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ABSTRACT 
 

APPLICATION OF HIGH-IMPACT POLYSTYRENE (HIPS) AS A GRAPHENE NANOPARTICLE 
REINFORCED COMPOSITE THERMOPLASTIC ADHESIVE 

 
By 

 
Erik Stitt 

 
Adhesive bonding is a more efficient joining method for composites than traditional 

mechanical fasteners and provides advantages in weight reduction, simplicity, and cost. In addition, 

the utilization of mechanical fasteners introduces stress concentrations and damage to the fiber-

matrix interface. Adhesive bonding with thermoset polymers distributes mechanical loads but also 

makes disassembly for repair and recycling difficult. The ability to utilize thermoplastic polymers as 

adhesives offers an approach to address these limitations and can even produce a reversible 

adhesive joining technology through combining conductive nanoparticles with a thermoplastic 

polymer. The incorporation of the conductive nanoparticles allows for selective heating of the 

adhesive via exposure to electromagnetic (EM) radiation and simultaneously can augment the 

mechanical properties of the adhesive and the adhesive joint. This approach provides a versatile 

mechanism for efficiently creating and reversing structural adhesive joints across a wide range of 

materials. 

In this work, a high-impact polystyrene (HIPS) co-polymer containing butadiene as a 

toughness modifier is compounded with graphene nano-platelets (GnP) for investigation as a 

thermoplastic adhesive. The properties of the bulk composite adhesive are tailored by altering the 

morphology, dispersion, and concentration of GnP. The thermal response of the material to EM 

radiation in the microwave frequency spectrum was investigated and optimized. Surface 

treatments of the adhesive films were explored to enhance the viability of this nanoparticle 

thermoplastic polymer to function as a reversible adhesive. As a result, it has been shown that lap-

shear strengths of multi-material joints produced from aforementioned thermoplastic adhesives 

were comparable to similar thermoset bonded joints. 
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Chapter 1: Introduction 

 
 

1.1 The Call for Innovation in Multi-Material Joining 

The objective of this work is to provide a solution for the joining of dissimilar materials 

which combines the advantages of mechanical fasteners with the benefits of adhesive bonding. In 

industry reviews, even with recent advancements in mechanical joining techniques, the integration 

of composite materials into many structural applications is still limited by efficient means of joining 

metallic-composite structures [1, 2]. Utilizing mechanical fasteners for the joining of composite 

materials adds weight and introduces stress concentrations diminishing the advantage of 

introducing composite components [3, 4]. The integration of mechanical fasteners in joints can 

result in losses in strength of up to 40-60% in tension and 15-50% in compression [5]. The use of 

bolted joints in laminates is especially detrimental as the post-processing delaminates the matrix 

surrounding these stress concentrations; further reducing load capacity, resistance to fatigue, and 

strain-to-failure [6-9].  

Adhesive bonds are an efficient solution for the joining of metal-composite structures. 

When correctly integrated into design, adhesive joints provide distribution of transfer loads, 

improved fatigue resistance, light-weighting, and simplicity [10]. Sources agree thermoset 

adhesives address many of the short comings inherent in mechanical joining and their continued 

advancement is seen as critical for increased utilization of composite materials in industry [11-14]. 

However, thermoset adhesives are not without their disadvantages. Thermoset adhesive bonds, 

while strong, are permanent, making disassembly for repair and recycling difficult. The importance 

of repair and end-of-life reclamation continues to increase as more efficient, greener solutions to 

manufacturing are pursued. These areas are considered critical in evaluation for the feasibility of 

any multi-material joining solution [15]. It is this requirement especially that makes reversible 

adhesives a more valuable answer to composite joining than any existing method. 
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1.2 Reversible Thermoplastic Adhesives 

The solution for the unique needs of multi-material joining is a structural adhesive that 

possesses the same functionality as mechanical fasteners. Nanocomposite reinforced thermoplastic 

adhesives are capable of creating strong, stable, structural bonds which can then be reversed and 

reassembled as needed for repair or end-of-life reclamation. Focusing on efficiency and viability for 

industrial application, this research is conducted in attempts to create a solution to fill these needs.  

There are three keystone areas to the development of reversible thermoplastic adhesives to 

achieve a functionality which would make them suitable for industrial use. First, neat thermoplastic 

polymers require toughening or reinforcement to provide the strength needed for structural joints. 

Second; chemical, morphological, and topographical modification is needed to produce a surface 

suitable for adhesion. Finally, a mechanism is required for selective activation, the capacity to melt 

and bond the adhesive without thermal soaking of the joint. It is these three design parameters 

which are addressed in this work with a focus on applicable surface treatments to facilitate 

adhesion with engineering thermoplastics. While the focal point of this study, exceptional 

fulfillment of all three areas is essential to enforce reversible thermoplastic adhesives as the 

solution for industrial multi-material joining. 

 

1.3 Toughening of Polymers 

The augmentation of the physical or chemical structure of a polymer to allow the bulk 

material to absorb a greater amount of energy before ultimate failure than the neat material is 

known as toughening. Mechanical failure of polymers is due to the separation of polymers chains 

and severing of cross-linkages via cracking under strain. Reducing a polymer’s ability to is a 

primary objective for increasing failure strain and is often done by the introduction of either lower 

and/or higher modulus phases. The mechanisms for toughing via crack inhibition are shown in 

Figure 1-1. Resistances to the formation and propagating of cracks are defined as intrinsic and 
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extrinsic toughing, leading and following the crack, respectively. A multi-phase approach to 

toughening allows one to utilize the advantages of both types of toughening. For this reason, a 

rubber toughed copolymer was chosen to be compounded with graphene nanoparticles. While 

nothing is gained for free, the combination of the low-modulus rubber and high-modulus graphene 

should capitalize on the improvements in toughness and strength to be gained from each particle 

while offsetting the inherent cost of the other to the resulting thermomechanical properties. 

 
Figure 1-1. Crack toughening mechanisms in rubber-filled modified polymers: (1) shear band 
formation near rubber particles; (2) fracture of rubber particles after cavitation; (3) stretching; (4) 
debonding; and (5) tearing of rubber particles; (6) transparticle fracture; (7) debonding of hard 
particles; (8) crack deflection by hard particles; (9) voided/cavitated rubber particles; (10) crazing; 
(11) plastic zone at craze tip; (12) diffuse shear yielding; (13) shear band/craze interaction [16] 

1.4 Surface Treatment of Polymers 

Polymers are relatively low energy materials making their surfaces difficult to bond to 

without surface treatment. Thermoplastic polymers, especially, have low surface energies due to 

their amorphous molecular structure [17]. The low capacity for adhesion of thermoplastics is 
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further compounded by blends of lubricants and modifiers which are added to inhibit sticking of 

the liquid polymer during processing and thermoforming. In order to prepare thermoplastic 

polymers for bonding, modifications must be made to create an energetically favorable surface for 

the various mechanisms of adhesion to occur. Surface treatments employ physical and/or chemical 

modifications of the outer polymer structure. Table 1-1 summarizes mechanical and chemical 

surface treatments widely used in industry for the preparation of polymers for adhesion. 

Table 1-1. Summary of surface treatment methods commonly used to prepare polymers for 
adhesive bonding [18] 

 
 
 

These processes function through a number of mechanisms to make changes to roughness, 

free-energy, chemical configuration, and stability of the surface. Each method has attributes which 

make it suited to specific applications. In this work solvent wipe, mechanical abrasion, acid etch, 

and low-pressure plasma were chosen for the preparation of the thermoplastic films for bonding. 

The effect of these surface treatments on the film characteristics and subsequent changes to 

adhesion strength are the primary focus of this work. 

 

1.5 Targeted Activation of the Composite Adhesive 

The final thrust area in the development of structural thermoplastic adhesives is developing 

a method to selectively heat the film within the bondline, targeted activation. Melt adhesives 

function by heating the material above its melting temperature to allow for flow and the formation 

of bonds, then freezing those bonds in place. Melt activated thermoplastic adhesives utilizing 

Technology Bond Strength Consistency Versatility Capital Cost Environment Impact
Mechanical Abrasion Good Poor Very Good Little Dust

Solvent Wipe Medium-Good Fair Good Low Organic vapor
Vapor Degreasing Good Good Good Medium Organic vapor

Flame, thermal Good Fair Poor Low Open flame
Acid etch Very good Good Fair High Fumes, chemicals, disposal costs

Corona Good Good Poor High Ozone
Plasma Very good Very good Poor High Low, bottled gases
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engineering plastics are no different and require the same means to bond and de-bond from the 

surface, thermal energy. While the simplest solutions are to apply the adhesive in a liquid state or 

thermally soak the entire assembly after applying adhesive films to the bondline, neither is 

exceptionally efficient. 

Application of liquid adhesives at the melt temperatures of structural adhesives is 

challenging on metal substrates. As the conductivity and the thermal mass of metals is relatively 

high, melt adhesives are rapidly cooled upon application causing the adhesive to skin before it can 

form stable bonds [19]. This requires large metal substrates to be preheated before melt adhesive 

application. The thermal soaking of large components is time consuming and requires much wasted 

energy to raise the entire temperature of a structure to heat a comparatively small area. This is true 

for both the preheating of substrates for liquid application or activation of adhesive films within the 

bonds areas. Additionally, in thermal bonding for multi-material joining, components of different 

composition have different rates of heating and coefficients of thermal expansion. As the three 

phases heat and cool, they do so at different rates and expand/contract to different specific areas. 

As the joint freezes, the stresses caused by these effects are locked into place, effectively pre-

loading the bond. 

Methods exist for the targeted heating and welding of thermoplastics augmented with 

conductive susceptor particles. Traditionally, ferromagnetic nanoparticles are used as the 

susceptors and the composite adhesive is placed within an oscillating induction field to rapidly heat 

the particles via hysteretic losses [20, 21]. This energy is transferred to the surrounding polymer, 

melting it. Ferromagnetic composite adhesives are typically used for sealing plumbing and 

composite pressure vessels. Induction welded thermoplastic joints in these applications have 

shown 25% improvements in rupture strength over alternative gluing or mechanical fastening 

methods [22]. While induction welding of thermoplastics is rapid, efficient, and does not require 
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thermal soaking to form adhesive bonds, they are extremely constrained in applications as they are 

not functional with conductive substrates. 

The same eddy currents that induce hysteretic heating in nanoparticles, causes joule 

heating in conductive bulks. This rapidly heats the bonding surfaces far above the degration 

temperature of conductive laminates and even the melt temperature of softer metals. The current 

inability to induction weld composite thermoplastics adhesives to conductive substrates severely 

limits their application. To overcome this limitation, a shift from induction fields to microwave 

energy is explored in this work. Graphene nano-structures have been shown to heat to hundreds of 

degrees Celsius in several seconds when exposed to microwave energy [23]. It is believed the 

selection of specific microwave parameters will allow penetration through substrates to facilitate 

heating of the adhesive within the bondline [24, 25]. To truly prove selectivity, it would be shown 

this can be accomplished with limited losses to the surrounding material. It is the intend of this 

work to examine how altering the parameters of the microwave energy and GnP loading affects the 

degree of energy absorption exhibited by the composite adhesive films.  
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Chapter 2: Selection of Thermoplastic Polymer for Modification 

 
 

2.1 Introduction 

Polymer selection is critical to meeting the requirements of the ultimate application of the 

composite adhesive. Project guidelines dictated the material must be capable of adhering to both 

polymer and metallic substrates, be mechanically stable over 100°C, and resistant to corrosion and 

moisture adsorption. Internal material requirements were designated that the material be easily 

processed, be susceptible to GnP integration, and readily available. Polystyrene is a glassy, 

chemically resistant polymer with a glass transition state around 100°C and proved an excellent 

candidate for use as an adhesive. While brittle in its neat form, polystyrene that has been impact 

modified maintains its chemical, thermal, and mechanical stability with the addition of residence to 

crack formation and brittle failure. An understanding of the fundamental mechanisms behind 

impact modification will be of value in understanding the motivations for selecting a rubber 

toughened polymer and how this is expected to compliment the graphene reinforcement discussed 

in 4:. 

Impact modified styrene polymers are ones which have been augmented with a low 

modulus elastomer to increase toughness and resist internal crack growth [26]. In the case of the 

HIPS utilized in this work, that modifier is butadiene rubber which has been dispersed as distinct 

particles rather than within a uniform block copolymer [27]. Two-phase HIPS copolymers are 

produced by dissolving butadiene into the styrene monomer prior to polymerization, typically in 

concentrations of 3-12% [28, 29]. As bulk polymerization is initiated, agitation is applied separating 

the blend into a polystyrene rich phase and polybutadiene rich agglomerates which break up into 

discrete particles [30]. As polymerization continues, polystyrene crosslinks with modules of the 

butadiene creating rubber “bubbles” which are supported by the surrounding bulk as seen in Figure 

2-1. 
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Figure 2-1. Butadiene rubber particles and crazing within HIPS after undergoing deformation [31] 

These rubber bubbles enable both intrinsic and extrinsic toughening mechanisms allowing 

the HIPS copolymer to adsorb additional before destruction of the polymer structure. This extends 

load carrying capacity after damage and extending time to failure [16]. Beyond the energy absorbed 

by the soft butadiene during deformation, the interface between these rubber particles and the bulk 

polystyrene becomes the nucleation site for crazing, This is a phenomenon in which sub-micron 

sized voids are formed within the bulk of the polymer resisting crack formation and absorbing 

energy as the polymer volume increases and the rubber particles separate from the polystyrene 

bulk [32].  

Crazing initiates at the brittle-ductile crossover point where HIPS begins to undergo plastic 

deformation. This is the cause of the strain-whitening seen in HIPS and other impact modified 

glassy polymers. In a HIPS blend with optimal butadiene particles size, crazes form at the particle 

boundary but are unable to pass through the rubber particles as seen in Figure 2-1. This “pinning” 
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prevents the propagation and agglomeration of crazes which lead to crack formation and ultimate 

failure. The rubber toughening in HIPS makes it an excellent candidate for composite adhesion 

applications. This is not only for the benefits in the mechanical properties of the material, but in 

addition to the role this rubber toughening can have mitigating the drawbacks of stiff nanoparticle 

reinforcement. 

Commercially available thermoplastics are designed for specific processing methods. These 

application based polymers will contain a proprietary blend of additives to optimize the flow, melt, 

and release characteristics of the material. Typically, compounds are selected which are capable of 

performing several of these functions simultaneously. For example, in low molecular weight 

polymers, fatty acids can be used as both internal and external lubricants. To accomplish this, fatty 

acids with specific solubility’s are selected which leads them to migrate to the surface during 

melting. This allows the fatty acids to enhance the internal flow properties of the adhesive while 

also forming a boundary layer between the polymer and processing surfaces [33]. Blends of 

internal/external lubricants will typically consist 1-2% of the total polymer by weight [34]. 

Common mold release lubricants in polystyrene blends are fatty acid esters, amides, and bis-amides 

[35]. It has been shown that the lengths of the fatty acid tails has a direct impact of the miscibility of 

the surfactant, and hence, its role in internal vs exterior lubrication [36]. 

 
Figure 2-2. Fatty ester derivatives commonly used as internal/external lubricants in styrene 
polymers 
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Amphiphilic surfactants function by aligning their polar and nonpolar “heads and tails” into 

orientation with phases along a boundary according to their miscibility with each phase. As in the 

example of fatty acids, the insolubility of the polar constituent in the polymer bulk drives the 

surfactants to migrate to the surface forming a multi-molecular tail-head-tail layer [37]. This 

alignment creates a slip-plane as the non-polar tails form weak secondary bonds to one another. An 

illustrative representation of this interphase boundary is shown in Figure 2-3. 

 
Figure 2-3. Boundary layer of lubricant between metal surface and polymer melt [38] 

When these surfactants are present on the polymer surface, the thermoplastic phase is 

inhibited via “out competition” from chemically adhering to metallic surfaces. As it is the objective 

of this work is to form adhesion to thermoplastic to metallic and epoxy surfaces, these surfactants 

must be removed or otherwise disabled. This will be of focus in the following chapter after the 

presence and composition of these mold release surfactants is confirmed in this section.  

 

2.2 Materials and Methods 

In this work the thermoplastic chosen for use is Ineos Nova 6200 super high impact 

polystyrene. The mechanical and rheological characteristics for this polymer are listed in Table 2-1. 

10 
 



This material was specifically selected for its comparatively high glass transition temperature (Tg), 

resistance to moisture absorption, high modulus, and impact toughness. The thermoplastic was 

obtained as off-white pellets which were first dried for 12hr at 60°C and then stored under dry-

room conditions for future use. 

Table 2-1. Properties of Ineos Nova 6200 

 
 
 

All melt processing of the material was done in a 15cm3 dual screw extruder. Each batch of 

polymer was processed, neat or otherwise, in ~10gram batches. To compound, the material was 

recirculated at 250°C for 5min at a screw speed of 100RPM. The same processing conditions were 

used here to prepare the neat polymer as were be used to blend and mechanically disperse 

nanoparticles later in the work for consistency (see 4:). The thermoplastic was ejected from the 

extruder either to cool on a clean aluminum surface or injection molded into test geometries. For 

injection molding, ~2.5gram shots of polymer were ejected into a transfer cylinder held at 250°C 

and force injected into an 80°C mold at 0.75MPa. 

Injection molded samples included tensile, flexural, and izod impact. They were produced 

and tested per ASTM standards; D638, D790, and D648, respectively. A minimum sample size of 6 

for all material configurations and experimental variations was used for constancy. These physical 

testing methods were used consistently throughout this entire work unless otherwise noted. 

Property Standard
Density 1.04 g/cc ASTM D792

Mold Shrinkage 0.004-0.007 cm/cm ASTM D955
Melt Flow 3 g/min Condition G

Tensile Strength 25 MPa ASTM D638
Tensile Modulus 2.135 GPa ASTM D638
Flexural Strength 34 MPa ASTM D790
Flexural Modulus 1.965 GPa ASTM D790

Izod Impact (Notched) 2.24 J/cm ASTM D256
Moisture Adsorption <0.1 % 24hs ASTM D570

Glass Transition 60 °C
Deflection Temperature 85 °C ASTM D648

Melt Temperature 190-275 °C

Metric
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Characterization of the chemical composition of the bulk adhesive was done using 

PerkinElmer Spectrum-1 Fourier transform infrared (FTIR) spectrum analyzer. The adsorption 

spectra was post-processed using the EssentialFTIR software suite. The adsorption peaks were 

initially identified using the NICODOM IR polymer demo library with additional IR spectra being 

obtained from the NIST Chemistry WebBook. Additional peak identification was done using 

Spectrometric Identification of Organic Compounds for reference [39]. 

The surface Composition of the neat material was determined using x-ray photoelectron 

spectroscopy (XPS). Film samples were cut into 1cm squares and attached to aluminum studs. Data 

collection was perform with Al X-ray (1486.6eV) and a take off angle of 45°. A pass energy of 

187.85eV was used for survey and 29.35eV for regional scans. This XPS methodology is consistent 

for film surface analysis throughout the remainder of this work. 

 

2.3 Results and Discussion 

Results from the FTIR analysis show an absorbance spectra characteristic of organic 

polymers, specifically polystyrene, it is shown here in Figure 2-4. All the strong peaks identified are 

labeled in black. The sharp, strong peaks from 2850-3100 are indicative of alkane C-C bonds in the 

polymer backbone and the C-H bonds of the styrene aromatic rings. The multiple peaks between 

1400 and 1600 are the result of stretching from the C=C bonds within the styrene aromatic ring. 

Finally, the very strong peaks from 675-1000 are from bending interactions with the C=C-H bonds 

of the alkene groups within the butadiene. An additional weaker peak was identified for C-O ether 

stretching at 1028. As HIPS is prone to oxidation of the lone C=C butadiene bond, this peak is not 

unexpected [26].  This interpretation matches the reference spectra for a polystyrene/butadiene 

blend with a high degree of certainty, 0.92/1. The additional components of the polymer blend are 

more challenging to identify as they exist in concentrations of only 1-5% by weight and are very 

similar to the bulk polymer. To determine the composition of the trace compounds within the 
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polymer, focus was placed on searching for strong characteristic peaks that would affect the spectra 

even in small concentration. For example, if nitrogen were present in nitrile functional groups, a 

carbon-nitrogen triple bond, there would be a strong characteristic peak from 2100-2260. As this 

peak is absent, nitrile based compounds can be excluded from consideration. These absent peaks 

labeled in grey near their expected locations on the wavenumber axis. 

 
Figure 2-4. Composite FTIR absorbance for a 1x25mm disc of DSM processed HIPS 

As is seen in the absorbance spectra stacked in Figure 2-5, it is highly unlikely this polymer 

blend contains a fatty acid amide or bisamide as the strong C=O alcohol peak from 1600-1690 and 

strong N-H two-band peaks from 3100-3500 are not present. These peaks are characteristic for a 

fatty acid amide like stearamide, see Figure 2-2 [39]. The peaks for a secondary amine however, a 

weak C-N band from 1080-1360 and an N-H bending peak at 1600, are plausible to be contained 

within the composite spectra obtained from the control HIPS sample. FTIR spectroscopy neither 

confirms nor denies the presence of a fatty amine surfactant within the polymer. Additional testing 

is required to draw confident conclusions on the additives present in the polymer blend.  
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Figure 2-5. Stacked FTIR absorbance spectra for the control HIPS (green), stearamide (grey) and 
pentadecylamine (black); top, center, and lower, respectively 

Using the nitrogen of the amine as a tag, XPS can be used to discern atomic concentrations 

of surface constituents and confirm the presence of these external surfactants. The penetration 

depth of XPS is on the order of monolayers, and the presence of nitrogen in this spectra while under 

vacuum would confirm the presence of a nitrogen based compound on the surface. As these 

lubricants are the only nitrogen containing compound suspected to be present in the polymer, 

assuming nitrogen present on the surface is derivative of fatty amines is appropriate while under 

high-vacuum.  

The results of the full spectra scan of the control HIPS is shown in Figure 2-6. The full 

spectra of the HIPS polymer shows nitrogen, oxygen, and calcium in discernable quantities on the 

film surface; 0.83%, 9.59%, and 1.23%. Combining this information with the FTIR spectra, this is 

confirmation of a possible binary fatty amine on the polymer surface which has migrated there to 

function as an external mold release [40]. A moderate oxygen peak is expected in the scan of a 

polymer which has been exposed to atmospheric conditions. The oxygen content on the film surface 
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is due to mild oxidation and surface adsorption of water. The presence of calcium on the film 

surface is indicative of calcium carbonate, a common filler and extender added in low quantities to 

maintain spacing within the polymer structure and its effect on surface adhesion is not considered 

in this work [33]. 

   
Figure 2-6. XPS Spectrum of HIPS after DSM processing 

2.4 Conclusion 

The findings of this chapter confirm the composition of the super high-impact polystyrene 

as a styrene butadiene copolymer. FTIR and XPS analysis together confirm the presence of amine 

based surfactants within the polymer bulk and on the polymer surface. In addition to the lubricants, 

a calcium based filler, most likely CaCO3 is also identified on the film in low concentration. These 

finds are as expected and align with literary references as to the fillers and lubricants commonly 
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used in polystyrene systems. This baseline will be critical moving forward for assessment on the 

effects of surface treatment. 
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Chapter 3: HIPS Adhesive Films 

 
 

3.1 Introduction 

In order to present thermoplastic materials as an efficient means to replace current 

processes, they must be designed to function in a manner consistent with current industry 

processes. The adhesive films for this work are prepared by the pressing of extruded HIPS material 

into thin sheets. These films are “activated” via the introduction of thermal energy to raise the 

temperature of the adhesive above its melting point. While in contact with the substrates, the liquid 

thermoplastic flows forming mechanical and chemical interlocks with the surface. Upon cooling 

these interlocks are frozen forming bonds with the surface. These bonds create a stable joint that is 

resistant to shock, peel, and cracking up to the thermal yield temperature of the thermoplastic. 

However, when used as initially produced, these films were found to exhibit poor interfacial 

adhesion with slip failure occurring at the adhesive-substrate interface. This chapter explores the 

mechanisms at work for bonding of the adhesive films to surfaces, why there is incomplete 

adhesion between HIPS and the substrates, how the surface of the film can be assessed as to its 

bonding potential, and how this potential can be modified. 

There are many theories of adhesion which have been developed to quantify the molecular 

interactions which hold phases together, the work of adhesion. This work will focus on the two 

most applicable to polymer adhesion in this way; physical adsorption, and chemical adhesion. 

Descriptions of these mechanisms are included for their relevance in explaining the changes 

observed in the adhesive behavior and are summarized from the Handbook of Adhesives and 

Sealants [18]. Adsorption theory is based on the principle that a difference in surface energy causes 

a low-energy liquid, the adhesive, to spread across a high-energy substrate, the adherent. This 

spreading, referred to as “wetting”, causes adhesive to flow into the deviations of the adherent 

surface. As the adhesive flows, it displaces air and allows for near intermolecular forces, Van der 
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Waals and hydrogen bonding, to form secondary bonds between atoms of the two phases. The 

formation of these secondary bonds is also referred to as physisorption. The greater the difference 

in surface energy, the more thermodynamically driven the wetting is, the greater the surface area 

between the phases will be, the more bond energy is created, and the stronger the work of adhesion 

is. An illustration of this mechanism is shown in Figure 3-1 highlighting the importance of contact 

area for physical bonding. 

 
Figure 3-1. A comparison of secondary bonding on a poorly wetted substrate (top) and completely 
wetted substrate (bottom) 

The wettability of a surface can be estimated from the contact angle of a liquid at 

equilibrium on its surface. The contact angles of water droplets on polymer surfaces are shown as 

example in Figure 3-2. The contact angle of water on a substrate is a qualitative assessment of its 

surface energy and has been well documented to be directly reflective of future adhesive joint 

strength [41-43]. Most polymers, especially polystyrene, are regarded as low-surface energy 

materials, they require modification of their surface to allow for wetting and strong adhesion. 
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Figure 3-2. Images captured of R.O. water droplets on HIPS film surfaces showing a high contact 
angle and poor wettability (top) and low contact angle indicative of superior wetting (bottom) 

Results in this chapter will show decreases in contact angle after specific surface treatments 

indicating increases in wettability and the surface energy of HIPS films. However, as increase in 

these properties cannot alone explain the changes observed in its adhesive response. In this work, 

the film acts as the adhesive rather than the substrate upon which a low-energy adhesive would 

spread. In addition, the surface energy of the polymer is highly dependent on its temperature, 

molecular weight, etc.[44, 45]. As the temperature of the thermoplastic approaches its melt 

temperature, the surface energy of the polymer will decrease linearly until it begins to flow [44-50]. 

As this reduction in surface tension takes place regardless of initial surface energy and it is the 

molten HIPS flowing as the adhesive, little, if any enhancement on bond strength can be explained 

solely by changes in physical adsorption due to an initial increase in surface energy. Other 

mechanisms of adhesion must be considered.  
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Though wettability is critical to enabling flow and thereby establishing contact area 

between adhesive and substrate during the adhesion process, it is a single part of a very complex 

mechanism. Chemical adhesion is another pathway by which phases interlock and is much stronger 

than physical adhesive forces. The energies of the chemical or primary bonds are on the order of 

50-800KJ/mol compared to 0.1-50 KJ/mol for the secondary bonds formed during physisorption 

[51, 52]. Also known as chemisorption, the high bond energy in chemical adhesion is established as 

covalent and ionic bonds form between compatible molecular groups. In the case of polymers, these 

are often oxygenated functional groups; hydroxyl C-O, carbonyl C=O, and carboxyl COOH. Increased 

concentration of these functional groups on a polymer surface can be indicated by an increase in 

surface energy. An example of chemisorption is shown in Figure 3-3 as succinic acid bonds to the 

surface of alumina during a dehydration reaction. The carboxyl functional groups of the 

hydrocarbon have strong affinity for the hydroxyl groups of the aluminum oxide. As the groups 

near one another, they dehydrate through nucleophilic substitution, releasing an oxygen and two 

hydrogen atoms, in the form of water [53]. The newly formed ether bonds, O-C-O, are much 

stronger than the hydrogen bonding and Van der Waals forces that would have created adhesion in 

absence of the hydrocarbon’s carboxyl functional groups. 

 
Figure 3-3. Chemisorption of a carboxylic acid compound on the surface of aluminum oxide through 
the consumption of hydroxyls on the oxide surface [54] 
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These two adhesion mechanisms, physisorption and chemisorption, will be of importance 

later in this section as they explain the reason for dramatic changes in the adhesion behavior of 

HIPS after surface treatment. While both will continue to play a role, the dominating mechanism 

will shift as the film morphology is altered. 

Despite differences in the dominating forces of the aforementioned adhesive mechanisms, 

both rely on molecular proximity to initiate their bonding. One method of inhibiting bonding is to 

employ the use of a highly stable compound to create a barrier between compatible chemical 

species. Polytetrafluoroethylene (PTFE), known under the brand name Teflon, is a polymer chain 

composed solely of C-C and C-F bonds. As show in Figure 3-4, the electronegativity of the C-F bond 

inhibits primary or secondary molecular interactions with other molecules. The low reactivity of 

PTFE makes it challenging to adhere it to the surfaces onto which it has been applied for its non-

stick properties. Contact with PTFE coated surfaces often results in removal of some of the release 

agent causing contamination. 

 
Figure 3-4. Molecular interactions with PTFE [55] 

Although non-stick coatings like PTFE inhibit adhesion through interference rather than the 

out-competition of the surfactants in the previous chapter, and understanding of how both work is 
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critical for the preparation of the HIPS film surfaces for adhesion as both these materials must be 

removed. 

Plasma surface treatment is one method of surface treatment which can be used to remove 

low molecular weight contaminants and will be discussed here in detail. Low-pressure plasma 

treatments use a variety of gasses to clean or otherwise modify surfaces for specific applications 

[56-60]. O2 plasma treatment is particularly valuable for use on thermoplastics as it simultaneously 

removes surface contaminants, ablates, and chemically modifies the surface [61]. These three 

effects are all conducive to increased adhesion strength [62].  

During low-pressure O2 plasma treatment, a high-purity stream of oxygen is bled into a 

vacuum chamber containing the specimens to be treated. An electric field is created accelerating 

free electrons within the gas field forming an energized corona of plasma above the substrate’s 

surface. Within this corona, diatomic oxygen is broken down into highly reactive oxygen radicals. 

As these charged plasma particles bombard the polymer surface, a chain of reactions takes place, 

breaking lower molecular weight bonds and forming new ones. A schematic of these surface 

reactions with the energized O2 plasma is shown in Figure 3-5. 

 
Figure 3-5. Molecular schematic for oxygen plasma treatment of a polymer film [63] 
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As the low molecular weight bonds are broken, they latch onto surrounding oxygen radicals 

forming CO2 and H2O which are continually evacuated through the vacuum system. This process not 

only removes loosely bound organic contaminants, but also ablates the surface, etching away the 

bulk polymer and creating additional roughness. The removal of this outer low molecular weight 

“skin” also adds to the stability of the surface offering layers for adhesive reaction with higher 

cohesive forces attaching them to the surrounding bulk. It has been observed that surface 

roughness of polystyrene during O2 plasma treatment increases linearly with treatment time, with 

etch rates around 1nm/sec [64]. 

As the oxygen radicals strike the surface, many of them form covalent bonds with the 

hydrocarbon chains. A process known as functionalization, these covalently bonded oxygen groups 

open the chemically stable aromatic rings of the styrene and dramatically increase the chemical 

energy of the system [65]. An example chemical pathway of this reaction is shown in Figure 3-6. 

 
Figure 3-6. Pathway for oxygenation of the aromatic ring of styrene [66] 

As oxygen radicals continue to interact with the surface, they can form bonds with carbons 

already containing oxygens forming secondary and tertiary functional groups. With each additional 

oxygen, the energy of the functional groups increases. Figure 3-7 is an XPS spectra of an oxygen 

functionalized polymer showing the shift in binding energy of hydroxyl, carbonyl, and carboxyl 

groups. All of these surface reactions are responsible for all three of the aforementioned effects of 

O2 plasma treatment. 
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Figure 3-7. XPS spectra showing the peak contribution of different oxygenated functional groups 
deposited during O2 Plasma treatment [67] 

Oxygen plasma treatment is a highly effective multi-function surface treatment for 

polymers. Low-pressure oxygen plasma treatment simultaneously applies artifacts from multiple 

surface modifying mechanisms. While this is one of the inherent benefits of this treatment method, 

disseminating the effects of these changes to the surface, individually, on adhesion characteristics 

becomes difficult. It was not possible to completely access the contributions of these individual 

mechanisms within the scope of this work. Further experimentation is necessary to isolate the 

influences of cleaning, abrasion, and functionalization via plasma processes, separately. 

 

3.2 Materials and Methods 

The materials and methods for this chapter are broken into sections. The progression 

moves through the production of adhesive films, surface treatment of the films, analysis of film 

surface energies following treatment, and evaluation of the adhesive performance in lap-shear 

testing. All procedures outlined in this section will be continued throughout the remainder of this 

work unless noted otherwise.  
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3.2.1 Film Production 

To produce adhesive films, HIPS was discharged from the dual-screw processing machine 

and allowed to coil and cool to ~10gram “pucks”, see Figure 3-8, left.  The pucks were then loaded 

into a Caver press preheated to 150°C between two sheets of Airtech Release Ease 234 non-

perforated peel-ply. Also added between the PTFE coated sheets are four washers of 0.75mm 

thickness, one at each corner. The platens were then closed at an even rate to 544kg and held for no 

less than 2 minutes. The films were removed from the press and placed between two 1cm thick 

steel sheets of 5kg mass to cool. After reaching room temperature, the films were removed from the 

peel ply, and bagged with a desiccant. The pressed films can be seen as removed from the press and 

as trimmed for use in lap-shear joints, Figure 3-8, center, left, and right, respectively. 

 
Figure 3-8. HIPS as extruded from DSM (left), after pressing (center), after being trimmed for lap 
joint assembly (right) 

As a control, films were also produced without the use of peel-ply. These films were pressed 

between two mirror-polished steel platens to the same thickness. The platens and film were then 

removed and allowed to cool to room temperature. This was done to investigate the degree of 

contamination resulting from use of the PTFE coated peel-ply material. 
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3.2.2 Surface Treatment 

Several surface treatments were attempted to alter the surface energy of the polymer films 

in effort to enhance their adhesive properties. All surface treatments utilized are recognized by 

industry as methods for the surface treatment of polystyrene based thermoplastic prior to adhesion 

as substrates. They are taken from ASTM and industry standard references including Surface 

Preparation Techniques for Adhesive Bonding, the Handbook of Plastics Joining, and Joining of 

Plastics [68-70]. 

3.2.2.1 Abrasion 

Films to be abraded were cleaned with lab-grade isopropanol on each side to remove loose 

contaminants. The films were then placed in a Trino dry blasting cabinet loaded with new 120grit 

aluminum oxide blasting media. Operating at 0.5MPa, the films were abraded on each side until a 

uniform texture was obtained. The films were then sprayed with compressed air to loosen large 

particulates and washed three times with isopropanol in attempts to remove surface residue. The 

cleaned films were then bagged with desiccant. 

3.2.2.2 Acid Etching 

HIPS films were acid etched in a solution of 90%wt concentrated sulfuric acid and 10%/wt 

sodium dichromate anhydride. The solution was heated in an 890mL crystallizing dish under low 

stir to 100°C. The HIPS films were submerged in the acid solution for 2 minutes. After removing, the 

films were immediately rinsed with room temperature DI water for two minutes. Films were then 

dried using lint-free anti-static lab wipes and placed in a 45°C convection oven for 8 hours. The 

films were then bagged with desiccant. 

3.2.2.3 Oxygen Plasma Treatment 

Low-pressure oxygen plasma treatment was done in a Plasma Treat vacuum plasma 

treatment chamber. Films were placed directly on the electrode surface, four per shelf. The 

chamber was evacuated to 0.05Torr before starting a 0.26Torr bleed of 99.8% high-purity grade 
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oxygen. Samples were treated at 275W for times varying from 1sec to 15mins. The films were then 

turned and the reverse sides were treated for an equivalent time. After treatment, films were 

removed from the vacuum chamber and bagged with desiccant. 

3.2.3 Surface Chemical Analysis 

To document the changes in surface energy, contact angle measurements were taken using 

reverse osmosis (R.O.) water, ethylene glycol, and diiodomethane. 3µL drops of liquid were placed 

on the surface using a Gilmont GS-1200 micrometer syringe, one dedicated for each liquid. Exactly 

15 seconds were taken to position and focus the drop before capturing a micrograph of the drop 

using the experimental setup shown in Figure 3-9. 

 
Figure 3-9. Digital contact angle goniometer setup 

Once data points had been collected for all three liquids, the surface free energy was 

estimated using the Owens, Wendt, Rabel, and Kaelble (OWRK) method for the estimation of 

polar/non-polar contributions to polymer surface energies [71]. This model is outlined in 

Equations 1 and 2 where γ notates the contributions of the polar (P) and dispersive (D) 

components of the solid (S) and liquid (L) surface energies. The contact angle is denoted as θ. 

 

 

𝛾𝛾𝑆𝑆𝑆𝑆 = 𝛾𝛾𝑆𝑆𝑆𝑆 + 𝛾𝛾𝑆𝑆𝑆𝑆 cos 𝜃𝜃     (1) 

𝛾𝛾𝐿𝐿(cos 𝜃𝜃+1)

2�𝛾𝛾𝐿𝐿
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�𝛾𝛾𝐿𝐿
𝑃𝑃

�𝛾𝛾𝐿𝐿
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� + �𝛾𝛾𝑆𝑆
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The plotting of Equation 2 yields a linear line from which the slope and intercept can be 

derived. These values, m and b, respectively are used to solve for the polar and dispersive surface 

energy components using Equations 3 and 4. 

 

After determining the dispersive and polar contributions, the total surface area for each film 

surface treatment was estimated using Equation 5, where the total free surface energy of the solid 

is the sum of the two components. 

 

3.2.4 Surface Spectroscopy and Imagining 

Quantitative analysis of the surface chemistry of the films was done using x-ray 

photoelectron spectroscopy (XPS) using the methods from section 2.2.  

Micrographs of film surfaces and features were collected using a JEOL 7500F ultra-high 

resolution scanning electron microscope (SEM). Film samples were cut to 1cm squares and 

mounted to aluminum studs before receiving a 30sec iridium coating to enhance conductivity. The 

microscope was operated at an accelerating voltage of 5keV and probe current of 20µA with a 

working distance of 4.5mm. 

3.2.5 Adhesion Shear Strength 

To measure and quantify the performance of the adhesive, lap-shear joints were assembled 

using thermally bonded films per ASTM D1002 in a “sandwich” configuration. To bond, substrates 

are loaded into a steel fixture with two 0.5mm wires across their surface 30mm off-center to 

maintain bondline thickness without interfering with the adhesion area of investigation. The films 

were trimmed to 25.4 x 85mm (Figure 3-8, right) and placed on the lower substrate (Figure 3-10) 

𝑚𝑚 = �𝛾𝛾𝑆𝑆
𝑃𝑃 → 𝛾𝛾𝑆𝑆

𝑃𝑃 = Polar Component    (3) 

𝑏𝑏 = �𝛾𝛾𝑆𝑆
𝐷𝐷 → 𝛾𝛾𝑆𝑆

𝐷𝐷 = DispersiveComponent    (4) 

𝛾𝛾𝑆𝑆
𝑃𝑃 + 𝛾𝛾𝑆𝑆

𝐷𝐷 = Total Surface Energy    (5) 
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before a second was applied above and compression was applied via toggle clamps. Strips of 3mm 

thick HDPE trimmed to a width of 26mm where placed between each substrate for alignment and 

to facilitate easy removal from the fixture after bonding. 

 
Figure 3-10. Lower substrates, bondline wire, and HIPS films before application of the upper 
substrate 

The samples were loaded into a convection oven preheated to 225C. The bonding cycle was 

driven by substrate temperature and the joints were removed when the substrates were recorded 

to reach 175C via contact thermocouple. The fixtures with the joints were removed and allowed to 

cool to room temperature. Figure 3-11 shows 18 “sandwich” lap joints on the compression fixture 

after cooling.  

 
Figure 3-11. Fixture for the manufacture of “sandwich” lap joints after thermal cycling 

To obtain a standard 25.4 x 25.4mm bond area, a cut was made through the substrates on 

opposing sides 38.1 and 63.5mm measured from the same edge. The cut was made through the 

substrate and adhesive layer with minimal damage to the opposing substrate as seen in Figure 

3-12. Production of lap joints of this geometry allowed for the simultaneous manufacture of large 
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sample sizes and significantly reduced scatter over alternative geometries initially investigated. The 

lap-shear strength of joints was determined within 24 hours of producing the joints using an MTS 

810 load frame equipped with 15MPa hydraulic grips and a 50kN load cell. Reflective tape was 

placed on each side of the bond line to be measured via laser extensometer. Joints were pulled at a 

rate of 1mm/min to failure. The axial load and laser extensometer displacement were recorded. 

This test method was consistent for determining the lap-shear strength of all the thermoplastic 

films investigated throughout this work. 

 
Figure 3-12. Profile of a bonded lap joint showing how substrate cuts create a 25x25mm bond area 

 

3.3 Results and Discussion 

Initial lap-shear joints assembled from pressed adhesive films showed poor adhesion 

characteristics. Lap-shear strengths of only 7.4MPa and 8.4MPa do not coordinate with the shear 

failure capacity of HIPS. This suggest there is purely interactional failure. Example load-

displacement curves are presented in Figure 3-13 to illustrate the rapid slip failure of the bond. 

Joints assembled using both Al and CFRP showed interfacial slip failures at an average of 4.8kN and 

5.4kN, respectively, when assembled with untreated films. 

Analysis of the film surfaces following pressing with PTFE release films showed traces of 

contamination from the pressing process. A 3.59% atomic concentration of fluorine is shown on the 

full spectra of the PTFE pressed film in  

Figure 3-14. However, lap joints assembled using films pressed both with and without 

release film showed equivalent failure loads and mechanisms, 4.75kN for mirror pressed and 4.77 
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for release pressed. It can be assumed the type of surface contaminant, either PTFE or fatty amine, 

is not the sole contributor to this interfacial failure because of the equivalency of these failure loads. 

 
Figure 3-13. Load vs displacement of lap-shear joints with untreated HIPS films 

 

 
Figure 3-14. XPS full spectra for HIPS films released with PTFE coated peel-ply 
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Contact angles collected yielded information regarded changes to the energy of the film 

surfaces before and after surface treatments. An initial, qualitative assessment of the change in 

surface energy of HIPS films for different surface history is shown in Figure 3-15 using R.O. water 

only. The contact angle of the polymer surface as extruded with no additional processing was 89.4°, 

indicating a surface of poor wettability, ≈90°. It was found that pressing the extruded material 

between either mirrors or PTFE increased the contact angles of both to 95.2% and 97.1%, 

respectively. This was expected as the similarity of these surface energies is reflected in their nearly 

identical, ∆≈0.5%, lap-shear failure loads.  

 
Figure 3-15. Contact angles of R.O. water on select HIPS film surfaces 

This similarity in surface energy and failure loads may also be explained by topological 

surface effects. Both preparation methods press the HIPS pucks into films below their melt 

temperature. It is believed shaping the films under these conditions causes “sharkskin”, a surface 
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topography created by edge flow instabilities [72]. Figure 3-16 is a micrograph of sharkskin 

texturing on a pressed sample. 

 
Figure 3-16. Micrograph of sharkskin on a pressed HIPS film sample at 50,000X 

This low molecular weight outer layer is unstable and weakly bound to the bulk polymer. As 

adhesive forces act at the outer most layers, bonds made to this layer as easily pulled from the 

polymer, creating a weak secondary interface, lowering strength of adhesion. This boundary layer is 

later ablated via surface treatment, see Figure 3-24. 

After characterization of the untreated polymers used for adhesion, the effects of surface 

treatment on contact angle was investigated to select a method most suitable for the modification of 

films for successful bonding. Data collected showed a significate increase in the contact angle, i.e. 

decrease in wettability, of the films which were abraded, 34%. This is likely due to residual alumina 

embedded in the surface film layer. In addition, creating a greater surface of an already non-wetting 

surface has been documented to further increase contact angles above 90° and decrease angles 

below 90° [52]. 

Improvements in contact angle, a decrease from that of the initial films, was observed in 

both acid etched and plasma treated films. Acid etching resulted in a 5.8% decrease in contact angle 

moving further into the wetting regime than the untreated films. The limited reduction in contact 

angle and additional risk from a lab safety aspect of utilizing a 100°C solution with a pH <0.1 for 

treatment were both taken into consideration for a go/no go decision on acid etching. It was 
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decided, within the scope of this work, the acid etching was unjustified and was not produced on a 

large enough scale for the assembled of joints. The small batch of acid etched film prepared for 

contact angle measurements was evaluated in the following XPS analysis and suggest investigation 

into polymer acid etching could be revisited in future work. 

The O2 plasma treatment showed the greatest modification of contact angle with an average 

decrease of 76% seen in the samples selected for Figure 3-15. Although longer treatment O2 plasma 

treatment times were initially selected, it was found the treatment was effective even for short 

durations, less than 30 seconds. When comparison was made to literary documentation of contact 

angle vs treatment time, the trend observed was found to be in close agreement as seen in Figure 

3-17. However, due to high data scatter at these low treatment times, durations of 150, and 900 

seconds were chosen for further analysis.  

 
Figure 3-17. Contact angle of R.O. water on HIPS films versus O2 plasma treatment time, reference 
values [73] (left) and observed values (right) 

Joints were prepared with the plasma treated films and load-displacement plots of 

representative samples are shown in Figure 3-18. The lines in green are the response of lap-shear 

testing on aluminum substrates with plasma treated (solid) and untreated (dashed). The joints 

assembled with plasma treated films showed an average increase in peak load of 133% with a 

corresponding increase of 243% in displacement to ultimate failure. Also to note in Figure 3-18, is 
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the change in shape of the load-displacement profile. The addition of the long plastic deformation 

region between the peak load and ultimate failure is indicative of strain occurring within the 

adhesive. This plastic strain indicates load being transferred across the interfaces into the adhesive. 

The deformation of the polymer as it absorbs the transferred load leads to greater strength and 

longer strain-to-failure. 

 
Figure 3-18. Load vs displacement curves for untreated and O2 plasma treated films in joints with Al 
and CFRP substrates 

The lines in black are the results of equivalent tests on samples prepared using CFRP 

substrates with the solid line being treated films and dashed, untreated. There again is an increase 

in maximum load and failure displacement of 28% and 143%, respectively. While not as substantial 

as the increases in the aluminum samples, it should be noted the failure in the plasma treated CFRP 

joints came as a result of delamination of the CFRP substrate. The adhesive bond had become 

stronger than the inter-laminar shear strength of the composite and thus the failure is not entirely 

indicative of the strength of the adhesive bond. Further testing on stronger laminate substrates is 
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required to draw complete conclusions of the adhesive bond strength of HIPS with epoxy based 

substrates. 

An examination of the failure surface further confirms the change in failure mechanism 

from a purely interfacial failure to a more cohesive, mixed mode failure within the adhesive. As 

shown in Figure 3-19, there is a clear distinction in the amount of strain experienced by the plasma 

treated adhesive (right) and untreated (left). The strain is especially evident in the profile of the 

spherical inclusions within the adhesive layer. It is believed these are bubbles formed by 

vaporization of residual moisture in the polymer and water being released from surface reactions. 

It is also possible these bubbles are the result of outgassing from the substrates during curing. 

Future investigation is required to identify and eliminate these inclusions.  

 
Figure 3-19. Comparison of lap joint fracture surfaces using untreated (left) and plasma treated 
(right) HIPS adhesive films 

The successful transfer of load from the substrate to the adhesive is a critical 

accomplishment as it shows an increase in work of adhesion. Further strengthening of the joints 

can now be pursued by modifying the adhesive bulk and its cohesive properties [74]. 
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As discussed in the introduction to this chapter, showing there is a decrease of contact angle 

is not enough to discern the changes to the film surface responsible for the increased work of 

adhesion. Total free surface energies for each treatment time were calculated and are shown in 

Figure 3-20. The film pressed and extruded sample surfaces match reference values of 38dyn/cm2 

for neat polystyrene. All three O2 plasma treatment times investigated showed ~50% increases in 

total surface energy, again in agreeance with literature values of ~72 dyn/cm2. 

 
Figure 3-20. Estimations of the total surface energy for selected HIPS films 

While there is a clear increase in total surface energy, analysis was made regarding the 

proportions of each energy component, dispersive and polar, in attempts to better understand the 

chemical and morphological changes taking place on the surface. It is shown that with O2 plasma 

treatment, there is significant modification to the polar component of the surface energy with little 

change to the dispersive contribution. This trending is shown in Figure 3-21 and is consistent with 

oxygen functionalization taking place on the film surface during the plasma treatment. It was hoped 
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the data would show a “knee” in the polar surface energy change, indicating a saturation point 

where no additional oxygen would be deposited. This time could then be defined as an optimal 

treatment duration for the remainder of the study. While there is possible trending to suggest this 

at 30 seconds, there is too much scatter within the data to provide a conclusive answer. This was 

due to high variability in contact angle on some films, a result of inconstancies in the surface texture 

and flatness. Further testing is required to fully confirm. 

 
Figure 3-21. Relationship of polar, dispersive, and total surface energies observed for HIPS films 
versus plasma treatment times 

Analysis was made into the effects of the plasma treatment on the topography of the surface 

using SEM analysis. A low magnification comparison of the film surfaces before and after 150sec 

treatment time is shown in Figure 3-22. The pattern on the polymer surface is an artifact of the 

texture of the release film. Note the subtle change to the finer variations on the film surface. These 

changes are easier to see at the higher magnification in Figure 3-23. These images were collected at 

5,000x compared to the low-magnification images at 50x. 
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Figure 3-22. SEM micrograph at 50X of HIPS film pressed with PTFE release film before (left) and 
after (right) 150sec plasma treatment 

 

 
Figure 3-23. SEM micrograph at 5,000X of HIPS film pressed with PTFE release film before (left) 
and after (right) 150sec plasma treatment 
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On the left of Figure 3-23, the untreated sample is shown with the sharkskin and flow lines 

formed during the pressing process. After the 150sec plasma treatment, shown right, the flow lines 

are still visible while the cracked, laminar features of the sharkskin are gone. The low-weight 

monolayers have been removed exposing “fresh”, longer polystyrene chains. Note the small pitting 

which has occurred where acute inconstancies in the morphology have resulted in localized 

removal of material. It is likely, these were surface particles of butadiene which were more rapidly 

ablated than the surrounding polystyrene. 

Figure 3-24 shows the difference in film surface between 150sec (left) and 900sec (right). 

This image proves the time dependence on the amount of material removed with far more 

roughness seen on the 900sec sample. Future work would include micrographs or AMF analysis at 

more intervals to determine the time needed to remove the weak boundary layer.  

 
Figure 3-24. SEM micrograph at 50,000X of HIPS film after 150sec plasma treatment (left) and 
900sec (right) 

After plasma treatment it is shown there is considerable increase in surface oxygen content 

after both 150sec, Figure 3-25, and 900sec, Figure 3-26. The Os1 oxygen peak is seen at a binding 

energy of ~532eV and its area is directly proportional to the amount of atomic oxygen present on 

the film’s surface. The area of the Os1 peak is larger in the 900sec treated films at 19.7%, than for 

40 
 



the 150sec samples at 12.15%. This is a 9.38% increase over the untreated films and a 7.55% 

increase in the 750sec difference between the treatment times. This is as expected as the longer the 

treatment has allowed more oxygen to be functionalized onto the film surface. In addition to 

changes in oxygen content, neither the 150sec nor 900sec treatment spectra show any signs of 

fluorine or nitrogen content. This is an indication that any release agents or lubricants have been 

eliminated. The spectra again show indicate the presence of the calcium carbonate on the film 

surface with the Ca2s and Ca2p peaks found at 347eV and 440eV, respectively.  

 
 

Figure 3-25. Full XPS spectra for 150sec plasma treated film 

41 
 



 
 

Figure 3-26. Full XPS spectra for 900sec plasma treated film 

These peaks are much less pronounced on the 900sec spectra than the 150sec to the degree 

that they were not detected during digital post-processing through the spectra noise. While the 

calcium atomic concentration is expected to decrease as treatment times increase, calcium is 

heavier than the surrounding atomic species and will not be removed away as quickly as the 

polymer constituents. 

The atomic concentration for all films analyzed via XPS is summarized in Table 3-1. The acid 

etched and 900sec plasma treated films showed the highest net oxidation at 19.2% and 19.7%. The 

150sec plasma treated film showed a lower degree of oxygen functionalization at 12.15%. It should 

also be noted there was a large change in surface oxygen content in the extruded and film pressed 

HIPS, from 9.6 to 2.8%. This could be due to the driving off of surface adsorbed water during the 

pressing process as the film temperature is raised to 150°C. Further investigation is required to 

confirm. 
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Table 3-1. Summary of atomic concentrations for all films analyzed via XPS 

 
 
 

As the amount of oxygen functionalized onto the surface increases, it continues to bind in 

higher and higher order molecular configurations. As the reactivity of these molecular 

configurations differ, their relative concentrations on the film surface should affect the work of 

adhesion. Characterized by shifts in the amount of energy needed to release photoelectrons from 

the carbon on the sample surface, the relative concentrations of these functional groups can be 

determined by extrapolating the peaks of a narrow spectra around the Cs1 peak. Figure 3-27 shows 

the regional Cs1 scan for the 150sec treated plasma. Note the decreasing areas of the hydroxyl, 

carbonyl, and carboxyl functional group peaks moving as binding energy increases, right to left. 

 
Figure 3-27. Cs1 regional scan for 150sec plasma treated films highlighting the resulting functional 
groups 

Sample Name Carbon Nitrogen Oxygen Calcium Flourine Sulfur Trace
Control 88.36% 0.83% 9.59% 1.23% 2.06%

Film Pressed 93.64% 2.77% 3.59% 3.59%
Acid Etched 79.71% 19.20% 1.09% 1.09%

Plasma 150sec 86.88% 12.15% 0.97% 0.97%
Plasma 900sec 80.33% 19.67%
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When compared to the 150sec plasma treated sample, the increased level of oxygen 

functionalization on the 900sec film surface can be seen in the respective areas of the shifted CS1 

peaks in Figure 3-28.  

 
Figure 3-28. Cs1 regional scan for 900sec plasma treated films highlighting the resulting functional 
groups 

The percent changes in the concentrations of the carbon shifts, and thereby the functional 

groups they support, is summarized in Figure 3-29. It is seen graphically that the acid treated and 

900sec plasma treated films had the greatest degree of oxygen functionalization. When comparing 

how the lap-shear strength changes with the increasing total oxygen content and relative 

concentration of higher energy functional groups, there is no clear trend identified. While there is a 

slight increase in failure loads from 11.0kN for 150sec treated films and 11.2kN for 900sec films, 

these values lie within statistical equivalency of each other. Thus, no definite conclusion regarding 

“how much O2 is enough” can be drawn from this study. By comparing relative adhesive strength 

with XPS spectra for a greater spread of plasma treatment times, a quantitative answer for this 

question will explored in future works. 
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Figure 3-29. Graphical summary of C1s binding energies observed in HIPS films and their 
coordinating functional groups 

3.4 Conclusion 

It is shown that through surface treatment, adhesive films made from commercially 

available engineering thermoplastics can be modified to support structural failure loads with 

aluminum and CFRP substrates. Investigation of multiple surface treatments were made with 

detailed investigation of low-pressure O2 plasma treatments being conducted after initial surface 

wettability comparisons. Plasma treated films showed signification changes in their adhesive 

strength. Changes observed in surface energy, specifically to polar surface energy contributions, 

before and after treatment were found to be direct indicators of adhesive strength in lap-shear 

testing of HIPS adhesive films. Changes in atomic composition of the film surfaces possibly 

responsible for these changes in energy were determined using XPS analysis. Summarized in Figure 

3-30, surface treated films showed oxygen functionalization and no trace of the nitrogen and 

fluorine indicators of surface lubricates or release agents. 
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Figure 3-30. Graphical summary of atomic concentrations for all films analyzed via XPS 

Low-pressure O2 plasma treatment was shown to remove contaminates, functionalize the 

surface with oxygen, and add roughness, all of which contributes to the ability of surfaces to adhere. 

Changes to surface roughness were observed via SEM imaging including the elimination of unstable 

surface features on pressed films. A quantitative analysis of these changes in roughness should be 

made using scanning probe microscopy.  

All treated film surfaces showed increased surface oxygen content of between 12.15% and 

19.67%, the highest being seen in the 900sec plasma treatment. A correlation between oxygen 

functionalization and adhesive strength was not able to be made in this work. Acid treated films 

were not tested mechanically due to their low change in surface energy and high difficulty in 

manufacture. Results from XPS analysis suggests this method should be reconsidered in future 

work. 
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Figure 3-31. Summary of lap-shear strengths and failure displacements of untreated and plasma 
treated films on Al and CFRP substrates 

As summarized in Figure 3-31, not only did O2 plasma treatment result in increases to the 

yield loads of lap-shear joints, but also to the failure displacement. This is indicative of load transfer 

across the adhesive interphase and plastic deformation occurring within the adhesive. Analysis of 

adhesive fracture surfaces further supported this showing clear strain in the adhesive and a change 

from interfacial to mixed mode adhesives failures.  

While all three effects of plasma treatment presented are known to increase the work of 

adhesion, it is not possible to identify which mechanism is predominately responsible for the 135% 

and 28% increase in lap-shear strength of aluminum and CFRP joints. It is believed the collected 

evidence suggests a clear change in dominating adhesive mechanism between the HIPS and 

substrates from physical to chemical bonding. Low-pressure O2 plasma treatment is an effective 

method for allowing HIPS to adhere to aluminum and CFRP substrates as a melt activated adhesive. 
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Chapter 4: GnP and Composite Adhesive Films 

 
 

4.1 Introduction 

The integration of polymers with carbon-based nanoparticles is done in the pursuit of 

enhanced electrical, thermal, and mechanical properties [75-77]. From the standpoint of strictly 

mechanical strengthening, the material bulk is made stiffer by dispersing high-modulus particles in 

an otherwise amorphous solid. These stiff particles act as a skeleton within the polymer matrix 

creating a composite which combines the brittle strength of the graphene with the ease of 

manufacturing and compliance of the polymer. Functionalized GnP particles dispersed in 

thermoplastics, polyurethane in this example, at concentrations between 0.1 and 1%/wt have been 

shown to yield over 300% and 15% increases in tensile strength and strain-to-failure, respectively 

[78]. However, as the weight fraction continues to increase, the material becomes stiff yet also 

brittle. The increase in strength comes at the cost of strain-to-failure and impact resistance as the 

composite continues to behave more and more like the harder phase. A balance between the two 

must be made. 

The objective for increasing fracture toughness is the pinning and slowing of crack growth 

through the material. Work incorporating GnP into thermoplastic polymers has shown increases in 

impact strength of 83% at 3%/wt loadings with 15µm diameter GnP in polypropylene indicating it 

can be done using high-modulus particles [79]. Enhancing fracture resistance with stiff particles is 

highly dependent on particle morphology and the degree adhesion between the particle and the 

surrounding matrix. Introducing particles which are too large and poorly bound to the matrix 

creates “weak links” for cracks to easily jump between, lowering impact resistance. However, by 

combining low and high modulus phases, it is possible to capitalize on increases in stiffness while 

mitigating loses in fracture toughness caused by the introduction of these interfaces.  
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Studies have shown that combining the GnP particles with carbonyl terminated butadiene 

acrylonitrile (CTBN) has mitigated the brittle behavior that can accompany integration of a stiff 

reinforcement with large surface area combining an over 100% increase in fracture toughness 

while maintaining nearly equivalent tensile and flexural moduli [80]. Attempts to achieve similar 

results was a motivating factor for the use of a rubber-toughened base polymer for this work with 

GnP. The integration of GnP into the polymer is done in this work via mechanical melt blending, a 

well-documented method for dispersion of carbon-based nanoparticles into similar thermoplastic 

polymer systems [81-83]. An addendum to the study on surface treatment featured in this work, 

these results are shown to supplement the validity of these materials as toughened thermoplastic 

adhesives. This work will be expanded on and further advanced in future research. 

 

4.2 Materials and Methods 

The GnP used in this work was obtained from XG Sciences in Lansing, MI. Two grades are 

utilized of differing morphologies, M25 and C750. Grade M25 nanoplatelets have an average 

particle diameter of 25µm and average surface area 135m2/g, left of Figure 4-1. The C750 is graded 

by surface area has an average area of 750m2/g with average particle diameters of <2µm, seen 

right in Figure 4-1.   

 
Figure 4-1. Morphology of M25 (left) and C750 (right) GnP in SEM micrographs  

49 
 



Before mechanically dispersing the GnP into the HIPS polymer, the GnP was heat treated to 

remove residual acids from the exfoliation process. Drying was done in open beaker at 100°C for 

12hrs under convection before cooling and storing in an air-tight container. The dried GnP was 

compounded into the HIPS via DSM micro extruder consistent with the methods outlined in section 

2.2. HIPS/GnP composites with absolute concentrations of 7.5% by weight were prepared with 

varying concentrations of M25 and C750. For the remainder of this paper, these concentrations will 

be identified with the notation C750:M25. For example, a 7.5%wt HIPS/GnP composite containing 

25% C750 and 75% M25 would be identified as 25:75. The manufacture and testing of mechanical 

samples, films, and adhesive joints were completed in consistency with the methods outlined in 

sections 2.2 and 3.2.  

 

4.3 Results and Discussion 

The dispersion and morphology of the GnP within the HIPS polymer was evaluated in 

fracture surfaces via SEM. Micrographs of HIPS/GnP composites of varying weight concentrations 

are compiled in Figure 4-2 with increasing magnification left to right (a-c) and C750:M25 

concentration moving from 0:100 to 100:00, top to bottom. The neat polymer is shown topmost for 

comparison. White arrows are used to indicate extrusions or pull-outs of M25 sheets and green 

arrows identify aggregates of C750. Row 0:100 (7.5% pure M25 GnP) of Figure 4-2 shows a high 

degree of surface roughness from the interlacing of GnP particles across the fracture plane. Image c 

of this row shows stacks of M25 that have agglomerated due to the strong desire of the M25 to 

oriented along compliments to its low-energy basal planes. Image 75:25-a shows a clear hole where 

a single M25 sheet was pulled from the surface during fracture. These features are consistent in all 

HIPS GnP composites containing the M25 morphology. A large pull-out feature can be seen in 75:25, 

the lowest M25 concentration utilized in this study. 
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Figure 4-2. Micrographs of HIPS fracture surface with changing C750:M25 GnP concentration top to 
bottom and increasing magnification left to right.  
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The C750 particles are much smaller than the M25 sheets and more densely aggregated due 

to their much greater specific surface area. Image c of row 50:50 shows a C750 aggregate next to an 

on-plane view of an M25 sheet illustrating the difference in shape and size of the two particle types. 

As the morphology of the C750 is much less planar, it’s effect at the fracture in negligible when 

compared to that of the M25. The row of Neat micrographs and 100:0 (7.5% pure C750) are nearly 

indistinguishable compared to the considerable change in roughness caused by the introduction of 

M25.  

 
Figure 4-3. Effects of GnP loading and morphology on the flexural modulus and strength of HIPS 

A graphical summary of the effects of variation in the relative concentrations of GnP 

morphology on the flexural properties of HIPS is shown in Figure 4-3. The composite flexural 

modulus was shown to be highest with 100% relative M25 content at 72% greater than the neat 

polymer. As the relative M25 concentration decreases, the gain in modulus decreases linearly as 

well to its minimum at 0% M25 concentration, 100% C750. While there is an increase in modulus in 
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the 7.5% pure C750 composite of 25%, the trending shows increases in modulus to be much more 

directly associated with M25 content. Due to the morphology of the M25 compared to the C750, this 

correlation is as expected. The increase in flexural strength of the composite HIPS is around 10% 

with at 7.5% absolute weight loading, regardless of morphology. The flexural strength of the 

composite HIPS is far less dependent on the relative concentrations of the GnP morphologies and 

varies only 7% across the entire concentration spectrum compared to 39% for the flexural 

modulus. This is indicative of a large change in stiffness of the material with limited change in the 

rupture strength of the material. This suggests weak adhesion to the polymer matrix is the ultimate 

failure mechanism for both particle morphologies. 

 
Figure 4-4. Effects of GnP loading and morphology on the flexural strain-to-failure of HIPS 

The results of flexural strain-to-failure experiments are shown in Figure 4-4. The change in 

stiffness of the material caused by M25 content is again reflected here in a 175% loss in flexural 

strain-to-failure. There is a much less dramatic loss in strain-to-failure with pure C750 loading at 
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13%. There is a near linear correlation between the two extremes as the morphology fraction shifts. 

This data inversely reflects the changes in the flexural modulus as the stiffer composite blends are 

able to yield less before ultimate failure. 

Figure 4-5 summarizes the tensile data for the HIPS composites and shows similar trends to 

those displayed by the material in flex. The greatest increase in tensile modulus is again with a 

100% relative M25 fraction with a 76% increase over the neat polymer. However, there is a sharp 

decrease in this gain in the 25:75 blended composite suggesting that the addition C750 GnP negates 

the gains achieved in flexural modulus with the M25. This theory is further affirmed as while 22% 

higher than the neat polymer, there is only a 254MPa (8%) deviation across all composite blends 

containing C750. There is no statistically significant change in the tensile strength of any composite 

blends, again, suggesting the yield strength is unaffected and the failure mechanism is independent 

of particle morphology. 

 
Figure 4-5. Effects of GnP loading and morphology on the tensile modulus and strength of HIPS 
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The strain-at-failure properties of the composite HIPS, shown in Figure 4-6, display no 

statistically equivalent change in the % strain at which the material enters plastic deformation 

across all GnP blends. This suggests that despite an increase in tensile stiffness, the yielding of the 

material is still completely strain driven. One could argue that this again indicates there is poor 

adhesion between the GnP particles and the surrounding matrix. As the strain of the polymer 

increases, it de-bonds from the weakly bound particles and yields around them. Thus, removing the 

effect of the GnP from having any influence on the net strain-at-yield. One observable trend is a 

significant increase in data scatter across the composite HIPS with the highest occurrence for the 

pure C750 fraction. Suspecting the ability of the HIPS to yield is now dependent on releasing from 

the surface of the GnP, the effect of dispersion and the resulting GnP surface area in contact with the 

polymer should play a significant role in altering the mechanical properties. However, as this 

adhesion appears to be weak, its net contribution, is shown to be zero within this sample base. 

 
 

Figure 4-6. Effects of GnP loading and morphology on the flexural strain-at yield of HIPS 
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The notched impact results collected in this study further support the theory that the GnP is 

both poorly dispersed and weakly bound to the surrounding matrix. Figure 4-7 shows that 7.5% 

weight loading of GnP of any morphology is detrimental to the impact resistance of the material. 

Using un-functionalized and only mechanically dispersed GnP, there is an average loss of 72% in 

impact resistance with 12% deviation across all GnP morphology ratios. When reinforcing phases 

are weakly bound to the surrounding matrix, rather than inhibiting crack propagation, they provide 

slip-planes for the crack to move along with little interference. This effect is exaggerated with the 

M25 morphology as the agglomerations of the flat sheets are able to slide between one another in 

addition to at their interface with the polymer. The loss in impact resistance is shown to linearly 

decrease with decreasing weight fractions of M25 from 76% to 68%. 

 
Figure 4-7. Effects of GnP loading and morphology on the notched impact resistance of HIPS 

When adhesively bonded to aluminum substrates, the composite adhesive films exhibited 

losses in strength proportional to the M25 weight fraction. Shown in Figure 4-8, the lap-shear 
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strength decreases from 17.3MPa to 8.5MPa with pure 7.5% M25 composite adhesive films. This 

loss then decreases with decreasing M25 content to 13MPa for 75:25 composite films. The lap-

shear strength is expected to continue recovering as the M25 fraction reaches zero in the pure C750 

film, however, there is another drop to 11 MPa.  

 
Figure 4-8. Effects of GnP loading and morphology on the lap-shear strength of Al-Al bonded joints 

The inconsistent lap-shear strength of the pure C750 composite film is believed to be an 

experimental anomaly. This could be due to a deviation in handling of the film, the surface 

treatment of the substrate, or migration of the smaller particle to the film surface during 

processing. Additional work is required to fully understand this deviation from the expected 

results. When a comparison is drawn across all absolute M25 concentrations produced in this work, 

the strongly linear correlation shown in Figure 4-9 is obtained. The reduction in lap-shear strength 

of the composite films can be attributed to the increased stiffness of the higher M25 concentration 

composites, however, the effects of GnP on the adhesive interface must also be considered. 
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Figure 4-9. Effects of absolute M25 GnP content on the lap-shear strength of Al-Al bonded joints 

Any GnP that is exposed on the surface of the adhesive film during processing or surface 

treatment will be a low-energy area that will not contribute to adhesion with the substrate. While it 

is probable that both the shear strength and adhesive force has been reduced in the composite 

films, in all tests conducted, the adhesive failed before the interface. The continuation of cohesive 

failures in the lap joints across GnP concentrations means if there is a loss in strength of adhesion, it 

is masked by the more brittle adhesive bulk. In future work, the same contact angle studies used for 

the neat films can be conducted to investigate changes to the surface energy of composite films. 

 

4.4 Conclusion 

GnP reinforcement of the HIPS thermoplastic was found to directly impact the mechanical 

performance of the HIPS bulk material and lap-shear joints assembled from composite adhesive 

films. Composite HIPS with 7.5% pure M25 loadings showed 72% and 76% gains in flexural and 

tensile modulus. These gains decreased with higher relative concentrations of the C750 GnP 
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morphology. The opposite trend was observed in flexural strain-to-failure as pure M25 loading 

resulted in a more significant loss, recovering with increased C750 content. The introduction of GnP 

in any relative concentrations resulted in an average 17% increase in flexural strength and no 

statistically significant change to tensile strength or tensile strain-to-yield. There was an average 

loss in impact resistance of 72% which recovered slightly with increased relative C750 content. The 

effect of GnP content on adhesive strength was shown to be inversely related to absolute M25 

content with 1.875% resulting in 25% loss in strength decreasing linearly to a 51% loss at 7.5% 

absolute M25 content. It is believed the unexpected mechanical properties of the composite HIPS is 

a direct result of poor dispersion and weak particle-matrix adhesion. Solutions for these 

observations are considered in the Future Work section. 
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Chapter 5: Microwave Activation 

 
 

5.1 Introduction 

Similar to the previous section, this chapter briefly introduces the concept of microwave 

activation of GnP. Microwave energy is commonly used to rapidly and efficiently exfoliate graphite 

into graphene. While exfoliation is typically done at 2.4GHz to rapidly boil the acid drawn into the 

carbon layers for expansion, this work seeks to explore microwave frequencies which are able to 

heat the graphene more directly. It serves as a proof of concept showing surface temperatures of 

GnP composite films can be raised more rapidly than surrounding substrate materials using 

microwave spectrum electromagnetic radiation.  

Graphene nanoparticles are shown to interact strongly with electromagnetic radiation 

within the microwave regime of 1-300 GHz. These frequencies are commonly used for 

telecommunication and radar systems. As such, much experimentation has been done investigating 

graphene as light-weight shielding materials for frequencies used by hand-held communication 

devices, 5-18GHz [84-87]. While the goal of thin-layer shielding is primarily reflection, at the 

correct frequencies, the adsorption of the microwave energy is very high, resulting in rapid heating. 

Thermal responses of varying carbon-based nanoparticles within polystyrene composites have 

been observed to exhibit 80°C/min heating rates for multilayer distributed graphene [88]. While 

~100°C/min heating rates of GnP composites is promising, this study aims to significantly increase 

these heating rates to achieve polymer melt in less than 30 seconds. 

As the target of this work is selective heating, the first step in providing proof of concept is 

to confirm a difference in the heating rate of GnP composite adhesives when compared to the 

proposed substrates. To demonstrate this, HIPS/GnP composite films and glass fiber reinforced 

polymer (GFRP), CFRP, and aluminum substrates will be exposed to c-band microwave energy 

while monitoring changes in the surface temperature. After proving selectivity, changes to the 
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thermal response of the composite films due to variation in concertation of the GnP morphologies 

used in this study, M25 and C750, will be observed. Finally, the effect of changes to the properties of 

the microwave energy, frequency and power, on heating rates will be investigated to provide a 

basis for future studies. 

5.2 Materials and Methods 

Microwave experimentation was done in a variable-frequency microwave (VFM) Microcurie 

2100 (Lambda Technologies), shown in Figure 5-1, with a center frequency of 6.245GHz and a 

sweep of ±1.15GHz.  

 
Figure 5-1. MicroCure 2100 variable frequency oven showing chamber, IR temperature probe, and 
glass sample stand 

For study, samples are placed within the sealing chamber on a microwave translucent glass 

beaker below an IR temperature probe. This probe measures surface temperature in-situ during 

microwave operation. Samples of various compositions were tested under specific frequency and 

power conditions to characterize the response of the composite thermoplastics, the materials 
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intended to be used as adherents, and simple lap-joint structures. The parameters for the heating 

experiments are summarized below each figure. Samples were irradiated for 100 seconds or until 

their surface temperature read 200°C, whichever came first.  

 

5.3 Results and Discussion 

Initial results showed a significant difference in thermal response between neat HIPS and 

GnP composite HIPS as seen in Figure 5-2.  The neat HIPS film experiences a ΔT of only 28.1°C over 

the 90sec cycle compared to a ∆T of 54°C and maximum temperature 177°C for HIPS compounded 

with 7.5%wt of C750 and M25 GnP, respectively. Figure 5-2 also compares the surface temperature 

of these adhesive films to that of GFRP, CFRP, and aluminum substrates.  

 
Figure 5-2. Surface temperatures of substrates, neat HIPS, and GnP composite HIPS at 200W and 
6.24GHz with a 1.15GHz sweep 

The ΔT of the GRFP is highest at 131°C, that of the CFRP is nearly equivalent to the C750 

modified HIPS at 54°C, and the aluminum did not show any thermal response. Microwave at this at 

this frequency interact strongly with the “sea” of electrons unique to metallic bonds. The excited 
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electrons re-radiate the energy into electromagnetic fields with penetration depths of 1.2E-12m. 

This results in the dissipation of the electromagnetic energy on the surface and a near 100% 

effective refraction index [89].  

The shift in the heating rate of the M25 GnP modified HIPS suggests a melt event after 15sec 

when the surface temperature reaches ~150°C. While this is below the expected melt temperature 

of ~190°C, this reading would be effected by distortions to the film surface as it begins to deform 

above its softening temperature. At an initial heating rate (0-15sec) of 502°C/min, the 7.5%/wt 

M25 GnP composite HIPS heats 12 times faster than C750 GnP modified HIPS of the same 

concentration and 114 times faster than neat HIPS. The M25 GnP HIPS also heats 7x faster than the 

most responsive substrate, GFRP. This proves the targeted heating under surface conditions and 

shows the potential for the same effect to be achieved within bondlines. 

Experimentation was done to examine the effects of frequency and power on the thermal 

response of composite HIPS films. Figure 5-3 summarizes these findings for pure M25 loading of 

5% and 7.5% at various frequencies. It was shown that both GnP concentration and microwave 

frequency have direct effects on maximum temperature and rate of heating. Key results of this 

experiment are high changes in thermal response with only a 1.5% difference in GnP concentration 

and 1.25GHz spread of frequency. At 5.85GHz, increasing the GnP content from 5% to 7.5% resulted 

in a 116% increase in maximum surface temperature and 328% increase heating rate observed for 

a 100sec cycle. For the same concentration change at 7GHz, the time to reach 200°C decreased from 

29 to 21sec. Analysis of the change in thermal response from frequency showed an increase in 

maximum temperature of 115% (limited by the 200°C cap) and an 805% increase in heating rate 

for films with a consistent 5% GnP loading. While less as dramatic, the same frequency increase 

resulted in a 163% increase in heating rate and a decrease in time to max temperature from 53 to 

21 seconds for the 7.5% composite HIPS.  
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Figure 5-3. Maximum temperature (solid) and heating rate (striped) for 5 and 7.5% M25 composite 
films cycled at various constant frequencies at 250W 

Observing such significant changes in thermal response due to relatively small changes in 

experimental parameters is promising as experimentation in this area continues. A high degree of 

control on reversible adhesive heating rates will allow efficient application to specific bonding 

requirements. 

This experiment was repeated with composite films containing C750 GnP under equivalent 

conditions. Summarized in Figure 5-4, similar trends in the C750 heating response are observed to 

the M25. While similar correlation is observed, lower values for maximum temperatures and 

heating rates are observed across all concentrations and frequencies. The lower absolute heating 

response is in agreeance with the data collected in the previous selectivity experiment. Changes to 

C750 concentration showed limited impact on maximum film temperature or heating with the 

largest change observed at 6.425GHz with 34% and 60%, respectively. While the effect of frequency 
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was also limited, the change from 5.85GHz to 7GHz yielded an average increase of 125% and 198% 

in maximum temperature and heating rate.  

 
Figure 5-4. Maximum temperature (solid) and heating rate (striped) for 5 and 7.5% C750 
composite films cycled at various constant frequencies at 250W 

Finally, analysis was done to determine the effect on thermal response of C750/M25 

blended composite films at the available frequencies. The complete range of heating profiles 

possible with variations in morphology concentrations and frequency is shown in Figure 5-5. In this 

chart, colors are representative of the relative GnP composites, 0:100-100:0 and dotted, dashed, 

and solid lines are indicative of 5.85, 6.425, and 7GHz frequencies, respectively. It is shown that 

relative M25 GnP content has the greatest effect on heating rate with rates and maximum 

temperature decreasing with absolute M25 content. As in the pure GnP loading frequency studies, 

frequency is also shown to have a direct effect on thermal response with increased frequency 

increasing maximum temperature and heating rate in all GnP blends tested. 

65 
 



 
Figure 5-5. Thermal response of C750/M25 blended GnP composite films at 7.5%/wt when heated 
with 200W of power at the noted frequencies 

5.4 Conclusion 

While limited in its initial scope, this work proves that c-band microwave energy can 

elevate surface temperatures of HIPS/GnP composite films to higher maximum temperatures and at 

greater rates than those of aluminum or CFRP substrates. Films containing the M25 GnP 

morphology were shown to be capable of reaching the melt temperature of HIPS (200°C) in less 

than 30 seconds. The M25 was shown to be more efficient at heating the composite adhesive than 
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equivalent weight fractions of the C750 GnP. It is also proven that heating rate can be controlled via 

power level and frequency with higher power levels and 7GHz operating frequency giving the 

greatest thermal response in both particles. When used in combination, blending of the GnP 

morphologies and changes in frequency can be used to attain a full spectrum of thermal responses. 

The ability to create specific thermal responses by matching GnP blends with cycle frequencies will 

be of great value as application constraints require specific heating profiles. The next step of this 

work is to modify GnP blending and microwave parameters together to facilitate selective heating 

of the composite films within the bondlines of various materials. 
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Chapter 6: Summary and Future Work 

 
 

6.1 Summary 

In this work, it is shown that a commercially available engineering thermoplastic can be 

modified for use as an adhesive through surface treatment. Studying the effects of low-pressure O2 

plasma treatment on film surfaces showed this change in adhesive strength was due to removal of 

contaminates, oxygen functionalization of the surface, and an increase in roughness. Lap-shear 

joints assembled from oxygen plasma treated films showed a 135% increase in strength over joints 

assembled from untreated films. The maximum lap-shear strength of 17.6MPa observed with 

aluminum substrates is comparable to and even superior to the selection of structural adhesives 

shown in Figure 6-1. The adhesive strength of surface treated high-impact polystyrene films 

observed in this study justifies HIPS for continued investigation as a reversible thermoplastic 

adhesive. 

 
Figure 6-1. Lap-shear strength of HIPS adhesive films compared to similar structural adhesives[18] 
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The introduction of GnP was shown to make clear modifications to the mechanical 

properties of HIPS. All changes in mechanical properties are shown normalized in Figure 6-2 

according to GnP content. It was shown that the use of pure M25 GnP at 7.5% concentration results 

in a 72% increase in flexural modulus and 76% increase in tensile modulus. The effects of GnP on 

other mechanical characteristics was not as expected and its suspected cause, agglomeration and 

inadequate interfacial adhesion, will be explored in future works. 

 
Figure 6-2. Graphical summary of the mechanical properties of GnP composite HIPS 

Losses to some mechanical properties, even at these initial stages, are shown to be a trade-

off for the ability to heat the adhesive via EM microwave radiation. As is summarized in Table 2-1, 

the change in surface temperature of open adhesives reinforced with 7.5% pure M25 GnP is 

significantly greater than changes observed in the studied substrates, GFRP, CFRP, and aluminum 
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under equivalent conditions. It is also shown the maximum surface temperature of the adhesive 

and rate of heating can be directly controlled via the morphology and concentration of the 

nanoparticle utilized in the adhesive in addition to microwave parameters. Both of these findings 

further enforce the feasibility of GnP/microwave heating as an efficient method for the activation of 

reversible thermoplastic adhesives. 

Table 6-1. Tabulated summary of thermal response to substrates, neat, and composite HIPS at 
200W and 6.24GHz 

.  
 
 

6.2 Future Work 

While this work proves commercially available thermoplastics can be modified for use as 

adhesives, be augmented mechanically through the introduction of GnP, and heated via microwave 

excitation of the GnP; further work is required to produce an adhesive ready for multi-material 

bonding in industrial applications. Further work should be conducted to improve ease of film 

preparation, enhance dispersion and interfacing of GnP, and identify specific radiation bands which 

allow for both substrate penetration and GnP excitation. 

 

6.2.1 Modification of the Bulk Adhesive 

Modifications to the bulk adhesive could be made to facilitate adhesive bonding without the 

need for such extensive post-processing. Direct production of the adhesive film geometry via 

continuous die extrusion would allow greater control over the uniformity of the adhesive product, 

orientation of the nanoparticle content, and elimination of the surface treatment required to 

Material T(15sec) T(60sec) Tmax ∆T Rate
(-) (°C) (°C) (°C) (°C) (°C/min)

GRFP 40 106 154 131 72
CFRP 28 55 76 54 28

Aluminum 26 28 28 2 ~0
Neat HIPS 27 41 59 28 4

0:100 151 200+ 200+ 177 502
100:0 36 59 79 54 40
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remove the contamination that results from secondary pressing of the films [90]. While pre-shaping 

the films would eliminate the PTFE contamination, the need for internal/external lubricant would 

still be required to utilize conventional processing techniques. Even if changes in processing 

methods were possible to reduce lubricant content, HIPS is still an inherently low-energy polymer. 

The sterically available aromatic ring of the styrene monomer is difficult to open without the use of 

chemical processes. As it has been shown that the chemical adhesion mechanism activated through 

the deposition of oxygen radicals on the film surface is far superior to that of the physical adhesion 

of untreated films, an oxidizing surface treatment would still be required. 

 

6.2.2 Further Study of Surface Treatment 

Further investigation into the methods of surface treatment would provide a more 

industrially viable solution for producing these adhesives on a larger scale. While considered overly 

hazardous for continued study in this work, under industrial setting, a continuous application of 

surface modifying chemical etchant could be utilized to eliminate the need for batch processing of 

adhesive films. Many additional dry, continuous treatment techniques also exist which could be 

utilized in film production.  

Atmospheric corona discharge is a continuous surface treatment similar to low-pressure 

plasma treatment but done at atmospheric conditions [91]. Study would be required to assess the 

degree of oxygen functionalization obtained via atmospheric methods plasma treatment methods. 

UV surface treatments have also been shown to dramatically increase the surface energy of 

polystyrene films [92, 93]. However, oxygen functionalization levels obtained from UV treatments 

are again lower than those obtained from low-pressure O2 plasma treatments. Finally, a review has 

been investigated on dielectric barrier discharge (DBD) which includes preparation of polystyrene 

films for adhesive bonding [94]. While similar to atmospheric corona discharge methods, DBD 

utilizes a knife-edge electrode to create a potential through the insulating polymer film to a ground. 
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The DBD atmospheric plasma treatment method has been optimized for continuous film 

production. This would prove particularly advantageous coupled with implementation of 

continuous extrusion of the composite adhesive films. Within this review, treatment of polystyrene 

films showed up to 75° decreases in contact angle following treatment [94]. In addition to a high 

degree of oxygen functionalization of the unsaturated C=C styrene bonds, the study also observed a 

considerably higher sensitivity to aging than low-pressure oxygen plasma treatments. While not 

necessarily prohibitive to the consideration of this treatment method moving forward, the effect of 

aging on adhesive performance would need to be considered for this and all proposed treatment 

methods. 

Before physically exploring alternative surface treatments, it would be pertinent to modify 

the experiments presented here to associate the changes in adhesion to each effect of the plasma 

treatment. In addition, if oxygen functionalization is found to be the greatest contributor to the 

increase adhesive performance, the minimum level of functionalization required to achieve the 

bonding strengths reported in this work would should be determined. This minimal oxygen content 

would serve as a starting point to compare the potential of alternate oxygen functionalizing 

methods. Although valuable for initial comparison, this oxygen content baseline is not recommend 

to be the sole determinant of a treatment’s potential. As all the suggested surface treatments 

simultaneously subject the polymer to compound modification mechanisms, additional factors may 

create unexpected enhancements.  

 

6.2.3 Dispersion of GnP 

The data collected in this work showed an unexpected loss in many mechanical properties 

after compounding with M25 and C750 GnPs. It is believed that agglomeration of the particles is 

creating slip interfaces as the particles are weakly bound to one another and are able to slide along 

their planar surfaces. More complete dispersion can be achieved through the use of surfactants, 
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mechanical milling, and ultrasonic dispersion before mechanical incorporation in the polymer melt 

[95]. 

However, even if greater dispersion of the particles is achieved before mixing, there 

evidence to suggest that GnP particles have a tendency to reagglomerate during mechanical melt 

mixing [96, 97]. Multiple solutions have been developed by researchers faced with the same 

problem. One method is to stabilize the GnP dispersion via a polymer functionalization within 

which the particles can then be stored and incorporated into the melt after vacuum drying [98]. 

Functionalization of GnP is common before incorporating into composite systems and would 

improve the tendency of the GnP to remain dispersed in addition to dramatically improving the 

strength of adhesion between the particles and surrounding matrix. Functionalization is often done 

using linkage molecules deposited on the particle surface [78, 95, 99, 100]. Oxidation of the 

graphene can also provide the same effect via the creation of oxygen groups across the low-energy 

platelet surfaces [101]. 

Another suitable solution for maintaining dispersion of the particles within the polymer is 

to incorporate them directly into the polymer chain. Referred to as copolymerization, the 

nanoparticles are dispersed within the polymer monomer in a way that they are integrated into the 

formation of the polymer chains. In one example, in-situ ultrasonication dispersed emulsion 

copolymerization, the dispersed graphene is directly integrated into repeating segments in a simple 

one pot synthesis process [102]. In fact, numerous novel methods exist for incorporating GnP 

directly into polystyrene systems via co-polymerization. Additional examples are reversible 

addition-fragmentation chain-transfer polymerization (RAFT) [103] and solvent-free dry 

polymerization methods [104]. 

All of these examples are proven solutions for the complete integration of GnP with the 

surrounding polymer. The investigation of chemical compounding methods is highly recommended 

as future scale-up will most likely find up-stream integration of the GnP more efficient than 
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mechanical mixing with finished materials. The mechanical performance observations made in this 

study should in no way be found inhibitive to the final objective of creating a GnP composite 

adhesive. Rather, the importance of nanoparticle dispersion and matrix compatibility has been 

highlighted in this work and will be of primary focus in continued experimentation. 

 

6.2.4 Further Study on Microwave Activation 

The study on microwave heating in this work is limited to the frequency range of 6.425-

7GHZ GHz. While it is shown that GnP is thermally responsive in this frequency regime, initial 

experimentation showed limited ability to heat the adhesive within the bondlines of the 

investigated substrates due to absorption and reflection. Studies have shown that operating within 

the frequency range of 2-4 GHz range can allow penetration of other polymers for bondline heating 

of joints [105, 106]. While GnP is still thermally responsive in this range, experiments in this study 

have shown a direct correlation between frequency and thermal response. A crossover point would 

need to be found that utilizes microwave frequencies able to penetrate materials of specific 

dielectric constant that are still able to be absorbed by the GnP within the adhesive. With the many 

combinations of substrates and GnP morphologies possible, it is of strong confidence suitable 

configurations will be found that maximize adhesive heating with limited losses to the surrounding 

substrates. The completion of this experimentation is the next step for completely verifying HIPS 

thermoplastic reinforced with GnP as a reversible multi-material adhesive. 
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