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Abstract 

Natural fibers are known for their good specific properties and biodegradability. Their inherent 
weakness is naturally occurring defects. To overcome the effects of these weaknesses the cellulosic 
material of the natural fibers can be regenerated to fabricate a manmade or regenerated cellulose 
fiber. Regenerated cellulose fibers include, including viscose and lyocell, have a homogenous defect 
free structure and higher overall technical quality.  
The newest development among regenerated cellulose fibers is the Ioncell fiber (Ioncell-F). Ioncell-
F fibers are produced by the new Ioncell process. This process is developed by Aalto University in 
conjunction with the University of Helsinki, Ioncell process is designed to be an upgraded version 
of the lyocell process.  Ioncell process is based on ionic liquids (IL) and their superb ability to 
solubilize cellulosic matter. Using ionic liquids, the Ioncell process can produce high quality fibers 
with lower environmental impacts from a broader range of cellulosic raw materials. 
Natural fibers have long been used for common composite materials such as chip boars and 
plywood. Natural fibers can also be used for fiber reinforced composites. In this thesis, mechanical 
properties of Ioncell-F are studied, to determine how suitable Ioncell-F is as a composite 
reinforcement. Ioncell-F is stated to have a high elastic modulus, thus, being a suitable composite 
reinforcement (Sixta et al. 2015). 
In this thesis, tests were conducted on Ioncell fibers and Ioncell-F reinforced composites. The 
mechanical properties of composites reinforced by Ioncell-F were studied by tensile testing and 
Raman spectroscopy. Composites reinforced by 10% lignin containing Ioncell-F were also studied 
by tensile testing, however, due to the lignin it contained they were unsuitable for Raman 
spectroscopy. In addition to the composite testing, single fiber Raman spectroscopy was used to 
compare the differences of three different types of Ioncell fibers with draw ratios (dr) 1, 3 and 14.  
The results showed that, of the Ioncell-F the draw ratio 14 is the most suitable composite 
reinforcement at higher volume fractions (40 - 60 V%). However, the draw ratio had little effect on 
the 20 V% composite mechanical properties. Fiber and composite Raman spectroscopy suggests 
also that dr14 would be the most suitable reinforcement. Although Ioncell-F cannot outperform 
glass fiber as a reinforcement, it has shown to perform well in composite applications when 
compared to other similar fibers. 

Keywords  Regenerated, Cellulose, Ioncell, Fiber, Reinforcement, Composite, Modulus, Raman 
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Tiivistelmä 

Luonnonkuidut ovat tunnettuja niiden hyvistä mekaanisista ominaisuuksistaan sekä niiden 
luontaisesta biohajoavuudestaan. Luonnonkuituitujen heikkous on kuitenkin niiden luontaisesti 
sisältämät virheet. Näiden virheiden vaikutuksen välttämiseksi, luonnonkuidun selluloosa voidaan 
regeneroida. Regeneroidusta selluloosasta voidaan valmistaa keinoteknoinen luonnonkuitu. 
Tällaisia luonnonkuituja edustavat mm. viskoosi- ja lyocell-kuidut. Näillä kuiduilla on yleensä hyvin 
homogeeniset mekaaniset ominaisuudet, minkä takia tuotteiden tekninen laatu on korkea. 
Uusin kehitysaskel keinotekoisten luonnonkuitujen saralla on Ioncell-kuitu (Ioncell-F tai IF). Tämä 
Aalto Yliopiston ja Helsingin Yliopiston hankkeiden pohjalta suunniteltu kuitu perustuu 
paranneltuun lyocell prosessiin. Ero lyocell prosessiin on se, että Ioncell prosessi perustuu niin 
sanottuihin ionisiin liuottimiin, joiden avulla Ioncell prosessilla pystytään tuottamaan 
korkealaatuisia kuituja pienemmillä ympäristövaikutuksilla sekä laajemmasta raaka-aine 
valikoimasta. Luonnonkuituja käytetään yleisesti komposiiteissa esimerkiksi lastulevyssä 
partikkelimaisessa muodossa. Luonnonkuituja voidaan myös käyttää komposiittien 
kuituvahvisteina.  
Tässä diplomityössä tutkitaan IF-kuitua ja sen soveltuvuutta kuituvahvisteeksi 
komposiittimateriaalissa. IF-kuidun sanotaan omaavan korkean kimmokertoimen ja soveltuvan 
tältä osin hyvin komposiittivahvisteeksi (Sixta et al. 2015). Ioncell-F soveltuvuutta 
kuituvahvisteeksi tutkittiin mittaamalla yksittäisten kuitujen sekä Ioncell-F:llä vahvistettujen 
komposiittien Raman siirtymä sekä komposiittien vetolujuuskokein. Kokeissa vertailtiin useaa 
Ioncell-F tyyppiä vetosuhteilla (draw ratio, dr) 1, 3 ja 14. Myös 10 % ligniiniä sisältävällä kuidulla 
(dr5) vahvistetun komposiitin kimmokerroin määriteltiin, mutta kuitujen ligniini esti Raman 
spektroskopian hyödyntämisen. Rämän spektroskopialla tutkittiin kuidun kykyä vastaanottaa 
komposiittimateriaaliin kohdistuvaa kuormitusta. 
Tulosten mukaan Ioncell-F-kuidut vetosuhteella 14 soveltuivat tulosten perusteella parhaiten 
komposiitti materiaalien kuituvahvisteeksi niiden korkean kimmokertoimen takia. Vetosuhteiden 
ero korostui suuremmilla kuitusuhteilla (40 – 60 V%), kun taas 20 V% komposiittien 
kimmokertoimet olivat yhtä pienet. Ioncell kuidun havaittiin Raman siirtymän perusteella myös 
soveltuvan komposiitti vahvikkeeksi verrattain hyvin. Lasikuidun mekaanisia ominaisuuksia 
Ioncell kuitu ei kuitenkaan saavuttanut, mutta tulosten perusteella Ioncell-F kuidulla on 
suhteellisen hyvät mekaaniset ominaisuudet verrattuna muihin saman tyyppisiin kuituihin. 

Avainsanat  Regeneroitu,Ioncell,Kuitu,Kuituvahviste,Komposiitti,Kimmokerroin,Raman 
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1 Introduction 

Growing concern over the environment has led to new developments in many 

industrial fields, including polymer and materials sciences. In recent years, natural 

fibers and regenerated cellulose fibers have been the focus of many studies 

searching for a substitute for synthetic composite reinforcement fibers. These 

high specific property natural fibers are biodegradable, recyclable and cheap 

(Sixta et al. 2015). 

Although natural fibers have a high degree of polymerization, they have naturally 

occurring defects that lower their mechanical properties. These defects can affect 

the mechanical properties of the fiber. The varying mechanical properties of the 

fiber directly affect composite material performance and lowers the technical 

quality of the final product (Hill & Hughes, 2010). To achieve a defect-free 

structure, cellulose from the fiber can be extracted and regenerated to form a 

synthetic cellulose fiber. Regenerated cellulose fibers, like synthetic fibers, have 

a mostly homogenous crystalline structure and contain no defects. Through 

regeneration of cellulose, the degree of polymerization decreases but the benefits 

of regeneration outweigh the negatives. Ioncell-F, a novel regenerated cellulose 

fiber developed by Aalto University in conjunction with the University of Helsinki 

promises to be a fiber for a new era of cellulosic reinforcement fibers (Sixta et al. 

2015).  

Although much research in composite reinforcement materials has been devoted 

to studying virgin fibers as reinforcement, less work has focused on regenerated 

cellulose fibers as composite reinforcement fibers. Therefore, this thesis aims to 

fill this gap by determining the reinforcing properties of the Ioncell-F fibers and 

evaluating their potential as composite reinforcement. The reinforcement 

properties are compared with glass-fiber, one of the most abundant and 

commonly used synthetic composite reinforcement fibers. 
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In order to achieve this, this thesis compares the mechanical properties of 

composites with varying Ioncell-F volume fractions. In addition, the Raman band 

shift sensitivity of the Ioncell fiber and of the Ioncell-F reinforced composite was 

studied in order to further evaluate mechanical properties and possibly to further 

understand the composite reinforcing mechanisms of Ioncell-F. This thesis does 

not include an evaluation the Ioncell process. Also, there will be no in-depth 

analysis of the crystalline structure or mechanical properties of the Ioncell fiber or 

an evaluation of the interfacial shear stress of the composite reinforcement. This 

thesis will focus solely on the tensile testing of the composites with the aid of 

Raman spectroscopy to make conclusions about the Ioncell-F as a composite 

reinforcement. 

The properties of the Ioncell fiber and the properties of the Ioncell composite 

studied with Raman spectroscopy was carried out to understand the stress 

transfer to the epoxy-resin matrix. Raman spectroscopy is based on Raman 

scattering of light an effect, which has been developed through the years into a 

form of in-situ optical spectroscopy. Cellulose, the reinforcement material of the 

composite, has a peak at 1095cm-1 wavenumber, which corresponds to its ring 

structures (Gardiner et al. 2012). The Raman peak of cellulose shifts as the fiber 

is strained. The effectiveness of the fiber reinforcement can be evaluated by 

examining the shift rate with respect to stress and strain (Eichhorn et al. 2001; 

Eichhorn & Young, 2004).  
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2 Literature review 

In order to evaluate the fiber reinforcing properties, this chapter presents the key 

topics and concepts concerning regenerated cellulose fibers, composite materials 

and analytical methods. These topics will help in understanding the reasoning 

behind the experimental part of the thesis and guide the reader quickly through 

the history of regenerated cellulose fibers up to the current Ioncell process and 

fibers. 

2.1 Natural Fibers 

During the past decades, there has been growing interest in natural fibers and 

their applications in polymer and material science. Natural fibers are divided into 

plant-, animal- and mineral-based natural fibers. Natural fibers from plant sources 

always contain cellulose, whereas animal-based fibers consist of proteins (Maya 

& Sabu, 2007). Plant-based natural fibers can be subdivided into bast, leaf and 

fruit fibers. Bast and leaf fibers are commonly used for composite applications 

because of their superior mechanical properties. Table 1 lists the amount of 

common plant-based natural fibers produced (Faruk et al. 2012).  

Table 1 Major commercial natural fiber sources (Faruk et al. 2012) 

 

Natural fibers consist of cellulose, hemicellulose and lignin. The amount of these 

three constituents varies based on their origins. Typically, depending on the 
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origins of the fibers, natural fibers consist of about 60 – 80% cellulose, 5 - 20% 

lignin and up to 20% moisture (Nabi Saheb & Jog. 1999). Along with the main 

three constituents, natural fibers also contain pectins and waxes. The former is a 

group of heteropolysaccarides that contribute to the flexibility of the natural fiber, 

whereas the latter are a group of alcohols, such as terpene (Maya & Sabu, 2007).  

The term cellulose was first described by the French scientist Anselme Payen in 

1839 (Klemm et al. 2005). Cellulose is a polymerized form of D-anhydroglucose 

(C6H11O5).  Cellulose acts as a reinforcement material for the natural fiber. Each 

monomer unit of cellulose has three hydroxyl groups that can form hydrogen 

bonds, which define the crystallinity of the polymer and contribute to its physical 

properties (Maya & Sabu. 2007).  

Figure 1 Cellulose structure model by Klemm et al. (2005) page 3361. 

Cellulose has varying crystalline forms commonly known as cellulose I, II, III and 

IV with cellulose II being the most stable crystalline form. Cellulose II can be 

derived from the natural form of cellulose (cellulose I) by mercerization or via 

solubilization and subsequent regeneration, as is the case with regenerated 

cellulose fibers (Klemm et al. 2005; O’Sullivan, 1996). The close relationships 

Figure 2 The formation of Cellulose polymorphs as presented by O’Sullivan (1996) 
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between these crystalline arrangements and formation pathways of the 

polymorphs are illustrated in Figure 2. 

Lignin provides the stiff matrix material to the natural fiber. Lignin is a hetero 

polymer that forms a network-like structure. The structure is formed from the three 

different variations of the lignin base monomer illustrated in Figure 3.  

The structure differs depending on the fiber type. A structure proposed by Brunow 

(2001) for softwood is shown in Figure 4. As demonstrated in this figure, the three 

Figure 3 Lignin forming monomers (Stenius, 2000; Lähdetie, 2013) 

Figure 4 Lignin structure by Brunow (2001) (Lähdetie, 2013) 
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lignin forming monomers can arrange in very complex formations. This ability to 

form stiff net-like structures lays an excellent matrix for the cellulose chain to 

attach via the hemicellulose coupling agent. 

As illustrated in Figure 5, natural fibers are complex structures reinforced by so-

called fibrils. Cellulose polymer chains act as fiber reinforcement for the fibrils, 

lignin acts as a matrix and hemicellulose acts as a coupling agent between the 

lignin matrix and the cellulose fibrils (Hughes et al. 2015). These fibrils are, in turn 

brought together by more lignin and hemi-cellulose to form a layer of a cell wall 

(Jayaraman. 2003). The cell walls are ultimately what makes up the fiber itself 

(Jayaraman. 2003), as shown below in Figure 6.  

Natural fiber consists of a primary cell wall and a secondary cell wall. Some wood 

fibers also have a tertiary cell wall. The cells are connected to each other via the 

middle lamella. The composition of cotton and wood fibers is shown in Figure 6. 

The secondary cell wall has three layers of which the thick S2 layer determines 

most of the mechanical properties of the fiber (Maya & Sabu, 2008). These cell 

Figure 5 Structural model of fibril arrangement in a cell wall suggested by Fengel (1971) (O’Sullivan, 1996) 
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walls are also coupled together with the lignin matrix. The cell walls differ in both 

thickness and fibril orientations, the fibrils and their orientations are illustrated as 

dark lines in Figure 6. This microfibrillar angle is defined by comparing the fibril 

angle to the fiber axis. The microfibrillar angles range from 18% in cotton to 4 – 

5% in bast fibers. This helical arrangement of fibrils provides a very complex 

structure, which provides the natural fiber with its high specific properties 

(Jayraman, 2013). 

Natural fibers consist of many layers of cell walls constructed in this composite 

fashion, creating a strong composite material (Klemm et al. 2005).  

Natural fibers are hydrophilic, which leads to swelling when water or other polar 

liquids are introduced to it. This, results in dimensional changes, which may 

induce internal stresses in composite applications and may lead to delamination 

and fiber pullouts if the composite matrix interphase is not strong enough. The 

hydrophilicity can be altered through chemical or thermal modification; however, 

this usually affects the mechanical properties of the fiber as well. These 

treatments include dewaxing, delignification, acetylation, bleaching and chemical 

grafting, to name a few (Nabi Saheb & Jog, 1999).  

Figure 6 Wood fiber cell wall arrangement and fibrill orientation in 
a) cotton and b) wood fibers from Klemm et al. (2005). 
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For the natural fiber to be utilized as a raw material for a regenerated cellulose 

fiber the cellulose has to be extracted. In order to extract the cellulose, traditionally 

a process that opens up the composite structure of the fiber is required. The 

traditional way of breaking up the cellulose structure would be to start from 

delignification and then proceed to separate the cellulose and hemicellulose from 

each other, if necessary. Cellulose solvents and delignification are discussed in 

the following section. 

2.2 Regenerated Cellulose Fibers 

In order to manufacture regenerated cellulose fibers, such as Ioncell-F, the 

lignocellulosic make-up of the natural fiber has to be unraveled. The fractionation 

of the natural fiber can be done in many ways, most including chemicals and 

cooking. Some of the methods are listed in the following subsections. This thesis 

then proceeds to present the common processes for regenerated cellulose fibers 

and their characteristics.  

2.2.1 Fractionation and Cellulose Solvents 

The common pulping process begins with delignification. For many applications, 

such as acetate cellulose (viscose), a higher purity is required. Thus, 

solubilization of the cellulosic material before ending up with a pure cellulose pulp 

(dissolved pulp) is required. This section describes some of the different 

processes used to break down cellulosic materials e.g. natural fibers, to their 

constituents: cellulose, hemicellulose and lignin. Both older methods as well as 

newer methods such as new ionic liquids, a key component in the Ioncell process, 

are discussed in this sub-section. 

Fractionation is a term that describes the breaking down of a natural fiber to its 

constituents. The term delignification is also used to describe the removal process 

of lignin. The Kraft process is probably most notable delignification process. It 

utilizes chemicals Sodium Hydroxide (NaOH) and sodium sulfide (Na2S) (Fengel, 

1983).  
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A dissolving pulp is defined as having a cellulose percentage of 90-wt% or higher, 

thus, meaning that dissolving pulp varieties are relatively pure cellulose. Some 

hemicellulose may be left as residue, however. These high purity pulps present a 

challenge for pulping processes both economically and environmentally. The 

common pulp dissolving methods include the acid sulfite (AS) process and the 

pre-hydrolysis Kraft pulp (PHK) process. These processes were developed in the 

1950’s, but have gone through some developments through the years. The 

processes are able to produce the high quality dissolving pulp required for high 

value products, such as regenerated cellulose fibers (Roselli et al. 2014; Stepan 

et al. 2016; Sixta et al. 2013).  

These processes are designed to reduce the amount of hemicellulose in the 

dignified pulp. Hemicellulose is stated to inhibit cellulose modification by 

acetylation by blocking the cellulose. Thus, reducing the reactivity of the cellulose. 

The residual hemicellulose may also induce optical defects, such as yellowness 

and haze. The results for AS and PHK for hemicellulose separation can be 

improved by adding post treatments such as cold caustic extraction or CCE. 

Which in turn, result in cellulose yield losses. These yield losses for cellulose and 

the high costs of the process make the whole process less lucrative financially. 

(Roselli et al. 2014; Lund et al. 2012; Sixta, 2006). 

The problem with both the AS and PHK methods is that the cellulose yield is 

relatively low and the efficiency in hemicellulose removal is limited at 3-4 wt%. In 

order to achieve the higher hemicellulose separation ratio needed for acetate 

quality pulp, further treatment of the pulp is required. Thus, more environmentally 

friendly and more efficient methods have been developed. Direct cellulose 

solvents N-Methylmorpholine-N-oxide (NMMO) and Ionic Liquids (IL) have been 

the focus of such studies, the latter reporting significantly lower hemicellulose 

concentrations with higher efficiency and minimal degradation of the cellulose 

molecule (Roselli et al. 2014; Stepan et al. 2016; Sixta et al. 2013). Through 

delignification and the subsequent purification of the cellulose a homogenous 
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regenerated cellulose fiber can be produced. These fractionation or purification 

methods also have applications other than in regenerated cellulose fibers 

because they lead to a more accessible and active cellulose resource. For 

example, NMMO has been found to be a suitable pre-treatment for biogas 

production due to its nearly quantitative recycling efficiency and its ability to 

solubilize lignocellulosic materials (Teghammar et al. 2012). The regenerated 

cellulose fibers and their manufacturing processes are discussed further in the 

next section. 

2.2.2 Ionic Liquids 

Ionic liquids or ILs are not a new invention, but they are making a comeback for 

wood fractionation. ILs are strong solvents that are based on a superbase / acid 

ion pair (Michud et al. 2014). Ionic liquids can dissolve wood fibers without the 

need for delignification as demonstrated by Fort et al. (2007). The reason ILs were 

developed was to find a substitute for NMMO, since it was the only direct solvent 

commercially available at the time. (Swatloski et al 2002). 

The research bore fruit as the first ionic liquids were not only capable cellulose 

solvents but also more easily controllable and safer than the NMMO (Bentivoglio 

et al. 2006; Laus et al. 2005; Sixta et al. 2015). These first generation ILs were 

based on the imidazolium base. One of the more successful ILs was the 1-ethyl-

3-methylimidazolium acetate ([emim][OAc]). The imidazolium base was later 

found to be reactive towards cellulose, leading to degradation of cellulose. The 

addition of stabilizers was required to mitigate this degradation of cellulose. Thus, 

the process would not be significantly superior to the Lyocell process. Some of 

the early ionic liquids were also corrosive towards metal and were, thus unsuitable 

for commercial use (Sixta et al. 2015; Ebner et al. 2008).  

The new generation of ILs designed for industrial use is the 1,5-

diazabicyclo[4.3.0]non-5-enium acetate ([DBNH][OAc]), which is used in the new 

Ioncell process, also known as Ioncell-P. The ionic liquid [DBNH][OAc] was 
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developed by Aalto University in co-operation with the University of Helsinki in 

order to find imidazolium free ionic liquid capable of solving cellulose. The dope 

produced by ionic liquid solvents is stated to have an exceptional spin stability. 

Thus, being extremely befitting for airgap spinning of regenerated cellulose fibers 

(Michud et al. 2014; Sixta et al. 2015). In addition to being suited for regenerated 

cellulose fiber production, the [DBNH][OAc] exhibits impressive flexibility in dope 

concentrations when compared to [emim][OAc] (Michud et al. 2014).  

Ionic liquids are also suitable solvents for regenerated cellulose production, since 

they can be separated after the fractionation process and recycled. The residual 

ILs can be washed away from the cellulose solution with water. However, the 

energy consumption for the recycling of ILs can be quite high due to the high 

energy costs of process water separation by evaporation. Therefore, the 

challenges in the recycling of the ILs and the subsequent high energy costs are 

challenges to be overcome for the process to be up-scaled in the future 

(Monshizadeh, 2015).  

2.3 Regenerated Cellulose Fibers 

This section introduces the former regenerated cellulose products and their 

history and current usage as well as new developments such as Ioncell-P as an 

introduction to the topic of this thesis. Manmade cellulose fibers have been 

around for thousands of years. The Egyptians used papyrus for making their 

cellulose based sheets that were used for writing (Rosenau et al. 2001). In the 

early 20th century, newer types of cellulose fibers began to emerge: regenerated 

cellulose fibers. These regenerated cellulose fibers include Viscose, Modal and 

Lyocell popularized by textile and clothing industries. Later during the 20th 

century, many petrochemical synthetic fibers like polyethylene, acrylic and 

polypropylene fibers were introduced. The popularity of synthetic fibers has not 

affected the demand for cellulosic fibers in textile form (Sixta et al. 2015). 

Cellulose fibers, in addition to being natural, have intrinsic benefits that are tough 

to match with oil-based fibers. There are a number of reasons why viscose and 
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other regenerated cellulose fibers are preferred and these reasons are discussed 

in the following sections. 

2.3.1 Viscose  

The viscose (Rayon) production method for manufacturing fibers from cellulosic 

materials is probably the most widely used cellulose regeneration method today. 

The first commercial viscose plant was built in 1905 in Great Britain. Viscose 

production grew in spite of the health and safety risks that were posed by the 

utilization of toxic carbon disulfide because viscose fibers were superior to the 

competition in terms of quality and variety (Sixta et al. 2015).  

Since then, viscose production has been challenged by oil-based thermoplastic 

and synthetic fibers, such as nylon, polypropylene and acrylic fibers. Viscose 

production peaked in the latter part of the 1970’s. Between the 70’s and 90’s, the 

viscose process has been mainly competing against the cheaper oil-based fibers. 

Figure 7 The process steps of Viscose process and Lyocell process by Shen et al. (2010). 
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Then, viscose production decreased in the 1990’s due to stricter environmental 

regulations in Europe and the United States. (Sixta et al. 2015) 

The problem with viscose production is the use of carbon disulfide (CS2) and 

sulfuric acid (Na2SO4). CS2 is said to evaporate during process, harming the 

workers physiologically and neurologically, even increasing the suicide rates of 

the exposed workers. Research in to the toxicology has lead researchers and 

legislators in many countries to accept these organic solvents as toxic (Mancuso 

& Locke, 1970; Hanninen, 1971; Weiss, 1983). Through the years, the viscose 

process has been the focus of modernization efforts. Improvements in handling 

and better recycling of wastes in the process have been made. However, viscose 

fiber is still being produced by the original methods in countries with looser 

environmental restrictions from various fiber sources such as bamboo. In Europe, 

viscose fiber is produced mainly in Austria, where the process has been 

incorporated into pulp mills with a carbon disulfide recovery process as illustrated 

in Figure 7 (Shen et al. 2010). Although some efforts have been made to improve 

the environmental friendliness of the process, the key environmental issues have 

not been entirely solved due to high costs. This has driven current research into 

developing more environmentally friendly processes for regenerated cellulose 

fibers (Sixta et al. 2015).  
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2.3.2 Lyocell 

One alternative to the viscose process is a process called the lyocell process. The 

term lyocell is used to describe an industrial process, the fibers produced and 

NMMO/cellulose mixtures. Lyocell process is based on an amino oxide 

procedure. This procedure uses a monohydrate of N-Methylmorpholine-N-oxide 

(NMMO) to dissolve pulp (Rosenau et al. 2001). The NMMO/H2O mixture was the 

first direct solvent for cellulose before the development of ionic liquid solvents, 

which will be discussed in the next subsection. The pulp is spun into fiber form by 

dry-wet spinning of the regenerated cellulose mass. 

In the lyocell process NMMO is recycled with 99% efficiency, thus making the 

lyocell process relatively more environmentally friendly than the viscose process 

(Rosenau et al. 2001). Other positive attributes of the lyocell process is the 

adaptability of the raw material source. It can utilize many cellulose sources 

including rayon fibers. The lyocell process has some intrinsic disadvantages, that 

include runaway reactions and thermal degradation of cellulose fibers (Rosenau 

et al. 2001).  

Figure 8 - Lyocell process (Rosenau et al. 2001) 
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A comprehensive LCA study by Shen et al. (2010) demonstrates the 

environmental impacts of regenerated cellulose fibers, such as viscose, modal 

and lyocell, compared to cotton, PP and PET. These factors include, toxicity, 

acidification and fresh water toxicity. 

Table 2 Cradle to Factory environmental impact assessment proposed by Shen et al. (2010) 

Table 2 demonstrates the Tencel (lyocell) methods intrinsic benefits regarding 

key environmental challenges of regenerated cellulose fiber production. However, 

according to the results Viscose produced in Austria in an integrated pulp mill 

does have similar environmental impacts to the lyocell process. The difference of 

the environmental impacts between lyocell and viscose is notable, when 

compared to the Asian viscose that scores lower in this LCA study. 

2.3.3 Ioncell-F  

Concern for the environment is the driving force in developing and promoting 

green-chemistry based products such as Ioncell fibers. The Ioncell fibers are 

produced with a process sometimes referred as Ioncell-P or Ioncell process. The 

Ioncell process is heavily based on the lyocell process. Like the lyocell process, 

it utilizes a closed circuit of solvents in order to minimize the effects of the process 

on the environment. The Ioncell-P has been designed to solve many key 

environmental issues in regenerated cellulose fiber production. This is achieved 

by utilizing a novel type of ionic liquids as cellulose solvent. The ionic liquid utilized 

in Ioncell production is [DBNH][OAc] (Sixta et al. 2015).  The regenerated 

cellulosic material for the Ioncell fiber is spun by dry-jet wet spinning equipment 

illustrated in Figure 9. The cellulose containing dope is extruded into the 

coagulation bath through an airgap (Michud et al. 2015). The draw ratio (Dr or 
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DR) is the ratio of the the take up velocity (𝑉𝑡𝑢) to the extrusion velocity (𝑉𝑒) 

described by equation 1 (Michud et al. 2015).  

𝐷𝑟 =
𝑉𝑡𝑢

 𝑉 𝑒
      (1) 

As demonstrated in a study by (Michud et al. 2015), the higher draw ratio fibers 

(Dr15) exhibit superior mechanical properties for both tenacity and Young’s 

modulus. The total orientation of the spun fibers is also higher in higher draw 

ratios. However, the elongation at brake becomes lower as the draw ratio 

increases. The proper alignment of the cellulose chains promotes the formation 

of a firm network structure, resulting in thinner fibers with better mechanical 

properties (Michud et al. 2015). 

Figure 9 Illustration of a dry-jet wet spinning unit (Michud et al. 2015) 

Figure 10 SEM image of a Viscose fiber (left) and a Ioncell fiber (right) (Michud et al. 2015) 
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The utilization of [DBNH][OAc] has some intrinsic benefits when compared to 

NMMO. These benefits include lower process temperatures that lead to lower 

power consumption and less fiber degradation (Sixta et al. 2015). Another benefit 

of the Ioncell process is the diminished need for stabilizers and antioxidants, since 

the process is less prone to runaway reaction than the lyocell process (Hauru et 

al. 2012).  

Although the Ioncell process has many benefits, it has some intrinsic drawbacks 

as well. The Ioncell process has a higher water content due to the utilization of 

[DBNH][OAc]. Besides the higher water content, the cellulose regeneration 

[DBNH][OAc] does not differ from the regeneration with NMMO (Hauru et al. 

2012). This will be a challenge when scaling up the process due to the current 

lack of a recycling process of [DBNH][OAc]. The cost of [DBNH][OAc] is also 

relatively high at the moment (Sixta et al. 2015).  

The lower process temperatures compared to those of the Lyocell process, may 

lead to savings through lower energy consumption. Also, since the Ioncell process 

is more stable extra costs from chemical stabilization agents can be avoided. The 

cost of the main raw material may decline after commercial processes are 

implemented as was the case with NMMO. The Ioncell process also allows for a 

wide range of raw materials including recycled fibers for Ioncell-F production. 

These raw materials include recycled cotton, recycled boards and cardboards in 

addition to virgin fiber. It has been shown that the raw material source does not 

affect the properties of the fiber, since the cellulose is thoroughly regenerated. 

When combined, these afore mentioned advantages can make Ioncell a viable 

substitute to lyocell (Sixta et al. 2015).  
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2.4 Fiber Reinforced Composites 

This section introduces composite materials and some of the key aspects of fiber 

reinforcement. 

2.4.1 Composite Materials 

Composite materials are materials that include two or more components, thus 

differing from homogenous materials. These usually include a matrix material and 

a reinforcement material. These constituents are bonded together, forming a 

composite material. The interaction zone between the matrix and the 

reinforcement is called the interphase. The interphase is key to the stress transfer 

between the two phases, thus playing a key role in the mechanical properties of 

the composite. The reinforcement usually provides the composite material its 

strength whereas the matrix material provides toughness to the material 

(Wallenberger & Bingham, 2010).  

Fibers are used as reinforcement materials since they can transfer great loads 

along their axis. Reinforcement fibers can be short or continuous. Fiber 

reinforcement is applied in many ways of which some of the most common are 

unidirectional and woven fiber reinforcement materials (Wallenberger & Bingham, 

2010). Other commonly known forms of reinforcement can even be particulate, 

as is the case with chipboards. Plywood and Laminated Veneer Lumber (LVL) 

can also be considered a veneer reinforced composite material known as 

Lamellar composites (Hosford, 2013). This thesis focuses on unidirectional fiber 

reinforced composites. 

The matrix material keeps the reinforcement materials in place usually by 

chemical bonding. Matrix materials are commonly thermosetting polymers, vinyl 

ester resins, thermoplastic resins or elastomers. The purpose of the material is to 

transmit and distribute the loads to and from the fibers, while protecting them from 

chemical and physical damage. The matrix also prevents brittle cracks from 

propagating through the material (Pethrick, 2010). 
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Some of the key concepts in composite mechanics include volume fraction and 

fiber length. Stiffness and strength tend to increase as the fiber volume fraction 

increases. Volume fraction of the fibers is also key for the fabrication of composite 

materials. As the matrix material should wet all of the fiber surfaces in order to 

form a proper bond. Figure 11 illustrates unidirectional fibers and the cross 

section of a relatively high volume fraction. It is to be noted that its quite rare that 

the fibers are spaced equally, thus the volume fraction tends to have an upper 

limit of effectiveness (Hosford, 2013). 

The fiber length is also a key factor in unidirectionally aligned fiber reinforced 

composites. If the fiber is too long it may reach its maximum load. If the reinforcing 

fiber is too short, it may not reach its potential maximum load. The boundary 

between these two situations is known as the critical fiber length (lc) as shown in 

Figure 12. The critical length also determines the terms discontinuous fiber 

reinforcement and continuous fiber reinforcement. Discontinuous fibers are 

shorter than the lc, whereas continuous fibers have a length over the lc (Pethrick, 

2010). According to Pethrick (2010), the ideal fiber length should be such that the 

maximum stress in the fiber is merely a fraction of the failure strength of the 

composite. 

Figure 11 Cross section of a glass fiber reinforced composite by 
(Hosford, 2013) 
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Figure 12 Stress-strain profiles of short and long fibers as presented by Pethrick (2010) 

Reinforcement fibers used in current day applications come in various materials 

with different mechanical properties. Popular reinforcement fibers include glass 

fibers, natural fibers and ceramic fibers. Their properties differ in many ways from 

another. The key properties when considering fiber reinforced composites, in 

addition to fiber length, are density, elongation at break and the Young’s Modulus. 

In composite manufacturing, the density of the fiber reinforcement should be as 

close to the density of the matrix material, according to Pethrick (2010). The 

density of natural fibers is generally lower than the density of the widely used 

glass fibers, as illustrated in Table 3.  

Table 3 Eichhorn et al. (2011) Mechanical properties of natural fibers compared to conventional composite 
reinforcing fibers 

2.4.2 Natural fibers used as reinforcement in composite materials 

Some drawbacks exist limiting the potential of natural fiber materials to be used 

as composite reinforcement. According to Nabi et al., these drawbacks include, 

poor resistance to moisture, a tendency to form aggregates and incompatibility 
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with some hydrophobic polymer matrices (Nabi et al. 1999). Natural fibers also 

contain a myriad of naturally occurring defects like micro compressive defects as 

shown in Figure 13. Furthermore, the amount of processing adds to the number 

of defects in the fiber (Hughes et al. 2000).  

The micro compressive defects in fiber induce high stress concentrations in the 

interphase around the fiber in the matrix as demonstrated by Hughes et al. (2000). 

A contour map in Figure 14 shows the stress concentrations around these defect 

areas. The stress concentrations were found to induce failures and cracks. The 

initial cracks were said to possibly lead to a bigger scale failure of the composite. 

Furthermore, Hughes et al. (2000) demonstrated that the defect areas 

corresponded with the interphase debonding sites, as shown in Figure 15.  

Figure 13 Micro compressive defects in hemp fibers (left) and flax fibers (right) by Hughes et al. (2000) 
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The anisotropic nature of wood along with the naturally occurring defects in the 

natural fibers affect the potential of natural fibers to be used as a reinforcement. 

These micro compressive defects affect the mechanical properties of the fiber, 

thus affecting the mechanical properties of the composite they reinforce. The 

inherently more homogenous regenerated cellulose fibers may present an option 

to overcome this deficiency in cellulose based fiber reinforcement materials. 

2.4.3 Ioncell-F as composite reinforcement 

Ioncell fibers have been reported to exhibit promising mechanical properties 

tensile tests. These tensile tests report an elastic modulus of 35 GPa at 

reasonable draw ratios. The high elastic modulus and other mechanical 

properties have given promise of Ioncell-F being a suitable material for fiber 

reinforcement of composites in addition to its use as a textile fiber (Sixta et al. 

2015). This thesis aims to study these claims of the fiber properties in composite 

structures and possibly validating the high expectations put on the Ioncell-F. 

For these reasons, in addition to Ioncell fibers being biodegradable, it has been 

theorized that Ioncell-F could be a good replacement or competitor to glass-fiber 

in common fiber reinforced composite products. A low cost, environmentally 

friendly and recyclable material would not only be profitable, but a step in the 

direction of a more sustainable civilization. 
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2.4.4 Composite matrix 

Epoxy resin was selected as the composite matrix for this thesis. The epoxy resin 

was deemed as a suitable composite matrix for its visual clarity when cured. In 

this thesis the composite Raman spectra was acquired from the fiber surface 

inside the composite, thus a clear matrix material was required. Epoxy resin is a 

thermosetting polymer. The see-through nature of the material means that even 

single fibers are detectable in the finished composite materials. The epoxy resin 

polymer is highly cross-linked three-dimensional network structure, making it an 

ideal matrix material for natural fiber reinforced composites. Epoxy resin has 

Young’s modulus of 3 – 5GPa as demonstrated in Table 4, translated from 

Seppälä et al. (2001). Structure also makes the composite very tough and 

resistant to solvents and creep. Thermoset resins also allow for high fiber loads 

even up to 80%, according to Nadi et al. (1999) 

Table 4 Epoxy resin mechanical properties from Seppälä et al. (2001) pp. 155 

Density 1.2 - 1.3 g/cm3 

Tensile Strength 90 - 120 MPa 

Young's Modulus 3000 - 5000 MPa 
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2.6 Raman Spectroscopy 

In this section the method of Raman spectroscopy is introduced. Raman 

spectroscopy is a novel method used usually to study graphene and carbon 

based nanomaterials and as well as bacteria. It has been utilized in only a select 

few studies to study the interphase and micromechanics of cellulosic fibers in a 

composite structure. In this thesis Raman spectroscopy is used to examine 

cellulose based fibers and cellulose reinforced composites. 

2.6.1 Raman Spectroscopy 

Raman Spectroscopy is based on the Raman scattering of light first detected by 

Sir C.V.  Raman (Raman et al. 1928). However, it was first postulated by Adolf 

Smekal in 1923 (Gardiner et la. 1989) . This effect was later developed further by 

Mitra et al. (1977) and theoretically modelled by Batchelder et al. (1979). Raman 

spectroscopy has the intrinsic benefit of being able to study materials in-situ 

without dissection (Gardiner et al. 1989).  

The Raman scattering of light can be explained through quantum theory and 

quantized energy levels. An atom absorbs and consequently emits a photon with 



 

25 
 

a certain energy level. The different energy levels are illustrated in Figure 16. 

Thus, the vibrational energy of scattering is quantified in to virtual levels. The 

energy of these vibrations is quantified according to equation: Ev = hv(v + 1/2), 

where v is the frequency of the vibration and the quantum number of the energy 

state. The Stokes Raman scattering starts from the ground level and after being 

exited to virtual levels, returns to a level higher than it was originally, whereas 

Rayleigh scatter originates and finishes at the same vibrational energy level. 

These types of Raman scattering occur randomly independent of each other; 

however, Stokes Raman scattering is the most common and more intense in 

contrast to Rayleigh and anti-Stokes scattering at normal room temperature, thus 

commonly used in Raman spectroscopy (Gardiner et al. 1989).  

The Raman spectroscopy method was time consuming and difficult compared to 

new and faster forms of spectroscopy. Raman spectroscopy made a huge leap 

forward once lasers were invented and commercialized in the 60’s.  The use of 

monochromatic light with a high intensity meant that a spectrum could be taken 

from smaller samples and sample sizes making Raman spectroscopy 

contemporary again. Through the years, Raman spectroscopy has evolved 

further becoming one of the standard analytical techniques in the academic and 

industrial laboratories (Gardiner et al. 1989).  

Figure 17 A simplified model of a Raman spectroscope (Yang and Ying. 2011) 
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Modern Raman spectroscopy equipment utilizes a laser and detector as 

illustrated in Figure 17. The laser will be targeted to the sample surface, more 

accurately if it is focused on a fiber in the composite structure. Raman scattering 

is a faint inelastic scattering of light that is related to the materials properties 

(Eichhorn et al. 2001). The spectra of this Raman scattered light can be analyzed 

to study and evaluate the target specimen. Usually, as in this thesis, a laser and 

a confocal microscope is also included. The microscope enables the possibility to 

view the specimen and target the laser on to a studied surface, for example the 

fiber surface inside a composite as in this thesis. 

2.6.2 Raman Spectroscopy in this Thesis 

It has been shown, that the spectra of Raman scattering of light will shift when the 

object is under stress. The Raman peak of hemp and other cellulosic materials is 

detectable at wavenumber 1095cm-1; it will shift as the sample is under tensile 

stress with respect to the axial stress as the theory suggests (Mitra et al. 1977, 

Batchelder et al. 1989). An illustration of a typical Raman spectrum for a natural 

fiber is illustrated in Figure 19, while the Raman shift is illustrated in Figure 19. 

This data can be fitted for stress and strain as illustrated in Figure 20. This is done 

by combining the data of a tensile tester and the data on Raman peak shift.  

Figure 19 A typical Raman spectrum of 
natural fibers (Wanasekara et al. 2016)  

Figure 19 Raman band shift illustration (Bulota et 
al. 2011) 
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This fit of the Raman shift for stress and strain can be used to evaluate fiber and 

composite properties. Gradients around the elastic region of deformation are 

commonly used to describe the efficiency of the fibers in tensile deformation. 

In this study Raman spectroscopy will be used to study the mechanical properties 

of Ioncell-F in an epoxy resin matrix as well as the mechanical properties of 

Ioncell-F fibers. Fibers containing lignin are not studied in this thesis, because the 

lignin containing specimens are subject to Raman fluorescence. This Raman 

fluorescence may overlap with the Raman spectra as described by Lähdetie 

(2013). This Laser Induced Fluorescence (LIF) and the resulting signal may cover 

the Raman spectra signal entirely, thus affecting the results. (Lähdetie, 2013) 

2.7 Summary 

In recent published studies, Ioncell-F a novel regenerated cellulose fiber has 

shown promise in being a high performance regenerated cellulose fiber. The 

Ioncell process that produces the Ioncell fiber is a derivative of the lyocell process, 

designed to be more environmentally friendly and flexible. The newer Ioncell 

process may have potential energy efficiency benefits in comparison to the lyocell 

process; however, some challenges remain concerning the commercialization of 

the process, including the not yet finalized recycling process of the ionic liquid 

solvent [DBNH][OAc]. 

Figure 20 Raman shift of Tempo oxidized fibrillated cellulose (TOFC) composites and film plotted for 
stress and strain by Bulota et al. (2011) 
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In addition to the lack of solvent recycling process, a major drawback is the high 

price of the solvent [DBNH][OAc]. However, these challenges existed during the 

early stages of the former lyocell production with regards to its solvent [NMMO], 

which was solved by the subsequent drop in the price of the solvent following the 

start of the industrial Lyocell process. 

Some of these intrinsic disadvantages of the Ioncell process can be remedied 

through savings provided by the Ioncell process, such as lower processing 

temperatures and the need for fewer stabilizers than the lyocell process. Because 

of the lower process temperature, the process requires less heat, which in turn 

leads to lower heating costs through lower energy consumption, for example. 

Furthermore, the ability of Ioncell-P to utilize recycled cellulose as a raw material 

for Ioncell-F production can yield additional savings. This ability to efficiently 

utilize recycled raw materials does not only lower process costs but is also 

environmentally friendly. 

Whether the Ioncell production can be successfully elevated to an industrial scale, 

challenging its predecessor, lyocell, remains to be seen. Nevertheless, it shows 

great promise in meeting higher environmental requirements as a large-scale 

industrial regenerated cellulose process in comparison to other regenerated 

cellulose processes. When the process is successfully scaled up to industrial size, 

it may provide high strength fibers for composite reinforcement applications as 

well as textile applications. 
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3 Materials and Methods 

This chapter presents the process of sample preparation and describes the 

measurements for the laboratory work carried out for this thesis. The Ioncell team 

of the Aalto University Forest Products Department supplied the Ioncell fibers for 

this thesis. 

3.1 Sample Preparation 

In this thesis Ioncell-F with draw ratios (dr) 1, 3, 5 and 15 were studied. Of these 

fibers the draw ratio 5 contained 10% lignin additive. Composites were prepared 

with all of these Ioncell fibers however; the lignin containing fiber and glass fiber 

were not suitable for Raman spectroscopy due to their optical properties. The 

samples were conditioned in a room with a standard class 1 atmosphere of 

temperature of 23 ± 1 °C and relative humidity (RH) of 50 ± 5 %.  

The samples were conditioned for a minimum of 48 hours before testing. The 

tensile testing was done also under a standard atmosphere, however, the Raman 

spectroscopy was conducted in a laboratory without such standard conditions 

available. To prevent any adverse effects of the non-standard atmosphere, only 

a few samples put in airtight containers were taken to be measured. 

3.1.1 Ioncell-F Single Fiber Raman Samples  

Single fiber samples were made by separating a single strand of fiber after 

carefully brushing open the fiber bundle structure. These fibers were glued on to 

a board cutout (Figure 21) base in such a way that they would be straight but not 

under any pre-strain. This was achieved by taping the other end of the fiber to the 

cutout and the other end to another board cutout, so that the fiber was straight. 

Thus, helping to secure the fiber in the middle of the cutout as straight as possible 

for the addition of cyanoacrylate resin or super glue. The resin droplets were 

smoothed out so they would not bulge and prohibit a proper clamping of the 

samples. Avoiding excessive amount of prestraining was important for getting a 
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Raman shift that represented the right strain values of the fiber. Since all fibers 

were straightened in this manner they all had the same relative pre-strain induced 

by the cutout weighing them down when being attached to their cutouts. All 

visually inspected samples that had a skewed, bent or a loose fiber were 

discarded. 

Types of fibers used in this thesis for single fiber Raman spectroscopy were: 

 Ioncell-F dr1 

 Ioncell-F dr3  

 Ioncell-F dr14 

Before measurements, the extra cardboard was cut around the hole, in order to 

fit the sample in the Deben micro tensile testing rig, as described in subsection 

3.2.2 Micro Tensile Testing. The hole on the cardboard cutout representing the 

fiber span, was 10mm in diameter. 

Figure 21 Single fibers samples for Raman spectroscopy 
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3.1.2 Composite Sample Preparation 

The composite samples were prepared by laying the fibers to a mold built from 

glass. The glass mold consisted of two large glass plates and smaller glass pieces 

that were cut from microscope glass slides using a glass cutting tool. The smaller 

glass pieces with a thickness of 1.5 mm and were cut to 75 mm x 5 mm shape. 

The size of these glass pieces determined the size of the composite mold area, 

since they were lain side by side and then glued to the opposite glass plates to 

form two inter-locking mold pieces as illustrated in Figure 22. 

By arranging the glass slides side-by-side a total of 5 and up-to 7 composite 

samples were cast with each molding batch. The mold volume for the composite 

was determined to be 75 mm x 5 mm x 0.3 mm; the thickness was controlled by 

using small 0.15 mm thick microscope glass slide covers as spacers. The glass 

pieces were coated with a release agent in Figure 24 (Chemlease ® 75 EZ by 

ChemTrend). The release agent ensured good mold separation and clean sample 

extraction from the mold. Without a thorough coating, many of the samples would 

be difficult to separate from the mold. 
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Resin and epoxy were mixed and degassed under a vacuum with a magnetic 

stirrer. The equipment is shown Figure 23. This step in the composite preparation 

process was devised to minimize the amount of bubbles on the composite 

surface. The bubbles, as well as other defects, on the composite surface or 

structure might have had an effect both on the tensile test results as well as on 

the Raman spectroscopy results. By degassing the epoxy resin, a visually smooth 

Figure 23 The vacuum stirring equipment for the 
epoxy-resin including a liquid nitrogen trap for fumes 
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and bubble-free composite surface was achieved. The resin to hardener ratio was 

100:38 by weight. 

As Figure 25 demonstrates, the fibers tend to move with the epoxy resin inside 

the mold area and occasionally end up outside of the mold area when the mold 

was closed and pressure was applied. This could affect the real volume fractions 

of the finished composites thus affecting the variation of the tensile strength 

properties. By visual assessment ones with clearly deviating fiber distributions 

were rejected.  

The fibers were laid lengthwise in the mold trenches and carefully attached at the 

ends to the glass plate with scotch tape, to avoid prestraining of the fibers. Next, 

the mixed and degassed epoxy resin was poured on to the fibers in the mold. 

After both the fibers and epoxy resin had been introduced the mold was closed 

and braced with spacers. Then the mold assembly was subjected to pressure by 

loading steel plates, weighing approximately 15 kg on top of the mold assembly 

as illustrated in Figure 25. The composites were allowed to cure overnight under 

pressure. The next day the composite samples were extracted from the mold and 

Figure 25 Glass mold curing under pressure from steel plates (left) overnight cured composite samples 
before extraction (right) 
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put into a 120 °C oven on an aluminum container for four hours, as illustrated in 

Figure 26. The 120°C temperature finalized the curing of the resin. 

A laser cutter was used to cut the samples to a “dog bone” shape demonstrated 

in Figure 28. The laser cutting facilities and machinery were provided by ADD lab 

in Otaniemi, Espoo. The sample shape was based on the EN ISO 527-3:1995 

standard illustrated in Figure 27. However, the dimensions of the test piece were 

reduced to accommodate the small composite size that could be prepared.  

 

In this thesis, the sample gauge length was 10 mm, b1 = 1,5 mm and b2 = 2,5 

mm. Thickness of the specimens were approximately 0.3mm. The composite 
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samples were conditioned in a room with a temperature of 23 ± 1 °C and RH of 

50 ± 5 % for minimum of 48 hours before testing. 

The laser cutter was able to cut the composite and epoxy samples rather cleanly 

without fracturing the material, as was the case with razor blades. The clean cuts 

were paramount in ensuring a proper comparability across different specimens 

and samples. However, the laser cutter was not designed to cut anything as small 

as these samples. Thus, a little deviation in the actual dimensions of the samples 

were detected as demonstrated in Figure 28 as well as bad cuts resulting in lost 

samples. The percentage of samples lost was still much lower with the laser 

cutter, approximately 5 out of 6 cuts were good, and the technical quality of the 

samples was also superior. 

The General Rule of mixtures (Alger, 1989) was used to estimate the composite 

properties in the results and discussion chapter. 

𝐸𝐶 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚(1 − 𝑉𝑓)          (2) 

Ec being the composite property, Ef and Em representing the fiber and matrix 

Young’s modulus and Vf the volume fraction of the fiber reinforcement. 

Figure 28 Laser cut dog-bone-shaped Ioncell-F composite samples 
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Another set of composite samples was prepared for the composite Raman 

spectroscopy. These samples had to be even smaller, to fit the smaller tensile 

tester. Selected leftover pieces from the laser cutting were saved and used to cut 

smaller and roughly 20 mm long and 1mm wide rectangular strips. The composite 

strips were cut utilizing different tools, such as razors and paper cutters. Because 

of the tiny sample target width many cuts were unsuccessful and led to surface 

cracking of the samples. Many of the cut specimens were discarded after a visual 

inspection. One of the most successful tool was small a paper slicer normally 

used for cutting paper samples in a paper laboratory. The thicknesses of the 

samples were measured by a digital L&W micrometer, illustrated in Figure 29. 

These strips were then glued to cardboard cutouts, similar to the single fiber 

Raman specimens, as illustrated in Figure 30. 

Figure 29 Composite strips cut from laser cutting left over pieces (left) and thickness measuring equipment 
(righ) 
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The composite Raman samples were prepared only in draw ratio 1 and 14 in both 

20 V% and 60V%. 

3.1.3 Ioncell-F Composite Samples 

The Ioncell-F composite samples were made in three volume fractions per fiber 

type listed in Table 5. All samples were tested for their mechanical properties with 

a tensile tester. 

Fiber type Draw Ratio Fiber V%

Ioncell-F 1 20

Ioncell-F 1 40

Ioncell-F 1 60

Ioncell-F 3 20

Ioncell-F 3 40

Ioncell-F 3 60

Ioncell-F 14 20

Ioncell-F 14 40

Ioncell-F 14 60

Ioncell-F + 10% Lignin 5 20

Ioncell-F + 10% Lignin 5 40

Ioncell-F + 10% Lignin 5 60

Table 5 List of Ioncell-F composite samples 

Figure 30 Example of Ioncell-F Dr1 60V% composite Raman specimens 
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The fiber mold volume is 0.113 cm3. Thus, by utilizing assumed densities of both 

the fiber and the cured resin, ρ(fiber) = 1.5 g/cm3, ρ(resin) = 1.15 g/cm3. The 

assumed densities and fiber weights were provided by my instructor M. Bulota. 

The fiber weight per mold area can be calculated. The weight of fibers added to 

each mold volume of 75 x 5 x 0.3 mm is listed in Table 6. 

Of these samples, draw ratios dr1 and dr14 with volume fractions 20 V% and 60 

V% were studied by Raman spectroscopy. These draw ratios and volume 

fractions were selected because they represent the opposite ends of the scale in 

this thesis. Thus, increasing the likelihood of statistically significant results. 

3.1.4 Glass Fiber Composite Samples 

Glass fiber composite samples were made in the same way as the Ioncell-F 

composite samples. The glass fiber composites were also made in the same 

volume fractions as the Ioncell composites; in volume fractions of 20 V%, 40 V% 

and 60 V%. In addition to these there were also some other volume fractions 

made before setting these three to the one’s to be studied. These extra samples 

were also studied with the main set of samples to gather more data. The list of 

glass fiber samples is located below in Table 7. 

Fiber V% Weight fiber (g)

20 V% 0.033

30 V% 0.050

40 V% 0.070

50 V% 0.080

60 V% 0.100

70 V% 0.115

Table 6 Fiber weight per composite mold slot 

Fiber type Fiber V%

Fiber Glass 20

Fiber Glass 40

Fiber Glass 60

Table 7 List of glass fiber Samples 
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The glass fiber samples act as a reference for the measurements. Not only is 

glass fiber composites a suitable measuring stick, but they also serve in similar 

applications as the Ioncell-F composites might one day serve. Ioncell could be 

possible substitute product for glass fiber in the future, which makes this 

comparison valid. 

  

Fiber V% Weight fiber (g)

20 V% 0.055

30 V% 0.080

40 V% 0.110

50 V% 0.138

60 V% 0.165

70 V% 0.190

Table 8 Glass fiber weight per composite mold slot 
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3.2 Measurements and Measurement Equipment 

3.2.1 Tensile Testing 

Deben tensile tester measures the tensile force and elongation of the sample by 

measuring the distance travelled by the crosshead. The Deben 2kN tensile tester, 

shown in Figure 31, had a 200N load cell suited for the tensile testing of the 

composite samples. This equipment used of two clamps to test the tensile 

properties of all the Ioncell-F composite samples as well as the glass fiber 

composite samples. 

For the result of each test the equipment would present a data sheet with a 

recording of the elongation and force during the test, which was used to calculate 

stress, strain and Young’s modulus of the samples. The tensile testing conducted 

in a controlled climate laboratory room.  

The strain was calculated based on the crosshead movement, as a suitable 

extensometer was unavailable. The tiny size of the sample would pose challenges 

for such arrangements with the schedule of the thesis. Other methods for 

Figure 31 The Deben 2kN micro tensile tester 
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measuring strain were also dismissed for similar reasons. For it was decided, that 

the relatively low strength of the specimens would affect the crosshead relatively 

little. Thus, resulting in a small error in the measurements. Extensometer would 

have been preferred. However, the manufacturing of the composite samples took 

4 months of the schedule leaving a relatively strict timetable for the laboratory 

experiments.  

3.2.2 Micro Tensile Testing 

The other tensile tester used in this thesis was a 200N max model of a Deben 

micro tensile tester shown in Figure 31. This model was even smaller and more 

accurate than its bigger counterpart. Due to its size and accuracy, it was used to 

test both the fibers and the composites under the Raman spectroscopy / 

microscope assembly. The micro tensile tester was used for both single fiber 

samples and composite samples to measure the Raman shift of the samples. The 

load cells used for measuring the tensile properties for the fibers and composites 

were 20Nmax and 200Nmax respectively.  
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As with its bigger counterpart, the strain was calculated from the crosshead 

movement possibly leading to some error in the results. However, the relatively 

very tiny tensile strength of the fibers should not affect the crosshead movement 

measurement. For the composite samples the effect might be more profound, but 

calculating the strain from the crosshead was the best available option. 

The precision of the device allowed the steps to be small and accurate for the 

acquisition of the Raman spectra. Having a means to get an accurate 

measurement and control over each step allows the results to be fitted to curves 

with a high rate of success. Next section will describe the Raman spectroscope 

assembly that was used in conjunction the tensile tester. 

3.2.3 Raman Spectroscope 

The Raman spectroscopy equipment consists of a laser, detector and the micro 

tensile tester discussed in the literary review portion of this thesis. The equipment 

was fitted confocal microscope with a Nikon 20x objective lined up with the 

sample in the tensile tester as demonstrated in Figure 32. Laser wavelength was 

calibrated with a Silicon disc to show a peak at 521 cm-1. This would ensure the 

cellulose peak to be at 1095cm-1 as intended. The atmosphere in the Raman 

spectroscopy room was not controlled, unlike the tensile test laboratory. However, 

measures to avoid contamination before the measurements were taken as 

mentioned in previously. 

3.2.4 Raman Analysis 

The Raman peak at 1095cm-1, the cellulose peak, was observed for all Raman 

tested samples. A series of Raman spectra were taken specific intervals of strain. 

The stress/strain data was recorded simultaneously via the tensile testing 

equipment continuously throughout the Raman spectroscopy. The Raman 

spectra were taken with ascending strain values. The strain intervals are listed in 

Table 9. 
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The Raman Spectroscopy data was fitted through a Matlab code utilizing 

Lorenzian equation to evaluate the position of the maximum of the cellulose peak. 

The Stress-Strain-Data was analyzed with the data on the Raman peaks, thus 

getting a curve fitted for Raman Shift in respect to strain and stress. The tensile 

testing equipment in Figure 33 was controlled independently from the Raman 

spectrograph.  

  

Elongation (mm) Steps

0.0 - 0.5 0.015 mm

0.5 - 0.7 0.030 mm

0.7 - 1.0 0.050 mm 

>1.00 0.100 mm

Table 9 Raman spectrum measurement steps for elongation of the sample 

Figure 33 The Raman spectroscopy and micro tensile testing equipment 
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4 Results and Discussion 

This chapter proceeds to present and analyze the results of the laboratory 

experiments. As discussed in Chapter 2, the aim of this study was to evaluate 

and report the feasibility of Ioncell-F fibers to be used as a composite 

reinforcement. This is achieved by evaluating both the mechanical properties of 

the fiber and the mechanical properties of the composite through tensile testing 

and Raman spectroscopy. Raman spectroscopy is applied for both single fibers 

and fiber reinforced composites. 

4.1 Composite Tensile Testing  

The tensile testing was carried out with a Deben 2kN micro tensile tester. In order 

to maximize the accuracy of the stress-strain data, the 200N load cell was 

selected. The tensile testing equipment was located in a laboratory with a 

controlled environment similar to the one in the conditioning room.  

A stress-strain curve was obtained from each measurement. Typical Stress-strain 

curves are illustrated in Figure 34. This figure illustrates the 10 epoxy resin tensile 

tests that were conducted. It shows that the elastic deformation at the beginning 

of the curve is fairly uniform. Only sample 3 (S3) shows some deviation from the 

Figure 34 Epoxy-resin stress-strain curves 
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other samples, this may be due to an error. Thus sample 3 results were discarded 

when determining the epoxy resin Young’s modulus. The Young’s modulus was 

determined from the slopes of linear fits under 0.01% strain of the valid samples. 

The Young’s modulus for epoxy resin measured (2.14 GPa ± 0.14) close to the 

one reported in both literature (Seppälä, 2005) and by the epoxy resin 

manufacturer Huntsman. The standard deviation of the pure epoxy resin tensile 

tests also demonstrated a repeatability of results with homogenous samples. This 

verified the success of the sample preparation method and the use of laser 

cutting. Thus, this manufacturing process could provide high quality samples with 

low deviation in dimensions and mechanical properties. Thus confirming the 

tensile testing setup valid and making the low number of specimens per sample 

category, dictated by a tight schedule, possible. 

The ultimate strength was also calculated from the stress-strain data, in order to 

get a further understanding on the physical properties of the samples. The 

breaking strength was the same as the ultimate strength for all composite 

samples, because the material was brittle enough to break at the highest load. 

No plastic deformation, such as yielding or strain hardening, was detected. For 
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some measurements, as illustrated in Figure 35, the stress-strain curve did not 

represent the observed brittleness of the material. However, the bumps in the 

stress-strain curve were most likely due to the clamp holding the sample in place 

slipping. This observed clamp area slippage was most prevelant in high strength 

samples such as glass fiber composite. One of the stress-strain curves that 

exhibited this kind of clamp friction loss is shown in Figure 35. Thus, these results 

were discarded from the dataset.The results for Young’s modulus and for ultimate 

strength for composites are listed below in Table 10 and Table 12 respectively. 

Table 11 contains the strain at break for all the composite samples.  

Table 11 Strain at break of the composite samples 

Table 12 Ultimate strength of the composite samples 

Representative stress strain curves for the sample sets are located in Figure 36 

and in Appendix 4.  

Table 10 Young's modulus of the composite samples 

 Youngs modulus (GPa) Fiber Volume Fraction (%)

Sample name 0% +/- 20 V% +/- 40 V% +/- 60 V% +/-

IF Dr1 - - 3.32 0.30 3.23 0.55 4.55 0.50

IF Dr3 - - 3.00 0.45 4.28 0.52 5.99 0.72

IF Dr14 - - 2.90  0.27 5.02 0.62 6.40 0.94

IF + Lignin Dr5 - - 3.22  0.42 4.25 0.63 4.85 0.70

Epoxy 2.14 - - - - - - -

Glass fiber - - 5.68 0.77 8.14 0.87 13.25 3.38

STRAIN (%) Fiber Volume Fraction (%)

Sample name 0% +/- 20 V% +/- 40 V% +/- 60 V% +/-

IF Dr1 - - 3.0% 1.1% 4.6% 1.0% 5.0% 1.3%

IF Dr3 - - 6.2% 1.7% 4.3% 1.4% 5.4% 1.0%

IF Dr14 - - 4.2% 1.0% 4.2% 1.4% 4.6% 2.5%

IF + Lignin Dr5 - - 4.1% 1.6% 6.2% 0.5% 4.8% 1.4%

Epoxy 4.8% 0.7% - - - - - -

Glass fiber - - - - - - - -

Ultimate strength (Mpa) Fiber Volume Fraction (%)

Sample name 0% +/- 20 V% +/- 40 V% +/- 60 V% +/-

IF Dr1 - - 48.6 19.8 48.9 10.9 73.1 12.3

IF Dr3 - - 77.9 16.1 68.9 21.8 108.2 22.9

IF Dr14 - - 38.6 17.9 73.3 20.6 78.8 21.9

IF + Lignin Dr5 - - 71.9 17.0 79.0 12.8 78.3 16.9

Epoxy 50.0 6.7 - - - - - -

Glass fiber - - 5.7 0.8 8.1 0.9 13.3 3.4
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According to literature, the fiber volume fraction in determines most of the 

composite properties. (Matthews & Rawlings, 1994) It is known that the fiber 

volume fraction has a linear correlation with the composite strength properties. 

This holds up to volume fractions under 80 V-%. Matthews & Rawlings state that 

over 70 V% fiber volume fractions fiber contact may lead to fiber damage. Thus, 

the composite samples were manufactured with fibers in volume fractions of 20 

V%, 40 V% and 60 V%. The results confirm that Ioncell-F does exhibit this 

behavior. Thus, even the basic Rule of Mixtures applies well with the composites 

prepared for this thesis. This may be due to resin being mixed in a vacuum. Thus, 

diminishing the possibility of composite matrix defects like pores or air bubbles in 

the matrix. Air bubbles or pores lead to diminished mechanical properties of a 

composite material (Sarkar, 1998). This is due to their effect in lowering volume 

fractions of both the matrix and the reinforcement material. 

Figure 36 Representative stress-strain curves for composites 
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Figure 37 confirms the effect of draw ratio and increasing volume fraction on 

Young’s modulus of the composite. As Figure 37 demonstrates, the Ioncell-F acts 

like other fiber reinforcement fibers as the specific properties of the composites 

are enhanced by increasing fiber content. The differences between the 20 V% 

and 40 V% are miniscule. However, Ioncell fibers act as reinforcement as 

demonstrated by the clear improvement of the mechanical properties compared 

to pure epoxy samples as illustrated in Figure 36. This indicates that the Ioncell 

fiber has been connected to the matrix via a proper stress transferring interphase. 

Based on tensile testing of the composites, the Ioncell-F dr14 fibers are the most 

suitable as fiber reinforcement of all the Ioncell-F tested. It seems that the 

increasing amount of interphase area provides the draw ratio 14 fibers a clear 

advantage over the other Ioncell-F fibers studied in this thesis. Young’s modulus 

of the I Ioncell-F dr14 (6.4 ± 0.94 GPa) is high even when compared to other 

similar regenerated cellulose reinforced composites listed Error! Reference 

ource not found.. 

It is also to be noted that the Ioncell-F dr5 with 10% lignin added had a lower 

Young’s modulus than the Ioncell-F dr3 reinforced composites. As Table 10 

demonstrates modulus IF dr5 10% Lignin 60 V% (4.85 ± 0.70 GPa) is significantly 

Figure 37 Young's modulus comparison for composites 
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lower than Ioncell-F dr3 60V% (5.99 ± 0.72 GPa). It seems that the despite having 

a higher draw ratio the lignin is affecting the mechanical properties of the 

composite. This could mean that the lignin additive actually inhibits the stress 

transfer in some way, rather than improving it. Suggesting, weaker interphase 

interactions. 

Table 14 lists the calculated modulus for Ioncell-F reinforced epoxy matrix 

composites. It is to be noted that the values for the composite Young’s modulus 

seem to be significantly lower than the values estimated by the Rule of Mixtures 

(ROM). The estimates were based on the values for the epoxy resin and for the 

Ioncell-F fiber tensile modulus values reported by Sixta et al. (2015) and Bulota 

et al. (2016). The estimated values were based on the basic rule of mixtures 

(equation 2). 

Fiber Matrix Youngs modulus Breaking Strain Tensile Strength Density Reference

Material Gpa Strain % Mpa (g/cm3)

Viscose 40wt% Polypropylene 3.7 - 69 - Johnson et al 2008.

Lyocell  25wt% Polypropylene 3.6 - 66 - Johnson et al 2008.

Lyocell ca. 50 V% Epoxy 6.5 ± 0.6 1.2 ± 0.2 64 ± 7 1.25 Grindl et al. 2012.

Lyocell (ACC) ca. 50 V% Cellulose 7.2 ± 1.1 0.8 ± 0.2 78 ± 4 0.95 Grindl et al. 2012.

Flax-Epoxy ca. 50 V% Epoxy 8.6 ± 0.8 1.4 ± 0.1 79 ± 5 1.15 Grindl et al. 2012.

MFC / PLA Composite Polylacticacid 55.8 ± 1.4 5.1 ± 0.9 3.2 ± 0.2 - Tanpichai et al. 2012

IF composites Dr1 20 - 60 V% Epoxy 3.32 - 4.55 3 - 5 48.6 - 80 1.22 - 1.36 This thesis

IF composites Dr3 20 - 60 V% Epoxy 3 - 5.99 5.4 - 6.2 78 - 108 1.22 - 1.36 This thesis

IF composites Dr14 20 - 60 V% Epoxy 2.90 - 6.40 4.2 - 4.6 38.6 - 78 1.22 - 1.36 This thesis

IF Dr5 + Lignin 20-60 V% Epoxy 3.22 - 4.85 4.1 - 4.9 71.9 - 78.3 1.22 - 1.36 This thesis

MFC /PLA (MFC load 15%) Polylacticacid 3.5 ± 0.1 12.4 ± 2.4 64.9  ± 3.5 - Bulota et al. 2011

Table 13 Mechanical properties of natural fiber reinforced composites 
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Table 14 Estimated Young's modulus for epoxy resin matrix composite materials based on the basic rule of 
mixtures. Ioncell-F fiber properties from (Sixta et al. 2015 and Bulota et al. 2016) 

These estimates are shown in Figure 38 along with the measured values from 

Figure 37. The values for Young’s modulus measured are significantly lower when 

compared to the calculated ROM estimates. The difference in Young’s modulus 

of the estimates based on the fiber properties from Bulota et al. (2016) is relatively 

close to those measured from the composites manufactured for this thesis. 

However, the difference in values seems to increase by increasing volume 

fraction. It is to be noted that the basic rule of mixtures is based on many 

Figure 38 Young’s modulus of the Ioncell-F composites comparison to ROM estimates (Table 14). The 
estimates are displayed in dotted lines. 

Composite E (fiber) E (Epoxy-Resin) Volume Fraction E (Composite) Ref. Fiber Tensile Modulus

Ioncell epoxy 35.0 2.16 20 8.7 Sixta et al. 2015

Ioncell epoxy 35.0 2.16 40 15.3 Sixta et al. 2015

Ioncell epoxy 35.0 2.16 60 21.9 Sixta et al. 2015

Ioncell-F Dr1.5 13.6 2.16 20 4.4 Bulota et al. 2016

Ioncell-F Dr1.5 13.6 2.16 40 6.7 Bulota et al. 2016

Ioncell-F Dr1.5 13.6 2.16 60 9.0 Bulota et al. 2016

Ioncell-F Dr8.3 19.1 2.16 20 5.5 Bulota et al. 2016

Ioncell-F Dr8.3 19.1 2.16 40 8.9 Bulota et al. 2016

Ioncell-F Dr8.3 19.1 2.16 60 12.3 Bulota et al. 2016

Ioncell-F Dr15 23.0 2.16 20 6.3 Bulota et al. 2016

Ioncell-F Dr15 23.0 2.16 40 10.5 Bulota et al. 2016

Ioncell-F Dr15 23.0 2.16 60 14.7 Bulota et al. 2016
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assumptions that lead in to higher values than what can usually be expected in 

practice. These assumptions include perfect bonding, void free structure and 

loads parallel to the fibers. Although a vacuum pump was used to minimize voids 

in the composite structure other imperfections of the manufacturing were 

observed including fiber dislocation in higher volume fractions, as discussed 

earlier in section 3.1.2. This may explain the lesser increase in Young’s modulus 

on volume fraction when compared to the linear correlation of the estimates. The 

difference is roughly two-fold. The estimates based on the fiber modulus of 

35GPa are another magnitude higher, roughly three-fold. The former being closer 

representative of the fibers used in this thesis therefore better suitable as 

comparison values. 

Another reason for lower values in higher volume fractions might be the lack of a 

precision measurement of the strain. Since no extensometer was used and the 

strain was calculated based on the crosshead movement. This is known to affect 

results namely on high strength specimens. The Deben tensile testing rig was 

relatively small and although made from seemingly strong materials it could have 

been susceptible for cross head deflection during the tensile testing of the higher 

loads of the 60V% samples. This is probably most apparent for the glass fiber 

samples that exhibit significantly lower values as well as tended to slip from the 

clamps during testing, especially at higher loads. 

Due to a good interaction with the epoxy matrix and the good mechanical 

properties, Ioncell-F has shown to work as a composite reinforcement. However, 

the mechanical properties of glass fiber reinforced composites are still superior. 

Although, the IF dr14 exhibited some descent values for Young’s modulus it falls 

short of the modulus of 40 V% glass fiber reinforced composite (8.14 ± 0.87 GPa). 

The modulus of the 60 V% glass fiber composite (13.25 ± 3.4 GPa) being 

approximately two-fold the highest modulus of the best Ioncell-F composite. While 

applying the ROM the glass fiber composite should have the Young’s modulus 

between 16 GPa and 44 GPa for volume fractions 20 V% and 60 V% respectively. 
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Thus, suggesting that the tensile testing setup measured values approximately 

up to 3-fold lower than the expected values.  

The reason for this might be the same as discussed earlier, the fibers were not 

uniformly aligned in the composite. However, due to the high percentage of 

slipped glass fiber specimens during testing with relatively high loads it can be 

assumed that not having accurate data for the strain might have a more profound 

effect. The relatively high error may be a combination of both the lack of 

extensometer and of homogeneity of the composites prepared. 

This may suggest, that if manufactured properly in a flawless manner the 

mechanical properties of the Ioncell-epoxy composite could be close to those of 

the estimated values. If so, it would further emphasize the Ioncell-F as a high 

strength natural composite reinforcement. However, the Ioncell-F composite 

modulus measured in this thesis around 6,40 GPa for 60V% dr14 IF is relatively 

close to the values reported by Grindl-Almutter et al. (2012) in Table 15 and Figure 

Figure 39 An illustration of stress-strain curves (Grindl-Altmutter et al. 2012) 

Table 15 Mechanical properties of Lyocell and Flax composites by Grindl-Altmutter et al. (2012) 
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39 for Lyocell reinforced epoxy composites (6.4 GPa for 50 V%). This would 

suggest that the tensile test results from this thesis are close to the practical 

values that Ioncell-F composite can reach when mixed with an epoxy resin. Thus, 

suggesting that there may also exist some boning issues for the epoxy resin 

matrix to the smooth contours of the Ioncell and Lyocell fiber profiles illustrated in 

Figure 10. Unless, the measurement in this thesis are lower than the real values, 

which in turn would suggest that Ioncell-F is superior, however, the Ioncell and 

Lyocell fibers should be very similar in their chemical makeup being highly 

regenerated cellulose fibers from a well purified cellulose material. 

These results would suggest Ioncell-F to be a suitable fiber reinforcement for 

composites at higher volume fractions. The 20 V% samples acted mostly like the 

epoxy resin, having only a little increase of 40 V% for Young’s modulus regardless 

of the fiber draw ratio. Although, not being able to substitute a glass fiber entirely 

based on mechanical properties, Ioncell-F can be considered a good low weight 

alternative or an additive strengthening fiber for composite applications. 

Additional work could be done to verify these results as well as to gain a deeper 

understanding on the reinforcing mechanisms of the fiber. 
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4.2 Fiber Raman Spectroscopy 

The Raman peak was determined by a Matlab code, that utilized a Lorezian-

Gaussian equation to find the approximate value for the Raman peak. This data 

was cross analyzed with the stress-strain data measured simultaneously while 

the Raman spectra was recorded. The Raman band shift was plotted for strain 

(%) and Stress (GPa) as illustrated in Figure 40. 

The Ioncell-F fibers exhibit similar Raman shifting as most of the natural fibers 

reported in relevant literature. The high modulus IF dr14 fibers have the steepest 

slope for strain when compared with other draw ratios as demonstrated by Figure 

40 demonstrates. This correlation with Raman shift efficiency and high Young’s 

modulus is similar to the results reported by Eichhorn et al. (2001) for many types 

of cellulosic fiber types, despite the differences in fiber composition. The Ioncell-

F Raman band shift sensitivity to stress seems to follow a mainly uniform linear 

shift rate in accordance to this fact. The Raman shift sensitivity to stress is 

reported slightly higher in this thesis. However, this may be due to error due to 

low number of measurements per each sample type. 

To evaluate the samples, the Raman band shift efficiency was analyzed. The 

efficiency is commonly evaluated by comparing the gradient of the second order 

polynomial fit in the case of Raman shift for strain. The gradient for strain was 

Figure 40 Raman band shift for single fiber samples 
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calculated for 0.03% strain. The slope of the linear fit was used to determine the 

Raman band shift correlation with stress. The region with only elastic behavior, 

under 1% strain, was used to incorporate the linear fit. The resulting gradients 

and slopes for single fiber samples based on the Raman shift for strain and stress 

are listed in Table 16. 

Table 16 Single Fiber Raman Gradients for Shift and Stress 

The results show that the single fiber Raman shift is of the same proportion as 

reported by Wanasekara et al. (2016). The reported gradient for dr1 for strain (-

0.394 cm-1/%) is a bit higher than the one reported by Wanasekara et al. However, 

this may be due to normal error, because of the small number of specimens for 

each fiber sample in this thesis. This may also be the case with dr14 (-0.87 cm-

1/%) falling a little short of the dr15 (-1.33 cm-1/%) gradient reported by 

Wanasekara et al. (2016) This is also the case for Raman band shift for stress.  

Raman Gradients Single Fiber Shift/Strain Shift/Stress Reference

cm-1/% cm-1/Gpa

IF Dr1 -0.397 -9.6 Results Chapter

IF Dr3 -0.369 -8.4 Results Chapter

If Dr14 -0.868 -6.4 Results Chapter

Bocell - -3.45 Mottershead & Eichhorn 2007

Ioncell Dr15 -1.33 - Wanasekara et al. 2016

Ioncell Dr1 -0.19 - Wanasekara et al. 2016

Wood Fibers -1.14 - Eichhorn et al. 2001

Flax -1.22 - Eichhorn et al. 2001

HEMP -1.19 ± 0.03 -3.56  ± 0.09 Eichhorn & Young 2004

Figure 41 Raman band shift of the single fiber Ioncell-F samples for strain and stress fitted with 
corresponding regression models 
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The results for Raman band shift for stress are interesting. They exhibit a 

significantly higher shift for stress than the regenerated cellulose fiber Bocell (-

3.45 cm-1/GPa) and hemp (-3.56 cm-1/GPa) reported by Mottershead & Eichhorn 

(2007) and Eichhorn & Young (2004) respectively. Bulota et al. (2016) has also 

demonstrated in his study that dry as well as hydrated Ioncell-F fibers dr1.5, 

dr8.31 and dr15 measured a gradient of -3.6 cm-1/GPa and -3.9 cm-1/GPa 

gradients for stress respectively. The Raman bands shift for stress is commonly 

thought to follow a linear correlation with a slope near to the values referenced 

above. Figure 41 shows, that the Ioncell-F fibers also follow a very similar pattern 

when compared to each other. However, the slope is steeper as previously 

discussed. It may be due to less accurate readings on the fiber thickness resulting 

in miss representation of the load as the cross-sectional fiber diameter is 

calculated incorrectly. However, all the different draw ratios had differences in 

thickness but still end up having similar gradients, suggesting that it might not be 

due to error unless the measurements through the microscope all resulted in 

similar miss representing values. 

4.3 Composite Raman Spectroscopy 

The Raman Shift was analyzed with a similar method to the single fiber samples. 

The Raman Shift was plotted for Stress and Strain for each sample respectively. 

A Raman Shift was detected for all samples subjected to the Raman 

Spectroscopy. The results are displayed in Figure 42. All individual results for 

composite Raman shift against both stress and strain are in Appendix 3. 

The results confirm the relation with high Young’s modulus and the steep slope 

with the composite samples as well. The Raman band shift sensitivity does not 
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exhibit as linear behavior as it does with the single fiber Ioncell-F samples. The 

composite materials have more variance in the shift for stress results, having the 

two groups of draw ratios stand out as two discrete groups. This suggests, the 

draw ratio being a significantly more important factor for the mechanical 

properties of the composite.  

As with the fiber samples the Raman shift for strain (Figure 42) data was fitted 

with a second order polynomial fit. The gradient of this polynomial regression fit 

at 0,3% strain would be used as an indicator of the efficiency of the stress strain 

transfer. The gradient of the was determined at 0.03% strain. The Raman shift for 

stress data was fitted with a linear fit at the elastic region of the stress-strain curve 

(<0.1%). The Raman band shift sensitivities or gradients for the composite 

samples tested in this thesis are listed in Table 17 along with other composites 

and their gradients found in the literature. 

Table 17 Composite sample Raman shift sensitivity for shift and stress 

 

As Table 17 shows the Ioncell-F composite Raman band shift gradients are higher 

Figure 42 Raman band shifts for composites 



 

58 
 

for both stress and for strain than the corresponding values of the MFC/PLA 

composite. This would suggest a greater stress transfer and reinforcement in the 

Ioncell-F composites. The gradients for Ioncell dr14 for both volume fractions are 

significantly higher than the gradients for Ioncell dr1 reinforced composites. This 

suggest that the stress transfer to the fiber is more efficient in both higher volume 

fractions as well as in high draw ratio Ioncell-F fibers. This is in accordance with 

the results reported in 4.1 Composite Tensile Testing. 
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4.5 Conclusions and Further Research 

The results of this thesis demonstrate that Ioncell-F has great potential to be 

utilized in composite applications. It was demonstrated that the Ioncell-F was a 

suitable fiber reinforcement for fiber volume fractions of 40 V% and 60 V% at 

higher draw ratios (dr 3 and 14). However, it was noticed that the draw ratio had 

little effect on the composite mechanical properties at lower fiber volume fractions 

(20 V%). Also the notable difference of dr3 and dr1 fiber properties was surprising. 

The Ioncell-F dr3 was thought to have mechanical properties closer to dr1 than 

dr14. However, it turned out that the dr3 performed better than the dr1 fiber. 

Raman spectroscopy of single Ioncell-F dr1 and dr14 also shows a difference in 

stress transferring capabilities. Figure 41 demonstrates that the Raman shift for 

strain is notably higher for Ioncell-F fibers with ascending draw ratios. As Figure 

42 demonstrates, the draw ratio also plays a major role in composite 

reinforcement. The measured shift-strain and shift-stress for Ioncell-F in 

composites are clearly determined more by draw ratio than volume fraction, as 

they are clearly separated. Ioncell-F dr1 fiber reinforced composites having lower 

values for Raman shift for both strain and stress in both 20 V % and 60 V% volume 

fractions. 

The comparison to similar composites such as the lyocell-epoxy composite 

(Grindl-Almutter et al. 2012) also suggest that the Ioncell-F being similar to lyocell 

as a composite reinforcement. Due to Ioncell process being derived from lyocell 

process it is hardly surprising. However, it would suggest that if Ioncell-F 

production can be scaled up it could be utilized in similar applications as lyocell.  

For the Ioncell-F to be more effective as a composite reinforcement, improvement 

to the fiber matrix interactions should be studied.  With improvements to the fiber 

matrix interphase the mechanical properties of the composite could be improved 

to better compete with glass fiber composites. To achieve this, further knowledge 

on the micromechanics of the Ioncell-F composites is needed. 
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In order to further understand the mechanisms involved, it would be necessary to 

conduct additional testing. A more comprehensive study similar to this thesis with 

a higher sample count in both mechanical testing as well as Raman 

Spectroscopy. This would enable more accurate results. Thus, allowing further 

examination of the material. Further studies in composite micromechanics, such 

as determining the intephacial shear stress of, could be useful.  

Additionally, it is important to determine the effect of chemical modifications and 

additives on composite reinforcement efficiency, as this would enable suitable 

additives to be determined for enhancing the mechanical properties of the 

composite, and the moisture resistance, and biological resistance. It would also 

be interesting to determine the ability Ioncell-F to be adapted as a reinforcement 

in to some other common matrix materials such as polyethylene (PE), 

polypropylene (PP) or polylacticacid (PLA). 

Finding the ideal matrix material for Ioncell-F would further enable the proper 

utilization of the intrinsic advantages the fiber has to offer. Thus, taking a step 

forward in the commercialization of Ioncell-F as a viable natural and 

biodegradable composite reinforcement fiber to rival or substitute the synthetic 

glass fiber reinforcement fibers in composite manufacturing. 
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Appendix 2. 

 

 

 

  

Youngs modulus (GPa) Fiber Volume Fraction (%)

Sample name 0 % +/- 20 V% +/- 40 V% +/- 60 V% +/-

IF Dr1 - - 3.32 0.3 3.23 0.55 4.55 0.5

IF Dr3 - - 3.00 0.45 4.28 0.52 5.99 0.72

IF Dr14 - - 2.90  0.27 5.02 0.62 6.40 0.94

IF + Lignin Dr5 - - 3.22 0.42 4.25 0.63 4.85 0.7

Epoxy 2.14 - - - - - - -

Glass fiber - - 5.68 0.77 8.14 0.87 13.25 3.38

Ultimate strength (Mpa) Fiber Volume Fraction (%)

Sample name 0 % +/- 20 V% +/- 40 V% +/- 60 V% +/-

IF Dr1 - - 48.6 19.8 48.9 10.9 73.1 12.3

IF Dr3 - - 77.9 16.1 68.9 21.8 108.2 22.9

IF Dr14 - - 38.6 17.9 73.3 20.6 78.8 21.9

IF + Lignin Dr5 - - 71.9 17.0 79.0 12.8 78.3 16.9

Epoxy 50.0 6.7 - - - - - -

Glass fiber - - 5.7 0.8 8.1 0.9 13.3 3.4

STRAIN (%) Fiber Volume Fraction (%)

Sample name 0 % +/- 20 V% +/- 40 V% +/- 60 V% +/-

IF Dr1 - - 3.0% 1.1% 4.6% 1.0% 5.0% 1.3%

IF Dr3 - - 6.2% 1.7% 4.3% 1.4% 5.4% 1.0%

IF Dr14 - - 4.2% 1.0% 4.2% 1.4% 4.6% 2.5%

IF + Lignin Dr5 - - 4.1% 1.6% 6.2% 0.5% 4.8% 1.4%

Epoxy 4.8% 0.7% - - - - - -
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Appendix 3. 

Ioncell-F Composite Raman Shift 

IF Dr1 20 V% 

 

IF Dr1 60 V% 
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Appendix 4. 

  


