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ABSTRACT 

The research work focused on examining the interfacial adhesion of unsized, 

epoxy, and urethane-sized textile grade carbon fiber (TCF) reinforced in 

different classes of polyurethane (PU) thermoplastic (TPU) and thermoset 

(TSU) polyurethane (PU) through the structure-property relationship. The 

Carbon Fiber Technology Facility (CFTF) at Oak Ridge National Laboratory 

(ORNL) has produced TCF to reduce the cost of commercial-grade carbon fiber. 

The first part of the research examined the fundamental relationships between 

(a) soft segment thermoplastic polyurethane (S-TPU), (b) hard segment 

thermoplastic polyurethane (H-TPU), (c) thermoset polyurethane (TSU) and 

TCF reinforcement’s molecular behavior at the interface using the surface and 

thermal analysis (e.g., atomic force microscopy (AFM), Fourier transform 

infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), and 

dynamic mechanical analysis (DMA)). The results showed that S-TPU, H-TPU 

and TSU could produce strong interaction with urethane sizing TCF through 

nucleophilic addition reaction.  

In the second part of the research, the surface and thermal results obtained from 

material characterization were used to validate the interfacial adhesion of TCF-

TPU and TCF-TSU composites, respectively. The mechanical properties 

showed that segmented TPU is compatible with epoxy-sized TCF, whereas 

urethane-sized TCF is compatible with the TSU system. Furthermore, the joining 

of dissimilar materials is a significant step to produce cost-effective automotive 

and aircraft components. Hence, the fusion bonding study was conducted using 

epoxy-sized TCF-TPU and urethane-sized TCF-TSU composites. The lap shear 
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strength of fusion boded TCF-TSU and TCF-TPU showed 21% improvement 

compared to PA66/GF and epoxy/CF bonded composites.  

The third part of the research studied the effect of sizing thickness on 

composites' mechanical properties using the Dehomogenized approach. The 

results showed that increasing sizing thickness from 0.01 to 0.5 enhances the 

tensile strength by 1200% of TCF-TSU composites. The TCF and TSU 

properties obtained through reverse engineering mechanism further validated 

for the cross-ply laminate. The simulations results showed less than 10% 

variation in the tensile properties than experimental findings. The overall 

outcome of this work can advance state of the art in TCF polyurethane 

composites for a range of applications such as aerospace, automotive, sports, 

and industrial products.  

Keywords: Interfacial adhesion of unsized, epoxy and urethane sized TCF, 

Polyurethane system: soft and hard segment TPU and TSU, surface, thermal 

and mechanical characterization, FEA model on sizing thickness 
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 MOTIVATION 

Polymer matrix composites (PMC) are a combination of fiber and a matrix, where 

fibers are reinforced in a polymer and enhance the mechanical, thermal, and 

environmental properties [1]. PMCs comprises thermoset or thermoplastic polymer 

(resin), depending on the final applications. Various factors influence properties of 

PMCs, such as resin chemistry, fiber type, fiber sizing, fiber-matrix interface, and 

interface thickness. The inter-fiber spacing (interface thickness) typically ranges 

from 0.1 to 10 μm [micrometer] occupied by the resin, coating on the fiber surface, 

and the fiber diameter, which is approximately ten μm [micrometer] [2]. 

Microstructure at the interface can be tailored using various surface treatment 

techniques. The interface between polymer molecules and reinforcing fibers 

influences the macro mechanical properties in PMC by increasing the load transfer 

efficiency between fiber and matrix.   

In a thermoset-thermoplastic hybrid composite, bonding of the thermoplastic (TP) 

with the thermoset (TS) polymer is critical. TP/TS bonded composite materials are 

widely used in aerospace, transportation, automotive and marine applications [3]. 

Various laminate bonding approaches in polymer composites include mechanical 

fastening, adhesive bonding, solvent bonding, and fusion bonding. Among these 

techniques, fusion-bonding is a promising method. In this approach, the molten 

thermoplastic composite is adhere to the thermoset composite surface at the 

required pressure to produce a fusion bonded consolidated panel [4]. Another 

important aspect in the adhesion theory is an interface thickness between fiber 

and matrix. The interface thickness is mainly influenced by the polymer coating 
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concentration (sizing) on fiber surface. Thus, understanding the threshold of sizing 

concentration on the mechanical properties of the composite through simulation 

becomes challenging. Hence, the motivation of this work is to first study the 

interfacial interaction between textile grade carbon fiber (TCF) with thermoplastic 

polyurethane (TPU) and thermoset polyurethane (TSU) matrix through surface, 

thermal and mechanical characterization. The second part of the study is  to 

understand the bonding between thermoset-thermoplastic PU composites through 

fusion bonding technique. Third part is to design a computational model using 

experimental results of TCF-PU composites to investigate the interface thickness 

effect on the mechanical properties of TCF-PU composites.  

 BACKGROUND 

PU has a broad classification of polymers and is produced by chemical reaction of 

diisocyanate and diol. PU has been used extensively in various applications such 

as paints, liquid coatings, elastomers, insulators, elastic fibers, foams, integral 

skins, adhesives, and foams [5]. PU has superior long-term performance with low 

energy requirements for curing. It shows excellent abrasion resistance, flexibility, 

chemical resistance, hardness range, gloss and color retention [6]. PU has a broad 

chemical structure leading to its thermoplastic, thermoset, and biobased forms [7]. 

The diversity in physical and chemical properties increases its usage in biomedical, 

civil, automotive, textiles applications. 

The chemical structure of PU contains urethane linkage with aliphatic and aromatic 

hydrocarbons, ester, ether, and urea groups, which contributed to its adhesion 

efficiency. The change in a stoichiometric ratio of hydroxyl (-OH) and isocyanate 

(-NCO) PU broadens its classification into thermoplastic, thermoset, waterborne 
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etc. [5], In this work, aromatic ether-based PU system is used with soft and hard 

segments of TPU (with different shore hardness from category A)  and thermoset 

PU (shore hardness from category D) have been selected as shown in Figure 1.1  

Generally, PU is formed by the chemical reaction of organic isocyanates with 

active hydrogens from polyol that react to produce a block polymer structure, as 

shown in Figure 1.2. The average functionality of isocyanate and alcohol should 

be greater than two to enhance the crosslinking of PU. The PU properties mainly 

depend on the types of polyol and isocyanate used. The commercially utilized 

aromatic isocyanates are toluene diisocyanate (TDI) and diphenylmethane 

diisocyanate (MDI), which are highly reactive compared to aliphatic isocyanate, 

i.e., hexamethylene diisocyanate (HDI), isophorone diisocyanate (IPDI). The 

choice of isocyanate influences the rigidity of the polymer segments, which 

contributes to the strength of the material, and polyol provides the soft segment 

nature, which enhances the elasticity/flexibility and toughness in PU. The soft PU 

produces from a long chain polyol has less crosslinking, making them more 

flexible, and hard segments through rigid polyol have small chains with a superior 

amount of crosslinking in the backbone structure. The soft segment PU contains 

higher molecular weight polyol (>1000 units), and the hard segment contains lower 

molecular weight polyol (~ 100 units). The urethane reaction (-NHCOO-) is highly 

polar, where the electrophile from the NCO group (produced by the removal of an 

electron from O or N) attacks the OH group from polyol to produce a covalent bond 

at the active hydrogen site [8]. The polarities of hard and soft segments change 

the microstructure of PU. The hard segment possesses superior mechanical 

properties such as hardness, Young’s modulus, and flexural strength at high-

temperature. Soft segment provides benefit in terms of low-temperature properties 
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which is a function of concentration of polyol in the formulations [9]. The R1 and 

R2 from Figure 1.2 represent aromatic and aliphatic groups from polyether and 

polyester segments presented in Figure 1.3. Therefore, the hardness of PU can 

be altered based on R1 and R2.  

PU can be produced either from polyester or polyether. The polyether has a (0 to 

-75°C) lower glass transition temperature ( compared to polyester. The key 

advantage of polyether-based PU is its inherent resistance to hydrolytic attack and 

microbial performance high moisture resistance and dynamic properties. These 

are lower in polyester-based PU.  

In this research, aromatic polyether-based TPU with shore hardness 74A as a soft 

segment and shore hardness 85A as a hard segment with thermoset PU (shore 

hardness 80 D) have been selected for comparative study. These are illustrated in 

Figure 1.4. The interfacial interaction of polymer composites depends on the 

properties of the reinforcement, matrix and the interaction between them, which 

can be studied in the following section [10].  
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Figure 1.1: Flowchart of classification of polyurethane 

 

Figure 1.2: Chemical reaction of PU 

 

Polyether  
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Polyester 

Figure 1.3: Chemical structures of polyether and polyester linkage 

 

Figure 1.4: Schematic representation of thermoset polyurethane linkage 

produced from polyester 
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 Interfacial adhesion chemistry 

In general terms, adhesion is defined as an intermolecular interaction between two 

surfaces with different chemical compositions [11]. The interfacial region, also 

known as interphase, is formed by the long/short chain of polymer with fiber 

reinforcement by sharing electrons during interactions (covalent or hydrogen 

bond). The polymer chain mobility, crystallinity, and degree of cure play a vital role 

in the interfacial region. The restriction in chain mobility after incorporation of fibers 

indicates molecular interaction between fiber and matrix  whereas the polymer 

crystallinity enhances the modulus of a polymer by contributing to the interlaminar 

strength of the composite [12] [13]. The adhesion and cohesion can be achieved 

by transferring or sharing an electron to form a strong chemical/physical bond at 

the fiber-matrix interface. The cohesion state contains primary and secondary 

bonds with a relatively strong polar molecule. However, the energy absorption 

capacity at the interface is an important parameter to evaluate fiber/ matrix 

interaction in composites. The interfacial strength influences the mechanical 

properties of the composite by allowing the load transfer from the matrix to the fiber 

during the deformation process [14]. The fiber and matrix produce an interlayer 

that has different physico-chemical properties between them [15]. This physico-

chemical interaction involves parameters such as chemical reactions and 

intermolecular interactions [16]. The chemical interaction achieved from the 

atomic-scale attraction between matrix and CF active functional group can be 

explained by the adsorption theory [17].  

In the adsorption theory, interatomic and intermolecular forces between two 

surfaces (TCF and PU) interact in terms of  adhesion bonding [18]. These forces 
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are classified into primary and secondary forces. Primary forces show strong 

chemical interaction between two surfaces with surface energy in the range of 

1000-100 kJ/mol, which is higher than the secondary forces (60-45 kJ/mol). Due 

to the presence of an active hydrogen group in PU, it forms a primary bond with 

the substrate [19]. Craton et al. [11] stated that  optimal molecular contact between 

surfaces can restrain maximum energy during bond deformation and cause 

excellent adhesion. This bond deformation causes chemical or van der Waals 

bond breakage along with plastic deformation on the interfaces. The fraction of 

energy required to break the bond is less than the total fraction of energy required 

to separate two surfaces leads to excellent adhesion [20]. There are few effective 

methods to improve the adhesion of composites, i.e., mechanical, chemical, and 

physical bonding. 

 Physical Bonding between fiber and matrix 

The forces created by physical bonding are weaker than secondary or van der 

Waals forces observe at the interface, presented in Figure 1.5. Physical bonding 

provides London dispersion, dipole interaction, and hydrogen bonding forces. 

During composite fabrication, physical bonding produces a closely packed network 

under applied pressure and temperature, which significantly affects the wettability 

and shear strength of the fiber-matrix interface. He et al. [21] observed that the 

highly concentrated multi-wall carbon nanotube (MWNT) bonded to TPU polymer 

through van der Waals forces, the tensile strength decreased due to agglomeration 

and insufficient contact between MWNT and TPU, which inadequately transfers 

the load from fiber to matrix. The bond energy ranges from 8-16 kJ/mol. 
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Figure 1.5: Schematics of physical bond formation at the interface of fiber 

and matrix due to electrostatic forces 
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 Chemical Bonding between fiber-matrix 

 
Chemical bonding involves covalent, ionic, metallic bonds, and the energy 

produces through primary bonding of a fiber-matrix composite is in the range of 

40-400 kJ/mol, presented in Figure 1.6. Most of the polymer composite contains a 

covalent bond at the interface. Various surface treatment techniques are used to 

produce chemical networks on the fiber and matrix surfaces to enhance the 

interface strength of the composites. Krump et al. [22] studied the adhesion 

strength between plasma-treated polyethylene terephthalate (PET) fibers and the 

styrene-butadiene rubber (SBR) matrix. The lubricant on the PET surface caused 

poor adhesion between PET and SBR rubber. Therefore, after removing lubricant 

from PET surface using acetone, the surface was plasma-treated, and results 

showed the chemical bond formation (addition of OH group) improved the 

adhesion strength of composites. 

Furthermore, Zhao et al. [23] used the grafting method to improve interfacial 

bonding between the CF and epoxy matrix. After modification, the grafted 

polyhedral oligomeric silsesquioxanes (POSS) on the CF surface showed 

increased surface roughness, wettability, and polar groups. The POSS provides 

strong chemical bonding between fiber and matrix through reactive groups on the 

CF surface and the hardener in the matrix. The surface-modified data was further 

validated through the impact energy characterization, and results showed an 88% 

increment in the properties by using the grafting polymerization technique. The 

primary, fundamental, and most simple method for CF surface treatment is sizing. 

Sizing involves coating a thin layer of specific polymers on the CF surface to 

improve the fiber-matrix bonding [24,25].  
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It also improves the cohesive interaction at the interface of CF and PU, which 

enhances the mechanical properties of composites [26–28]. Guigon et al. [29] used 

the heat resistant sizing agent, such as thermoplastic polyimide and epoxy sizing 

on PAN-based CF and observed a 97% improvement in interfacial shear strength 

(IFSS) compared to unsized fibers. Zhang et al.  [30] studied the effect of surface 

treatment by incorporating methylene diisocyanate (MDI) on the CF surface to 

improve the interfacial strength between CF and PU matrix. Yue et al. [31] studied 

the interfacial bonding between surface-modified Kevlar fibers reinforced epoxy 

matrix. The chemical-treated fibers showed a 60% improvement in the interfacial 

shear strength due to the mechanical interlocking adhesion mechanism. Karaeva 

et al. [32] modified the CF surface- by grafting carbon nanotubes (CNT). This 

modification of the fiber–polymer interface with CNT leads to a drastic increase of 

IFSS by 144%. However, a decrease in tensile strength was observed compared 

to unsized CF. Ma et al. [33] have analyzed the strength and toughness of carbon 

fibers reinforced rigid PU composites with low fiber content. The surface analysis 

conducted on the carbon fiber through the oxidation treatment showed the 

appearance of a large amount of hydroxyl group on the CF surface. Hence, both 

physical and chemical bonding requires good adhesion (wetting) between fiber 

and matrix to improve the mechanical properties of composites. 
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Figure 1.6: Schematic of chemical bond formation at the interface of fiber 

and matrix due to surface treatment 
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  Mechanical Bonding between fiber matrix interfaces 

 
In mechanical bonding, fiber and polymer surfaces are roughened before 

interlocking them together, presented in Figure 1.7. The surface roughness 

produces irregularities on the fiber surface, and the matrix can flow in and around 

the non-uniformity to form a mechanical bond. Ehrburger et al. suggested that the 

matrix adherence to the fabrics with difference-shaped yarns is directly 

proportional to the surface area of fibers. Hence, the increased surface area 

provides good wettability and eventually enhances the interfacial bond between 

fiber and matrix [34]. However, the major drawback is trapping the air bubble in 

the cracks, which acts as stress concentration to build failure at the interface. Lu 

et al. [35] studied the interfacial adhesion between air plasma treated CF and poly 

(phthalazinone ether sulfone ketone) (PPESK) composites. The results showed a 

13% enhancement in ILSS properties due to surface roughness improvement. 

Therefore, the properties improved by surface modification and etching process 

showed mechanical and chemical bonding between fiber and matrix. The author 

also stated that mechanical bonding has a significant impact on the properties of 

the composite. 
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Figure 1.7: Schematics of mechanical bond formation at the interface of 

fiber and matrix through mechanical interlocking 
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 RESEARCH OBJETIVES 

The research is divided into three objectives  

OBJECTIVE 1: INVESTIGATE THE PHYSICO-CHEMICAL INTERACTION OF 

UNSIZED, EPOXY AND URETHANE SIZED TCF WITH POLYURETHANE 

SYSTEM 

The TCF has an inert surface and cannot produce a chemical interaction with the 

polymer matrix. Thus, the surface chemistry of soft and hard segmented TPU and 

unsized, epoxy and urethane sized TCF needs to be evaluated. The surface and 

thermal characterization techniques include- Fourier transform infrared 

spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), Atomic force 

microscopy (AFM), Dynamic mechanical analysis (DMA), and Differential scanning 

calorimetry (DSC). These techniques help to understand the adhesion efficiency 

and the bonding mechanism through molecular movement, phase separation,  

hydrogen bonding capability of S-TPU, H-TPU with unsized, epoxy, and urethane 

sized TCF. 

OBJECTIVE 2: INVESTIGATE THE EFFECT OF AHDESION AND COHESION 

OF UNSIZED, EPOXY AND URETHANE SIZED TCF COMPOSITES 

REINFORCED IN TPU AND TSU WITH FUSION BOND EFFECIENCY 

BETWEEN TSU AND TPU COMPOSITES 

The hypothesis of this objective is to understand the adhesion and cohesion 

efficiency between unsized, epoxy and urethane sized TCF and PU system. The 

proposed theory from objective I that urethane sized TCF is compatible with PU 

systems will further validated. The surface and thermal characterization performed 

on TCF reinforced TSU and TPU composites is to understand the effect of 
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molecular entanglement and the strength of the hydrogen bond at the interface of 

the composites. The mechanical and microstructural characterization will be 

conducted on the TCF-TSU and TCF-TPU composites to analyze the fiber-matrix 

bonding behavior at the interface. The surface energy, flexural, interlaminar, and 

lap shear strength characterization will be performed on fusion bonded TP/TS and 

compared to TP and TS composites. The failure modes of the constituents will be 

analyzed using optical microscopy. The material that provides excellent 

mechanical properties in thermoplastic and thermoset urethane composites will 

further explore in Objective 3 

OBJECTIVE 3: THE EFFECT OF SIZING THICKNESS OF TEXTILE GRADE 

CARBON FIBER (TCF) ON THE INTERFACIAL PROPERTIES OF TCF-TSU 

THROUGH FINITE ELEMENT ANALYSIS 

Objective II and III explained the effect of polymer structure, TCF sizing on the 

interface of TCF-PU composites. In this objective,  the sizing thickness effect on 

the interphase of TCF-PU is evaluated. The mechanical properties of TCF-PU 

obtained from Objective II are used to design a computational model using the 

Dehomogenized technique with a reverse engineering mechanism. The effective 

TCF and PU properties are further used to design a cross-ply laminate, and the 

simulated properties are compared with experimental results for validation of a 

model.   
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ABSTRACT  

In polymer composites, the fiber-matrix interface is primarily influenced by the 

surface treatment of the fibers and polymer morphology, which affects the 

adhesion at the interface. In this work, the physico chemical interaction between 

thermoplastic polyurethane (TPU) comprising soft (S-TPU), hard (H-TPU) 

segment and thermoset polyurethane (TSU) with unsized, epoxy and urethane 

sized TCF at the interface of composites is investigated. Atomic force microscopy 

(AFM) results showed 39% improvement in the surface roughness of S-TPU than 

H-TPU indicating S-TPU can provide a mechanical bond at the interface than H-

TPU. For TCF studies, urethane sized TCF showed  276% improvement in the 

roughness than unsized TCF. X-ray photoelectron spectroscopy (XPS) results 

revealed 550% increase in C=O content in H-TPU affirming that H-TPU contains 

multiple hydrogen-bonding network which can produce a chemical bond at the 

fiber-matrix interface than S-TPU. Dynamic mechanical analysis (DMA) and 

differential scanning calorimetry (DSC) analysis confirm that the hydrogen bonding 

network enhanced the crosslinked density by 232% in H-TPU than S-TPU. The 

surface and thermal results interpret that urethane sized TCF is more compatible 

with TPU and TSU system than epoxy and unsized TCF due to similar chemical 

structure present at the backbone.  

Keywords: Polyurethane polymer, Textile grade carbon fiber, physico-chemical 

interaction at the interface, surface characterization, thermal analysis 
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 INTRODUCTION 

As explained in Chapter 1, that fiber-matrix interface is mainly driven by the surface 

structure of the fiber and the polymer matrix. The carbon fiber (CF) has inert 

surface created during high temperature carbonization/graphitization steps that 

reduces the adsorption with polymer systems [1]. Due to the non-polar nature of 

CF, it undergoes various surface treatments to enhance its surface activity by 

creating oxygen containing functional groups on its surface [2]. Thus, CF surfaces 

are coated with a sizing layer either by emulsion or solution technique, which 

contains polymeric compounds. Conventional sizing method(s) contains film 

former, emulsifier, antistatic, and coupling agents to improve bonding between 

fiber surface and polymer matrix [3–6]. Sizing improves the wettability of fibers by 

adding reactive functional group at the surface. These functional groups roughen 

the fiber surface to create either chemical or mechanical interlocking between fiber 

and matrix, which enhances the strength of the composite. Commercially available 

sizing materials are based on epoxy, polyester, nylon and polyurethane 

chemistries, to name a few. The key component used for sizing is water as a 

carrier, coupling agent to improve adhesion between fiber and matrix, lubricants to 

prevent fiber damage, film former to coat fibers and hold them together, the wetting 

agent to wet fibers through the resin, cross-linking agent to form a strong bond 

between fiber and matrix. An antistatic agent decreases the static charges on CF. 

The literature review showed that the heat resistant sizing agent such as 

thermoplastic polyimide and epoxy on polyacrylonitrile (PAN) based carbon fiber 

shows 97% improvement in interfacial shear strength (IFSS) compared to unsized 

fibers [7]. However, not all sizing types could improve the interfacial adhesion 
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between fibers and resin matrix [8]. This behavior is observed when sizing is 

adsorbed onto the fiber surface and cannot dissolve into the matrix during 

fabrication.  

Another important parameter that affects the interface is polymer chemistry. In the 

polymer chemistry various factors needs to be considered such as the (a) physico-

chemical state of polymer, (b) degree of polymerization, (c) chain length of hard 

and soft segments, (d) chemical structure, and (e) crystallinity of the polymer [9–

11]. Tien et al. [12] synthesized the montmorillonite/polyurethane nanocomposites 

with various ratio of  hard segments. Their results showed an improvement in the 

strength and elongation of nanocomposite properties due to the 20-37% reduction 

in   hydrogen bonding index of polyurethane (PU) than pristine polymer. Liu et al. 

[13] reported increased tensile properties by 279% after incorporating phenol and 

formaldehyde in the PU structure. Yazdi et al. [14] observed the phase separation 

of hard and soft segments after incorporating multi-walled carbon nanotubes 

(MWCNTs) that improve the tensile strength and modulus of the composites. 

Pokharel et al. [15] studied the effect of short and long segmental length of PU on 

the mechanical properties of polyurethane graphene oxide (PU-GO) composites. 

The increase in the segmental length provided higher tensile strength due to the 

strong secondary bonding between PU-GO composites during extension. 

Furthermore, Ciprari et al. [16] stated that the difference in the structure and 

properties of polymer at the interface can be influenced by the bulk of polymer. 

The polymer structures contain flexible chains which is divided into adsorbed and 

unadsorbed monomer segments that can entangle with other chains in their 

proximity. Hence, the types of chains, its energy adsorption capability, 
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entanglement of the chain can influence both thermal and surface energy of the 

polymer. In the interface study, understanding the flexibility and rigidity of the chain 

is an important aspect to tailor the entanglement of the polymer at the interface.  

The physico-chemical interaction of S-TPU, H-TPU, and TSU with unsized, epoxy, 

and urethane sized TCF on the intermolecular interactions of fiber and matrix is 

investigated in this work. The surface morphological changes, the hydrogen 

bonding index, phase separation, and surface segregation behavior of PU and 

textile grade carbon fiber (TCF) are analyzed through analytical techniques, such 

as X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), 

Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry 

(DSC) and dynamic mechanical analysis (DMA). 

 EXPERIMENTAL 

 Material and methods 

The details of polyurethanes used in this work are summarized in Table 2.1.  

Unsized, epoxy and urethane sized TCFs were provided by Carbon Fiber 

Technology Facility (CFTF) at Oak Ridge National Laboratory (ORNL), presented 

in Table 2.2. The TCF spool contains 450 K filaments in a single tow. TCF has a 

tensile strength of ≈ 3 GPa and modulus of 275 GPa [17]. 
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Table 2.1: Polyurethane  material specifications 

Specification S-TPU H-TPU TSU 

Product name DT-72011 LTE-10012 Vitrox3 

Hardness 75A 85A 80D 

Polymer 
Aromatic 
Polyether 

Aromatic 
Polyether 

Aromati
c 

Polyeth
er 

Tensile 
Strength (MPa) 

25.5 48.2 89.8 

Specific Gravity 

(g/cc) 
1.08 1.12 1.23 

*1,2. American Polyfilms, Connecticut, USA; 3. Huntsman Corporation, Texas, 

USA 

Table 2.2: TCF sizing nomenclature 

Abbreviation Sizing nomenclature 

TCF-UN Unsized TCF 

TCF-E Epoxy sized TCF 

TCF-U Urethane sized TCF 
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Characterization of TCF and PU polymer 

   Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) was performed using the MFD-3D infinity 

microscope with AC/Air topography mode to explore the surface physical structure 

of S-TPU, H-TPU with unsized, epoxy and urethane sized TCF. A monolithic 

cantilever (AC240TS-R3 from Oxford instruments) with a force constant of 2 N/m 

and a resonance frequency of 70 kHz was used with tapping mode at ambient 

temperature. The maximum scanning image area used was 20 μm× 20 μm, to 

determine the root-mean-squared roughness (RMS) values of the materials. 

  X-ray photo-electron spectroscopy (XPS) 

XPS techniques performed using the Thermo Scientific Model K-alpha XPS 

instrument (at the Oak Ridge National Lab, Oak Ridge, Tennessee) to quantify the 

chemical composition and surface properties of S-TPU, H-TPU with unsized, 

epoxy and urethane sized TCF. All the spectra were collected by Al Kα X-rays 

(1486.6 eV) source and a hemispherical electron energy analyzer equipped with a 

128 multi-channel electron detection system operated at 2x10-9 mbar or lower 

pressure. The S-TPU and H-TPU film size was 4 mm × 4 mm with depth of 

penetration 5-10 nm. The single point analysis was performed on unsized, epoxy 

and urethane sized TCF with X-ray spot size of 400 μm diameter. The data 

analysis was conducted through Thermo Scientific Advantage XPS software 

package (v 4.61). 
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  Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) was performed on S-TPU, H-TPU, 

and TSU to determine the hydrogen bonding efficiency in polymer through 

functional group analysis of individual constituents. The characterization was 

conducted using Nicolet iS50 FTIR spectrometer with deuterated triglycine sulfate 

(DTGS) detector and Mercury Cadmium Telluride (MCT) detector. The aperture 

diameter was 130 mm, the measurement was made with a spectrum resolution of 

4 cm–1, and 64 scans were performed for each material system. 

 Differential scanning calorimetry (DSC) 

DSC was performed on S-TPU and H-TPU using the Q2000 instrument at a 

temperature range of -100°C to 200°C with a heating rate of 10°C /min under a 

nitrogen atmosphere to understand the molecular arrangement, crystallinity, and 

segmental behavior in the PU microstructure. Three samples were tested per each 

material for statistical analysis, and the average mass used for S-TPU and H-TPU 

was 4-5 mg respectively. 

 Dynamic mechanical analysis (DMA) 

DMA was performed using a TA Q800 instrument on S-TPU and H-TPU polymer 

to understand the viscoelastic and morphological behavior of polymer at a 

molecular level as a function of temperature [18]. According to ASTM D-4065, the 

dual cantilever configuration with a 0.5 Hz frequency was used. The temperature 

is ramped from -70 °C to 160 °C (the range determined from DSC section) at a 5 

°C/min with a strain rate of 0.1%. 
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 RESULTS AND DISCUSSION 

 Atomic force microscopy (AFM) 

The AFM technique was used to explore the surface physical structure and 

quantify the surface roughness of S-TPU, H-TPU with unsized, epoxy and 

urethane sized TCF, presented in Figure 2.1, Figure 2.2 and Table 2.3. Figure 2.1 

shows the presence of extended grooves along the axial direction of the unsized 

TCF surface [19], after sizing, the groves were substituted by a sizing solution, and 

height v/s distance plot was analyzed to understand the changes in the depth and 

width of the groove profile. In Figure 2.2, the various segments of TPU were 

analyzed through surface hardness measurement. The tabulated surface 

roughness values are presented in Table 2.3. The grooves depth and width of the 

fibers and polymers surface, i.e., the spiked profile in Z-direction was analyzed 

using Gwyddion 2.55 software. 

The results indicate that the mean roughness value of TCF-Un, TCF-E, and TCF-

U was 163.1 nm, 291.9 nm, and 612.6 nm, respectively. The AFM image of TCF-

Un contains a groove structure parallel to the fiber axis, Figure. 2.1. The Z-direction 

profile showed the smooth surface of TCF-Un, and the two spiked regions in the 

roughness profile indicate the length of the single fiber filament. In the TCF-E 

image, the spikes are observed on the edges of TCF due to the presence of bow-

shaped structure [20], and smooth surface is observed in the middle section due 

to grooved structure. This illustrates the non-uniform distribution of epoxy sizing 

on the TCF surface. A TCF-U image shows the bow-shaped structure throughout 

the fiber surface, which has revealed in the surface roughness profile where 
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maximum spikes are observed. No evidence of groove structure indicates that the 

sizing coated the fiber surface uniformly. Due to these varied patterns, TCF-U 

shows higher surface roughness values compared to TCF-E and TCF-UN. AFM 

images of TPU shows the presence of hard and soft segments on the polymer 

matrix. The roughness in the Z-profile of S-TPU is due to the co-continuous 

network morphology [21]. A co-continuous network contains more than two 

interpenetrating networks, supported by soft and hard segment phases [22]. The 

various microdomains observed on the S-TPU surface may have a significant 

contribution to the roughness enhancement. H-TPU shows the few large spikes 

and remaining small spikes. Large spikes indicate the presence of hard segments, 

and small spikes indicate the soft segments, which improved the overall surface 

roughness of the H-TPU polymer. Hence, S-TPU has higher surface roughness 

than H-TPU. 

The interfacial adhesion between fiber and matrix depends on the surface 

roughness values due to the fiber and matrix contact points. As the number of 

contacts increases (higher surface roughness), the mechanical interlocking 

increases, which eventually increases the overall strength of the composite. 

Hence, this work hypothesizes that S-TPU can perform better than H-TPU when 

mechanical interlocking is present. However, if the chemical bond is present, the 

H-TPU can produce good interfacial bonding with either urethane or epoxy sized 

TCF depends on the ultimate chemical structure of composites [23]. 
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Figure 2.1: Three-dimensional AFM images of unsized (TCF-UN), epoxy 

sized (TCF-E) and urethane sized (TCF-U) CF with its surface roughness 

profile image in Z-direction. 
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Figure 2.2: Three-dimensional AFM images of (a) S-TPU and (b) H-TPU 

material with surface roughness profile images in Z direction. The surface 

roughness increases from H-TPU to S-TPU 
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Table 2.3: Surface roughness of sized CF and TPU polymer 

Specimens 
Mean roughness 

(nm) 

Root mean square 

roughness (nm) 

S-TPU 39.38 49.73 

H-TPU 15.43 26.19 

TCF-Un 120.2 163.1 

TCF-E 228.6 291.9 

TCF-U 457.6 612.6 
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  X-ray photo-electron spectroscopy (XPS) 

XPS technique was used to understand S-TPU, H-TPU, TCF-E, and TCF-U's 

chemical composition and surface properties.  The binding energy determined by 

the XPS curve depends on the atomic number (Z) of the molecule [24]. The atoms 

with higher oxidation states show higher binding energy due to coulombic 

interaction between the photon emitted electron and the ion core. The carbon (C 

1s), oxygen (O 1s), and nitrogen (N 1s) are essential components in segmented 

PU and sized TCF, as shown in the survey spectra of individual constituents, 

Figure 2.3, Figure 2.4 and Figure 2.5 respectively. The reactive components of 

segmented TPU and TCF-U are NHCOO and oxirane ring (O-C-O ring) in TCF-E. 

The atomic concentrations for the respective component (TPU and TCF) are 

presented in Table 2.4. The common peaks observed for S-TPU and H-TPU in C 

1s (at B.E 284 eV), N 1s (at B.E 400 eV) and O 1s (at B.E 530 eV) regions are C-

C (284.4 eV), C-O/C/N (286 eV), C=O (287.5 eV), C-O (530.0 eV), C=O (532.0 

eV) and C-NH2 (399.5 eV), presented in Figure 2.3 (a), and Figure 2.3 (b). The C 

1s, O 1s, and N 1s spectra of S-TPU and H-TPU showed no changes in the peak 

position; however, H-TPU shows the highest intensity for C-C, C-N, and C-O 

spectra compared to S-TPU. The difference in the intensities might be due to the 

maximum concentration of aromatic ring in urethane linkage from PU structure, 

which explains the Tm trend in the DSC results. The higher C: O ratio observed in 

S-TPU (17.98) compared to H-TPU (12.91) indicates the presence of more polyol, 

which enhances the soft segment in the polymer with low Tg. Furthermore, the H-

TPU (23.8) shows a higher C: N ratio compared to S-TPU (19.5), which specifies 
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the existence of the amide group and the hydrogen bonding (NH-COO-), which 

enhances the crystallinity of polymer. 

The XPS peaks observed for TCF-E are C-C, C-O-C, C-O, and C=O at 284.4 eV, 

289.1 eV, 534 eV, 532 eV, respectively, Figure 2.4. For TCF-U, C-C, C=O, CH2, 

C-N, O-CH, O=C-O, C=O, C-O, and N-H at 284.4 eV, 285.1 eV, 285.7 eV, 286.5 

eV, 289.1 eV, 531.8 eV, 533.2 eV, and 399.9 eV,  respectively, Figure 2.5. The 

results confirm the presence of epoxy and urethane groups on the TCF surface. 

The decrease in the atomic concentration of C content by 16% in TCF-E and TCF-

U than TCF-Un indicates that the carbon has bonded strongly with sizing 

chemicals, Table 5. TCF-E (19.6) showed higher oxygen content than TCF-U (15) 

due to epoxy sizing on TCF. Both TCF-E (0.24) and TCF-U (3.5) show higher N 

concentration, which we hypothesized due to 1) the carbonization and oxidization 

process applied to TCF before surface treatment and 2) the N content increased 

after applying urethane sizing on TCF surface. Furthermore, the C: O ratio has a 

significant effect on bonding due to the high electronegativity of O [25]. The C:O 

ratio observed higher in TCF-U than TCF-E, indicating that the O is highly polar, 

which enhances the reactive groups on the CF surface and eventually affects the 

interfacial adhesion of composites. Hence, the results interpret that TCF-U may 

form a strong interfacial bond with TPU compared to TCF-E. 
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Table 2.4: Chemical composition and atomic ratio of PU and TCF 

component 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Surface Composition 

(at. %) 
C O N C/O 

      C/N 

TCF-E 79.81 19.57 0.24 4.1 NA 

TCF-U 81.3 15 3.5 5.42 23.2 

TCF-Un 95.7 3.1 1.0 30.87 NA 

H-TPU 89.23 6.91 3.75 12.91 23.8 

S-TPU 89.9 5.0 4.6 17.98 19.5 

 



39 
 

 

(a)                                                                 (b) 

 

 

 

(c)                                                                 (d) 

Figure 2.3: (a) XPS survey spectra of S-TPU and H-TPU shows higher 

concentration of C and O elements, (b) C 1s spectra shows higher C-C 

concentration in H-TPU than S-TPU structure, (c) O 1s spectra shows the 

higher concentration of C=O in H-TPU than S-TPU (d) N 1s spectra of S-TPU 

and H-TPU 
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(a)                                                                 (b) 

 

 

 

(c) 

Figure 2.4: (a) XPS survey spectra of TCF-E shows higher concentration of 

C and O elements, (b) C 1s spectra shows C-C bond from TCF structure 

and C-O-C from sizing, (c) O 1s spectra shows the presence of oxirane 

structure  (C-O-C) from epoxy sizing 
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(a)                                                                 (b) 

 

(c)                                                                 (d) 

Figure 2.5:(a) XPS survey spectra of TCF-U shows higher concentration of 

C, O and N elements, (b) C 1s spectra shows C-C from TCF structure, (c) 

O1s spectra shows C-O and C=O and (d) N 1s spectra shows NH group 

(NHCOO) structure from urethane sizing 
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 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) was performed on S-TPU, H-PTU, 

and TSU to understand the hydrogen bonding efficiency in polymer through 

functional group analysis of individual constituents. The essential functional groups 

in polyether based TPU are N-H (proton donor), carbonyl (C=O), and the ether (C–

O–C) groups (proton acceptor). The reactive group’s information for individual 

polymers is presented in Figure 2.6, Figure 2.7 and Figure 2.8. The band that 

appeared at 3150-3400 cm-1 contains NH stretching group, which expresses that 

the increase in the peak intensities contributes to increase in the NH content in the 

respective polymer, Figure 2.6. The energy released through intermolecular 

interaction at the molecular forces (covalent, Van der Waals, and hydrogen 

bonding forces) provides different peak intensities. These forces restrict the 

molecular motion and increase the hardness of the polymer by providing the higher 

peak intensity [26]. Hence, S-TPU shows higher mobility in the structure than H-

TPU and TSU due to excess polyol present in the backbone of the polymer. The 

FTIR spectrum obtained in 1700-1730 cm−1 band represents the carbonyl group in 

urethane structure. Figure 2.7 showed the two frequencies of the C=O group at 

1700 cm-1 and 1732 cm-1 due to the distribution of electrons during chemical 

bonding formation. The lower frequency (1700 cm-1) indicates the hydrogen 

bonding between NH and C=O group, and the higher frequency (1732 cm-1) 

represents free C=O group present in the structure [27]. TSU polymer exhibited 

bonded C=O at 1700 cm-1 spectra and unreacted NCO groups at 2259 cm-1. The 

data indicate that the isocyanate reaction with polyol might have broadened the 

C=O peak and enhanced the toughness of the polymer. Hence, the area under the 
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peak of 1700 cm-1 and 1732 cm-1 was determined to calculate the hydrogen 

bonding index (R) of S-TPU and H-TPU. The R-value describes the degree of 

carbonyl group participated in bonding [12].  

R = (Area of C=O at 1707 )/(Area of C=O at 1733)       [1] 

DPS = R/ (R+1)               [2] 

DPM = 1- DPS                 [3] 

The area under the peak calculated using Origin Pro 2019b version 9.6.5.169, and 

the R-value achieved for H-TPU and S-TPU was 7.6 and 3, respectively. The 

increase R-value indicates the increasing hardness of the polymer, which 

correlates with DSC and XPS results. The degree of phase separation (DPS) was 

measured to evaluate the linkage between a hard segment and a hard segment of 

polymer, whereas the degree of phase mixing (DPM) calculated the linkage 

between the hard segment and the soft segment between polymer and fibers. The 

presence of the amide II group in the range of 1530-1545 cm-1 spectra is additional 

information to validate the R-value results. The amide II peak for S-TPU, H-TPU, 

and TSU has appeared at 1530 cm-1, 1527 cm-1, and 1508 cm-1 spectra, presented 

in Figure 2.8. The results indicate that the lower the wavenumber of amide II, the 

stronger the hydrogen bond. Hence the amide II data also provides similar 

information and shows that the hydrogen bonding enhances in the following order 

TSU > H-TPU > S-TPU [28].     
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Figure 2.6: The increase in the peak intensity and peak area broadening of 

NH stretching spectra of S-TPU, H-TPU and TSU 

 

Figure 2.7: Carbonyl spectra at 1700 cm-1 (hydrogen bonded C=O) and 1732 

cm-1 (non-bonded C=O group) in S-TPU, H-TPU and TSU 
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Figure 2.8: Amide II spectra of S-TPU, H-TPU and TSU at 1530 cm-1, 1527 

cm-1, and 1508 cm-1, respectively 
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  Differential scanning calorimetry (DSC) 

DSC was performed on S-TPU and H-TPU to understand the molecular 

arrangement, crystallinity, and segmental behavior in the PU microstructure. The 

analysis started at the temperature -100°C to restrict the molecular movement of 

TPU and to understand the internal segmental motion after gradually increasing 

the temperature. Three thermal transitions were observed, such as glass 

transition, melting, and crystallization temperature of TPU. The glass transition 

temperature (Tg) of S-TPU is 4.67 °C, and H-TPU is 76.72 °C showed in Figure 

2.9. The significant difference in Tg represents the energy absorption capacity of 

the TPU molecules. The absorbed energy unfolds the molecular orientation by 

separating the hydrogen bond between N-H and O-C=O in the highly compact 

crystal structure. The increasing Tg of H-TPU indicates a strong hydrogen-bonded 

network in the backbone that requires more bond energy than S-TPU [29]. After 

determining Tg values, the molecular motion is further analyzed with increasing 

the temperature. The molecular movement at increasing temperature favors 

arrangements of chains to move in a coordinated manner (depending on the 

structural regularities).  

The melting temperature (Tm) obtained for S-TPU and H-TPU is 162°C and 165°C, 

with the enthalpy of fusion 0.49 J/g and 1.84 J/g, respectively, Figure 2.10. A 

nominal difference in Tm and a significant difference in enthalpy of fusion was 

observed in segmented TPU. The results indicate that both the polymer's molecule 

melts at the similar temperature. However, the energy absorbed by the individual 

molecule from H-TPU and S-TPU structure is different due to the variation in the 

hydrogen bonding content. Hence, the results illustrate that H-TPU may contain 
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excess amide groups [30], which contributed to the PU reaction for hydrogen 

bonding formation. In contrast, S-TPU has a significant number of polyol groups, 

which does not require excess heat for molecular motion [29]. The Tm values of 

S-TPU and H-TPU will be used to produce the composite laminates. 

After reaching melting point, the temperature starts to decrease, and the molecular 

motion becomes sluggish when it reaches the Tg, and the crystallization rate 

becomes zero. The crystallization temperature (TC) for S-TPU and H-TPU is 

63.2°C and 82.1°C, respectively, with the enthalpy of crystallization of 1.92 J/g and 

7.77 J/g, Figure 2.11. The crystallization temperature mainly depends on the 

density of the polymer, the closely packed dense structure contains higher 

molecular arrangement and eventually enhances the TC.  The density of S-TPU 

and H-TPU is 1.08 g/cc and 1.12 g/cc, as shown in Table 2.1. The density of 

polymer clarifies the change in the TC and suggests that the molecular 

arrangement of H-TPU enhances the mechanical properties of the composite. 
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Figure 2.9: Glass transition temperature curve of S-TPU and H-TPU is 4.67 

°C, and 76.72 °C respectively. 

 

Figure 2.10: Melting temperature curve of S-TPU (162°C) and H-TPU (165°C) 

with the enthalpy of fusion at 0.49 J/g and 1.84 J/g for S-TPU and H-TPU, 

respectively 
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Figure 2.11: Crystallization temperature curve of S-TPU (63.2°C) and H-TPU 

(82.1°C) 
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 Dynamic mechanical analysis (DMA) 

DMA was performed on S-TPU and H-TPU polymer to understand the viscoelastic 

and morphological behavior of polymer at a molecular level as a function of 

temperature [18]. The storage modulus (log E’) and tan δ curve as a function of 

the temperature of S-TPU and H-TPU are presented in Figure 2.12 and Table 2.5. 

The increase in the storage modulus for S-TPU (1078.7 MPa) and H-TPU (1673.8 

MPa) observed at -70 °C, indicates that H-TPU has less degree of elasticity 

compared to S-TPU [31]. After reaching -70 °C, a sudden decrease in the curve 

was observed due to the alpha transition (Tα) behavior, which indicates the large 

segmented molecule slippage in the polymer backbone. The Tα of H-TPU and S-

TPU is -43°C and -63°C, respectively. The molecular movement of the hard 

domain was observed at -6.8 °C for S-TPU and 59.7 °C for H-TPU. The difference 

in the Tα indicates more hydrogen bonding in H-TPU than S-TPU, and the results 

correlate with DSC findings. For further analysis, the average molecular weight of 

S-TPU and H-TPU was determined using DMA through high flexibility theory 

equation, which is as follows 

Mc = (3 ×ρ × R× T)/ET     [4] 

Where, 

ρ = density of the individual polymer (g/cm3)  

R = Gas constant (8.314 (cm3x MPa)/ (mol × K)  

T = The temperature at the inflection points of the viscoelastic transition phase (K)  

ET = The storage modulus at the viscoelastic transition (Pa)  

Mc = Average molecular weight between entanglement   
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The results showed a 232% increase in molecular weight of H-TPU compared to 

S-TPU. The Tg of S-TPU and H-TPU are -29.4 °C and -7.6 °C, respectively. The 

shift in the tan δ curve affirmed that H-TPU has a higher number of aromatic groups 

in its backbone chains than S-TPU, which require more energy to break the bond 

and hence influence the storage modulus and tan δ peak. The Mc value illustrates 

that more entanglement of molecules presents in the H-TPU polymer than S-TPU, 

which explains the enhancement of Tg, E' and shift in tan δ curves and eventually 

enhances the mechanical properties. 

In this chapter, amongst S-TPU and H-TPU, the AFM results showed that the S-

TPU has higher surface roughness and can provide a strong mechanical bonding 

with TCF reinforcement. However, FTIR, XPS, DSC, and DMA results illustrate 

that H-TPU contains a higher R-value that produces more crystalline structure in 

the polymer backbone and provides a higher storage modulus than S-TPU. In TCF 

surface studies, the XPS results indicated that NH- group in urethane roughened 

the surface of TCF than TCF-E, and it can provide a strong either mechanical or 

chemical interface with PU matrix. The overall results indicate that TCF-U can 

produce a strong interfacial bonding with H-TPU and TSU than S-TPU.   
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Figure 2.12: DMA results of storage modulus (log E’), loss factor (tan δ) of 

S-TPU and H-TPU as a function of temperature 
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Table 2.5: The storage modulus, glass transition temperature, tan δ and 

average molecular weight of S-TPU and H-TPU 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material ρ (g/cm3) Tg (°C) E’ (MPa) at 

-70 °C 

T (K) tan δ Mc (g/mol) 

S-TPU 1.08 -29.4 1078.7 256.3 -29.4 140 

H-TPU 1.12 -7.6 1673.8 317.2 -7.6 465 
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 CONCLUSIONS 

In this objective, the inert surface of TCF is reduced by coating epoxy and urethane 

polymer on the TCF surface and validated its compatibility with the urethane 

system. The physico-chemical interaction and adhesion efficiency of S-TPU, H-

TPU, and TSU polymer with unsized, epoxy, and urethane sized TCF is 

investigated through the surface and thermal analysis.  The AFM results showed 

39% higher surface roughness of S-TPU than H-TPU, indicating S-TPU can 

provide a mechanical bond at the interface than H-TPU. However, DSC and DMA 

data showed that the H-TPU contains a closed molecular structure requiring higher 

thermal energy to separate the bond than S-TPU. The thermal characterization 

results correlate to the surface analysis and illustrate that H-TPU contains a higher 

hydrogen bonding index than S-TPU.  

Furthermore, XPS and AFM results of TCF-Un, TCF-E, and TCF-U indicate that 

TCF-U has higher surface roughness than other constituents. Hence, we 

hypothesized that TCF-U could be more compatible with the polyurethane system 

and improve the mechanical strength of the composites compared to TCF-E and 

TCF-Un reinforcements. A detailed understanding and the effect of physico-

chemical interaction between TCF and PU systems on the interfacial adhesion will 

be describe in Chapter 3. Based on the overall analysis, a possible chemical 

reaction hypothesis is presented in Figure 2.13  
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Figure 2.13: Possible reaction mechanism of polyurethane system with 

epoxy and urethane sized TCF 
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• Improvement of interfacial adhesion of unidirectional textile grade carbon fiber 

(TCF) with unsized, epoxy and urethane sizing reinforced in thermoset urethane 

composites” in in the Materials Today: Communication journal, Vol.28, 2021 

ABSTRACT 

The hypothesis proposed in chapter 2 stated that urethane-sized TCF is 

compatible with thermoplastic and thermoset urethane systems. The adhesion and 

cohesion between fiber-matrix interfaces and thermoset (TS)-thermoplastic (TP) 

composite interfaces were investigated in this work through three different studies.  

The first study was to understand the effect of soft (S-TPU) and hard segments (H-

TPU) of TPU with unsized (TCF-Un), epoxy (TCF-E), and urethane sized (TCF-U) 

TCF composites fabricated via compression molding technique. The results 

showed that the S-TPU and H-TPU are not compatible with TCF-Un and TCF-U 

due to the difference in the mobility of molecular chains as a function of 

temperature. The results showed improved mechanical properties with TCF-E 

reinforced H-TPU composites. The flexural, impact and tensile properties were 

30%, 50%, and 130% higher than S-TPU composites.  

The second part of the research explored the bonding efficiency between TCF-Un, 

TCF-E, and TCF-U with a thermoset urethane (TSU) resin system. The flexural, 

interlaminar shear strength (ILSS), and impact properties of urethane-sized TCF 
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increased by 24%, 50%, and 273%, respectively, when compared to unsized TCF. 

The results demonstrate that the surface and thermal properties correlate with the 

mechanical properties of TCF-TSU composites, and sizing enhances the 

wettability of the composite(s). 

The third part of the research focused on the fusion bonding between TP and TS 

composites. H-TPU-TCF-E (TP) and TCF-U-TSU (TS) were used for the fusion 

bonding study. The results showed 295% and 51% increase in flexural and ILSS 

properties of TP/TS fusion bonded composite than H-TPU-TCF-E composites. The 

lap shear strength was 21% higher than studies reported in literature  confirming 

strong interfacial bonding between the TP-TS laminate(s). 

Keywords: unsized, epoxy and urethane sized TCF-TPU composites, TCF-TSU 

composites, fusion bonded TP/TS composites, surface, thermal and mechanical 

characterization 
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 INTRODUCTION 

The performance of carbon fiber reinforced polymer composites (CFRP) depends 

on the interatomic and intermolecular contact between the fiber and matrix at the 

interface that influences adhesion. Sizing of the CF surface delivers chemical 

groups compatible with the polymer matrix to enhance fiber-matrix bonding. The 

researcher’s study confirms that sizing roughens the CF surface by producing 

chemical and mechanical interaction with the matrix, thus, improving the 

mechanical properties of the composite [1–3]. Zhao et al. [4] improved the 

interfacial bonding by applying polydimethylsiloxane bishydroxylalkyl (PDMSBH) 

on the CF surface and reinforced in   PU matrix. Their results indicate improvement 

in the mechanical, friction and wear properties of the composite. Liu et al. studied 

the interfacial adhesion between CF and polysulfone (PES) using graphene oxide. 

The authors reported that commercial-grade sizing degrades at about 250ºC. 

Thus, working with high-temperature polymers becomes challenging with 

thermoplastic polymer due to weak interfacial adhesion at the interface.   

Gnädinger et al. [5] studied the interfacial shear strength of epoxy, urethane, and 

polyamide (PA) sized CF with thermosetting urethane and epoxy matrices. A 

significant improvement (50%) in the interfacial shear strength (IFSS) properties 

was observed for the similar chemical structure of the sizing agent and polymer.  

Understanding the adhesion of the laminates at the macro level is influenced by 

fiber-matrix bonding at the micro-level. Fusion bonding technique has been widely 

used in  industry for joining two polymer parts through methods such as - surface 

preparation, heat treatment, pressure, diffusion, and cooling steps. Based on these 
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methods fusion bonding has been classified into four techniques as illustrated in 

Figure 3.1. 

Among several techniques, bulk heating is an ideal joining method to co-

consolidate dissimilar materials using autoclave and/or compression molding 

techniques [6]. In these methods, no external material or surface treatment is 

applied to the bond line. The bond strength is   dependent on the properties of the 

composite laminate(s). During the fusion bonding process, two dissimilar 

laminates are bonded at the melting temperature of the polymer (of the laminate) 

with adequate pressure to minimize voids at the interface. Weber et al. examined 

the bond strength between CF/PEEK tape-preforms and CF/PEEK organo sheets 

using the co-consolidation method. Their results showed that the interlaminar 

fracture toughness was enhanced by 42% compared to CF-PEEK fabricated in 

autoclave with a void content of 1.58% [7]. Hou et al. bonded carbon fiber epoxy 

prepreg with thermoplastic film using the interpenetrating polymer network (IPN) 

mechanism with the co-consolidation technique in the presence of heat and 

pressure. Their results showed 45% improvement in single lap shear strength 

properties [8]. Most research has been conducted on thermoplastic and thermoset 

bonding using resistance welding, vibrational welding, and ultrasonic welding [9–

12].  

The widely used polymer systems for fusion bonding techniques are- 

poly(phenylene oxide) (PPO), poly(ethylene oxide) (PEO), phenoxy, 

poly(methylmethacrylate) (PMMA), poly(vinylpyrrolidone) (PVP), poly (ether ether 

ketone) (PEEK), polystyrene (PS), polycarbonate (PC)., Polyamide (PA), 

Polyetherimide (PEI), Polyethersulfone (PES), Polysulfone (PSU) with epoxy resin 

[13]. However, literature on fusion bonding of the thermoplastic urethane (TPU) 
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composites and thermoset urethane (TSU) composites is very limited. This work 

attempts to fill this gap in literature. The work is divided into three subcategories:- 

a) Study of the effect different segments of TPU with unsized, epoxy and urethane 

sized TCF through compression molding technique.  

b) Investigation of  the molecular interaction at the interface of TSU with unsized, 

epoxy and urethane sized TCF using hand-layup method followed by the 

compression molding technique.   

c) Evaluation of fusion bonding between TPU composites and TSU composites 

using compression molding technique.   
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Figure 3.1: Classification of fusion bonding techniques used for laminate 

bonding [6] 
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a) Study the effect different segments of TPU with unsized, epoxy and 

urethane sized TCF through compression molding technique. 

 (a) EXPERIMENTAL 

  (a) Fabrication of TPU-TCF using compression molding 

TCF-Un, TCF-E, and TCF-U were reinforced in S-TPU and H-TPU composite 

panels fabricated using the film stacking compression molding technique, 

explained in Figure 3.2.  TCF-E was in non-crimped form, whereas TCF-U and 

TCF-UN were in tow forms. Eight layers of TCF mats were sandwiched between 

TPU films to produce a 3 mm thick  panel. The sandwiched layup was placed in a 

152 mm × 152 mm (6” × 6”)   tool (mold), and the assembly was placed in a Carver 

hot press (Model 3895). The panels were processed as follows. S-TPU at 160 °C 

and H-TPU at 170 °C under 4.2 MPa (611 Psi) pressure. Initially, the panel was 

dwelled for 120 mins at  0.2 MPa (28 Psi) to allow the resin to flow and penetrate 

through the TCF filaments. The pressure was applied at a 0.2 MPa/mins rate of up 

to 4.2 MPa and the dwell cycle was for  60 mins to improve the interfacial adhesion 

between TCF and TPU. Six panels were fabricated for each sizing system of TCF 

reinforcement (unsized, epoxy and urethane sizing) with two polymer systems 

such as S-TPU and H-TPU polymer for detailed analysis. Each panels 

nomenclature is described in Table 3.1. 
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Figure 3.2: Schematic of fabrication of TCF-TPU laminates. (a) sandwiched 

TCF sheets and TPU films, (b) compression molding, (c) fabricated panel, 

(d) consolidated panel 
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Table 3.1: TPU composite panel nomenclature specifications 

Nomenclature  Explanation  

S-TPU-TCF-UN 
S-TPU polymer reinforced 

in unsized TCF 

S-TPU-TCF-E 
S-TPU polymer reinforced 

in epoxy sized TCF 

S-TPU-TCF-U 
S-TPU polymer reinforced 

in urethane sized TCF 

H-TPU-TCF-UN 
H-TPU polymer reinforced 

in unsized TCF 

H-TPU-TCF-E 
H-TPU polymer reinforced 

in epoxy sized TCF 

H-TPU-TCF-U 
H-TPU polymer reinforced 

in urethane sized TCF 
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Characterization techniques: 

Surface and thermal characterization techniques used in this work were explained 

in Chapter 2. The mechanical testing parameters are as follows: 

 Flexural testing 

The flexural specimens were prepared according to ASTM D790-17 [14] and the 

testing was conducted using Test Resources Universal Testing Machine (UTM) 

machine (Model 313 series frame, MN) with a 50 kN load cell. The fixture had a 6 

mm diameter loading nose and supports with a crosshead speed of 1.14-1.18 mm/ 

minute. 

 Impact testing 

The Izod impact was performed according to ASTM D-256 [15] using Tinius Olsen 

(Model Impact 104) with loading capacity 22.6 J and 37 N pendulum weight to 

understand the material absorption capacity under impact loading. Five specimens 

for each formulation with dimensions 65 mm x 12.7 mm x 3 mm were prepared 

using a notch type A with a radius of 0.25 mm and notch angle of 45°. The average 

impact strength was calculated. 

 Tensile testing 

Tensile specimens were prepared and tested according to ASTM D 3039-17. A 

servo hydraulic load frame with 22 kN load cell capacity was used. An 

extensometer (MST 634.11E-125) was mounted on each specimen. A crosshead 

speed of 2 mm/min was used. 
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 Interlaminar shear strength 

The interlaminar shear strength test was conducted according to ASTM D-2344 

[16]. Five specimens were tested with a cross-head rate of 1 mm/minute on the 

Test Resources Universal Testing Machine (UTM) machine (Model 313 series 

frame, MN) equipped with a 50 kN load cell. 

 Contact angle measurement  

The surface wettability of TCF-Un, TCF-E, TCF-U, and TSU resin was measured 

using the sessile drop method [17][31] at room temperature with a Glycerol 

(γd = 34 mN/m, γp = 30 mN/m) as a single liquid system. The size of the liquid 

droplet was 5 µL. The measurement was aided by the Image J software, and video-

based contact angle instrument and software (VHX 600E, Keyence). Six 

specimens were tested per sample by mounting the fiber and matrix on a glass 

slab. The surface energy was evaluated by thermodynamic model of adhesion with 

Antonov’s empirical rule. Equation 5 represents contact angle where 

Θ = equilibrium contact angle; surface energy of solid (mN/m); and = surface 

energy of the liquid (mN/m) [18].  

Cos Θ = (2γs/ γL) – 1         [5] 

 Scanning electron microscopy (SEM) 

Zeiss Auriga electron microscope was performed on the fracture surfaces of 

composites to evaluate the bonding mechanism. The fractured samples were 

coated with gold (SPI-MODULETM sputter coater, PA, USA) for 30 sec to improve 

the resolution of the micrographs. SEM was operated at 5 kV to characterize the 

interfacial adhesion of TCF surface. 
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 (a) RESULTS AND DISCUSSION  

 Fourier transform infrared spectroscopy (FTIR) 

The hydrogen bonding index (R) has been calculated for S-TPU and H-TPU 

composites with various sized TCF reinforcement. The percentage reactivity of 

hydrogen bonds between fiber and matrix is presented in Figure 3.3. The degree 

of phase separation (DPS) (equation 2 presented in chapter 2) is determined to 

evaluate the linkage between a two hard segments in the polymer. The degree of 

phase mixing (DPM) calculated the linkage between the hard and the soft segment 

within the polymers. 

The R-value was found to increase with the hard segment content from 3 (S-TPU) 

to 7.6 (H-TPU), as shown in Figure 3.3, and Table 3.2. The DPS of H-TPU (0.88) 

is 17% higher than the S-TPU (0.75), indicating a large number of hard segment 

linkages in the H-TPU backbone. After the addition of TCF reinforcements, the 

hydrogen bonding indices of S-TPU-TCF-UN (3.48), S-TPU-TCF-E (3.55), H-TPU-

TCF-E (7.9), and H-TPU-TCF-U (7.8) have increased significantly compared to 

pristine TPU. Dong et al. [19] stated that the molecular interaction at the fiber-

matrix interface improves the R-value, contributing towards the enhancement of 

the mechanical performance. However, S-TPU-TCF-U and H-TPU-TCF-UN 

showed no changes in the R-value, indicating mechanical interlocking and no 

chemical bonding between the fiber and matrix.  The R value of TCF-E, regardless 

of their hard and soft segment presence, increased by 18% and 4% in S-TPU and 

H-TPU, respectively. The higher R values for TCF-E composites explain the 

presence of a strong bonding between oxirane and urethane groups that may 

provide higher mechanical properties compared to TCF-UN and TCF-U. 
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Table 3.2: The hydrogen bonding index (R), degree of phase separation 

(DPS) and degree of phase mixing (DPM) of S-TPU and H-TPU reinforced in 

different sized TCF 

Material  R value  DPS  DPM  

S-TPU 3.0 0.75 0.25 

S-TPU-TCF-UN  3.48  0.77  0.23  

S-TPU-TCF-E  3.55  0.78  0.22  

S-TPU-TCF-U  3.0  0.75  0.25  

H-TPU 7.6 0.884 0.12 

H-TPU-TCF-UN  7.60  0.884  0.12  

H-TPU-TCF-E  7.90  0.888  0.11  

H-TPU-TCF-U  7.80  0.886  0.12  
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(a) 

 

(b) 

Figure 3.3: Hydrogen bonding index (R) of unsized (TCF-UN), epoxy sized 

(TCF-E) and urethane sized (TCF-U) TCF reinforced in (a) S-TPU and (b) H-

TPU polymer. R value is increased with TCF-E reinforcement for S-TPU and 

H-TPU polymer 
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 Dynamic mechanical analysis (DMA) 

DMA was performed to understand the interfacial adhesion at the molecular level 

between various sized TCF and segmented TPU. The DMA data was evaluated in 

terms of storage modulus (Eʹ), and tan δ. The Eʹ at the glassy region (-100 °C) and 

tan δ of S-TPU and H-TPU composites are shown in Figures 3.4 and Figure 3.5. 

The glassy region temperature was used to understand the cross-link density 

(closed packed structure) of the polymer at the fiber interface, which directly relates 

to the storage and loss modulus. It can be observed that the Eʹ of S-TPU and H-

TPU  increased for sized TCF. However, epoxy sized TCF reinforcement in both 

hard and soft segmented TPU showed a significant increment in stiffness 

compared to unsized and urethane sized TCF composites. The increase in the 

storage modulus of S-TPU-TCF-E (from 1.1 GPa to 89 GPa) compared to H-TPU-

TCF-E (from 1.7 GPa to 4.3 GPa) was attributed to enhancing molecular 

interaction at the fiber and matrix interface by improving the stress transferability 

(stiffness) of the composite. As shown in Figure 3.5, there is no change in Tg 

observed after the addition of TCF. However, a noticeable reduction in the height 

of tanδ was noticed. The remarkable drop of tan δ was for S-TPU-TCF-E (from 

0.44 to 0.33) and H-TPU-TCF-E (from 0.36 to 0.17) by 25% and 53%, respectively.  

Hassan et al. [20] stated that the decrease in tanδ peak height illustrates the strong 

fiber-matrix interaction at the interface. Hence, based on the authors analysis, 

epoxy sized TCF was interpreted to form a strong interface with segmented TPU. 

The DMA results correlate with the FTIR findings, where R value of epoxy-sized 

TCF with TPU (section 3.3.1) is higher than that of unsized and urethane-sized 

TCF reinforcements. Though the urethane-sized TCF has a similar chemical 
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structure with segmented TPU, it did not provide a strong fiber-matrix bond 

because the bond activation temperature requires for urethane sizing was 182°C, 

and the S-TPU and H-TPU panels processed <180°C. Increasing the processing 

temperature made it challenging to control the fiber orientation and matrix flow, 

which causes a reduction in the DMA and FTIR properties. Therefore, the 

mechanical characterization was performed on the epoxy-sized TCF and 

segmented TPU to validate the hypothesis further. 

As shown in Figure 3.5, there is no change in Tg observed after the addition of 

TCF. However, a noticeable reduction in the height of tanδ was noticed. The 

remarkable drop of tan δ was for S-TPU-TCF-E (from 0.44 to 0.33) and H-TPU-

TCF-E (from 0.36 to 0.17) by 25% and 53%, respectively.  

Hassan et al. [20] stated that the decrease in tanδ peak height illustrates the strong 

fiber-matrix interaction at the interface. Hence, based on the authors analysis, 

epoxy sized TCF was interpreted to form a strong interface with segmented TPU. 

The DMA results correlate with the FTIR findings, where R value of epoxy-sized 

TCF with TPU (section 3.3.1) is higher than that of unsized and urethane-sized 

TCF reinforcements. Though the urethane-sized TCF has a similar chemical 

structure with segmented TPU, it did not provide a strong fiber-matrix bond 

because the bond activation temperature requires for urethane sizing was 182°C, 

and the S-TPU and H-TPU panels processed <180°C. Increasing the processing 

temperature made it challenging to control the fiber orientation and matrix flow, 

which causes a reduction in the DMA and FTIR properties. Therefore, the 

mechanical characterization was performed on the epoxy-sized TCF and 

segmented TPU to validate the hypothesis further. 
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Figure 3.4: Storage modulus (E’) of (a) TCF-Un, TCF-E and TCF-U reinforced 

in S-TPU, (b) TCF-Un, TCF-E and TCF-U reinforced in H-TPU at -100 °C as a 

function of temperature. Both S-TPU and H-TPU provided higher storage 

modulus with TCF-E reinforcement 
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Figure 3.5: Tan δ of (a) TCF-Un, TCF-E and TCF-U reinforced in S-TPU, (b) 

TCF-Un, TCF-E and TCF-U reinforced in H-TPU at -100 °C as a function of 

temperature. Both S-TPU and H-TPU provided lowest Tan δ with TCF-E 

reinforcement with strong adhesion at the interface 
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Mechanical Characterization of TCF-TPU composites 

 Flexural properties  

Flexural properties of epoxy-sized TCF reinforced in S-TPU, and H-TPU 

composites are presented in Figure 3.6. The typical stress-strain curve and the 

micrographs of the urethane composites are shown in Figure 3.7. The surface and 

thermal characterizations results obtained from XPS and DMA infer that the 

entanglement in the urethane segments significantly affects the flexural 

performance of TCF-TPU composites. The flexural strength increased by 30% 

from 69.72 ± 5.76 MPa to 90.86 ± 2.87 MPa. The stress-strain curve shows a 

notable difference in the failure behavior of TCF-PU composites that refers to the 

transition of elastic (S-TPU) to the rigid matrix (H-TPU). Also, the difference in the 

first failure for S-TPU (64.7 MPa) and H-TPU (85.2 MPa) is due to the cross-linked 

structure in the backbone, enhancing the load absorbing capacity of S-TPU 

composites. The improvement in the flexural strength indicates a high degree of 

interfacial adhesion between fiber and matrix. The flexural strength and modulus 

show a linear relationship with the molecular weight of TPU.  The modulus showed 

a similar trend where H-TPU (9.8 ± 0.16 GPa) has higher stiffness than S-TPU (3.5 

± 0.9 GPa) composites. The failure modes of soft and hard segment composites 

showed a good wetting, strong interaction at the interface, and improved load 

transfer efficiency between fiber and matrix. Hence, it can be inferred that strong 

interface interaction increases failure resistance, and the results correlate with the 

XPS and DMA findings. Husic et al. observed the difference in the flexural 

properties for two-segmented TPU composites and explained that the higher CLD 

of the polymer provides higher flexural properties [46]. 
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Figure 3.6: Flexural strength and modulus of TCF-TPU composites for S-

TPU and H-TPU with TCF-E reinforcement 

 

Figure 3.7 Stress-strain curve and SEM micrographs of fractured surface 

morphologies of TCF-S-TPU and TCF-H-TPU composites with 2 μm and 10 

μm magnifications (right), demonstrating the interfacial adhesion of fiber 

and matrix 
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 Impact properties 

The effect of segmental chain difference on the dissipation energy of S-TPU and 

H-TPU composite is presented in Figure 3.8 [21]. The impact strength is generally 

correlated with flexural modulus; it measures the total impact energy absorbed 

during the flexural failure. Therefore, the trend of the impact strength is consistent 

with flexural properties. As shown in Figure 3.8, the impact strength results have 

increased by 50% from 107.4 ± 10.7 J/m (TCF-S-TPU) to 161.5 ± 17.9 J/m (TCF-

H-TPU). The increase in the impact strength explains that H-TPU contains more 

polar groups in the urethane linkage that can absorb more energy by altering the 

structure and providing space for molecular movement in the network. These polar 

groups produced strong intermolecular interaction with epoxy-sized TCF through 

a covalent bond, which provides strong intermolecular forces and increases the 

impact strength of the composites. Hence the XPS data shows that H-TPU 

composites have a higher C=O content than S-TPU composites, enhancing the 

hydrogen bonding efficiency and significantly improving the impact strength of 

TCF-TPU composites [22]. 

 Tensile properties  

The tensile test on S-TPU and H-TPU composites was conducted using ASTM D 

3039 to understand the effect of segmental motion in TCF-TPU composites. The 

trend of tensile properties is similar to the flexural and impact properties. The S-

TPU and H-TPU showed improvement in the tensile properties after incorporating 

TCF that proves efficient load transfer between the fiber and matrix. As shown in 

Figure 3.9. the tensile strength of the TCF-H-TPU improved by 131% (from 61.2 ± 

2 MPa to 141.4 ± 12.3MPa), and modulus increased by 313% (from 11.3 ± 2.4 
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GPa to 46.7 ± 8.2 GPa) than TCF-S-TPU composites. The tensile strength is driven 

by the fiber-matrix interaction and matrix stretching (strain hardening) [23]. Yang 

et al. [22] stated that hydrogen bonding contributes to enhancing tensile properties. 

Hence, H-TPU has a more hydrogen-bonded network, which helps to improve the 

tensile properties of the composites. The tensile properties of TCF-TPU are higher 

than the reported results [47–49]. Hence, the improvement of mechanical 

properties of H-TPU composites has a significant influence due to the multiple 

hydrogen bonding network between TCF and TPU. 

 

 

 

 

 

 

 

 

 

 



83 
 

 

Figure 3.8: The Izod impact strength of S-TPU (161.50 J/m) and H-TPU 

(107.4 J/m) composites at room temperature 

 

Figure 3.9: The ultimate tensile strength and modulus of TCF-S-TPU and 

TCF-H-TPU composites 
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 (a) CONCLUSIONS 

In this task, we have discussed the effect of unsized, epoxy, and urethane sized 

TCF on the interfacial bonding of soft and hard segmented polyurethane. The FTIR 

and DMA were performed on each composite, and the results showed that though 

there is similarity in the chemical structure, the urethane, and unsized TCF is not 

compatible with segmented TPU. The urethane sizing on the TCF surface requires 

180 °C operating temperature to react with TPU. Due to the higher operating 

temperature, the control of the matrix and fiber flow becomes challenging, which 

causes a decrease in the storage modulus and tan delta values. However, epoxy 

sized TCF-TPU showed a significant difference in the DMA properties compared 

to other constituents. Hence, mechanical characterization was performed on 

epoxy sized TCF reinforced in S-TPU and H-TPU polymer. It was observed that 

the H-TPU composite possesses higher tensile, flexural, and impact resistance 

compared to S-TPU composites. Henceforth, TCF-H-TPU composite is used for a 

fusion bonding study [50] 
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b) Investigate the molecular interaction at the interface of TSU with 

unsized, epoxy and urethane sized TCF using hand-layup method followed 

by the compression molding technique. 

 (b) EXPERIMENTAL 

3.2.1 Fabrication of TCF-TSU using hand-layup technique 

TCF-E, TCF-U, and TCF-UN reinforced TSU laminates were fabricated using hand-

layup method followed by a compression molding technique to achieve >60% fiber 

volume fraction in the consolidated panels. TSU (3:1 resin to hardener ratio) was 

stirred for 10 minutes to achieve a homogenous mixture. The resin was spread on 

fourteen layers of TCF fabrics. The TCF was either in a non-crimped fabric form 

referred to as ‘C-ply’ (TCF-E) and plate wrapped CF tow bundle (TCF-U and TCF-

UN). The layup was designed in a symmetric laminate sequence [0, 90]7S. A 

perforated release film (peel ply) was placed on the top of the fabric lay-up, and the 

entire setup was sealed with nylon 6 high temperature bagging material to evacuate 

trapped air. The assembly was placed in a Carver hot press (Model 3895-

compression molding press) which has 305 mm × 305 mm (12ʺ x12ʺ) heated 

platens operated at 180 °C, and 0.6 MPa (83 Psi) to achieve 50-60 wt. % fraction 

of TCF-TSU composite. 

 (b) RESULTS AND DISCUSSION 

 Contact angle measurement 

The surface energy of TCF-Un, TCF-E, TCF-U, and TSU resin was calculated 

using Antonov’s equation explained in the 3.2.6 section and the data presented in 

Table 3.3. TCF-Un showed the lowest surface energy (25.01 mN/m) due to 
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absence of functional groups on the TCF surface. Both epoxy and urethane-sized 

TCF showed 78% and 96% improvement in the surface energy. The difference in 

the data mainly contributed to the reactivity of epoxy (C=O) and urethane linkage 

(COONH) (as explained in the XPS section 2.3.2).  

Jiao et al. [24] observed a similar trend, and stated that the polarity of the functional 

group enhances the surface energy of the CF due to the sizing chemistry. Their 

data coincided with the AFM results in that the polarity of sizing influences the 

surface roughness of TCF. The surface energy of TCF-U (49 mN/m) is similar to 

TSU resin (≈48 mN/m); hence it was concluded that the TSU provide strong 

wettability with TCF-U along with strong interfacial bonding. This enhances the 

mechanical properties of the TCF-U-TSU composites than unsized and epoxy 

sized TCF-TSU.  
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Table 3.3: Surface energy results of TCF fiber and TSU resin 

Component Contact angle (°) Surface energy 

(mN/m) 

TSU (resin) 60.88 47.57 

TCF-UN 102.61 25.01 

TCF-E 66.95 44.53 

TCF-U 57.69 49.10 
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 Thermogravimetric analysis (TGA) 

Thermal stability, fiber content, and decomposition temperature have been 

analyzed using TGA under nitrogen atmosphere. Normalized TGA curves of epoxy, 

urethane and unsized TCF are presented in Figure. 3.10 and the percentage of 

weight loss data was studied. The unsized, epoxy, and urethane-sized TCF 

composites showed similar decomposition trends with one stage of weight loss, and 

the transition starts at the 215-300°C and the final transition observed at 600°C. 

During the thermal transition of TCF-TSU composites, three minor degradation 

steps were observed. The first step was observed at 305-358°C, indicating the 

separation of polyol and isocyanate. The second and third steps occurred  in the 

range of 374-550°C which implies the formation of carbon dioxide [25]. The 

percentage weight loss for TCF-UN, TCF-E, and TCF-U composites is 59%, 68%, 

and 76%, respectively.  

The difference in the fiber volume fraction is attributed  to the difference in the sizing 

concentration. Wang et al. [26] stated that high fiber content enhances the 

mechanical strength and modulus of composite by restricting the molecular 

movement of the polymer through a strong hydrogen bonding network between 

fiber and matrix. It can be interpreted that the TCF-U can provide higher (due to an 

increase in 12% and 29% fiber content than TCF-E and TCF-UN, respectively) 

mechanical properties of the composites than TCF-E and TCF-UN. 
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Figure 3.10: Normalized TGA curves of different sized TCF reinforced in 

TSU composites, (a) 59% fiber wt. fraction in TCF-UN, (b) 68% fiber wt. 

Fraction in TCF-E, (c) 76% fiber wt. Fraction in TCF-U 
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 Dynamic mechanical analysis (DMA) 

DMA was performed on unidirectional TCF-TSU composites specimens to 

evaluate the elastic stiffness and energy dissipation capacity through storage 

modulus (E’) and tan δ of composites as a function of temperature, presented in 

Figure 3.11.  

Keusch et al [27] stated that storage modulus is directly, and tan δ is inversely 

proportional to interfacial bonding of composites. The difference in the initial 

storage modulus (at –100 °C) after incorporating sized TCF indicates an 

improvement in the interfacial bonding of composites, Figure 3.11(a). As shown in 

Table.3.4, compared to TSU, the E’ results of unsized, epoxy sized, and urethane 

sized TCF increases by 632.7%, 785.3%, and 800.0%, respectively.  Edie et al. 

[28] reported that the fiber volume fraction (Vf) significantly affects the E’ value.  

Hence the damping factor curve was analyzed to understand molecular motion at 

the interface and quantifies the interfacial bonding of composite. The tan δ curve 

of TCF-UN, TCF-E, TCF-U reinforced TSU composites showed no remarkable 

difference in the Tg value, shown in Figure. 3.11(b). However, the damping 

behavior at the Tg of TCF-UN and TCF-E was observed to be higher than TCF-U. 

The differences in Tg indicates poor interfacial fiber-matrix bonding in TCF-E and 

TCF-UN composites. The tan δ values has decreased 2.2% from 0.2725 for TCF-

UN to 0.2665 for TCF-E and 9.2% (0.2474) for TCF-U. A composite with strong 

interfacial bonding tends to restrict the motion of the molecular chain at the 

interface by providing less dissipation energy, which decreases the height of the 

tan δ peak [27]. Hence, urethane sized TCF composite has a strong interfacial 

bonding compared to epoxy and unsized TCF composite.  
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Table 3.4: Storage modulus (E’), tan δ and fiber volume fraction of TCF-TSU 

composites with epoxy and urethane sizing treatments 

Material E’ MPa (at -100°C) Tan δ Vf 

TSU 2704.1 0.4347 - 

TCF-UN-TSU 19813.1 0.2725 50 

TCF-E-TSU 23938.2 0.2665 60 

TCF-U-TSU 24337.1 0.2474 69 
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Figure 3.11: Dynamic mechanical characteristics of TSU (0.5 Hz) and TCF-

TSU composites (at 1 Hz) with unsized, urethane and epoxy sizing on TCF 

surface: (a) the storage modulus, (b) damping factor (tan δ) as a function of 

temperature 
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 Flexural properties  

Flexural properties of unsized, epoxy, and urethane sized TCF reinforced TSU 

composites are presented in Figure 3.12. Based on the surface analysis of AFM 

and XPS, it can  be inferred that the surface roughness in the urethane (polar 

groups) sizing enhanced the flexural strength of TCF-U composites compared to 

TCF-E and TCF-UN. The flexural strength increases by 24% and 7% from 482 ± 25 

MPa of TCF-UN to 598 ± 77 MPa of TCF-U and 515 ± 66 MPa of TCF-E. The 

enhancement in flexural strength indicates excellent interfacial adhesion between 

fiber and matrix due to chemical interaction and reduces fiber pullout [29,30]. The 

strong interface between TCF-U and TSU might contributed to a hydrogen bond 

formation by a trans-urethanization reaction. In this reaction, the active functional 

group from sized TCF gets crosslinked with a reactive group of urethane polymer 

through intermolecular interaction. The hydrogen bond creates a bridge between 

fiber and matrix and enhances the flexural strength of the compounds [31,32]. 

Furthermore, the flexural strength of TCF-E is still higher than TCF-UN, either due 

to the mechanical interlocking or poor chemical interaction of epoxy and urethane 

linkages, which showed less increase in the properties. Flexural modulus is also 

presented in Figure. 3.12. The results showed a similar trend where TCF-U-TSU 

(58±6.2 GPa) has higher stiffness than TCF-E-TSU (50±1.2 GPa) and TCF-UN-

TSU (38±1.2 GPa) composites. It can hence be inferred that that strong interfacial 

interaction increases failure resistance of TCF-U-TSU composites [5]. 
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Figure 3.12: Flexural strength and modulus of unsized, epoxy and urethane 

sized TCF reinforced in TSU composites 
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 Interlaminar shear strength (ILSS)  

ILSS test was performed to understand the interfacial bonding between TCF-UN, 

TCF-E, and TCF-U with TSU polymer and the results compared with contact angle 

of each constituent presented in Figure 3.13. As shown in Figure 3.13, the ILSS 

results improved from 15 ± 0.9 MPa (TCF-UN) to 21.9 ± 3.7 MPa (TCF-E) (46%) 

due to epoxy sizing, which not only roughens the surface for mechanical 

interlocking, but also provides oxirane functional group to enhance the wettability 

between fiber and matrix. The TCF-U contributed largely to ILSS properties from 

21.9 MPa to 32.09 ± 2.1 MPa with a 50% improvement. The data also showed an 

inversely proportional relation between contact angle and ILSS properties. Thus, 

the improvement in the strength confirms the presence of a chemical bridge 

between fiber and matrix that enhanced interfacial adhesion. This behavior of 

results correlated with the flexural properties of TCF-TSU composites. The 

obtained ILSS properties of TCF-U-TSU are higher in comparison to CF-epoxy 

composite [34] and glass fiber- MWNT-epoxy hybrid [35] composites. 

The typical stress-strain curve reveals the different failure patterns of TSU 

composites. Two stages of failure were observed in ILSS for sized TCF composites. 

In the first stage, initial failure is attained with maximum stress at the interface and 

the failure transfer to the second stage. In the second stage, the crack induced with 

a slight decrease of load and propagated through the interface until it breaks 

completely. However, for unsized TCF, the ILSS curve breaks smoothly at the initial 

stage. Hence, the breakage illustrates that sizing protects crack transfer by 

enhancing fracture energy absorption capacity and effectively increasing interfacial 

bonding of urethane and epoxy sized composite. 
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Figure 3.13: (a) Interlaminar shear strength and (b) typical stress strain 

curve of TCF-UN (15 MPa), TCF-E (21.9 MPa) and TCF-U (32.1 MPa) 

reinforced in TSU composites 
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 Impact strength 

Impact strength is the capacity of a material to dissipate the energy applied at high-

rate loading [36]. Figure. 3.14 shows the impact strength of TCF-UN, TCF-E, and 

TCF-U reinforced TSU composites. The trend of impact strength is consistent with 

flexural and ILSS properties. As shown in Figure 3.14, the impact strength results 

improved from 29.1 ± 4.5 J/m (TCF-UN) to 63.1 ± 2.8 J/m (TCF-E) (116%) by epoxy 

sizing.  Similarly, the impact strength of TCF-U improved by 170% from 29.1 J/m to 

78.6 ± 14.8 J/m.  

The urethane sizing significantly improved the toughness of the TCF reinforced 

composites by enhancing the interlocking efficiency at the fiber-matrix interface and 

allowed to increase the energy absorption capacity during impact loading [37]. 

Sizing provides efficient and effective resistance to crack propagation during impact 

loading due to strong interfacial adhesion in the composite. 

The AFM findings suggest that the urethane sizing increases the groove's depth on 

the TCF surface compared to epoxy sizing and thus increases the surface 

roughness and surface energy (contact angle measurement) that enhances the 

wettability of TCF-U with TSU resin. The polar groups present on the TCF-U surface 

(XPS results) can have good interface adhesion with TSU than TCF-E due to similar 

molecular structure. Thus, the increase in the molecular interaction in the fiber and 

matrix can produce a strong hydrogen bond that enhances the interfacial strength. 

The strong interface helps to transfer stress uniformly from fiber to matrix and 

provides excellent mechanical strength of the composites. Therefore, all the 

characterization validated  that TCF-U has higher mechanical properties than TCF-

E and TCF-UN. 
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Figure 3.14: Izod impact strength of untreated (29.1 J/m), epoxy (63.1 J/m) 

and urethane sized (78.6 J/m) TCF-TSU composites 
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 TCF’s microstructure and surface morphology of fractured 

composites 

The SEM micrographs are performed on untreated, epoxy and urethane sized TCF 

to understand the interfacial interaction of TCF with TSU. The fractured images of 

the flexural test are presented in Figure 3.15 (a-c), respectively. The unsized TCF 

(Figure 3.15 (a)) reveals a smooth surface with visible grooves parallel to the fiber 

axis. The micrographs also reveal less/no resin adhere to the TCF-UN surface, 

indicating the weak interface between fiber and matrix due to lower surface 

roughness (120 nm) that reduces the stress transfer from matrix to fiber, causing 

poor ILSS properties and eventually decreases the flex properties. 

Figure 3.15 (b) shows the surface morphology of TCF-E, where a non-uniform 

coating of resin on the fiber was observed along with spindle size particles 

throughout the fiber length due to higher surface roughness (228.6 nm) compared 

to TCF-UN. This behavior is a result of chemical/mechanical interaction between 

urethane and epoxy groups that improves the mechanical properties of TCF-E-

TSU composite. While in Figure 3.15 (c), superior fiber-matrix interaction was 

observed, and TCF-U had the highest surface roughness that is 457.6 nm, 

compared to other sized TCF, which may have   contributed to improved bond 

strength. Furthermore, the micrograph of TCF-U shows a homogeneous 

distribution of polymer on the fiber surface that implies the crack induced during 

loading restrain the initial crack by absorbing intense energy. Additionally, sizing 

restricts the crack propagation and changes its direction by enhancing energy 

dissipation (DMA results) and provides the highest flexural and ILSS and impact 

properties in urethane sized TCF-TSU composite [38,39,46]. 
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Figure 3.15: SEM micrographs of fracture surface morphologies for the 

TCF-TSU composites with epoxy, urethane and unsized surface sizing (a) 

TCF-UN-TSU, (b)TCF-E-TSU, (c) TCF-U-TSU at 4-10µm magnifications (left) 

and 1µm resolution (right). The matrix adherence increased for TCF-U than 

TCF-E and TCF-Un 
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 (b) CONCLUSIONS 

An efficient surface treatment method was used to enhance TCF-TSU composite 

interfacial bonding through epoxy and urethane sizing on the TCF surface to 

evaluate the mechanical properties of the composites. The surface energy results   

showed that TCF-U and TSU have similar surface energies, and capable of high 

degree of interfacial adhesion between fiber and matrix. Compared to unsized 

TCF, the damping factor of TCF-U-TSU and TCF-E-TSU decreased by 9.2% and 

2.2 %, respectively. DMA results also reveal that TCF-U has a strong interface 

compared to TCF-E due to the similar molecular structure of TSU. Flexural and 

ILSS properties TCF-U-TSU composites enhanced by 24% (from 482±25 MPa to 

515±66 MPa) and 50% (from 21.9±0.9 MPa to 32.09±2.1 MPa), for TCF-U and 

TCF-E, respectively, suggesting better interfacial adhesion between TCF-U-TSU 

respectively, compared to TCF-UN-TSU. AFM, XPS, DMA, contact angle, 

mechanical properties, and fractured micrographs correlated to each other, 

suggesting better interfacial adhesion of TCF-TSU composites using urethane 

sizing. TGA data reveals that the TCF-U-TSU composite can withstand up to 

215°C, which can benefit high-temperature automotive and related applications. 

Hence, modifying the surfaces enhances the mechanical interlocking and chemical 

bonding and thereby improves mechanical properties of the TCF-TSU composites. 

The hypothesis proposed in Chapter 1 that urethane sized TCF is compatible with 

urethane system is validated through thermal and mechanical characterization. 

Hence for the fusion bonding study, TCF-U-TSU composite is used as a thermoset 

substrate to understand the bonding efficiency of thermoset composite to 

thermoplastic composites. 
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c) Evaluate the fusion bonding between TPU (TP) composites and TSU 

(TS) composites using Co-consolidation technique 

 (c) EXPERIMENTAL 

 Fabrication of fusion bonded TCF-TPU and TCF-TSU composites 

using compression molding technique 

H-TPU-TCF-E and TCF-U-TSU composites were bonded through the co-

consolidation method using the compression molding technique. During fabrication, 

no external adhesive has used because TPU film can act as an adhesive layer 

between TS and TP bonding. Pre consolidated TCF-TSU panels were placed in a 

152 mm × 152 mm (6” × 6”) processing tool, and the eight layers of TCF mats were 

stacked in an alternate sequence, sandwiched between TPU films, presented in 

Figure 3.16. The assembly was placed in a Carver hot press (model 3895). This 

press uses 305 mm × 305 mm (12ʺ x12ʺ) heated platens with a maximum 

temperature of 813 K (540°C) and a clamping force of 294.2 kN. The processing 

started at 180 °C at 0.19 MPa and was held for 90 mins to allow the resin to flow 

through the bond line and displace air and produce macromolecular chain 

entanglement at the interface. The pressure was ramped up gradually to 3.5 MPa 

at the rate of 0.15 MPa/min and held for 45 mins to improve the adhesion at the 

fiber-matrix interface. 
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Figure 3.16: Schematic representation of TP and TS fusion bonding 

process using co-consolidation method 
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 Sample preparation of fusion bonded TCF-TPU and TCF-TSU 

composites for lap shear test  

The lap shear test specimens of TP and TS bonded composites were fabricated 

using a similar processing method as the co-consolidation process with slight 

modification in the technique. The top and bottom section of the TS composite panel 

were wrapped with Kapton tape. The center of the panel, i.e., 25.4 mm length, was 

unwrapped, and TP and TCF mats stacked alternatively using the same processing 

parameters as explained in section 3.8.1 (a) to produce a bond within 25.4 mm × 

25.4 mm area with TP composite. The lap shear test specimens were prepared 

according to ASTM D5868-01 and tested using Test Resource frame ((Model 313 

Series frame, MN) at crosshead speed of 13 mm/minute. The joined panel was cut 

into 152.4 mm × 25.4 mm, and three samples were tested. 

Characterization techniques 

 Contact angle measurements:  

The surface wettability of H-TPU-TCF-E and TCF-U-TSU was measured using Data 

Physics OCA 15 EC goniometer. Deionized (DI) water (γd = 19.9 mN/m, γp = 52.2 

mN/m) and Diiodomethane (γd = 47.4 mN/m, γp = 2.6 mN/m) were selected as 

testing liquids. DI water is a highly polar solvent and Diiodomethane is a non-polar 

solvent used to measure the contact angle of TPU and TSU composites. The 

measurement was determined using a single direct dosing system SD-DM. The 

liquid dropping rate was 1 μL/sec up to 1.5 μL. The measurements were made on 

25.4 × 25.4 mm2 samples. For each specimen, a minimum of three drops were 

deposited using a microliter syringe, and the average value of contact angle is 

presented in Table 3.5. The contact angles of TPU and TSU composites was 
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measured using two testing liquids with known surface energies for the dispersive 

and polar components using Owens–Wendt method explained in equation 6 and 7 

[40]. 

γL (1+cosΘ) = 2 √(γLd γcd )+ 2 √(γLp γcp)      [6] 

γc = γcd + γcp                        [7] 

where, 

θ: the contact angle between composites and the testing liquid  

γ: the surface tension (mN/m) 

γd: the dispersive component (mN/m)  

γp: the polar component (mN/m) 

The subscript L and c stand for the liquids and composite respectively. 

4.2.4 Mechanical characterization  

All the mechanical testing  performed as per the explanation provided in the section 

3.2.1 (a) 

 RESULTS AND DISCUSSION 

 Contact angle measurement  

The surface energy and the surface roughness of TSU and TPU composites were 

evaluated to understand the interfacial wettability between the materials. In both 

the samples, a large contact angle was observed with water that indicates the 

hydrophobicity, while low contact angle indicates the hydrophilicity of the surface. 

The surface energy values of TS are greater than TP composite, which illustrates 

the TS has a higher molecular attraction that can enhance the contact between TS 

and TP substrates.  
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For further understanding, the data is represented in Table 3.5. was used to 

quantify the binding strength at the interface of the composites. The Owens-Wendt 

method derived the following equations to determine the adhesion between two 

solids using a single liquid system [41]. 

γTP/TS = γTP +γTS – 2 (γTPd γTSd)0.5 – 2 (γTPp γTSp)0.5 ……………. (8) 

γTP/water = γTP +γwater – 2 (γTPd γwaterd)0.5 – 2 (γTPp γwaterp)0.5……. (9) 

γTS/water = γwater +γTS – 2 (γwaterd γTSd)0.5 – 2 (γwaterp γTSp)0.5……. (10) 

Wadh = γTP/water + γTS/water -γTP/TS …………………………………. (11) 

Where, 

γTP: Surface energy of H-TPU-TCF-E composite 

γTS: Surface energy of TCF-U-TSU composites  

γTP/TS: Surface energy at the interface of TP and TS composite  

γTP/water: Surface energy of H-TPU-TCF-E composite with water as a liquid system 

Wadh: Work of adhesion of composite 

The Wadh obtained for TP/TS bonding with water was 31.04 mN/m. Xiong et al. [42] 

explained that as the Wadh increases, the adhesive strength at the interface 

increases. Based on the author’s findings, we can hypothesize that there is a 

strong interaction may present between TS and TP composites, which will provide 

a significant enhancement in the mechanical properties of the fusion bonded 

TP/TS composites. To support the given hypothesis, flexural, ILSS, and the lap-

shear test is performed. 
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Table 3.5: Contact angle and surface energy of TPU 

Specimens Contact angle (Θ) γd 

(mN/m) 

γp 

(mN/m) 

γ 

(mN/m) DI water Diiodomethane 

H-TPU-TCF-E 

(TP) 

81.7 ± 0.9 65.4±2.3 19.84 2.95 22.79 

TCF-U-TSU 

(TS) 

63.7 ± 0.5 58.0 ± 1.1 20.54 19.22 39.76 
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 Flexural properties 

The flexural behavior of TP/TS fusion-bonded composite specimens is presented 

in Figure 3.17. All the specimens were loaded from the TP side to achieve the 

appropriate load transfer within joined composites. The stress-strain curve of the 

fusion-bonded TP/TS composite is presented in Figure 3.18. The flexural strength 

of TP/TS composites is significantly increased by 295.3% (from 90.9 MPa to 359.3 

MPa) than the TP composites and 40% lower (from 598 MPa to 359.3 MPa) than 

the TS composites. The decrease in the TS properties can be due to the 

processing temperature of fusion-bonded composites [43]. The increase in the flex 

strength of TP composites contributed to the higher surface energy of TS 

composites. During processing, the molten TPU interpenetrates across the TS 

surface and produces the molecular entanglement at the TP/TS interface; this 

molecular entanglement restricts the molecular motion by forming either a physical 

or chemical bond which enhances the strength of the TP composites [44]. 

Furthermore, the stress-strain showed the first laminate failure at 200 MPa on the 

TP side; that illustrates improved load absorption capacity of TP (from 90.9 MPa 

to 200 MPa) by 120% after the joining of the composites. The failure observed at 

the interface region shows the progressive behavior due to the ductility of TP 

composite and the crack transfer to TS. The first lamina in the TS region failed at 

265 MPa, indicating brittle failure mode at 359 MPa. A similar failure behavior was 

observed with flexural modulus. 
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Figure 3.17: The flexural strength and modulus of TP/TS composite within 

comparison to TP and TS composites 
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Figure 3.18: Typical stress-strain curve of fusion bonded TP/TS composites 

 

 

 

 

 

 

 

 

 

 

 

 



111 
 

 ILSS properties 

The ILSS properties are driven by the interaction at the interface of composites. 

The failure behavior of ILSS correlates to the flexural properties. The results 

showed an increase of 51% from 10.8 MPa to 16.3 MPa for TP composites, 

presented in Figure 3.19. Optical microscopy images were taken by a high-

resolution optical digital microscope (Keyence VHX 7000). The fractured surface 

images of TP/TS bonded are presented in Figure 3.20. The micrograph showed 

that the delamination initiated from the TP side and propagated to the TS side, and 

a thin layer of TP is adhere to the TS layer. Hence, the results indicate that the 

adequate interfacial bonding presented between TP and TS contributed to the 

chemical interaction between TPU film and TS composites.   

 Lap shear strength properties 

The lap shear strength was performed to understand the bonding strength between 

TP and TS substrates, presented in Figure 3.21. The resultant adhesion strength 

of joined composites is 7.6 ± 0.5 MPa. The results illustrate that with no external 

adhesive layer, the lap shear strength is enhanced by 21% compared to PA66/GF 

and epoxy/CF bonded composites with no treatment. The failure mode in TP/TS 

composite indicates good adhesion between bonded substrates [45]. The failure 

mode in TP/TS composite indicates good adhesion between bonded substrates. 

The high surface energy leads to a better spreading of the polymer at the interface 

and provides a more uniform contact with the substrate. Hence, the results 

correlate with the surface energy findings and state that the surface roughness 

and similar chemical groups enhanced the bond strength of the TP/TS composites 

by improving the mechanical properties of fusion-bonded composites. 
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Figure 3.19: The ILSS properties of fusion bonded TP/TS composite in 

comparison with TP and TS composites 

 

Figure 3.20: Optical micrographs of TP/TS composites at 200 μm 

magnification resolution 
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Figure 3.21: Comparison of lap shear strength of TP/TS composites with 

reported literature 
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 (c) CONCLUSIONS 

In this task, a co-consolidation method was explored to promote the adhesion 

between TP and TS composites without external adhesive. The surface energy 

achieved through contact angle measurement illustrates that TS has higher 

surface roughness than TP, which may enhance the bond strength of the 

composite. The work of adhesion at the interface of TP/TS composites ensures 

the strong bonding between two constituents. Thus, the surface analysis results 

confirm through flexural, ILSS, and lap shear strength. The data indicate that due 

to the increase in the surface energy, wettability between two dissimilar materials 

increases, improving the flexural and ILSS properties by 295% and 51%, 

respectively. Compared with the reported values, the lap shear strength was 

enhanced by 21%, confirming the strong interfacial bonding between TP and TS 

composites. The experimental data can be used in computational modeling 

(presented in Chapter 4) to understand the crack behavior at the micro and macro 

level. 
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ABSTRACT 

The fiber-matrix properties are influenced by the structure of the polymer, surface 

treatment of the fiber, and interphase thickness. In chapters 2 and 3, the structural 

effect of S-TPU, H-TPU, and TSU with surface treatment of TCF is evaluated 

through the surface and thermal characterization. In this research, the effect of 

interface thickness on the interfacial strength and tensile properties of textile grade 

carbon fiber (TCF) reinforced thermoset laminate were examined through a 

combination of experimental and numerical simulation. Unsized, epoxy, and 

urethane-sized TCF with thermoset urethane (TSU) system were tested for tensile, 

compression, and in-plane shear according to ASTM D3039, ASTM D 3410, ASTM 

D 3518, respectively, in longitudinal and transverse directions. The experimental 

laminate properties were simulated through computational micromechanics theory 

using the Dehomogenized approach, which accounted for the fiber, matrix, and 

interface properties. The correlation of TCF-TSU interface thickness with fiber-

matrix shear and tensile properties with respect to the matrix was assessed. The 

experimental and simulated results were compared to understand the interfacial 

adhesion behavior at the laminate level. The results showed that increasing 

interface thickness from 0.07 μm to 0.53 μm reduces the interfacial shear stress 

and improves the tensile strength and modulus by 1200% between interface and 

matrix. 

Keywords: Interface thickness of TCF-TSU, Dehomogenized method, reverse 

engineering 
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 INTRODUCTION 

Chapters 2 and 3 explained the structural integrity of polymer composites and the 

three primary factors influencing the interfacial bonding - matrix, fiber, and interface 

[1]. The results showed that the chemical groups on the textile grade carbon fiber 

(TCF) surface (unsized (TCF-Un), epoxy (TCF-E), and urethane (TCF-U) sizing) 

reacts adversely with TPU and TSU polymer; where TPU showed higher 

compatibility with TCF-E and TSU showed good chemical interaction with TCF-U. 

Thus, in the overall studies, the chemical interaction at the interface of TCF-PU 

has been investigated.  

After evaluating the two factors: structure of the polymer and the surface treatment 

of TCF on the interface; the third important factor that needs to be examined is the 

sizing thickness on TCF and its effect on the mechanical properties. Yao et al. [2] 

studied the optimization of interfacial microstructure and mechanical properties of 

carbon fiber-epoxy composites via carbon nanotube sizing. In this, work the 

authors applied multiple sizing layers on the carbon fiber surface and observed 

13.45% and 20.31% improvement in interlaminar shear strength and flexure 

strength respectively of the composites than those with unsized fibers [2]. 

Braginsky et al. [3] studied the alteration of the interphase thickness effect on the 

crack propagation of fiber-reinforced ceramic composites using the extended finite 

element model (FEA) method.  

There are various analytical approaches (using finite element modeling (FEM) 

tools) related to interface tailoring, which are based on single fiber pullout, fiber 

push out, single fiber fragmentation method, and micro-indentation method [1,4–

6]. Mishnaevsky [7] studied the effect of the nanostructured interface on the 
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mechanical properties of the composites through a computational 

micromechanical approach. The author observed that the fiber sizing controls the 

local deformation and damage initiation at the interface and enhances material 

stiffness. Wang et al. [8] examined the effect of heterogenous interphase on the 

mechanical properties of unidirectional fiber composites. The authors studied the 

relationship of fiber volume fraction and interphase properties distribution on the 

failure mechanism of composites at a constant interphase thickness (5 µm). The 

results showed a strong interaction at 5 µm thickness compared to zero interphase 

thickness. Singh et al. [4] designed a finite element model using cohesive zone 

modeling (CZM) to study the fiber-matrix interface using glass fiber. The results 

showed that the continuous coating on the fiber surface exhibited 300% higher 

load-bearing than the discontinuous coating. 

For the micromechanical analysis, researchers have used the Asymptotic 

Homogenization Method (AHM), Equivalent Inclusion Method (EIM) followed by 

finite element analysis (FEA) model, homogenization-based continuum damage 

mechanics (HCDM), and parametrically homogenized continuum damage 

mechanics (PDCDM) [9–11]. Thus, there are two fundamental challenges while 

considering these analytical techniques – 1) conducting a microscale and 

nanoscale experiment, and 2) designing a model for anisotropic composite 

materials [9,12]. An unique technique is explained by Minnetyan et al. to overcome 

the challenges, where the authors evaluated the fiber-matrix interface of the 

composites using a dehomogenization approach through Hierarchical progressive 

failure analysis (HPFA) [13]. In this approach, the HPFA model automatically 

generates a new finite element mesh at the unit cell to predict the deformation and 
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damages in the composite using laminate properties for continuous and 

discontinuous reinforcements [14].  

Hence, in this work, the dehomogenized approach is used to evaluate the effect of 

the sizing thickness on the interface of TCF reinforced composites using GENeral 

Optimization Analyzer (GENOA) software. The work compared the simulated 

results with experimental findings on the laminate level. The fiber and matrix 

properties are extracted from unsized TCF-TSU laminates by performing tensile, 

compression, and in-plane shear testing. The simulated TCF and TSU properties 

obtained from the reverse engineering concept were used to investigate the 

relationship between sizing thickness and the adherence between interface and 

TSU.  

 Mechanism of Dehomogenized method 

In this method, fiber, matrix, and interface properties are extracted by incorporating 

the mechanical properties of composite laminates using the reverse engineering 

method from Material Characterization and Qualification (MCQ) software [15] as 

explained in Figure 4.1. The MCQ method generates FEA analysis by creating a 

model of stress-strain behavior using the macroscale properties and subdividing 

into a unit cell approach where the matrix surrounds the fiber. The mechanism 

behind the approach is that GENOA creates a new mesh to replicate the failure 

mode of the input data at each time of load increment [16]. The stresses and strains 

at the micro-level are obtained from the lamina scale using micro-stress theory. 

There are various steps involved to perform the simulations, which are as follows: 

1) fiber-matrix calibration using laminate properties; 2) micro stress determination 

designing a damage/ failure criteria for linear and non-linear failure mode; 3) ply 
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mechanics using two anisotropic laminae, where the fiber and matrix crack is 

examined under tensile (0° and 90°), compression (0° and 90°), and in-plane shear 

mode (±45°) (the significance of the each test method is presented in Table 4.1) 

The fiber and matrix properties obtained from previous steps are incorporated into 

the progressive failure mode (PFA), and the data is altered using interphase 

properties. The overall outcome of the work is to input the effective fiber-matrix 

properties to determine the stress, strain, damage, and failure modes in the ply at 

the laminate level.  

 Failure mechanism in the PFA 

The failure mechanism is conducted considering the local coordinate orientation in 

the loading direction to capture failure within the unit sub-volume. Thus, several 

failure criteria were investigated in tension, compression, and in-plane shear 

direction through micromechanical analysis using the following equations used 

from [14], where m and f represent matrix and fiber, and S, V, and E stands for 

strength, volume fraction, and modulus, respectively.    

For longitudinal tensile strength (S11T) 

                 S11T = Sf11 (Ef11 Vf + Vm Em)                                            [12] 

For transverse tensile strength (S22) 

S22T = [ 1- ((Vf)0.5
 - Vf) (1- Em/ Ef22)] Sm [1- (4 Vv / 3.14 (1- Vf))0.5]     [13] 

For longitudinal compressive strength (S11C) 

1) Fiber crushing mode (c): 

S11cc = Sf11c (Ef11 Vf + Vm Em)                                           [14] 

2) Fiber delamination mode (d) 

S11cd = 10 S12 + 2.5 Sm [1- (4 Vv / 3.14 (1- Vf))0.5]            [15] 
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3) Fiber buckling mode (b) 

S11cb = [Gm (1- (4 Vv / 3.14 (1- Vf))0.5)]/ [(1- Vf (Gm (1- (4 Vv / 3.14 (1- Vf)/ Gf12)0.5  

[16] 

For transverse compressive strength (S22C) 

S22C = [ 1- ((Vf)0.5
 - Vf) (1- Em/ Ef22)] Sm [1- (4 Vv / 3.14 (1- Vf))0.5]       [17] 

For in-plane shear strength (S12) 

S12 = [ 1- ((Vf)0.5
 - Vf) (1- Gm/ Gf12)] Sm [1- (4 Vv / 3.14 (1- Vf))0.5]   [18] 

This approach examines five mechanical properties, such as tensile, compression, 

and in-plane shear according to ASTM D3039, ASTM D 3410, ASTM D 3518, 

respectively. The experimental mechanical characterization of TCF-TSU for 

unsized, epoxy, and urethane sizing are presented in Table 4.2. The results 

showed a 30% higher tensile strength of TFC-Un than TCF-E and TCF-U 

composites. Madhukar et al. [17] studied the adhesion between graphite/ epoxy 

composites through tensile and flexural properties in longitudinal and transverse 

direction. The author stated that fiber dominates the longitudinal tensile strength, 

whereas fiber-matrix adhesion strongly influences the transverse direction. TCF-

TSU mechanical properties correlate with the authors' findings stating that TCF-E 

and TCF-U showed comparable transverse tensile (700% higher) strength than 

TCF-Un. The longitudinal tensile strength of TCF-TSU showed no influence of 

sizing and the interface of the composites. Thus, to understand the 

micromechanics at the interface of TCF-TSU composites. 
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Figure 4.1:De-homogenized microscale method for fiber-matrix interphase 

(a) experimental mechanical properties of laminates; (b) extract lamina 

properties using reverse engineering; (c) convert lamina properties to 

representative volume element (RVE) model (d) slice unit cell to produce 

fiber, matrix and interphase properties [16]  
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Table 4.1: Purpose of performing mechanical characterization on unsized, 

epoxy and urethane sized TCF composites [16] 

Mechanical Test Purpose 

Longitudinal tensile 
Failure mode is controlled by 

fiber properties 

Transverse tensile 
Failure is controlled by matrix 

properties 

Longitudinal 

compression 

Fiber matrix delamination under 

fiber micro-buckling and fiber 

crushing failure behavior 

Transverse compression 

Failure behavior is controlled by 

matrix cracking, matrix tensile 

strength, matrix modulus and fiber 

volume ratio 

In plane shear  
Failure occurs at the fiber matrix 

interface sue to shearing  
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Table 4.2: The experimental mechanical properties unsized, epoxy and 

urethane sized TCF composites 

Specimens Tensile (0°) 

(MPa/GPa) 

Tensile 

(90°) 

(MPa/GPa) 

Compression 

(0°) 

(MPa/GPa) 

Compression 

(90°) 

(MPa/GPa) 

In-plane 

shear 

(MPa) 

TCF-Un 636.37/114.77 1.76/1.95 439.18/267.9 39.66/15 28.45 

TCF-E 448.69/118.85 13.86/3.51 - - 49.86 

TCF-U 561.92/101.29 14.5/4.28 - - 40.8 
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 Effective TCF and TSU properties using reverse engineering 

mechanism  

Five ASTM standard tests were conducted for unsized TCF-TSU data for fiber-

matrix calibration, presented in Table 4.2. The volume fraction of unsized TCF-

TSU, TCF, and TSU properties was used to predict the results. The fiber, matrix, 

and void content values are modified from the input section to improve the 

correlation between calibrated and experimental results. The calibrated properties 

are presented in Table 4.3, and the stress-strain curve with each ASTM standard 

is presented in Figure 4.2. The effective properties achieved through the reverse 

engineering method showed less variation (0.1-2%) in the tensile and compression 

properties. Thus, the properties obtained through simulation provided Poissions 

ratio (ν12) in planes 1 and 2 and shear modulus data with greater accuracy. The 

effective stress-strain curve is further validated and adjusted using linear and non-

linear failure mode by tailoring the damage/fracture criteria. In this criteria, the 

failure mode is evaluated using lamina and laminates properties. Hence, the 

effective fiber and matrix properties are presented in Table 4.4. The interface is 

modeled for 0.07 μm interface thickness to represent the zero-thickness at the 

interface to improve the accuracy of the effective properties. Thus, effective fiber-

matrix properties are used to tailor the interface thickness and understand its effect 

on the mechanical properties. 
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Table 4.3: Comparative properties of calibrated unsized TCF-TPU 

composite generated using experimental results 
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Figure 4.2: Reverse engineering of unsized TCF-PU composites produced 

through linear and non-linear failure mode (a) longitudinal tensile test (b) 

transverse tensile test (c) longitudinal compression (d) transverse 

compression (e) in-plane shear. The laminate analysis showed no 

difference between simulated (red color) and experimental (black color) 

failure mode 
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Table 4.4: Effective fiber and matrix properties obtained using 

Dehomogenization method at zero interface thickness using PFA equation 

presented in section 4.2.1 

Fiber properties Effective 

E11 (GPa) 182.46 

E22 (GPa) 18.51 

G12 (GPa) 1.073 

G23 (GPa) 7.061 

NU12 0.194 

NU23 0.31 

S11T (MPa) 1011.72 

S11C (MPa) 596.51 

 

Matrix properties Effective 

E (GPa) 1.0719 

NU 0.4250 

ST (MPa) 18.0 

SC (MPa) 63.6 

SS (MPa) 56.04 
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 RESULTS AND DISCUSSION 

In the fiber-matrix interface study, using effective fiber-matrix properties (presented 

in Table 4.4), five factors at the interphase were adjusted to correlate the simulated 

results with experimental findings, which are as follows:1) shear strength between 

interface and matrix, 2) axial loading between interface and matrix, 3) interface 

thickness, 4) modulus effect between interface and matrix, 5) Poisson’s ratio effect 

between interface and matrix. The stress-strain curve obtained from simulated 

results for epoxy-sized TCF (1% sizing concentration) and urethane-sized TCF 

(1.5% sizing concentration) is presented in Figure 4.3 and Figure 4.4.  

The interphase properties obtained through a stress-strain curve are presented in 

Table 4.5 and Figure 4.5. The epoxy-sized TCF showed 72% increase in shear 

strength than unsized TCF. Whereas urethane-sized TCF showed a 19% decrease 

in shear strength than epoxy-sized TCF at the interphase, shearing is related to 

the matrix and independent of fiber properties. The results further showed that 

increasing interface thickness by 7% (from epoxy sized TCF to urethane sized 

TCF) enhances the tensile strength by 1.5% and modulus by 36% of TSU matrix 

bonded with the interface. Furthermore, to validate the interphase properties, the 

effective fiber and matrix properties are used to design a similar cross-ply laminate 

structure of TCF-TSU laminate, presented in chapter 3 (b). The comparative 

results are shown in Figure 4.6. The results showed less than 10% difference 

between experimental and simulated properties.  

 In an anisotropic laminate, the strength between matrix and interface illustrates 

that though there is poor interfacial strength at higher interface thickness; however, 

it does not compromise the tensile properties of TCF-TSU composites. The 
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interphase properties obtained through simulation depict the exact behavior of the 

interface at the cross-ply laminates. Hence, interface thickness is an important 

aspect that directly correlates with the strength of the composites. The results 

correlate with Yao et al. findings, where the author stated that increasing the sizing 

treatments enhances the interface thickness and improves the flexural strength of 

the composites [2]. 
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Figure 4.3: A correlation between the tensile strength of epoxy sized TCF-

TSU composites in longitudinal (SIG XX) and transverse (SIG YY) direction: 

simulation (red color) vs. experimental (black color) results  at 0.49 µm 

interface thickness 
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Figure 4.4: A correlation between the tensile strength of epoxy sized TCF-

TSU composites in longitudinal (SIG XX) and transverse (SIG YY) direction: 

simulation (red color) vs. experimental (black color) results at 0.53 µm 

interface thickness 
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Table 4.5: Interphase properties of TCF-E and TCF-U composites obtained 

using Dehomogenization method 
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Figure 4.5: A representative plots of tensile strength and modulus and 

interfacial shear strength of TCF-TSU composites at various interface 

thickness with respect to matrix 
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Figure 4.6: Tensile strength of unsized, epoxy and urethane sized TCF-TSU 

cross-ply composites experimental (orange color) and simulation (green 

color) result comparison using effective fiber- matrix properties 
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 CONCLUSIONS 

In the overall investigation, the essential factors affecting fiber, matrix, and 

interface of unsized, epoxy, and urethane-sized TCF-TSU were studied using 

surface, thermal and mechanical properties. In this study, the sizing thickness 

effect on the mechanical properties of TCF-TSU composites, was examined using 

the dehomogenized approach and reverse engineering mechanism. The key 

findings are as follows: 

• The experimental tensile strength in the longitudinal direction of TCF-Un-

TSU showed higher strength than TCF-E and TCF-U. The results confirm 

that the longitudinal properties are independent of the interface properties. 

• The effective fiber matrix properties obtained through simulation showed 

that increasing interface thickness from 0.49 μm to 0.523 μm reduces the 

interfacial strength between interface and matrix; however, it increases the 

tensile strength and modulus.  

• The simulation designed for cross-ply laminates layup of TCF-TSU for 

unsized, epoxy, and urethane sized (from Chapter 3: section b) showed less 

than 10% variation in the tensile properties than experimental results. 
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