190.00 CF/epoxy [138] no vol 1.70 na no no 

40.00 500.00 166.00 GF/Epoxy [138] no vol 2.50 na no no 
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§ denotes co-first author 

*Corresponding author, Email: mbortner@vt.edu 

8.4. Abstract 

Suspension prepregging of high performance thermoplastic polymer – carbon fiber 

composites has great potential if the process can be performed with aqueous based suspensions 

and high thermal stability materials. In this study, sub-micron size particles were prepared by a 
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nucleation and growth process, and a homogenization - solvent evaporation approach. Two 

thermally stable suspending agents were synthesized and utilized for particle fabrication. 

Polyacrylonitrile and pitch based carbon fibers were treated with heated ozone to form hydroxyl, 

carbonyl and carboxylic acid groups on their surfaces, then reacted with a cyclic azasilane to 

produce surface-tethered amino groups. PEI particles coated with ionic, high performance, 

suspending agents were attracted electrostatically to the silanized carbon fibers. Scanning electron 

microscopy showed the functionalized carbon fibers were substantially covered with the particles. 

Thermally stable, coated, PEI particles can be fabricated and dispersed in an aqueous media, and 

particles can be incorporated in carbon fiber reinforced polymer composites. 

8.5. Introduction 

Carbon fiber reinforced polymer composites have been extensively used in a multitude of 

applications due to their high strength-to-weight ratio, excellent mechanical properties, and 

thermal stability.1, 2 Their properties make them excellent material candidates for a wide array of 

applications in the automotive, aerospace and marine industries.3-6 The manufacturing processes 

and materials that are used to produce the composites vary significantly, thus allowing for 

properties to be tailored for specific applications and environments.7 

Carbon fiber reinforced polymer matrix composites are usually comprised of either 

chopped (short) or continuous fibers held together by the polymer matrix. The matrix consists of 

a thermosetting or thermoplastic polymer, with each material type providing its own unique 

advantages.5 Epoxy resins, which are examples of thermosetting polymers, are one of the most 

widely used classes of matrices.2 There is continued interest in using high-performance 

thermoplastic polymers as alternatives to thermosets as the matrix phase for various composite 

applications.8 Fiber reinforced thermoplastic composites have the potential for rapid processing, 
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improved fracture toughness, and reduction in labor requirements.9 Common high-performance 

polymers used in these applications include polyetherimide (PEI) and polyetheretherketone 

(PEEK).8 These thermoplastic materials allow for relatively high continuous operating 

temperatures while maintaining mechanical properties, thus making them potential alternatives to 

thermosetting matrices.10, 11 

Several production methods are utilized for manufacturing carbon fiber reinforced 

thermoplastic materials, which include processing the polymers in hot melt, solution, suspension, 

and dry powder forms.12-16 Powder coating with thermoplastic materials is of great interest, 

especially if one could utilize sub-micron particles that may allow for high carbon fiber volume 

fractions (>60%) while maintaining a uniform dispersion of the matrix and reinforcement phase 

within the composite.12 Hot melt and solution prepregs are also widely used to make fiber-

polymer composites.16-19 Both thermoplastic and thermosetting polymers may be used in such 

methods with N-methylpyrrolidone (NMP) as an example of solvents for solution impregnation of 

carbon fiber fabrics.18 Another approach to the manufacture of prepreg materials impregnates the 

carbon fabric with polymer material via a particle suspension. Often this process utilizes a 

suspension polymer particles in an aqueous bath containing suspension stabilizers such as 

poly(amic acid) ammonium salts polymer particles in aqueous suspensions that contain suspension 

stabilizers such as poly(amic acid) ammonium salts.15 By using environmentally-friendly water 

instead of expensive, high-boiling solvents such as NMP, suspension prepregs would have 

significant cost advantages. 

Critical to the success of aqueous bath prepreg processing is the availability of polymer 

particles with small diameter (<20 microns) and narrow diameter distribution. These are two key 

parameters that determine the uniformity of polymer distribution throughout the prepreg 
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material.20, 21 Numerous processes could potentially produce thermoplastic particles, but the 

current commercial process is to physically grind particles to reduce their sizes. Thermoplastic 

particles for fiber composite applications could potentially be applied to the fibers in a dry powder 

form or from an aqueous dispersion.18, 22 Particles dispersed in a liquid require a steric or 

electrostatic suspension stabilizer or emulsifier to coat the particle surfaces and improve the 

suspension stability. It is reasoned that the stability of the suspension could greatly influence the 

fiber coating process. Suspension stabilizers for dispersing thermoplastic particles in water have 

been previously investigated by a number of researchers. Giraud et al. studied the influence of 

various suspending agents and compositions in an “emulsion-solvent evaporation” process for 

producing thermoplastic nanoparticles.23 Sodium dodecyl sulfate (SDS) and benzalkonium 

chloride agents were investigated in various concentrations, and the resulting particle sizes and 

suspension stabilities were determined. The authors investigated optimal conditions and 

parameters for producing PEI nanoparticles that would provide maximum interfacial coverage of 

the PEI on the carbon fibers. The suspension stabilizers introduced variations as they were 

inherently located at the interface of the matrix and reinforcing fibers.15 A recent study by Cheng 

et al. reported the benefits of using surfactants as compatibilizers for polymer composite systems. 

They analyzed the influence of SDS and sodium dodecylbenzene sulfonate as compatibilizers on 

multi-walled carbon nanotube/polypropylene composites.24 The results indicated that the 

surfactants improved dispersion of the multi-walled carbon nanotubes in the polypropylene matrix 

and increased the mechanical properties of the composites. However, thermogravimetric analysis 

of the surfactants indicated the low-temperature degradation of these components, which may 

result in decreased mechanical properties if their composites are used continuously at high 

temperatures.24 Chai et al. reported the preparation of several amorphous polymer microspheres 
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from solutions using poly(vinyl alcohol) (PVA) as the suspension stabilizer.25 The polymers 

included polyimide, PEI, poly(ether ketone), poly(phenylene oxide), polysulfone, and 

poly(vinylidene fluoride). The polymer concentrations, PVA concentrations, stirring speed, and 

precipitation temperature were varied to optimize conditions for fabricating microspheres with 

narrow size distributions.25  

We have previously reported uniform sub-micron polyimide particles prepared by a 

solution nucleation and growth process.26 Each of two polyimides were dissolved in a mixed 

homogeneous solvent comprised of water and NMP at 80-90 °C, and sub-micron polymer particles 

with narrow size distributions were obtained by controlling the cooling rate down through the 

cloud point where the system evolved from a homogeneous state to a final phase-separated 

(precipitated) state.26 

Presented are two methods - a nucleation and growth process, and a homogenization -

solvent evaporation process, for fabricating sub-micron high-performance PEI particles. 

Poly(vinyl alcohol) was used in the nucleation and growth process and was removed after 

formation of the particles to preserve the thermal stability of the PEI. By contrast, thermally-stable 

poly(amic acid) (PAA) salts and sulfonated polyimide suspension stabilizers were synthesized and 

incorporated into the homogenization – solvent evaporation particle fabrication process. 

Controlled experiments were conducted to optimize the reagent ratios and reaction conditions to 

obtain particles with desirable sizes and narrow size distributions. Both the homogenization - 

solvent evaporation and nucleation and growth processes demonstrated the capability of producing 

stable aqueous suspensions of PEI particles with small particle sizes. The homogenization method 

has potential advantages including excellent scalability, and thus it may be the preferred method 

for large-scale fabrication of such particles. Moreover, the particles were coated onto 
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polyacrylonitrile-based and pitch-based carbon fibers. This demonstrated their potential for 

composite fabrication and other coating applications. 

8.6. Experimental 

8.6.1. Materials 

Triethylamine (TEA, 99.5%), poly(vinyl alcohol) (PVA, average MW 85,000-124,000, 87-

89% hydrolyzed) and N,N-dimethylethanolamine (Purum, ≥98%) were purchased from Sigma 

Aldrich and used as received. N-(2-aminoethyl)-2,2,4-trimethyl-1-aza-2-silacyclopentane was 

purchased from Gelest and used as received. Dimethylacetamide (DMAc, 99.5%, HPLC grade), 

1,2-dichlorobenzene (o-DCB, HPLC grade, 98% min), and potassium carbonate were purchased 

from Alfa Aesar. DMAc and o-DCB were dried with calcium hydride (95%, Sigma Aldrich) and 

phosphorus pentoxide (Acros), respectively, and distilled under vacuum prior to use. N-

Methylpyrrolidone (NMP, ≥99.9%), isopropanol (HPLC grade, ≥99.9%), dichloromethane (DCM, 

99.9%), and chloroform (99.99%) were purchased from Fisher Chemical. NMP and 

dichloromethane were dried with calcium hydride and phosphorus pentoxide and distilled prior to 

use. Ethanol (200 proof) was purchased from Decon Labs. 3-Aminophenol (m-AP, 99%) was 

purchased from Acros and recrystallized in toluene prior to use. 4,4’-Dichlorodiphenylsulfone-

3,3’-disulfonic acid disodium salt (SDCDPS, 99%) was purchased from Akron Polymer Systems. 

Ultem dianhydride (4,4’-(4,4’-isopropylidene-diphenoxy)bis(phthalic anhydride)) was graciously 

provided by SABIC. Ultem dianhydride and phthalic anhydride (ACS reagent, ≥ 99%, Sigma-

Aldrich) were dried under vacuum at 150 °C, and m-phenylenediamine (99%, Sigma-Aldrich) was 

dried at room temperature under vacuum prior to use. Polyetherimide powders and pellets (PEI, 

Ultem 1000 Natural) were purchased from SABIC. Anhydrous toluene (EMD Chemicals, 99.8%) 
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was dried over Na2SO4 for 2 h and over CaH2 overnight, then distilled and stored over activated 

3 Å molecular sieves. PAN-based IM7 were purchased from Hexcel and pitch-based carbon fibers 

were kindly provided by Clemson University. 

8.6.2. Synthesis of suspending agents - sulfonated polyimide 

A typical procedure for synthesizing the disulfonated monomer (bis(4,4’-m-

aminophenoxy)-3,3’-disulfonate diphenylsulfone monomer, 1) is provided in the supplementary 

material.  

Synthesis of disulfonated Ultem polyimide with a dimethylethanolammonium counterion (s-PISalt) 

The disulfonated polyimides (s-PI) were synthesized via an ester-acid method. Ultem 

dianhydride (2 g, 3.84 mmol), EtOH (20 mL), and TEA (3 mL) were added to a 100-mL, 3-neck, 

round bottom flask equipped with a condenser and N2 inlet. The mixture was stirred at reflux until 

the dianhydride dissolved. Excess EtOH was distilled into a Dean-Stark trap. Once all the EtOH 

was removed, a viscous liquid remained (the ester-acid). The disulfonated aminofunctional 

monomer (1) (2.57 g, 3.84 mmol) was added to the reaction flask with distilled NMP (19 mL) and 

o-DCB (5 mL). The reaction temperature was increased to 185 °C and the reaction was stirred for 

at least 24 h. The solution was precipitated in a blender into IPA. The triethylammonium s-PISalt 

was filtered and stirred in IPA overnight to remove any residual solvent, then filtered and dried 

under vacuum at 140 °C overnight. 90% recovered yield.  

The disulfonated triethylammonium s-PISalt (1.5 g) was added to a 50-mL, round bottom 

flask equipped with a magnetic stir bar and dissolved in 15 mL of NMP. DMEA (0.0378 mol, 3 

mL) was added to the round bottom flask and stirred for at least 15 min. The TEA byproduct of 

the ion exchange was removed via rotary evaporation at 100 °C. The polymer was precipitated in 
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excess IPA, filtered, and then washed with ethanol. The polymer was dried under vacuum at 

160 °C. The dimethylethanolammonium s-PISalt structure was confirmed via 1H NMR. 

Synthesis of PEI poly(amic acid) salt with a dimethylethanolammonium counterion (PAA Salt) 

The monomer stoichiometry was adjusted to target a controlled molecular weight 

poly(amic acid). A procedure for the synthesis of a 20,000 g/mole Mn poly(amic acid) is provided. 

Ultem dianhydride (11.3804 g, 0.0224 mol) and phthalic anhydride (0.10925 g, 0.0007 mol) were 

added to a 250-mL, two-neck, round bottom flask equipped with a magnetic stir bar and a N2 

purge inlet. Anhydrous DMAc (70 mL) was added to the flask. The solution was stirred at room 

temperature and m-AP (2.5 g, 0.0231 mol) was added to the flask once a homogeneous solution 

was obtained. The solution was stirred for at least 12 h at room temperature. A stoichiometric 

amount of dimethylaminoethanol (5.519 g, 0.0582 mol) was added to the flask and allowed to 

react for 1 h. The solution of the dimethylethanolammonium PAA Salt was stored under N2. 

8.6.3. Fabrication of sub-micron PEI Particles 

Nucleation and growth method 

PEI powder (0.5 g) and PVA (0.17 g) were dissolved in DMAc (50 mL) at 80 °C in a 100-

mL, round bottom flask. In a separate 250-mL, round bottom flask, de-ionized water (100 mL) 

was heated to 80 °C. The hot water was added to the DMAc solution dropwise while agitating with 

a mechanical stirrer at 80 °C. The mixture was sonicated at room temperature for 1 h, and stirred 

at room temperature overnight to afford a milky suspension. The suspension was centrifuged at 10 

k rpm for 1 h. The supernatant was decanted, and the remaining solid was collected and re-

dispersed in de-ionized water (~150 mL) and boiled for 1 h to remove PVA. Centrifugation was 

applied again at 10 k rpm for 1 h. After decantation, the precipitate was dried at room temperature 
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under vacuum for 4 h and then at 140 °C overnight to afford sub-micron PEI particles. Yield: ≥ 

94%. 

Homogenization - solvent evaporation method  

To fabricate particles with the PAA Salt as the suspending agent, PEI pellets (30 g) were 

dissolved in DCM (300 mL) in a 500-mL, round bottom flask at room temperature. A PAA Salt 

with a molecular weight of ~20k Mn in DMAc (2.49 g of the solution, ~0.3 g of PAA Salt) was 

diluted with de-ionized water (1200 mL) in a 5-L, round bottom flask at room temperature. The 

PEI organic solution was poured into the PAA Salt DMAc/aqueous solution. The mixture was 

homogenized at 20 k rpm for 10 min in a closed system. The mixture was distilled for 1 h to 

remove the DCM. The particle suspension was kept for further experiments.  

A procedure for fabricating PEI particles using the sulfonated polyimide 

dimethylethanolammonium salt (s-PISalt) as the suspending agent is provided. PEI pellets (5 g) 

were dissolved in DCM (50 mL). The s-PISalt suspending agent (0.2 g) was dissolved in DMAc 

(5 mL) and the solution was added to a 3-neck, round bottom flask containing DI water (200 mL). 

The PEI/DCM solution was added to the round bottom flask and the mixture was homogenized 

for 5 min. The solvent was removed by distillation, producing a milky, white PEI particle 

suspension. The particles were used directly without drying. 

8.6.4. Carbon fiber coating with PEI particles 

Coating PEI nanoparticles onto carbon fibers without any functionalization: 

Polyacrylonitrile (PAN)-based or pitch-based fibers (10 mg) were charged into scintillation vials 

and soaked in an aqueous PEI-PAA Salt dispersion (10 mL of water containing ~10.6 mg of PEI 

nanoparticles coated with the PAA Salt) with sonication for 10 min at room temperature. The 
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liquid was decanted and the fibers were dried under vacuum at room temperature overnight. 

Experiments with higher amounts of carbon fibers and with the same reagent ratios and reaction 

conditions were also conducted, and the uptake of PEI particles was determined gravimetrically. 

Coating PEI particles onto ozone treated carbon fibers: Aqueous PEI-PAA Salt particle 

dispersions were freshly-prepared. Either PAN-based or pitch-based carbon fibers (2 g) with ozone 

treatment only, or with both ozone and azasilane treatment were charged to a 100-mL, round 

bottom flask. An aqueous PEI particle dispersion (20 mL of de-ionized water containing 2.12 g of 

PEI-PAA Salt particles) was charged to the flask. The mixture was sonicated for 10 min at room 

temperature. The liquid was decanted and the PEI-coated fibers were dried at room temperature 

under vacuum overnight to obtain fibers with PEI particle coatings. The uptake of PEI particles 

was determined gravimetrically.  

Functionalization of carbon fibers with ozone and a cyclic azasilane coupling agent: A 

benchmount corona discharge ozone generator was used to produce ozone from a dry air feed gas.  

A glass reactor cell was setup for continous ozone/air flow through of 2 LPM and the concentration 

was monitored post reactor using a UV ozone analyzer. All PAN-based or pitch-based carbon 

fibers were treated with ozone at a concentration of ~4500 ppm for 3 h at 70 °C. In a cyclic 

azasilane coupling experiment, either PAN-based or pitch-based carbon fibers (2 g) were dried 

under vacuum at 130 °C for 4 h, then charged to a flame-dried, nitrogen-filled, 100-mL, round 

bottom flask. A solution of N-(2-aminoethyl)-2,2,4-trimethyl-1-aza-2-silacyclopentane (the cyclic 

azasilane, 40 mg) in DCM (20 mL) was charged into the flask containing the pre-weighed carbon 

fibers via syringe under N2. The mixture was sonicated for 5 min. The mixture was heated to 80 °C 

and strong vacuum was applied for 1 h to remove the DCM and any excess cyclic azasilane 

coupling agent. The functionalized fibers were stored in a desiccator under N2. 
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8.6.5. Characterization 

Nuclear Magnetic Resonance (NMR): 1H NMR spectroscopy was performed on an Agilent 

MR4 spectrometer operating at 400 MHz. The spectra were obtained from 20 % (w/v) 0.7 mL 

solutions in d6-DMSO (s-PI and SDCDPS) or CDCl3 (PEIs) using a 30 ° pulse angle, 5 s relaxation 

delay and 128 scans. 

Scanning Electron Microscopy (SEM): SEM was performed using a Phenom Pro operated at 

an accelerating voltage of 10 kV in high vacuum mode. SEM particle samples were prepared by 

evaporation of aqueous PEI suspensions onto double-sided carbon tape attached to an SEM 

pedestal, then dried prior to measurements. 

Dynamic Light Scattering (DLS): Intensity average diameters were determined by DLS using 

a Zetasizer NanoZS (Malvern Instruments, Software v. 7.11) equipped with a 4.0 mW solid-state 

He-Ne laser (λ= 633 nm) at a scattering angle of 173° and at 25 ± 0.1 °C. DLS uses an algorithm 

based on Mie theory that converts time-varying scattering intensities to hydrodynamic diameters 

of particles in suspension. For DLS analysis, each of the PEI nanoparticle types were centrifuged, 

dried at 130 °C overnight, and then dispersed in DI water at a concentration of 1 mg mL-1. Each 

dispersion was sonicated for 3 min in a 75T VWR Ultra-sonicator (120 W, 45 kHz), then 

transferred into a polystyrene cuvette for analysis. All measurements were done in triplicate. 

Size Exclusion Chromatography (SEC): The molecular weights of the Ultem 1000 and two 

batches of the PEI particles by the nucleation and growth method that were isolated by the same 

procedure used for the DLS experiments were measured by SEC. The mobile phase was DMAc 

distilled from CaH2 containing dry LiCl (0.1 M). The column set consisted of 3 Agilent PLgel 10-

μm Mixed B-LS columns 300 × 7.5 mm (polystyrene/divinylbenzene) connected in series with a 
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guard column having the same stationary phase. The columns and detectors were maintained at 

50 °C. An isocratic pump (Agilent 1260 infinity, Agilent Technologies) with an online degasser 

(Agilent 1260), autosampler and column oven was used for mobile phase delivery and sample 

injection. A system of multiple detectors connected in series was used for the analyses. A multi-

angle laser light scattering detector (DAWN-HELEOS II, Wyatt Technology Corp.), operating at 

a wavelength of 658 nm and a refractive index detector operating at a wavelength of 658 nm 

(Optilab T-rEX, Wyatt Technology Corp.) provided online results. The system was corrected for 

inter-detector delay and band broadening using a 21,000 g/mole polystyrene standard. Data 

acquisition and analysis were conducted using Astra 6 software from Wyatt Technology Corp. 

Validation of the system was performed by monitoring the molar mass of a known molecular 

weight polystyrene sample by light scattering. The accepted variance of the 21,000 g/mole 

polystyrene standard was defined as 2 standard deviations (11.5% for Mn and 9% for Mw) derived 

from 34 runs. Specific refractive indices were calculated based on the assumption of 100% 

recovery. 

Thermogravimetric analysis (TGA): The thermal stability and weight loss profiles of the PEI 

particles coated with PVA, PAASalt, and s-PISalt suspending agents were measured using a TA 

Instruments Thermogravimetric Analyzer Q5000. The TGA was equipped with an autosampler 

and a nitrogen (ultra high purity) purge inlet. 

X-ray photoelectron spectroscopy (XPS): X-ray photoelectron spectroscopy was performed to 

evaluate the surface compositions of the untreated and treated carbon fibers. Specifically, C, N, O, 

and Si were measured. The instrument settings were as follows: Spectra were acquired using a 

monochromatic Al K-alpha X-ray source (1486.6 eV) at 100 W over a 1400 × 100 µm area at a 

45° angle. Survey: 280 eV Pass Energy, 1.0 eV/step, 50 ms/step, 3 sweeps; C1s: 26 eV Pass 
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Energy, 0.1 eV/step, 50 ms/step, 6 sweeps; N1s: 26 eV Pass Energy, 0.1 eV/step, 50 ms/step, 36 

sweeps; O1s: 26 eV Pass Energy, 0.1 eV/step, 50 ms/step, 6 sweeps; Si2p: 26 eV Pass Energy, 0.1 

eV/step, 50 ms/step, 18 sweeps. All binding energies were referenced to adventitious C-C at 284.8 

eV. The chemical states of elements were assigned based on the PHI and NIST XPS Databases. 

8.7. Results and discussion 

Two particle fabrication processes were investigated to prepare sub-micron high-

performance PEI particles and dispersions for producing carbon fiber reinforced polymer 

composites. The first method, nucleation and growth, utilized DMAc as the solvent and PVA as 

the suspension stabilizer. The PEI particles nucleated and grew when water was slowly added as 

a non-solvent, and a stable suspension formed. In the homogenization - solvent evaporation 

method, two parts were prepared. The PEI was dissolved in a chlorinated solvent such as DCM, 

and a thermally stable suspension stabilizer such as the PAA Salt or s-PISalt dissolved in DMAc 

was diluted with water. The two solutions were mixed, then homogenized at high speed to produce 

a dispersion of fine particles swollen by the organic solvent. The organic solvent was removed by 

distillation to afford a stable, solid PEI particle suspension in water. The PAA Salt and s-PISalt-

coated PEI particle dispersions were utilized to coat both surface treated PAN and pitch-based 

carbon fibers.  

8.7.1. Synthesis of suspending agents 

PAA Salts and s-PISalts were synthesized to afford ionic suspending agents that could 

stabilize PEI particle dispersions in water by a combination of steric and electrostatic repulsion 

forces. Conventional suspending agents such as PVA were not sufficiently thermally stable to 

withstand the processing and use temperatures of the desired composites. Thus when PVA was 
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employed in the particle fabrication process, it was necessary to remove it before using the particles 

for fabricating the composites. The PAA Salt is an ionic intermediate to a polyimide, while the s-

PISalt is an ionic fully formed polyimide. A potential advantage of the s-PISalt is that it should 

have better chemical stability in aqueous media relative to the PAA Salt, and thus may provide 

improved chemical stability if the materials were to be stored in an aqueous medium for some 

time.  

The disulfonated diamino-functional monomer (1) for the s-PISalt was synthesized via a 

nucleophilic aromatic substitution reaction of the phenolate salt of m-aminophenol with sulfonated 

dichlorodiphenylsulfone (SDCDPS) as shown in Figure B-S1. 1H NMR was used to confirm the 

structure of the disulfonated diamine monomer and to ensure that complete substitution of the m-

aminophenol onto the monomer had been obtained (Figure B-S2).  

The s-PISalt with a high degree of sulfonation was synthesized in a one-pot, ester-acid solution 

polymerization (Figure B-1). The ester-acid monomer is less sensitive to moisture than the 

corresponding dianhydrides.27 After polymerization, the triethylammonium counterion was 

exchanged with dimethylethanolamine to increase the boiling point of the corresponding tertiary 

amine and minimize any amine volatilization during particle fabrication or storage. 1H NMR 

confirmed the structure of the polymer and shows the complete exchange of the triethylammonium 

counterion to the dimethylethanolammonium counterion (Figure B-S3). 
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Figure B-1: Synthesis of s-PISalt via an ester-acid method. 

 

The PAA Salt synthesis was conducted at room temperature with Ultem dianhydride and 

m-phenylenediamine as the co-monomers (Figure B-2). The molecular weight was targeted by 

offsetting the stoichiometry of the dianhydride to diamine, with the diamine in excess and 

endcapping with phthalic anhydride. To convert the poly(amic acid) to the PAA Salt, the 

carboxylic acid groups were reacted with a slight excess of DMEA (see Figure B-3 for structural 

confirmation by 1H NMR). The conjugate base is expected to have a longer shelf life and better 

hydrolytic stability in comparison to the acid form. 
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Figure B-2: Synthesis of the PAASalt with a dimethylethanolammonium counterion. 
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Figure B-3: 1H NMR of the PAA Salt with a dimethylethanolammonium counterion. 

 

8.7.2. Fabrication of sub-micron PEI Particles 

Preparation and optimization of PEI particles by nucleation and growth: Sub-micron PEI 

particles were fabricated with PVA as a steric suspending agent in DMAc (solvent) by adding 

water (non-solvent). The solvent and non-solvent must be miscible so that the majority of the 

solvent is extracted in the precipitation process. Once the particles formed, the non-thermally 

stable PVA suspension stabilizer was removed. This was achieved by centrifugation followed by 

re-dispersing the particles and boiling in water. Most of the PVA was removed, as determined by 

1H NMR (Figure B-S4). The boiled particles were centrifuged again and dried to afford solid PEI 

particles. SEC results (Figure B-S5) of the dried particles showed the same molecular weight 

compared to the starting PEI, signaling that the nucleation and growth method had not altered the 

molecular weight of the PEI. SEM was utilized to evaluate the shape and size distributions of the 

particles (Figure B-4A). 
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Figure B-4: SEM images of (A) Nucleation and growth particles; (B) Homogenization – solvent 

evaporation particles coated with s-PISalt; (C) Homogenization – solvent evaporation particles 

coated with PAA Salt. 

Experiments were conducted to optimize the fabrication procedures for the sub-micron PEI 

particles by nucleation and growth. The variables are listed in Table B-1. In one set of experiments, 

the aqueous solution addition rate was varied at 1.5, 6 and 120 mL/min. The PEI particles had 

similar sizes of ~1 m in diameter and narrow size distributions. Thus, in this range, the rate of 

addition of the non-solvent does not affect the PEI particle sizes, so it is expected that the properties 

will not be sensitive to this parameter upon scale-up. In another trial, the water to DMAc ratio 

ranging from 2:1 to 2:5 also did not change the particle size significantly, so the recommended 

amount of water relative to the DMAc was minimized at 2:5. Another important set of experiments 

was conducted with PEI concentrations in DMAc varied from 1-10 w/v %. Results showed that 

the concentration of PEI in DMAc could be as high as 5 w/v % without compromising the small 

particle sizes. The concentration of PVA/PEI wt/wt was also investigated to tailor the viscosity of 

the DMAc solution for the fabrication process. It was found that at a ratio of 1:3, the particle sizes 

were in the sub-micron range, whereas with a higher amount of PVA (1:1), the particles were a 

few microns in diameter and the size distribution was broadened due to the higher viscosity of the 

mixture. 
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Table B-1: Variables in control experiments in the nucleation and growth method. 

 

After particle nucleation with addition of the non-solvent, the dispersion was stirred at 

room temperature overnight prior to isolation, to allow for the growth phase. If the particles are 

isolated immediately after adding the water, the size distributions become broad. 

Various methods for isolating the PEI particles and removing the PVA and DMAc were 

assessed. The recommended procedure, unfortunately, was tedious and requires centrifugation to 

eliminate any excess PVA and most of the DMAc, re-dispersion in water and boiling the dispersion 

to further remove impurities. A final drying step at 140 °C overnight under vacuum was also 

necessary to remove residual high-boiling DMAc. By contrast, freeze-drying at low temperature 

was insufficient to remove residual DMAc (Figure B-S4).    

As alternatives to PVA in the nucleation and growth process, thermally-stable PAA Salt 

and s-PISalt were investigated to generate particle dispersions. These suspension stabilizers failed 

because the PEI precipitated as large agglomerates when water was added into the polymer 

solution.  

Preparation and optimization of PEI particles by the homogenization - solvent evaporation 

method: The homogenization - solvent evaporation method involves preparing a PEI solution in a 

chlorinated solvent such as chloroform or DCM, dissolving the suspension stabilizer (PAA Salt or 

s-PISalt) in DMAc and diluting it with water, then combining the two solutions. High speed 

homogenization was used to disperse the organic phase containing the PEI in the water. After 

PEI concentration (w/v) 1, 5, 10 

PVA/PEI (wt/wt) 1:1, 1:3 

DI-water/DMAc (v/v) 2:1, 1:1, 2:5 

Addition rate of water (mL/min) 1.5, 6, 120 
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homogenization, DCM was distilled to leave PEI polymer particles coated with the suspension 

stabilizer dispersed in the aqueous phase.  

It was speculated that the shear forces during homogenization, and the procedures and time 

for solvent removal would play an important role in determining particle sizes and size 

distributions. A series of experiments was conducted to optimize the fabrication process (Table B-

2). 

Table B-2: Variables in control experiments in the homogenization-solvent evaporation method. 

 

The first set of experiments focused on enhancing the PEI concentrations in chloroform to 

minimize the required volume of solvent while still maintaining a workable viscosity during 

fabrication. Experiments with 1, 5, 10, and 20% w/v of PEI in chloroform were conducted. It was 

found that at a concentration of 10%, particles could be fabricated with diameters of ~1 m. When 

the concentration was raised to 20%, precipitates sedimented (approximately 5-30 mm in size) 

during homogenization. The minimum amount of water that was required relative to the organic 

solvent (6.7:1, 4:1, and 1:1 vol/vol) was investigated. It was found that a water to an organic 

solvent ratio of 4:1 was able to generate uniform particles (polydispersity index of 0.5), whereas 

the 1:1 ratio did not. Experiments were also conducted to determine the approximate level of PAA 

Salt suspending agent that was needed relative to PEI (1%, 3%, and 10%). The particle sizes and 

distributions were minimally affected, which indicated that 1% of the PAA Salt was sufficient. 

Different solvents were also explored. Solvents with lower boiling points such as DCM were 

preferred since they could be removed easily.  

Polymer concentration (w/v) 1, 5, 10, 20 

DI-water/chloroform (v/v) 6.7:1, 4:1, 1:1 

PAASalt/PEI (wt%)  1, 3, 10 
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A significant advantage of the homogenization - solvent evaporation method relative to the 

nucleation and growth method is that thermally-stable PAA Salt and s-PISalt suspension stabilizers 

can be employed directly in this process without any PVA. This simplifies the isolation procedure 

substantially since there is no need to remove PVA. In addition, the low-boiling point DCM solvent 

used in this method is easier to remove than the polar aprotic solvent required for the nucleation 

and growth process.  

8.7.3. Particle - process property relationships   

Nucleation and growth: SEM showed that the spherical particles had diameters of 420±10 

nm with sizes ranging from 120 nm to 710 nm. The intensity average diameters of the PEI particles 

fabricated by the nucleation and growth method as measured by DLS were 483±2.8 nm (Figure B-

5, curve A). Both DLS and SEM confirmed the success in the fabrication of fine sub-micron PEI 

particles. The thermal stability of the dried PEI particles were evaluated by TGA. The TGA weight 

loss curve (Figure B-6, curve A) showed an initial weight loss of ~2 wt% at ~300 °C. A possible 

explanation is that a small amount of DMAc had become trapped in the PEI particles. 

Homogenization – solvent evaporation: SEM micrographs (Figure B-4,B and C) showed 

that the PAA Salt-coated PEI particles had diameters of 1.01±0.44 µm with the sizes ranging from 

0.29 to 2.35 µm. The s-PISalt-coated PEI particles had diameters of 0.78±0.46 µm with sizes 

ranging from 0.20 to 3.7 µm. The intensity average diameters determined by DLS of the s-PISalt-

coated and PAA Salt-coated PEI particles were 1.1±.05 µm and 1.3±0.12 µm respectively (Figure 

B-5, curves B and C). Their weight loss curves are also shown in Figure B-6 (curves B and C) 

using TGA. It showed ~2.5% initial weight loss at around 140 °C, near the boiling point of the 



207 

 

tertiary DMEA. This weight loss may be attributed to a combination of the loss of DMEA from 

the suspending agents together with some loss of the water of imidization for the case of PAA Salt. 

The particle sizes with the homogenization – solvent evaporation method were larger 

relative to the nucleation and growth method, and the size distributions were broader. However, 

the more difficult particle isolation procedures in the nucleation and growth method, together with 

the need to remove the thermally unstable PVA, likely outweigh the positive effects of obtaining 

smaller particles with narrower size distributions using the nucleation and growth method. 

 

Figure B-5: Sizes of the PEI particles after drying as measured by DLS. The dotted line (A) 

shows the smaller particles prepared by nucleation and growth. The solid line (B) (s-PISalt) and 

dashed line (C) (PAASalt) show particles prepared by the homogenization - solvent evaporation 

method. 
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Figure B-6: (Left) TGA weight loss curve of the (A) particles prepared by the nucleation and 

growth method; (B) s-PISalt coated particles; (C) PAASalt coated particles prepared by 

homogenization - solvent evaporation method; (D) PEI and (E) PVA starting materials. (Right) 

Zoomed in view of TGA weight loss. 

 

8.7.4. Coating PEI particles onto carbon fibers 

The approach has been to attract the particles through multiple ionic interactions to the 

carbon fiber surfaces. The fibers were treated with ozone to produce oxygen containing functional 

groups (hydroxyl, Carboxyl, etc..) on the filament surface, then with a cyclic azasilane to yield 

amino-functional carbon fiber surfaces (Figure B-7). The strategy for coupling PAASalt-coated 

PEI particles with amino-functional carbon fiber surfaces was to ion exchange the 

dimethylethanolammonium counterion on the PAASalt coating with amine groups on the silanized 

carbon fibers (Figure B-8). Thus, it was rationalized that electrostatic attractions between the 

ammonium-functional silanes on the fibers and the carboxylates or sulfonates on the particle 

surfaces would attract the particles to the fibers, even from dilute suspensions. 
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Figure B-7: Surface Functionalization Reactions 

 

Coating particles onto PAN-based or pitch-based carbon fibers with or without surface 

treatment was investigated from aqueous dispersions. SEM images of PAN-based and pitch-based 

carbon fibers with adhered particles are shown in Figure B-9. The ozone and cyclic azasilane 

treated carbon fibers attracted significantly more PEI particles (Figure B-9C and F), compared to 

fibers without any treatment (Figure B-9A and D), or with ozone treatment only (Figure 9B and 

E). XPS results showed significantly increased atomic concentrations of Si on the ozone-cyclic 

azasilane treated carbon fibers. The atomic % of Si was increased from 2.40 to 14.66 for the 

azasilane treated carbon fibers, which is a strong indication that the ozone treatment with azasilane 

functionalization was successful. The coverage of the PAASalt coated particles onto the 

ammonium-functional fibers was significant (Figure B-9C and F as well as G and H). 
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Figure B-8: Proposed ion exchange reaction between the PAASalt coated PEI particles and the 

amino-functional carbon fibers. 
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Figure B-9: PAASalt coated PEI particles coated onto: (A) PAN-based fibers without surface 

treatment; (B) PAN-based fibers with ozone treatment only; (C) PAN-based fibers with both ozone 

and azasilane treatment; (D) Pitch-based fibers without surface treatment; (E) Pitch-based fibers 

with ozone treatment only; (F) Pitch-based fibers with both ozone and azasilane treatment; (G) 

Higher magnification of C; (H) Higher magnification of F. 
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Different particle concentrations (ranging from 126 to 4 mg/mL) and charged particle 

concentrations (ranging from 60 to 40 volume %) were investigated. The targeted fiber-matrix 

composition was 60 volume % of fibers and 40 volume % of PEI. When 50 volume % of PEI 

particles was charged relative to fibers, it was found that after drying, the amount of particles 

coated onto the fibers was ~40 volume %. When 40 volume % of particles were charged, ~29 

volume % of particles were adhered to the fibers. Thus, very high amounts of particles were 

attracted to the fiber surfaces by using the strategy of multiple electrostatic attractions. It was also 

found that more particles were on the surface of the fiber bundle, while there were significantly 

fewer particles in the gaps between individual fibers. It is speculated that even further particle 

coverage is achievable by separating fibers or pre-disperse them into individual fibers, enabling 

uniform functionalization of the entire fiber surface (Figure B-S6). 

8.8. Conclusions 

In conclusion, we have successfully fabricated water-dispersible, sub-micron, high 

performance PEI particles using two particle production processes - a nucleation and growth 

process and the homogenization - solvent evaporation method. The viability of incorporating two 

thermally stable suspending agents in the homogenization - solvent evaporation method was 

demonstrated. PAN-based and pitch-based carbon fibers were functionalized with a combination 

of ozone treatment followed by an azasilane addition to form amino-functional surfaces on the 

fibers. A novel method for coating the amino-functional fibers with fine PEI particles having 

anionic surfaces was discovered. It is hypothesized that an ionic exchange reaction between the 

fibers and particles was responsible for the high surface coverages that were obtained. Further 

research will focus on consolidation and mechanical properties of carbon fiber reinforced 

composites using these fine particle-coated fibers. 
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8.9. Associated Content 

Synthesis of Bis(4,4’-m-aminophenoxy)-3,3’-disulfonate diphenylsulfone monomer; 

figure of disulfonated diamine monomer structure; 1H NMR of the disulfonated monomer; 1H 

NMR of s-PISalt with a dimethylethanolammonium counterion; 1H NMR of nucleation and 

growth method PEI particles; SEC light scattering curves; image of carbon fiber bundle. 
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8.12. Supporting Information 

Synthesis of Bis(4,4’-m-aminophenoxy)-3,3’-disulfonate diphenylsulfone monomer (1): m-

Aminophenol (m-AP, 10 g, 0.092 mol), distilled NMP (90 mL), K2CO3 (16.46 g, 0.119 mol), and 

dry toluene (41 mL) were added to a 250-mL, 3-neck round bottom flask equipped with a 

mechanical stirrer, Dean-Stark trap, condenser, and N2 inlet. The mixture was stirred for 4-5 h at 

145 °C to azeotrope water. The trap was drained and the excess toluene was removed. SDCDPS 

(15 g, 0.0305 mol) and distilled NMP (35 mL) were added to the reaction flask. The temperature 

was increased to 170 °C and the solution was stirred for 24 h. The solution was filtered hot to 

remove the K2CO3 and then precipitated in ethyl acetate. A light brown precipitate formed that 

was stirred in ethyl acetate overnight. The product was dried under vacuum at 120 °C 

overnight. >95% yield. 100% disulfonated material was obtained. 
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Figure B-S1: Synthesis of the disulfonated diamine monomer (1) for the sPISalt suspending 

agent. 

 

 

Figure B-S2: 1H NMR of the disulfonated monomer (1). The aromatic amine peak, labeled A (5.25 

ppm), was used as a reference set at 4.00. The peak labeled B (8.21 ppm) corresponds to the 

aromatic proton adjacent to the sulfonate group. Quantitative substitution to form the monomer 

was obtained as shown by the peak labeled B integrating to 2. 
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Figure B-S3: 1H NMR of s-PISalt with a dimethylethanolammonium counterion. The 

isopropylidene protons (1.68 ppm) were used as a reference with the integral set to 6. The degree 

of disulfonation was calculated using the integral of the peaks corresponding to the proton adjacent 

to the sulfonate group (8.26 ppm) divided by 2. 

 

Figure B-S4: 1H NMR of the fabricated PEI particles using nucleation and growth method and 

dried by different methods. (A: Dried by lyophilization at low temperature; B: Dried under 

vacuum at 140 °C) 
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Figure B-S5: SEC light scattering curves from A) the PEI starting material, and B and C) Two 

batches of PEI after being fabricated into particles by the nucleation and growth method and re-

dissolved. 

 

Figure B-S6: Camera image of tightly packed carbon fiber bundle, which has a significant degree 

of surface contact with neighboring fibers, potentially limiting the degree of surface treatment 


