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Chapter 4 Copper/Epoxy Adhesive Performance and Durability 

4.1 Introduction and Literature Review 

A systematic evaluation of waterborne latex epoxy adhesive performance in PCB fabrication can begin 

once the drying process conditions have been established to produce good quality prepreg material.  Two 

concerns arise when dealing with systems that contain residual, potentially mobile, surfactant: 1) 

immediate formation of a weak boundary layer that degrades adhesive strengths at either the copper-epoxy 

or the glass/epoxy interface, or 2) acceptable short term adhesion followed by severe long term adhesive 

strength degradation caused by surfactant migration to the aforementioned interfaces.  This study sought to 

characterize PCB copper/epoxy adhesion using the 90° peel test, in the as-made condition, as a function of 

surfactant concentration.  This adhesive evaluation was conducted with an emphasis on the potential 

viscoelastic contribution of the residual surfactant; time-temperature superposition techniques assisted in 

understanding adhesive response in a more systematic manner. 

 

An examination of the copper/epoxy bond’s adhesive strength, as a function of aging time at elevated 

temperature, was undertaken to study the durability of the interface in conditions simulating repeated 

processing encountered in multilayer PCB construction.  The characteristics of the copper surface are key 

in understanding both adhesive strength and durability.  Two copper surfaces were examined in this work, 

one stabilized by a commercial treatment during production and another stabilized in the laboratory using a 

common oxidation process.  Both the copper oxide surface and the adhesive can degrade chemically; 

therefore these processes will be reviewed.  A study of epoxy postcure in the laminate, conducted using 

DMA, also provided information about the interaction of surfactant and the fiber/matrix interphase.  

Published work on plasticization of the interphase and dynamic mechanical analysis are discussed. 

4.1.1 Theories of Adhesion 

Six theories of adhesion have been recognized: the weak boundary layer theory, the mechanical 

interlocking theory, the chemical bonding theory, the physical adsorption theory, the interdiffusion theory, 

and the electrostatic theory. 1,2  The weak boundary layer theory assumes that adhesive strength reduction 

can occur in a system of ostensibly strong adherend and adhesive materials if a low strength region exists in 

the interphase.  Low molecular weight species such as oils and greases are recognized as contaminants 

leading to a weak boundary layer.  Fragile metal oxide layers and boundary segregated polymer additives 

can also weaken the interphase.  Given the presence of residual surfactants, curing agent precipitates, and a 

complex copper-oxide surface morphology, the weak boundary layer theory will be significant in the 

interpretation of this study.   
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The mechanical interlocking theory recognizes the effect of adherend surface roughness in trapping 

adhesive during flow to form a bond upon hardening.  Mechanical interlocking is very important in the 

adhesion of epoxy resins to copper laminating foil surfaces; the growth of brown and black oxide layers, 

comprised of small, nodular crystals, greatly increases epoxy/copper peel strength.14   

 

The chemical bonding theory attributes adhesion to the formation of covalent and ionic bonds between the 

adherend and the adhesive.  This theory may apply to the fiber/epoxy interface since the glass 

reinforcement used in this work was treated with silane coupling agents containing amino- groups that 

chemically bond with the epoxy matrix.  Hydrogen bonding between DGEBA hydroxyl groups and copper 

oxides is another form of direct interfacial chemical bonding.   

 

The physical adsorption theory proposes that surface energetic effects between molecules in intimate 

contact, comprised of van der Waal’s forces, lead to bond formation.  Increased wettability of roughened 

copper oxide surfaces is suggested as a reason for improved adhesion in epoxy molding compounds/copper 

lead frame structures.3   

 

The interdiffusion theory applies to some thermoplastic polymers and non-crosslinking rubbers where two 

surfaces of similar composition come into contact.  According to this theory, polymer chains diffuse across 

the interface and intertwine with chains of the adjacent bulk, thus forming a bond.   

 

The electrostatic theory is based upon the exchange of electrons between smooth metal surfaces when they 

are brought into contact, thereby forming an electrical double layer.  This electrostatic effect results in an 

attractive force between the metal surfaces.  Interdiffusion and electrostatic effects are not expected to 

contribute appreciably to adhesion in this study. 

4.1.2 The Interphase 

The concept of a distinct two-dimensional interface between the dissimilar components of an adhesive 

bond is giving way to the realization that most real systems possess a three-dimensional interphase in 

which chemical and physical interactions between adherend and adhesive form a near-surface phase having 

properties similar to neither material.4  The PCB laminate system under consideration is a complex system 

consisting of two adherends (copper foil and glass cloth), one adhesive (epoxy resin), and various additives 

(surfactant, adhesion promoters).  Various methods of surface treatment and adhesion promotion will be 

reviewed for the copper and glass adherends; the role of the surfactant additive in epoxy is the subject of 

the current study. 

4.1.2.1 Copper Adhesion 

It is critical that the untreated foil surface be processed to ensure adequate adhesion and stabilized to 

prevent degradation.  Generally, the untreated foil is mechanically roughened to remove tarnish inhibitors, 
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typically using pumice slurry jets or a pumice scrub, followed by adhesion promotion.  Several approaches 

to surface passivation and adhesion promotion have been examined for copper/polymer systems including 

oxide treatments and chemical surface passivation using primers or coupling agent coatings. 

4.1.2.1.1 Oxide Treatments 

The most commonly used treatments for foil adhesion promotion are copper-oxide processes.  These oxide 

processes are frequently classified by the red-brown or black colors of the surface resulting from varying 

densities and morphologies of the copper oxide crystals.5,6,7,8,9 Generally, hot alkaline oxidizing solutions 

are used in creating a thermally stable surface having a roughened morphology that increases adhesive 

strength.7,10  Sodium chlorite in a heated aqueous alkaline solution is a commonly used solution to oxidize 

copper metal by the following reactions 11 

 

2 Cu + NaClO2+2 H2O→2 Cu(OH)2+ NaCl
 

Equation 4.1 

∆
2 Cu(OH)2

→ 2 CuO + 2 H2O  

Equation 4.2 

When this reaction is carried out at approximately 65-70°C and relatively low alkalinity, a fine-grained 

surface roughness composed of CuO nodules is obtained.  Such a surface morphology appears red-brown.  

At higher temperatures (approximately 85-100°C) and alkalinity, long needle-like CuO crystals form, 

giving the surface a velvety black appearance.12  Some research has examined thermal surface oxidation 

alone as a stabilizing pretreatment for copper foils13 and copper leadframes in epoxy molding compounds.3  

While both CuO and Cu2O forms were obtained through thermal oxidation, their adhesion and durability 

performance was inconsistent.  Overall, the optimum oxidation process creates a relatively thin CuO layer 

to minimize thermal stress fractures either within this layer or at the Cu metal/oxide interface.  Arrowsmith 

has provided a useful schematic representation of copper surface topography and the associated strengths of 

bonds formed with epoxy adhesives, as shown in Figure 4.1.14  Note that surface roughness alone can 

significantly increase adhesive strength, and that added sub-micron scale copper oxide crystals further 

improve adhesion.  This is a clear illustration of the important role of mechanical interlocking, as well as 

physical adsorption on the increased surface area, in the formation of PCB grade copper foil-epoxy bonds. 
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Figure 4.1: The effect of surface topography on the peel strength of copper foil bonded with an epoxy 
adhesive14 

 

4.1.2.1.2 Surface Primers 

Surface passivation and adhesion promotion in copper/epoxy bonds have been studied for various azole 

chemical primers.15,16,17  Azoles, which are cyclic amine compounds, form a chemical complex with the 

copper surface through interactions with cuprous hydroxide15 while adhesion promotion to epoxy resins 

occurs by interaction with amine groups.  The formation of a strongly chemisorbed film of 

polybenzimidazole on the copper surface provided corrosion protection at elevated temperatures, possibly 

by providing a physical barrier to oxygen diffusion.16  

 

Another option for chemical stabilization and adhesion promotion is the addition of a silane layer.5  Silane 

layers consist of bridge molecules containing end groups reactive to the epoxy adhesive, thereby enhancing 

chemical bonding.  Strong adhesion of the silane to the foil surface, however, requires precoating of the 

copper with metals such as tin, thus adding cost.  Another drawback lies in the potential moisture instability 

of the silane layer.  

 

Copper passivation and adhesion promotion techniques account for only half of the interface’s durability.  

An examination of the behavior and composition of epoxy resins, especially in the case of waterborne latex 

resins, is critical to understanding the durability of copper/epoxy bonds in PCB manufacture. 
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4.1.2.1.3 Epoxy Degradation 

Thermal degradation of epoxy resins has been studied in the context of thermo-oxidative or inert 

atmosphere degradation in the form of neat and filled systems.18,19,20  Hong employed Reflection 

Absorption Infrared spectroscopy (RAIR) and XPS to analyze epoxy resin films, both free and coated onto 

copper metal surfaces, which were aged in air at 150°C for 1, 50 and 145 hours.21,22  The free epoxy films, 

cured with amidoamine hardeners, were found by RAIR to form C=O containing amide groups due to the 

oxidative attack on C-N bonds in amine groups.  Furthermore, ether groups and secondary alcohols reacted 

with oxygen to form aldehyde and ketone groups.  The epoxy films aged at 150°C on copper showed 

similar chemical degradation, although this occurred much faster and to a greater extent.  One significantly 

different reaction, the almost total disappearance of CH2 groups, was found for copper coated aging but was 

not found after aging in air, on aluminum, or on steel.  These reactions ultimately led to chain scission 

along the polymer backbone resulting in the formation of lower molecular weight compounds.  The 

catalytic effect of copper was attributed to the presence of both CuO and Cu2O on the surface acting as an 

oxidation/reduction couple in breaking chemical bonds.23  

 

The role of copper catalysis in polymer degradation is a complex process, the mechanisms of which depend 

both on the polymer and the form of copper involved.24  Several studies suggest the decomposition of 

hydroperoxides by the Cu+1 ion to form alkoxy radicals and a copper hydroxide ion, which then lead to the 

cleavage of the chain.25,26  The resulting hydroxide can react with the organic radical to form an alcohol and 

reduce the Cu+2 ion back to Cu+1 for further reactions.  An example of this catalytic process in polyolefins is 

shown in Figure 4.2.  Jellinek et. al. suggest that hydroperoxides are not necessary for this type of reaction 

pathway; groups with tertiary hydrogens could also be attacked as 26 

RH Cu+2 O2
- → R• + HO2• + Cu+1

 

Equation 4.3 

The radical formed on the right side of Equation 4.3 could then participate in further oxidation reactions.  

Schuessler has suggested similar types of reactions, shown in Figure 4.3, where copper would catalyze the 

removal of hydrogen from alcohols to form carbonyls and evolve H2 gas.23  The hydrogen could then 

reduce CuO to Cu0 with the production of water. 
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Figure 4.2: Copper catalyzed degradation of polymer chains25 

 

Figure 4.3: One proposed mechanism of copper catalyzed epoxy degradation23 

A RAIR based study by Gu found little evidence of molecular degradation of a polyamide cured DGEBA 

epoxy thin films aged in air at 200°C for 1 hour.27  When films of the same resin system were adhered to a 

copper substrate and aged in air at 200°C significant chemical degradation was observed within the first 15 

minutes.  Changes in the RAIR spectra were cited as evidence of progressive degradation in amino and 

amide groups to nitrile groups over 1 hour of high temperature aging.  IR peaks of aromatic and aliphatic 

ethers were similarly diminished, although no oxidation product groups were suggested beyond the 

formation of “graphite-like substances and low-molecular-weight volatile compounds”.  A study of copper 

lap shear bonds adhered using the same epoxy system was conducted in parallel with the RAIR 

measurements.27  Lap shear strengths measured after 30 minutes of exposure to 200°C decreased to only 

44.5% of the strength of unaged samples.  The catalytic action of the CuO/Cu2O ion pair on the surface was 

cited as the reason for the observed polymer degradation and related chain scission; the degraded network 

at the epoxy/copper interface resulted in the observed decrease in adhesive performance.   
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In a study of as-made commercial copper clad epoxy/glass PCBs, Miller and Laberge found that copper foil 

acted as a barrier to oxygen diffusion, effectively preventing oxidative degradation of the polymer 

network.6  Brown oxide treated copper foils were peeled from DGEBA/DICY impregnated laminates and 

the failure surfaces were analyzed using XPS.  The interface failed in a mixed mode, with a thin layer of 

residual epoxy on the peeled copper surface and regions of copper oxide embedded on the laminate surface.  

The peeled copper surface also contained an increased level of nitrogen, possibly due to segregation of 

DICY to the interface.  The effects of a DICY rich layer are not clear.  Miller and Laberge 6 hypothesized 

two scenarios, although they do not cite adhesive data to suggest which process actually occurs:  

1) a weakening of the interface through the disruption of hydrogen bonding between epoxy 

hydroxyls and copper oxides by DICY’s amine and cyano groups, and 

2) enhanced strength where one of DICY’s amine groups bonds with the copper oxide while its other 

nitrogen containing groups react with the epoxy network.  

4.1.2.1.4 Copper Oxide Degradation 

Tam and Robinson, and Cho, et.al, have studied the morphology of adhesion-enhancing black and brown 

copper oxide layers.3,8  The oxide layers grow from the copper metal base material during processing to 

form what can be simply described as a three layer structure, shown schematically in Figure 4.4.  The outer 

surface of CuO has a roughened, needle-like morphology composed of randomly oriented monoclinic 

crystals.  The underlying Cu2O layer possesses an epitaxial morphology growing from the Cu base metal.  

Several studies have found that failure occurs in epoxy/copper oxide bonds at the CuO/Cu2O 

interface.6,8,13,3  It has been suggested that differential thermal stresses between the CuO and Cu2O layers 

lead to failure at this interface.  Thermal aging of this oxide structure leads to growth of the Cu2O layer by 

the reaction.9  

CuO + Cu → Cu2O  

Equation 4.4 

Failures at the Cu2O/Cu interface were found in thermally grown oxides on epoxy-bonded leadframes 

following high temperature exposure for extended periods of time.3 
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CuO 

Cu2O 

Cu Metal 

 

Figure 4.4: Copper oxide layers formed by the black- and brown- oxide processes 

Research on the thermal aging of black oxide-treated copper/epoxy bonds has been undertaken by Love and 

Packman.28 These researchers found that benzotriazole treated copper surfaces demonstrated better peel 

strength retention, after aging at 150°C, than did untreated black oxide surfaces.  They attributed this 

improved durability to benzotriazole’s prevention of Cu2O formation by the reaction in Equation 4.4.  

Electron microscopy revealed an epoxy layer on the copper surface indicating cohesive failure in the 

adhesive, although Miller and Laberge used XPS to find that a similar failure surface contained CuO.6  It is 

possible that both the treated and untreated copper oxide surfaces failed in a mixed mode with fracture 

occurring in the CuO layer due to progressive thermal growth of the Cu2O layer. 

4.1.2.2 Glass Adhesion 

While the copper/epoxy interface is the focus of this study, the epoxy/glass interface cannot be neglected.  

Considering that the surface area of the fibers in the laminates is many times that of the copper foil, and 

that surfactant surface spreading is a critical consideration, the glass fiber/epoxy interphase must be 

examined.  The glass cloth used in this study was treated with an aminosilane sizing agent, an adhesion 

promoter commonly used in epoxy matrix glass composite fabrication.   

4.1.2.2.1 Silanes Coupling Agents  

Organosilanes have the general structure 29 

R Si Q

Q

Q  

Figure 4.5: General structure of an organosilane molecule 

where the R group is selected for its reactivity with the matrix resin and Q is a hyrolyzable alkoxy group.  It 

is believed that silanes form bonds with the glass surface when the Q groups hydrolyze to silanols, which 

hydrogen bond with silanol groups on the surface.  During drying the organosilane will form an ether 

linkage with the surface silanol by a condensation reaction, and will also react with the silanol groups of the 

adjacent organosilane molecule to form a polysiloxane.  This process is shown in Figure 4.6. 29  
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Figure 4.6: Deposition of a silane coupling agent on a glass surface29 

The glass cloth used in this study was sized with aminopropyltrimethoxysilane having the structure shown 

in Figure 4.7.  The amine group is chosen for its reactivity with epoxide groups. 

 

NH2 CH2 Si

O CH3

O CH3

O CH3

3

 

Figure 4.7: Aminopropyltrimethoxysilane coupling agent 

4.1.2.2.2 The Silane Interphase and Adhesion 

Mechanically, the role a of silane coupling agent is to transfer stress from the fiber into the matrix. The 

silane coating shown in Figure 4.6 is highly simplified.  An actual silane interphase may consist of a 

chemisorbed layer at the glass surface covered by multiple layers of physisorbed silane extending out into 

the matrix, as shown in Figure 4.8.30,31   Depending on its thickness, this layer significantly changes the 

mechanical behavior and failure modes of a glass reinforced composite.30,32 Two theories suggest different 

roles for the silane layer in adhesion.  The preferential adsorption theory suggests that curing agents 

concentrate in the sizing layer adjacent to the fiber surface, creating a high-network-density region that can 

efficiently transfer stresses.33  The interpenetrating network theory involves dissolution of thermoplastic 

matrices into the silane layer at high temperatures that, when cooled, phase separate to form a toughened 

network structure.34  A variation on these theories can be applied to silane systems where excess 

physisorbed coupling agent dissolves into the surrounding resin during cure, creating a thicker interphase 

around the fiber.32  The effects of such a dissolved silane on the adhesive and mechanical properties are 

complex and highly system dependent.  While the structure and integrity of the silane interphase is 

important in the epoxy/glass laminates of this study, literature describing the role of excess physisorbed 

silane is of special interest because of the similarity to possible surfactant effects at the fiber/resin interface.   
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Glass Fiber Glass Fiber 
 

Figure 4.8: Schematic of a thick silane coating on glass30  

 A study by Graf and co-workers on E-glass cloth, reinforced with a thermoset polyester matrix, examined 

the effects of excess silane sizing on flexural strengths of composite laminates.32  The sizing agent, γ-

methacryloxypropyltrimethoxysilane (MPS), was applied to the glass cloth from an aqueous solution, in 

concentrations between 0.1 and 2 wt %, prior to composite fabrication.  Some of the cloth was washed prior 

to lamination with tetrahydrofuran (THF) to remove any physisorbed silane present.  Flexural strengths for 

laminates fabricated using both the as-dipped and THF rinsed cloth are shown in Figure 4.9.  Note that for 

both treatments, the silane improved adhesion relative to untreated glass reinforcement strength shown for 

the zero concentration in Figure 4.9.  A maximum was observed in flexural strength at 0.4 wt % MPS in the 

unwashed composite, while the THF washed material reached a strength plateau.  The authors interpreted 

these results as evidence that diffusion of the physisorbed silane into the matrix degraded the strength of the 

interphase in the unwashed system, while in the washed system only chemisorbed silane was present to 

bond with the resin.  This process is illustrated in Figure 4.10.  Measurements of the elastic modulus of the 

unwashed system indicated increased stiffness as a function of silane concentration, leading the authors to 

suggest an antiplasticization effect.  Ironically, the unwashed laminates exhibited increased flexural 

strength, as a function of silane concentration, after moisture exposure; this increase in strength was 

attributed to plasticization of the silane-rich interphase. 
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Figure 4.9: Composite flexural strength as a function of silane coating concentration for silane 

treated and silane treated /THF washed reinforcing fibers32 

 

 

Figure 4.10: Diffusion of a physisorbed silane sizing into the bulk resin matrix32 

Fiber pull-out tests conducted by Chua and co-workers using MPS sized glass fiber-thermoset polyester 

also examined the role of the physisorbed layer interphase.30  The glass fibers were tested in four 

conditions: coated with MPS, coated with MPS followed by washing with THF, pyrolized to remove any 

coatings, and pyrolized then recoated with MPS and washed in THF.  The presence of MPS decreased the 

amount of pressure in the matrix residual from resin shrinkage during cure.  Since the presence of MPS also 

lowered the elastic modulus and decreased the resin’s compressive strength, the authors reasoned that 

plasticization of the resin by the MPS was responsible.  Fibers coated with excess MPS had lower shear 

strengths and reduced friction coefficients in the pull-out test relative to pyrolized or washed fibers.  The 
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authors reasoned that the silane had diffused to form a brittle interphase that fractured somewhere nearer 

the matrix than the fiber. 

 

Gerard and co-workers used a thin elastomeric interphase on silane-sized glass beads, mixed into in an 

epoxy matrix, to increase the toughness of the composite.35  Introduction of glass fillers tends to increase 

the modulus and Tg of a polymer matrix by reducing the mobility of the chains near the glass surface, either 

by chemical bonding or by adsorption.  This increase in stiffness improves the structural performance of the 

polymer, but also lowers the high loading rate toughness of the material due to the constrained interphase.36  

The authors studied glass particles of 26 µm average diameter coated with a carboxy-terminated butadiene 

acrylonitrile (CTBN) copolymer in an epoxy matrix using DMA.  Elastomer coating thicknesses varied 

from 0.5 µm to 1.4 µm.  It was found that the elastomer plasticized the epoxy matrix, as was evident in 

decreased rubbery-state shear storage modulus and Tg relative to uncoated fibers.  Increases in α–relaxation 

peak widths and lower activation energies were also observed for increasing elastomer coating thicknesses, 

suggesting interdiffusion of the elastomer chains into the epoxy network.  These results were indicative of 

greater chain motion at the glass surface.  The authors also cite evidence of the elastomer existing as a third 

phase separate from the glass and epoxy.  A second tan δ loss peak, corresponding to the α–peak of the 

elastomer, was observed in the region of the epoxy’s β relaxation temperature, as shown in Figure 4.11.  

The presence of increasing amounts of elastomer did not change the epoxy β relaxation temperature or 

appreciably alter its activation energy.  This supports the assertion that the elastomer acts primarily as a 

plasticizer on the scale of chain segmental motion in the epoxy network, and does not significantly interact 

with the hydroxyether and other individual sub-chain groups that are associated with the β relaxation. 

 

Figure 4.11: Dynamic mechanical spectra for untreated glass beads (lower curve) and elastomer 

coated glass beads (upper curve)35 
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4.1.2.3 Dynamic Mechanical Analysis and Peak Splitting 

Section 4.2.3 of this study describes the appearance of second DMA loss peaks, in the form of split α-

transition peaks, related to surfactant concentration in PCB laminates.  Second DMA peaks can occur for 

several reasons in addition to those mentioned above. 

 

The splitting of Tg peaks in DMA has been attributed to various causes.  Barton and Greenfield, in a study 

of moisture effects on carbon fiber reinforced epoxy resin, attributed the appearance of a second loss peak 

at temperatures higher than what was considered the actual Tg peak to drying during the experiment.37 

Plasticization by moisture concentration at the fiber interface was not suggested as a possible cause, 

although the higher-temperature loss peak was greater in magnitude than the lower temperature shoulder.  

If drying were the primary reason for the second peak it is logical that it would be lower in magnitude 

reflecting deplasticization of the epoxy bulk.  Seferis and co-workers suggested that insufficient cure of the 

epoxy matrix caused peak splitting.38,39  In a study of tetraglycidyl diaminodiphenyl methane and 

diaminodipheyl sulfone cured bispheol A novolac epoxy, Seferis and Chu observed that a lower-

temperature Tg peak merged with a higher-temperature Tg peak following postcure.  Interestingly, the high-

temperature peak did not change position in temperature, nor did its peak width decrease with additional 

cure.  This was attributed to fast cross-linking by part of the epoxy to full cure, followed by a slower cure 

process limited by the diffusion of curing agent through the gelled network to reactive sites.39 

 

Reed observed the emergence of a second DMA Tg peak in unidirectional glass fiber reinforced BPA 

epoxy, as a function of fiber orientation relative to the grips of a cantilever test fixture.40  When the 

composites were oriented such that the shearing loads were transverse to the fiber direction, a single peak 

was observed having the same Tg, but slightly broader and of larger magnitude than that of neat epoxy 

resin.  However, as the sample orientation was rotated such that the shearing forces were parallel with the 

fiber direction, a second peak emerged at temperatures higher than the Tg observed in the transverse test.  

Postcuring of the composites resulted in a general increase in the width of the Tg region, but the divided 

peaks remained.  Reed attributed these observations to greater influence of the fiber-epoxy interphase in the 

parallel orientation tests.  Three possible interphase conditions were considered: 1) a rigid interphase region 

due to decreased chain-end motion, 2) a lower-modulus interphase resulting from thermal stresses, and 3) a 

compliant interphase due to preferential adsorption of epoxy chains that resulted in a phase different from 

that of the bulk.   

 

Thomason also employed DMA while studying the role of the interphase in composites of sized glass fibers 

in an epoxy-matrix.41  Various commercially sized glass fibers were subjected to an acetone extraction 

process where excess sizing agent was removed from the fiber surface.  Amounts of extracted sizing ranged 

from approximately 0.5 to 1 wt %.  These results led the author to examine the possibility that the sizing 

agent might dissolve into the curing epoxy matrix, forming an interphase at the fiber surface having 
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significantly different properties from the epoxy bulk, the sizing, or both.  DMA was used as part of a 

larger study to investigate these effects.  Extracted sizing agents were mixed with the epoxy matrix in 

varied concentrations prior to fabrication of the composite; a linear depression of Tg was observed as a 

function of sizing agent concentration, although a Fox equation analysis was not conducted.  The mobility 

of the sizing, and its effects when localized at the fiber interface, were examined by mixing a sizing agent 

(Tg=54°C) into the epoxy matrix of two composite samples designated 157 and 161.  Sample 157 was 

cured for 18 hours at 23°C, while sample 161 was cured at 50°C for 18 hours, before both samples were 

postcured at 150°C for 2 hours.  It was reasoned that the lower temperature cure in sample 157 would 

localize the sizing agent to the fiber interfaces during epoxy gelation, while a higher temperature cure 

would disperse the sizing agent into the gelling matrix.  The resulting DMA curves are shown in Figure 

4.12.  Sample 157 exhibits two distinct peaks at 109°C and 170°C, along with a high-temperature shoulder, 

while sample 161 has only a single Tg peak at 185°C and a similar shoulder.  The storage modulus for 

sample 157 is also lower than that for 161.  Thomason attributes the lower storage modulus and the 15°C 

difference in the high temperature peak Tg to sizing segregation at the interface of sample 157 since DSC 

results showed little difference in matrix Tg.  This hypothesis was supported by the presence of the 109°C 

peak which was reasoned to be a glass/matrix interphase region composed of epoxy rich in sizing agent.  A 

second DMA scan resulted in upward shifts in Tg for both samples due to additional postcure, but no shift 

in the interphase peak temperature.  Secondary Ion Mass Spectroscopy (SIMS) confirmed the presence of 

this interphase. 

 

Figure 4.12: DMA results for as-made, sized-glass reinforced epoxy.  Sizing is segregated to the fibers 

in sample 157 and is dispersed in the matrix of sample 161.41 

Thomason’s work has also contributed to an understanding of DMA peak splitting as an artifact of the 

experimental conditions.42  DMA measurements of glass and carbon fiber reinforced epoxy composites 

yielded conflicting results: split Tg loss peaks were observed in the glass-reinforced materials while a single 
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peak was observed for the carbon-reinforced composite.  The split loss peak, similar to those shown in 

Figure 4.12, consisted of a lower-temperature peak corresponding to the true Tg of the composite and a 

higher-temperature peak with a smaller magnitude.  This higher-temperature peak was an artifact of the 

experiment caused by large temperature gradients in the sample.  These gradients were attributed to the 

sample clamps acting as heat sinks and the low thermal conductivity of the samples preventing even heat 

distribution during dynamic heating experiments.  Cooler regions of the sample experienced the glass 

transition relaxation later in the temperature scan, leading to a phantom Tg peak.  A valuable example of 

heating rate effects in DMA is shown in Figure 4.13 where the artifact peak shifts progressively upward in 

temperature with increasing experimental heating rates.42 

 

 

Figure 4.13: Effect of heating rate on shifts in thermal artifact peaks42 

4.1.2.4 Surfactant Segregation 

Holl and coworkers have undertaken the most comprehensive work in the field of surfactant related effects 

on adhesion.43,44,45   Much of their early work centered on the distribution of surfactant in coalescing and 

aging latex systems.46,47  More recent work has focused on the viscoelastic effects of surfactant in peel 

testing of latex adhesives, the determination of failure modes in systems formulated with different 

surfactants, and interfacial interactions between substrates and surfactant-containing films.  Their findings 

are useful in understanding the results of this study. 

 

In one phase of their research, Holl and coworkers studied the adhesion of a methyl methacrylate/ethyl 

acrylate copolymer latex, dispersed by the surfactants sodium dodecyl sulfate (SDS) and ethoxylated 

nonylphenol containing 30 ethoxy groups (NP30), to polyethylene terephthalate (PET) and glass 

substrates.43  SDS surfactant is anionic while the NP30 is a nonionic surfactant similar to the Triton X-100 

used in this study; for this reason the results for NP30 containing systems will be summarized.  Surfactant 

concentrations were varied from 0 to 5 wt % based on solids.  The latex was also formulated with 

hydrophilic polyester to form a core-shell particle morphology.  Adhesion tests were conducted using the 

180° peel geometry at various peel rates. In tests of latex-glass and latex-PET bonds, XPS and SIMS 
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revealed that the compositions of both failure surfaces were indistinguishable, even when peel rates were 

varied.  Given the rate independence, the authors reasoned that the failure was occurring in a thin boundary 

layer of surfactant.  Further tests with increased surfactant concentration, along with contact angle 

measurements, confirmed this hypothesis.  The actual structure of the interphase had the following order: 

substrate-hydrophilic polyester layer-surfactant-latex film.  It is believed that, upon casting the film, a layer 

of surfactant formed on the substrate. This surfactant layer was progressively displaced by the polyester 

additive, leading to a mixed polyester/surfactant interphase between the pure polyester layer and the 

surfactant layer.   The migration of surfactant was discussed in terms of mobility.  Smaller nonionic 

surfactants containing fewer ethoxy groups were reasoned to be more likely to migrate away from the 

substrate interface back into the bulk film during aging, while the NP30 was too large to do so and 

therefore remained in a weak boundary layer.  The migration of surfactant during aging will be considered 

as part of the current study. 

 

In a parallel study, Holl and coworkers measured the peel energy of the same adhesive systems as a 

function of peel rate and surfactant concentration.44  Peel test results, measured at very low rates (0.01 

mm/min to 0.05 mm/min), were extrapolated to a zero peel rate energy in an effort to form a correlation 

with the fundamental reversible work of adhesion, WA.  It was reasoned that the zero-rate energy would 

represent the peel adhesion of the film without the viscoelastic dissipation associated with surfactant 

plasticization.  Contact angle measurements on failed surfaces served as the basis of WA determination for 

the system.  The correlation was not established, probably due to the roughness of the failed surfaces 

employed in the contact angle measurements.  This line of investigation did open some interesting insights 

into other adhesive results, however.  Peel energy versus surfactant concentration curves for the NP30 

containing adhesive, shown in Figure 4.14, indicate a minimum in the curve measured at 0.02 mm/min 

while no such minimum exists in the zero-rate curve.  The authors attributed the observed minimum in the 

0.02 mm/min curve to the complex interaction of three surfactant-related effects.  First, at the molecular 

level (~ 1nm), the surfactant can favorably interact with the substrate through polar bonding to increase WA.   

This effect would be most pronounced in systems where a hydrophobic adhesive contacts a polar substrate; 

the hydrophilic head-hydrophobic tail structure of the surfactant molecule would act as a compatibilizer, 

favoring the formation of a surfactant boundary layer.  The second effect occurs on the meso-scale where a 

thick surfactant boundary layer can weaken the adhesive-substrate interphase.  Thicknesses required for 

this weak boundary layer are considered to be on the order of the radius of the plastic zone (~ 1 µm) at the 

crack tip during fracture.  The third effect involves plasticization of the bulk, on the order of 10 µm from 

the interface, that leads to greater viscous dissipation during peel.  A schematic of these effects in the 

context of peel testing is presented in Figure 4.15.  It was reasoned that the initial reduction of peel energy 

with addition of surfactant (Figure 4.14) was caused by the formation of a weak boundary layer, while 

further surfactant addition plasticized the bulk until viscoelastic loss began to dominate. 
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Figure 4.14: Peel energy vs. surfactant concentration for a latex film peeled from glass44 

 

 

Figure 4.15: Three different effects of surfactant on peel strength at different scales44 

 

An extension of the research by Holl into the dynamics of surfactant at the interface offers further insight 

into the impact of surfactant mobility on adhesion.45  In this study the adhesive film was a core-shell latex 

having a core of styrene/butyl acrylate copolymer and a shell of methacrylic acid /styrene/butyl acrylate 

terpolymer.  In addition to forming surfactant-free films, various types of surfactant were added to this 

latex system prior to casting on a polypropylene support film and drying.  The adhesive substrate was glass.  

Adhesive strengths were measured by 180° peel at various rates.  Several latex processing variables were 

examined, including drying time at 80°C, aging time prior to bonding, time after surfactant addition at 

room temperature, and aging time after bond formation.  The time after bond formation was the dominant 
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strength related aging effect.  The surfaces of as-made latex films containing NP-EO15, a nonionic nonyl 

phenol surfactant with 15 ethoxy groups, were examined by XPS and had no surfactant present at the 

surface.  After bonding to the glass substrate, aging, and peeling, surfactant migrated to the glass surface as 

indicated by a polymer/surfactant failure residue on the glass, but again no surfactant was found on the 

failed film surface.  Concentrations of surfactant on the glass failure surface increased with greater 

surfactant loading in the bulk latex.  The formation of such a distinct surfactant layer was attributed to both 

energetically preferential wetting of the glass and high surfactant molecule mobility.  Results from similar 

tests using a larger nonionic surfactant molecule, C12-EO23 , were more complex.  At relatively low bulk 

C12-EO23 concentrations (1 to 2 wt %) no surfactant was detected on the as-made film surface prior to 

bonding, while at 4 wt % C12-EO23 isolated surface regions of surfactant were observed, and at 6 wt % the 

whole surface was covered.  However, when the 6 wt % surfactant film was heated slightly above room 

temperature (40-45°C), the surfactant migrated back into the latex bulk.  The authors cite the low mobility 

of this larger surfactant molecule at room temperature as the factor preventing its migration back into the 

bulk.  When this system was adhered to glass, the failure zones behaved as in the NP-EO15 case: a polymer 

/surfactant residue on the glass and none on the failed film surface.  In each case, the presence of the 

polymer/glass substrate interface served as a driving force for surfactant migration.  Only the kinetics of 

surfactant migration, dictated by the temperature and molecular size, changed the aging behavior.  The 

authors emphasized that in many latex adhesive systems the surfactant is segregated to the substrate surface 

during initial drying and coalescence, while in this case the surfactant migrated to the substrate from well 

within the bulk.  It must be pointed out that the latex used in Holl’s study was not plasticized by the 

surfactant, therefore the surfactant molecules presumably migrated through spaces between the latex 

particles.   

 

A complex interrelationship between latex, surfactant, substrate, and environment has been described by 

Holl’s research.  In general, excess surfactant migrated to the latex-film substrate with complex 

implications for adhesive performance.  Key parameters include surfactant mobility (largely controlled by 

molecular size) and energetic driving forces (polar interactions, spreading, and plasticization).  These 

findings can be extended to this research as follows: 

 

Residual surfactant from the epoxy emulsion would spread on the glass fibers during drying, remaining 

there in greater concentrations than in the bulk until driven into the bulk during cure.  The migrating 

surfactant would act as a plasticizer.  However, a greater concentration of surfactant may still remain at the 

resin/glass interface; the mobility of these surfactant molecules would have decreased as the epoxy network 

formed.  Only through the application of an increased driving force, i.e. elevated temperatures during 

postcure, could the surfactant be driven into the network.  This scenario plays an important part in 

understanding the results of later sections. 
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4.1.3 Viscoelastic Effects 

4.1.3.1 Fracture Energy and Time-Temperature Superposition 

Adhesive viscoelastic effects play an important and complex role in peel testing, leading to transitions in 

both strength response and the location of failure.  As the temperature and rates of peel are varied during 

experiments, the locus of failure may shift from the flexible adherend/adhesive interface (interfacial) into 

the adhesive bulk (cohesive), or into some complex mixed failure mode.  General trends can be described 

by considering a peel experiment beginning in the cohesive failure regime, and varying rate and 

temperature.  With temperature held constant, and peel rate increased, peel strength will tend to increase 

until a transition from cohesive to interfacial failure occurs, resulting in a drop in strength.29  At a constant 

peel rate, as temperature decreases, peel strength again increases until encountering the cohesive-to-

interfacial mode shift.  Rate and temperature effects are related, and within a given mode of failure, can be 

formally superposed to gain a better understanding of viscoelastic response.48   

 

Time-temperature superposition (TTSP) can be used to construct master curves of viscoelastic response 

over many decades of time (or rate) that would be impractical to measure.  TTSP is based upon changes in 

molecular relaxation times due to changes in temperature.  As temperature increases, molecular relaxation 

times decrease due to increased freedom of motion; thus the molecular structures will exhibit a greater 

amplitude of motion in response to high frequency external forces as temperature increases.49  The practical 

value of TTSP lies in shifting and overlaying isothermal relaxation data sets, measured over some limited 

time (rate) spectrum, into a master curve of response over a much broader time spectrum.  When a 

relaxation response isotherm curve, at temperature T, is shifted along a log time axis to superimpose on an 

isotherm curve at some reference temperature TR , a shift factor aT can be defined to account for the shift 

as: 

Equation 4.5 
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where τ is the relaxation time of the process.50  An illustration of master curve construction is shown in 

Figure 4.16 where stress relaxation modulus data for polyisobutylene is shifted to a reference temperature 

of 25°C.49  The variation of aT is also shown varying with temperature as an insert in Figure 4.16.  The 

reference temperature is commonly chosen to be the glass transition temperature Tg of the polymer.  In this 

case, the glass-rubber transition relaxation process can be modeled by the Williams-Landel-Ferry (WLF) 

equation (Equation 4.6) using the shift factors obtained by TTSP.51 
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where C1 and C2 [K] are constants determined from the experimental data. 
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Figure 4.16: A stress relaxation master curve for polyisobutylene with the associated shift factor 

plot49 

Time-temperature superposition principles can be applied to the analysis of peel, since the fracture event 

can rightly be interpreted as a viscoelastic process.52  An example of a peel master curve is shown in Figure 

4.17 for peel of aluminum foil from tackified polybutadiene. 53  Note the division of the master curve into 

regimes of failure mode; lower shifted peel rates correspond to cohesive failure with a transition to 

interfacial failure as shifted peel rates increase.  This type of failure mode shift was observed in this study 

as described in Section.4.2.1 

 

COHESIVE 

 

Figure 4.17: Peel master curve showing the interfacial and cohesive failure regimes for aluminum foil 

peeled from tackified polybutadiene53 
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The relationship between the viscoelastic behavior of the bulk adhesive, and the peel behavior of bonds 

formed using it, was investigated by Gent and Petrich.48  They used a cloth-supported butadiene-styrene 

copolymer adhered to various substrate films, and pulled in a T-peel geometry at various rates and 

temperatures.  Tensile elastic moduli for the butadiene-styrene copolymer were also measured as a function 

of rate and temperature.  A comparison of the resulting mastercurves is shown in Figure 4.18.  Note that, at 

higher test rates, the elastic modulus approaches the glassy plateau.  The peel curve at these higher rates 

corresponds to interfacial failure and slip-stick behavior.  As tensile test rates decreased, the copolymer 

passed through the glass transition and entered the rubber plateau.  The corresponding shift in the peel 

curve could be correlated with the transition from interfacial to cohesive failure.  Two additional 

experiments, with cross-linked and milled butadiene-styrene copolymers as adhesives, were conducted to 

verify the viscoelastic correlation between failure mode and bulk material behavior.  The master curve 

constructed using cross-linked copolymer demonstrated that although the high peel rate curve was similar 

to that of the uncross-linked adhesive, no interfacial-to-cohesive failure transition was observed.  The 

milled copolymer, in which the high molecular weight fraction was broken down, demonstrated a cohesive-

to-adhesive transition with increasing peel rate similar to that of an uncross-linked adhesive.  The authors 

reasoned that cohesive failure only occurred at peel rates that correspond to the region of the elastic curve 

displaying “liquid-like” flow.  This conclusion is unclear since, in Figure 4.18, the interfacial-to-cohesive 

transition occurs at rates corresponding to the rubbery plateau; nevertheless, the overall point that viscous 

(or plastic) yielding is responsible for the failure mode transition is well taken.  These observations led the 

authors to construct the following approach to relate bulk material viscoelastic properties and peel test 

mastercurves. 

 

Figure 4.18: Tensile modulus (upper curve) and peel strength (lower curve) master curves for 

uncross-linked butadiene-styrene rubber adhesive on PET film48 

Peel strength can be written as 



 98 

Equation 4.7 atUG
b

P += 0  

where P is the peel force, b is the peel strip width, G0 is the intrinsic adhesive fracture energy, U is strain 

energy stored in the adhesive during peel deformation, and ta is the thickness of the adhesive layer.  The 

strain energy term can be rephrased as 

Equation 4.8 ∫=
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where σa is the stress in the adhesive, ε is the strain in the adhesive, and σm is the maximum stress at 

fracture during peel.  Equation 4.8 also can account for energy dissipation if σa and ε are taken as time 

dependent viscoelastic quantities.29  The level of maximum stress σm can occur as the result of two 

processes: when the peel stress exceeds the maximum cohesive stress (σc) in the adhesive, and when the 

maximum stress (σi) required to fracture the adhesive-substrate interface is exceeded. 

 

The integral in Equation 4.8 can be applied to classic tensile stress-strain data, shown schematically in 

Figure 4.19, as the area under the curve up to rupture.  The three curves shown correspond to: (I) rubber-

elastic, (II) a viscoelastic fluid, and (III) a strain-hardening viscoelastic solid.  The horizontal dashed lines 

indicate different levels of interfacial strength σi.  For weak interfaces (σi small, lower dashed line), the 

deformation energy of all three material types is similarly small and the resulting peel strengths will be 

similarly small.  If the interfacial strength is relatively high (upper dashed line), then the contribution of 

deformation energy in the three different materials will be both significant, and different, within the 

systems.  Material (I), the rubber-elastic adhesive, will exhibit relatively “brittle” interfacial failure and low 

peel strengths.  This type of material behavior can be observed in most viscoelastic polymers under high 

loading rate conditions.  Material (II) is characteristic of polymers under very low loading rate conditions; 

the viscous component of the adhesive will allow “flow” until a relatively large rupture strain is reached.  

Peel strengths in this case are relatively large and failure is cohesive.  The type (III) material curve 

represents a polymer undergoing low rate loading, with a large strain-to-failure, that strain crystallizes or 

stiffens due to chain orientation.  Such an adhesive would exhibit high peel strength, but would fail 

interfacially.  Gent and Petrich found that the uncross-linked copolymer used in their study was described 

by a combination of type (I) and (II) behavior at high and low peel rates, respectively.  
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Figure 4.19: Schematic stress-strain curves for polymers exhibiting varied viscoelastic response.29 

The concepts introduced by the aforementioned analysis are very useful in understanding the results of this 

work.  Cross-linked epoxy adhesives would be considered to fail interfacially in a brittle manner at higher 

peel rates and lower temperatures, analogous to a type (I) material.  A transition in failure mode from 

interfacial to cohesive with increasing temperature or decreasing peel rate is possible, since the epoxy 

response may tend toward type (II) behavior.  A significant question posed by using waterborne latex 

epoxies is: How will the presence of residual surfactant affect the viscoelastic peel response of the epoxy 

adhesive in PCB constructions?  If the surfactant significantly plasticizes the cured epoxy, then the peel 

response will tend toward type (II) viscoelastic response, favoring cohesive failure. 

4.1.3.2 Dynamic Mechanical Analysis 

Molecular relaxations in viscoelastic materials can be analyzed by measuring their deformation response to 

sinusoidal loading.  This principle serves as the basis for dynamic mechanical analysis (DMA).  DMA is a 

very versatile technique that can obtain viscoelastic relaxation spectra, in the frequency range from 0.001 to 

100 Hz, using a variety of loading configurations.  The three-point bend loading geometry was used in this 

study, as described in Section 2.3.2.  Applied strains are small enough to limit material response to the 

linear viscoelastic regime. 

 

When a strain that varies sinusoidally in time, with an angular frequency ω, is applied to a viscoelastic 

material, a sinusoidal stress results that is shifted in phase by the angle δ, as shown in Figure 4.20.  

Mathematically this stress-strain relationship is written54 

Equation 4.9 tωεε sin0=  

Equation 4.10 )sin(0 δωσσ += t  

where ε is strain, σ is stress, σ0 and ε0 are amplitude coefficients, and t is time.  The stress in Equation 4.10 

can be expanded as 

Equation 4.11 δωσδωσσ sincoscossin 00 tt +=  
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which is equivalent to the graphical resolution of the stress phasor, shown in Figure 4.21, into one 

component in-phase and another component π/2 out of phase with the applied strain.  These two 

components can be designated 

Equation 4.12 δσσ cos' 0=  

Equation 4.13 δσσ sin" 0=  

Dynamic elastic moduli can be defined in terms of these complex stress components using the constitutive 

relationships49 
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The in-phase component of the elastic modulus E’ is related to the elastic energy stored in the deformed 

material per cycle, while the out-of-phase component E” is proportional to the energy dissipated in the 

material as heat per cycle.  The quantities E’ and E” are therefore designated the elastic storage modulus 

and elastic loss modulus, respectively.  The phase angle is commonly described in terms of the complex 

modulus components, as tan δ, where 

Equation 4.17 
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Figure 4.20: The phase angle δ between applied stress and the strain response54 
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Figure 4.21: Stress-strain phasor diagram with the decomposition of the stress vector into its 

imaginary components49 

4.1.3.3 The Glass Transition 

The glass transition temperature (Tg) is a critical material parameter in defining the useful temperature 

limits of structural and electrical polymers.  Below Tg only short range molecular motions are possible, 

with the main polymer backbone highly constrained by neighboring chains.  This molecular constraint 

gives the polymer glass a relatively high modulus upon which its structural performance is based.  

Furthermore, the electrical properties of the polymer depend strongly upon the nature of the polymer glass.  

In the glassy state only small molecular groups, such as polar pendant groups and chain-ends, can oscillate 

under applied electric fields.  These restricted motions are reflected in the low-loss nature of most glassy 

polymer dielectrics.  Long range, coordinated motions of the chains occur as the polymer is heated through 

Tg.  In cross-linked epoxy networks this transition toward the rubbery state is accompanied by an order of 

magnitude decrease in the network’s mechanical storage modulus.  A maximum in the mechanical and 

dielectric loss characteristics of the network correspond to this transition.  Changes in mechanical energy 

storage and dissipation characteristics, associated with the glass transition in polymers, are diagramed in 

Figure 4.22. 
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Figure 4.22: Dynamic mechanical behavior of a polymeric material.49 

Several of the potential differences in properties between solvent- and waterborne epoxy resins under 

consideration in this study can be characterized by measuring the glass transition behavior of the cured 

networks.  Jensen has reported evidence of surfactant miscibility in cured epoxy resins based upon the 

measurement of Tg and application of the Fox equation:55 

Equation 4.18 
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where wA and wB are the weight fractions of the epoxy resin and surfactant, respectively, TgA and TgB are 

the Tgs (absolute) of the epoxy resin and surfactant, respectively, and Tg is the glass transition temperature 

(absolute) of the mixed material. 

4.1.4 Degradation Model 

The adhesive durability of the foil/laminate interface was studied as a function of aging time at elevated 

temperatures.  A method for quantifying the kinetics of strength degradation is necessary to compare the 

various epoxy resin system/foil treatment adhesive combinations.  This degradation of strength can be 

viewed as resulting from a progressive accumulation of damage or voids.56  This damage-accumulation 

process can be assumed to obey first-order kinetics as  

Equation 4.19 )()(
)(

tNt
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where N is the number of damage sites or voids and ν is the rate of damage accumulation. 

Since the rate of strength degradation is proportional to the rate of damage accumulation, Equation 4.19 can 

be recast as  
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where S(t) is the strength at time t, S∞ is the asymptotic strength (as t → ∞) and S0 is the initial strength. 
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This form of first-order strength degradation kinetics has been successfully applied to the thermal 

degradation of copper/epoxy adhesion in PCB laminates in several studies.28,13 The adhesive durability of 

the copper/laminate interface, subjected to aging at elevated temperatures, will be quantified using 

Equation 4.20. 

4.2 Results and Discussion 

4.2.1 Viscoelastic Adhesive Performance 

The viscoelastic behavior of the copper foil/laminate during the peel fracture process can provide insight 

into the influence of residual surfactant on this interface’s adhesion.  Time temperature superposition 

techniques described in Section 4.1.3.1 have been employed.  A typical collection of peel data for a 

material system, in this case fabricated using waterborne epoxy containing 5 wt % surfactant, is shown in 

Figure 4.23.  Each data point represents an average of four peel strips, where two strips were selected from 

each side of a double-clad peel specimen, and the error bars represent one standard deviation in the data at 

the test condition.  Curves shown connecting the points in Figure 4.23 only serve to indicate the trend in 

data measured at a single temperature and do not imply a specific functional relationship.  Peel data for 

several temperatures can be shifted horizontally, relative to a data set collected at a reference temperature, 

to form a continuous mastercurve as shown in Figure 4.24.  The reference data for the mastercurve of 

Figure 4.24 were taken to be those measured at 140°C, which is approximately the Tg of the glass 

reinforced laminate containing waterborne epoxy with 5 wt % surfactant.  It is useful to observe that higher 

fracture energy values were measured at faster peel rates and lower temperatures, conditions favoring more 

brittle behavior. 
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Figure 4.23: Unshifted peel fracture energy data as a function of log peel rate 



 104

 

-1 0 1 2 3 4
2.8

2.9

3.0

3.1

3.2

3.3

lo
g

 G
 [

N
/m

]

log (peel rate * aT) [mm/s]

Latex Epoxy (5 wt % Surfactant)
"Brass" Copper Surface

 50
o
C

 100oC

 120oC

 140oC

 

Figure 4.24: Shifted peel fracture energy data forming a master curve 

 

Peel master curves for each material system, shifted relative to the Tg of each system, are collected in 

Figure 4.25.  Several important points can be drawn from this set of mastercurves.  The highest shifted peel 

rate (right-most) data points for solventborne resin, representing the lower measurement temperatures, fall 

along a characteristic linearly sloping trend of log G vs peel rate.  However, when test temperatures 

increase for this solventborne system, the observed peel energy curve increases sharply before continuing 

downward in a characteristically linear manner.  This transition denotes the change from an interfacially 

dominated failure regime to a regime of mixed-mode failure similar to the mode shift described in Section 

4.1.3.1.  Interestingly, the curves for systems fabricated with latex epoxy having 5 and 10 wt % surfactant 

concentration fall along the same general fracture energy vs. shifted rate trend; this does not necessarily 

indicate that the latex resin-based PCB samples fail in the same mode, as will be discussed below.  A fourth 

peel energy master curve of approximately the same slope, corresponding to latex epoxy having a 15 wt % 

concentration of surfactant, is shifted further to the lower peel rate region. 
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Figure 4.25: Peel master curves for the solventborne resin and waterborne latex resin impregnated 

PCB laminates.  Samples were clad with brass treated foil and tested in the as-made condition. 

 

Evidence of the failure mode shift was obtained by analyzing the surfaces of peeled copper foil using SEM 

and XPS.  The SEM micrographs presented hereafter are representative of the overall foil surface as 

determined by inspection of 3 to 6 regions of the surface at a given magnification.  No particular region 

was selected for its individual surface features over any other region, therefore the SEM images shown 

represent a typical fracture surface for a given material system following fracture under the specified 

conditions.  Representative micrographs for solventborne impregnated PCB peel specimens, corresponding 

to the lower temperature/higher peel rate interfacial failure regime, are shown in Figure 4.26.  Note that 

Figure 4.26 A and C are SEM images of the nodular foil surface taken at high magnification, while Figure 

4.26 B and D are lower magnification images showing the overall failure surface.  The term “interfacial 

failure” does not strictly apply to these foil/epoxy adhesive systems as is evident from the presence of 

residual resin, which appears as the dark, smooth regions (designated feature 1) on the foil at both the 

micro- and macro- scales.  This failure mode is more correctly termed near-surface mixed-mode failure.  It 

is important to note the presence of fractured epoxy throughout the valleys between the nodules in the 

50°C-10mm/s peel condition of Figure 4.26 A and in the 85°C-0.1mm/s condition shown in Figure 4.26 C.  

The epoxy residue in the valleys indicates brittle fracture of the epoxy in glassy regime.  Two failure modes 

commonly encountered in this study are shown in the larger scale images of Figure 4.26 B and D.  The dark 

“islands” (designated feature 2) of epoxy resin correspond to the gaps in the weave where the epoxy is not 

well supported by glass fibers.  The dark striated patches are regions of epoxy fractured from the fiber 

interface (designated feature 3).  At lower magnification, a single “island” and thin fiber-imprinted epoxy 

regions are evident in Figure 4.26 B.  The features of Figure 4.26 D also includes islands and fiber-
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imprinted epoxy regions.  The higher strengths observed at faster-cooler peel conditions were caused by the 

near-surface fracture of the epoxy in the nodular morphology; this process occurred on the micron scale 

over the very large surface area of the roughened copper, representing a large total amount of fracture 

energy.  Decreased strengths observed in the slower-warmer peel regime resulted from a lower surface 

density of epoxy fracture, on the micron scale, in the nodular valleys.  Despite an increasing amount of 

fracture within the epoxy bulk and from the surfaces of fibers on the 10-100 µm scale, the reduction in 

micron-scale fracture integrated over the surface leads to lower observed peel strengths. 
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Figure 4.26: SEM images of peeled solventborne resin impregnated PCB specimen foil surfaces in the 

near-surface mixed-mode failure regime, (A) and (B) 50°C-10mm/s, (C) and (D) 85°C-0.1mm/s 

SEM micrographs of the solventborne resins that have transitioned into the cohesive mixed-mode failure 

regime are presented in Figure 4.27.  Images of the foil surfaces peeled at 120°C-10mm/s are shown in 

Figure 4.27 A and B, while those corresponding to peel at 145°C-0.1mm/s appear in Figure 4.27 C and D.  

Decreasing amounts of fractured epoxy, largely absent from the valleys between nodules, are evident on the 

micron scale (Figure 4.27 A and C) with increasing temperature and decreasing peel rate.  The primary 

fracture process has shifted to the massive tearing of epoxy from around the glass fibers shown in Figure 

4.27 B.  Note also the large regions of epoxy comprised of continuous resin torn from the glass 

reinforcement.  At the highest test temperatures and slowest peel rates (Figure 4.27 C and D), no micron 

scale epoxy fracture is observed and the total area of fractured epoxy is significantly reduced; the measured 



 107

peel strengths are consequently much lower.  The foil peel strips were archived following each test for 

analysis by XPS, taking care not to contaminate the failed surface.  All XPS measurements followed the 

procedures described in Section 2.3.6.1 unless otherwise stated.  Atomic concentrations measured by XPS 

for representative foils from several previously described peel conditions are presented in Table 4.1.  Note 

that, despite the shift in failure mode represented by these samples, the atomic concentrations are 

essentially the same for each foil surface.  One important observation from Table 4.1,which will be referred 

to in later results, is that the oxygen/carbon ratio is approximately 1:5.   
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Figure 4.27: SEM images of peeled solventborne based PCB foil surfaces in the cohesive mixed-mode 

failure regime, (A) and (B) 120°C-10mm/s, (C) and (D) 145°C-0.1mm/s 

 

Peel Condition %C %O %N %Si %Cu %Zn %Cr 

0.1 mm/sec, 145°C 78.7 13.4 2.7 2.6 nd 1.3 1.3 

10 mm/sec, 120°C 77.3 15 2.1 2.7 nd 1.7 1.2 

0.1 mm/sec, 85°C 83.8 12 1.1 1.7 nd 0.6 0.8 

10 mm/sec, 50°C 75.7 15.8 2.6 3.7 nd 1.2 1.0 

Table 4.1: Atomic concentrations of brass-treated copper foil failure surfaces bonded with 

solventborne epoxy resin. [ nd: not detected (<0.2%) ] 
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Mastercurves for peel specimens containing 5 and 10 wt % surfactant fall along the same trend line in log 

G versus shifted peel rate (Figure 4.25) as the solventborne resin impregnated system tested at low rate-

high temperature.  The fact that the solventborne cohesive failure regime is co-linear with waterborne 

impregnated peel results does not necessarily mean that the waterborne systems are also failing in precisely 

the same manner.  The appearance of the latex epoxy curves at these intermediate shifted peel rates could 

also indicate that the matrix is experiencing near-surface mixed-mode failure, similar to that of the 

solventborne resin at faster peel rates, only shifted to lower peel rates by plasticization.  Therefore, the 

failure surfaces from the latex epoxy containing systems must be analyzed to determine their failure mode. 

 

SEM micrographs for the 50°C-10mm/s peel of copper from 5 wt % surfactant-containing epoxy are 

presented in Figure 4.28.  A state of brittle fracture on the micron scale, similar to that of the solventborne 

resin shown in Figure 4.26 A, is observed in the higher magnification micrograph (Figure 4.28 A) for the 

50°C-10mm/s peel condition.  “Island” structures are present in the lower magnification micrograph, as are 

regions of a torn epoxy layer appearing as graininess in Figure 4.28 B; it is important to observe that the 

near-surface failure mode is similar to that of the solventborne resin.  The absence of large-scale failure at 

the glass interface suggests a significant difference between the solventborne and waterborne resins: 

surfactant plasticization of the glass/epoxy interphase has toughened it, shifting failure from the glass 

surface to a region nearer the foil.  It can therefore be reasoned that the waterborne resin impregnated 

systems fail in a mixed mode, similar to the failure mode of the solventborne resin impregnated laminates 

at higher shifted peel rates, but translated to lower shifted peel rates by surfactant related plasticization 

effects.  

A 

B 

 

Figure 4.28: SEM images of foil surfaces peeled from the 5 wt % surfactant containing sample at 

50°C-10mm/s, (A) 5 k and (B) 0.1k magnifications 

XPS analyses, conducted as described in Section 2.3.6.1, of the peeled foils adhered with latex epoxy 

containing 5 wt % surfactant are presented in Table 4.2.  Note that the atomic concentration profiles of 

these surfaces are similar to those measured for the solventborne resins shown in Table 4.1 except that the 

O/C ratios are appreciably larger.  An increased O/C ratio may be attributed to the presence of surfactant 
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dissolved in the epoxy matrix; the Triton X-100 molecule has an O/C ratio of approximately 2/3, while the 

DGEBA laminating epoxies have an O/C ratio of nearly 1/5.  Given that the Zn and Cr atomic 

concentrations did not radically change with increasingly ductile peel conditions, the assumption of mixed 

mode failure still applies.  

 

Peel Condition %C %O %N %Si %Cu %Zn %Cr 

0.1 mm/sec, 140°C 61.9 26.5 3.7 4.5 nd 1.9 1.5 

0.1 mm/sec, 50°C 53.9 32.4 2.4 3.2 nd 5.4 2.7 

10 mm/sec, 50°C 76.1 18.0 1.3 2.8 nd 1.1 0.7 

Table 4.2: Atomic concentrations of "brass"-treated copper foil failure surfaces bonded with latex 

epoxy resin containing 5 wt% surfactant. [ nd: not detected (<0.2%) ] 

Failure surface SEM micrographs for latex epoxy PCB peel samples containing 15 wt % surfactant, tested 

at 50°C and 10 mm/s, are presented in Figure 4.29 A and B.  The failure modes appear similar to those of 

the epoxy containing 5 wt % surfactant.  The presence of a widely distributed layer of torn epoxy, probably 

fractured within the resin near the glass, is also evident in Figure 4.29 B image as graininess.  Again, little 

fracture at the epoxy/glass interface was observed.  These micrographs are not clear evidence of a failure 

morphology that would account for the shifted 15 wt % surfactant master curve of Figure 4.25. 

A B 

 

Figure 4.29 SEM images of the failed foil surface from the 15 wt % surfactant resin system peeled at 

50°C-10mm/s, (A) 5 k and (B) 0.1 k magnifications 

Results from the XPS analysis of peel for latex epoxies containing 15 wt % surfactant are provided in Table 

4.3.  The atomic concentrations shown differ little from those observed for the more ductile peel conditions 

in the 5 wt % surfactant epoxy.  The C1s photopeak was consistent with epoxide chemistry.  Peaks were 

detected at 284.6 eV (H-C, C-C) and 286.1 eV (C-O).  This is further evidence that both latex epoxy 

impregnated systems share the same type of mixed-mode failure. 
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Peel Condition %C %O %N %Si %Cu %Zn %Cr 

0.1 mm/sec, 140°C 66.7 24.0 1.8 4.7 nd 1.6 1.2 

0.1 mm/sec, 100°C 66.7 26.0 2.8 1.2 nd 2.2 1.1 

0.1 mm/sec, 50°C 63.1 27.6 2.3 1.7 nd 3.3 2.0 

10 mm/sec, 50°C 71.5 23.1 1.7 1.0 nd 1.6 1.1 

Table 4.3: Atomic concentrations of "brass"-treated copper foil failure surfaces bonded with latex 

epoxy resin containing 15 wt% surfactant. [ nd: not detected (<0.2%) ] 

 

In summary, a key point of this study has been addressed by the preceding viscoelastic analysis: the 

presence of residual surfactant, even up to 15 wt %, did not degrade the adhesive performance of the as-

made PCB laminate.  The surfactant actually toughened the system, as evaluated by 90° peel, by 

plasticizing the epoxy resin.  The remaining concern about surfactant migration during aging is the subject 

of the following section. 

4.2.2 Thermal Adhesive Durability 

The motivations to examine the elevated-temperature adhesive durability of the clad PCB systems were 

two-fold: to simulate the repeated high temperature exposures encountered in multilayer circuit fabrication, 

and to study the potential degradation of adhesive performance due to surfactant migration driven by 

elevated temperatures.  The previous section raised the possibility of surfactant-influenced adhesion at both 

the epoxy/copper foil and epoxy/glass interfaces.  Given that thermo-oxidative degradation is a significant 

issue in copper adhesion, as described in Section 4.1.2.1.3, the peel strength degradation characteristics of 

an oxide-stabilized copper foil/epoxy system were also studied. 

 

A typical plot of peel strength durability data, obtained by the methods described in Section 2.3.1.3, is 

presented in Figure 4.30.  Note the initial increase in peel strength to a maximum followed by a monotonic 

decrease to some steady-state value.  Three characteristic strengths are shown: the initial measured strength 

Si, the initial strength S0 predicted by the kinetic degradation model of Equation 4.20, and the maximum 

strength Smax.  As will be seen, in some cases no initial increase in strength was observed; in such cases Si = 

S0 = Smax, so only the maximum strength is reported.  The part of the curve from the time at maximum 

strength, tmax, to the final long-time data point serves as the basis for degradation kinetics analysis using 

Equation 4.20.  Figure 4.31 is a plot of the logarithm of normalized strength as a function of time, in a 

linearized form of Equation 4.20.  To arrive at the linear curve fit shown, log normalized strength data was 

plotted versus time using an Excel spreadsheet, with the asymptotic strength, S∞, entered as a variable 

parameter.  A linear curve was fit to the data plot, whereupon the S∞ parameter was iterated to maximize 

the linear least squares correlation coefficient, R2, value.  The slope of the optimal linear curve fit was 
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taken to be the kinetic rate parameter, ν.  The initial predicted strength S0 was determined by rearranging 

Equation 4.20 and using the previously computed kinetic parameter ν and time t = 0. 
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Figure 4.30: Characteristic plot of peel strength as a function of aging time at elevated temperatures 
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Figure 4.31: First-order strength degradation kinetics plot of log normalized peel strength versus 

aging time.  The kinetic rate parameter ν is the slope of the linear fit. 
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4.2.2.1 Brass Surface 

4.2.2.1.1 Peel Strength Results 

A series of thermal aging experiments were conducted using PCB peel specimens fabricated with 

solventborne epoxy and latex resin containing 5, 10, and 15 wt % surfactant, and clad with factory 

stabilized brass copper foil.  This brass surface is considered to be chemically inert relative to copper oxide 

treatments as discussed in Section 4.1.2.1.3; it is reasonable to expect that this PCB construction will best 

reflect surfactant migration effects, if any.  Peel strength curves for aging at three different temperatures, 

180°C, 200°C, and 220°C, are presented in Figure 4.32, Figure 4.33, and Figure 4.34, respectively.  

Strength and kinetic parameters measured for each material system are listed in Table 4.4. 
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Figure 4.32: Brass-clad laminate peel results for 180°C aging 
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Figure 4.33: Brass-clad laminate peel results for 200°C aging 
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Figure 4.34: Brass-clad laminate peel results for 220°C aging 
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Table 4.4: Kinetic degradation model parameters for peel of brass clad PCB laminates 

The first observation to be drawn from these curves is a systematic increase in initial peel strength with 

increasing surfactant concentration up to 10 wt %.  Results for 10 and 15 wt % surfactant concentration are, 

in most cases, statistically indistinguishable.  A trend of increased strength with surfactant content is, in 

general, maintained throughout the results of the brass stabilized foil aging study.  These results are further 

evidence of toughening by plasticization as hypothesized in the viscoelastic study.  An initial increase in 

peel strength was observed for nearly all of the PCB materials tested.  The aging time corresponding to the 

maximum strength, tmax, decreased significantly with increased temperature, suggesting a residual curing 

process.  The issue of residual cure is addressed in Section 4.2.3.  A simultaneous, competing degradation 

process is also occurring as indicated by the dashed curve in Figure 4.30; this curve serves only to better 

characterize the degradation process and is not necessarily predictive of initial strength. 

 

For any given aging temperature the asymptotic strengths, S∞ , were computed to be similar for all of the 

latex epoxy containing laminates, which were all significantly greater than that of the solventborne resin 

containing system.  Thus, the presence of additional surfactant did not degrade the long-term adhesive 

performance of the “brass” stabilized copper-epoxy interface.  Furthermore, the kinetic rate constants 

computed for nearly all of the experiments are of the same order of magnitude at 10-2 [1/hr].  If the mobile 

surfactant molecules were to create a weak boundary layer by diffusing to an interface, then the rate of 

adhesive degradation would be expected to increase significantly with increased temperature.  The 

temperature insensitivity of the kinetic rate parameters observed in these results suggests that, if present, 

any such diffusion is a secondary degradation process. 

Aging 

Temp. 

Epoxy 

Resin 

Si [N/m] 

(σmax) 

S0 

[N/m] 

Smax [N/m] 

(σmax) 

S∞ 

[N/m] 

tmax 

[hr] 

ν 

[1/hr] 

 

R2 

180°C Solvent 1140 (36) 1340 1250 (12) 1090 10 -0.05 0.97 

 5 wt % Surf 1320 (51) 1560 1460 (28) 1250 10 -0.04 0.99 

 10 wt % Surf 1450 (26) 1640 1620 (24) 1280 5 -0.01 0.93 

 15 wt % Surf 1520 (15) 1700 1580 (45) 1270 14 -0.02 0.99 

200°C Solvent 1250 (9) 1300 1300 (13) 1100 2.25 -0.02 0.97 

 5 wt % Surf 1320 (15) 1470 1470 (10) 1220 2.5 -0.01 0.97 

 10 wt % Surf 1580 (85) 1630 1620 (51) 1310 2.25 -0.02 0.98 

 15 wt % Surf 1540 (41) 1630 1610 (41) 1280 2.25 -0.02 0.99 

220°C Solvent 1170 (21) 1240 1230 (26) 980 2 -0.01 0.98 

 5 wt % Surf 1460 (27) 1510 1500 (42) 1180 2 -0.01 0.97 

 10 wt % Surf 1450 (15) 1500 1500 (5) 1110 3 -0.01 0.96 

 15 wt % Surf 1550 (6) 1550 1550 (2) 1070 2 -0.01 0.99 
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4.2.2.1.2 SEM Analysis 

SEM micrographs of foil surfaces for peel specimens containing solventborne and 5 wt % surfactant latex 

epoxy are shown in Figure 4.35 A-D and Figure 4.36 A-D.  The failure morphologies for these surfaces are 

similar to those found for the 50°C-10mm/s peel conditions in the viscoelastic study of Section 4.2.1.  High 

magnification images of the peeled foil in the solventborne system, shown as-made in Figure 4.35 A and 

after 111 hours of aging at 200°C in Figure 4.35 C, both contain residual epoxy in the nodular surface 

morphology and some larger pieces of fractured matrix.  Likewise, lower magnification images of the foil 

from the solventborne system peeled in the as-made condition (Figure 4.35 B) and following 111 hours of 

aging 200°C (Figure 4.35 D) show similar failure modes: both surfaces feature a widely distributed thin 

layer of torn epoxy and matrix fractured from the glass interface.  No conclusions as to the mode of 

degradation can be drawn by comparing these images.  High magnification images from the 5 wt % 

surfactant containing epoxy specimen are shown in Figure 4.36 A (as-made) and Figure 4.36 C (after 111 

hours aging at 200°C).  A marked decrease in the overall epoxy coverage of the nodular foil surface is 

evident in the aged system.  Lower magnification SEM images of these foils, Figure 4.36 B and D for the 

as-made and 111 hour aged materials, respectively, again exhibit a reduction in apparent fractured epoxy 

coverage and layer thickness with thermal aging.  These observations suggest a less plasticized matrix, 

possibly due to advanced cure.  Note the absence of fiber interfacial failure in this latex epoxy based 

material, this finding is attributable to surfactant plasticization of the fiber/matrix interphase. 
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A B

C D

 

Figure 4.35: SEM micrographs of foil failure surfaces from solventborne resin/brass foil interfaces: 

(A and B) as-made and (C and D) aged 111 hours at 200°C 
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C D

 

Figure 4.36: SEM micrographs of foil failure surfaces from 5 wt % surfactant latex epoxy resin/brass 

foil interfaces: (A and B) as-made and (C and D) aged 111 hours at 200°C 

 

4.2.2.1.3 XPS Analysis 

Atomic concentrations obtained by XPS for the failure surfaces of a sample containing solventborne resin 

are shown in Table 4.5.  These results were obtained for samples peeled in the as-made condition and after 

aging for 111 hours at 200°C.  The laminate and foil surfaces appear very similar, verifying the SEM 

observation of cohesive failure in which epoxy remains on both surfaces.  Trace amounts of zinc or 

chromium appear on all of the surfaces, regardless of aging time, indicating the presence of fractured pieces 

of the nodular brass foil morphology embedded in the epoxy on the laminate surface.  The presence of 

copper and chlorine on the 111 hour aged foil is believed to be the residue of the ferric chloride etching 

process (no iron was detected), not an indication of foil degradation. 
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  %C %O %N %Si %Cu %Zn %Cr %Cl 

Laminate 76.5 18.6 3.7 0.9 nd nd 0.3 nd As Made 

Foil 80.4 15.4 1.5 1.9 nd 0.4 0.4 nd 

Laminate 77.9 17.0 3.2 1.3 nd 0.3 nd 0.3 111 Hr Aged 

Foil 75.7 17.7 3.5 0.8 0.4 0.7 0.8 0.4 

Table 4.5: Atomic concentrations measured by XPS for peel failure surfaces from a solventborne 

impregnated brass foil-clad PCB material aged at 200°C [ nd: not detected (<0.2%) ] 

 

Atomic concentrations for the failure surfaces of a latex resin system containing 5 wt % surfactant are 

shown in Table 4.6 for samples peeled in the as-made condition and after aging for 111 hours at 200°C.  

The laminate and foil surfaces again appear very similar and consistent with mixed mode failure, except 

that for this material no zinc or chromium are found on the as-made laminate surface.  This result agrees 

with the SEM observation that a thick epoxy residue covers the foil surface in the as-made condition but is 

greatly decreased after aging.  The presence of copper and chlorine on the as-made laminate is again 

attributed to residue of the etching process. 

 

  %C %O %N %Si %Cu %Zn %Cr %Cl 

Laminate 77.7 19.2 1.4 0.5 0.5 nd nd 0.7 As Made 

Foil 82.3 15.6 1.2 0.6 nd 0.3 nd nd 

Laminate 79.7 17.8 2.3 nd nd 0.2 nd nd 111 Hr Aged 

Foil 80.5 16.9 2.2 nd nd 0.2 0.2 nd 

Table 4.6: Atomic concentrations measured by XPS for peel failure surfaces from a 15 wt % 

surfactant latex epoxy impregnated brass foil-clad PCB material aged at 200°C [ nd: not detected 

(<0.2%) ] 

4.2.2.2 Copper Oxide Surface 

4.2.2.2.1 Peel Strength Results 

A second set of thermal aging experiments was conducted using peel specimens fabricated with the same 

series of epoxy resins, but clad with an oxide stabilized copper foil.  This oxidized surface has the potential 

to be more catalytically active than the brass stabilized copper.  Peel strength curves measured while aging 

at three different temperatures, 160°C, 180°C, and 200°C, are presented in Figure 4.37, Figure 4.38, and 

Figure 4.39, respectively.  Strength and kinetic parameters measured for each material system are listed in 

Table 4.7.  Although the distinct chemistries between the copper oxide and brass stabilized surfaces may 

lead to different resin wetting and chemical bonding, the primary difference between the initial adhesive 
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performance of the is the foil surface topology.  The nodular structure of the brass surface is optimized for 

mechanical interlocking while the abraded, etched, and oxidized surface is much smoother on the micron 

scale (Section 2.3.6.5).  Average strengths measured for the as-made specimens clad with oxide-stabilized 

foil were approximately 70 to 80% of those clad with brass treated foil.  This difference is reflected in the 

as-made peel strength comparison presented in Table 4.8.  These data represent the average of four peel 

strips tested from each of four or five PCB specimens per material system, all fabricated using the standard 

cure cycle.  The maximum standard deviation for these average strengths represents only 3 % of the mean, 

indicating excellent sample-to-sample repeatability in both cladding systems. 
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Figure 4.37: Copper oxide-clad laminate peel results for 160°C aging 
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Figure 4.38: Copper oxide-clad laminate peel results for 180°C aging 
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Figure 4.39: Copper oxide-clad laminate peel results for 200°C aging 

Initial peel strengths measured in the 160oC aging condition increase with surfactant content as noted 

previously in the brass-clad study.  Strength maxima similar to those observed in the brass-clad laminates 

are also evident, but tmax values are significantly smaller than those observed at 180oC in the brass system.  

This finding can be interpreted in different ways.  Assuming that the peaks observed in the brass-clad 

system were related to postcure of the epoxy resin, then the same type of process is occurring in the copper 
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oxide-clad system.  However, the differences in surface topology may be such that, in the oxide stabilized 

system where mechanical interlocking is less prominent, interfacial failure was induced with a smaller 

cure-related increase in stiffness (and associated decrease in toughness) than in the brass-clad material.  

Disruption of the thermally grown CuO/Cu2O interface, as described in Section 4.1.2.1.4, is another 

possible mechanism for shortening the duration of the initial strength increase.  A third explanation may be 

chemical degradation of the epoxy network by the oxide surface (Section 4.1.2.1.3) in a process competing 

with advancing cure.  The asymptotic strength values, S∞ , for the 160°C aging condition show rather good 

strength retention at nearly 90% of the initial strength for all of the materials tested. 

 

Peel strength data for copper oxide-clad samples aged at 180°C and 200°C exhibit many of the same 

characteristics of the previously described aging curves, except that no distinct strength maxima were 

observed.  The strengths of the solventborne resin impregnated laminates degraded very quickly to a steady 

value.  Although the aging time interval between measurements at 200°C was decreased to 0.5 hours to 

better resolve the solventborne degradation rate, as shown in Figure 4.39, the curve was only slightly better 

defined.  The resulting kinetic degradation rates of the solventborne systems are approximately 10 times 

those of the latex epoxy containing systems (see Table 4.7).  PCB laminates containing only 5 wt % 

surfactant demonstrated the best durability of all.  The performance of the systems containing higher 

concentrations of surfactant was significantly reduced at these elevated aging temperatures.  Asymptotic 

strengths for the 10 and 15 wt % surfactant samples were calculated to be lower than those of the 

solventborne samples in both the 180°C and 200°C aging studies. 
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Aging 

Temp Epoxy Resin 

Si [N/m] 

(σmax) 

S0 

[N/m] 

Smax [N/m] 

(σmax) 

S∞ 

[N/m] tmax[hr] ν [1/hr] R2 

160°C Solvent 920 (23) 990 890 (4) 790 3 -0.32 0.97 

 5 wt % Surf 1060 (29) 1240 1220 (2) 890 3 -0.02 0.95 

 10 wt % Surf 1140 (50) 1250 1220 (40) 1000 3 -0.04 0.92 

 15 wt % Surf 1230 (9) 1330 1310 (48) 1140 4 -0.04 0.94 

180°C Solvent -  850 (4) 760 - -0.46 0.94 

 5 wt % Surf -  1150 (28) 860 - -0.03 0.93 

 10 wt % Surf -  1150 (41) 680 - -0.02 0.92 

 15 wt % Surf -  1180 (12) 410 - -0.02 0.95 

200°C Solvent -  840 (15) 600 - -0.40 0.98 

 5 wt % Surf -  1070 (25) 760 - -0.08 0.96 

 10 wt % Surf -  1220 (11) 580 - -0.05 0.91 

 15 wt % Surf -  1230 (10) 320 - -0.02 0.97 

Table 4.7: Kinetic degradation model parameters for peel of oxide treated copper clad PCB 

laminates 

 

 

Epoxy 

Resin 

“Brass” 

Avg. Peel Strength 

[N/m] 

Foil Surface 

Std Deviation 

[N/m] 

Oxidized Copper 

Avg. Peel Strength 

[N/m] 

Foil Surface 

Std Deviation 

[N/m] 

Solventborne 1190 20 870 14 

5 wt % Surfactant 1430 30 1090 27 

10 wt % Surfactant 1490 50 1170 34 

15 wt % Surfactant 1540 20 1220 11 

Table 4.8: As-made peel strength statistics for factor brass and oxide treated copper surfaces 

4.2.2.2.2 SEM Analysis 

SEM micrographs of foil surfaces from solventborne and 5 wt % surfactant containing latex epoxy PCB 

peel samples are presented in Figure 4.40 A-B and Figure 4.41 A-B, respectively.  The image of the as-

made solventborne based system (Figure 4.40 A) shows thin flakes of fractured epoxy on the oxidized foil 

surface, while the foil surface aged at 160°C for 7 hours (Figure 4.40 B) contains larger regions of failed 

epoxy matrix.  Although these surfaces may be argued to possess distinct failure morphologies, it is not 

clear that these differences are the sole cause of the observed strength degradation due to aging.  A 

micrograph of the as-made foil from the 5 wt % surfactant containing latex epoxy material (Figure 4.41 A) 
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shows fractured epoxy residue in the grooves of the roughened surface and a sharp featured, three-

dimensional surface topography.  The SEM image of foil aged for 7 hours at 160°C (Figure 4.41 B) shows 

a much smoother surface, possibly attributable to the presence of a residual epoxy layer or due to fracture 

of the salient copper ridges to the laminate surface during peel.  Once again the latex epoxy system does 

not exhibit any evidence of fracture at the resin/glass interface. 

 

A B

 

Figure 4.40: SEM micrographs of foil failure surfaces from solventborne resin/copper oxide foil 

interfaces: (A) as-made and (B) aged 7 hours at 160°C 

 

A B

 

Figure 4.41: SEM micrographs of foil failure surfaces from 5 wt % surfactant latex resin/copper 

oxide foil interfaces: (A) as-made and (B) aged 7 hours at 160°C 

 

Adhesive results for the 15 wt % surfactant-containing latex resin system aged at 180°C indicated that 

asymptotic strengths were quite low, falling below those of the solventborne system.  SEM micrographs of 

peeled foil surfaces for 15 % surfactant containing resin systems, in both the as-made and 28.3 hour aged 

conditions, are shown in Figure 4.42 A and B.  The as-made, peeled surface (Figure 4.42 A) exhibited the 

commonly observed small flakes of epoxy in the abraded surface’s grooves while the aged failure surface 

(Figure 4.42 B) was covered with a widely distributed epoxy film showing large tearing ridges.  This torn 

surface morphology is significantly different from that found for the aged 5 wt % surfactant system shown 

in Figure 4.41 B , but is closer to that of the aged solventborne system shown in Figure 4.40 B.  Although 

these surfaces are representative of the overall foil surfaces for each system, the fracture morphologies are 

not conclusive as to any specific degradation process. 
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Figure 4.42: SEM micrographs of foil failure surfaces from 15 wt % surfactant latex resin/copper 

oxide foil interfaces: (A) as-made and (B) aged 28.3 hours at 180°C 

4.2.2.2.3 XPS Analysis 

A key feature in analysis of copper oxide/epoxy interfacial durability by XPS is the change in the copper 

photopeaks with thermal aging.  The copper oxide structure formed by the sodium chlorite treatment 

(Section 2.1.3) is primarily composed of CuO.  The Cu2+ XPS spectrum exhibits “shake-up satellite” peaks 

in the 930 to 965 eV range and a characteristic Cu 2p3/2 photopeak at 933.6 eV.57  Shake-up satellites are 

the result of a process in which the primary photoelectron, upon leaving the atom, excites a valence 

electron to a higher unfilled energy level, thus removing some energy from the primary photoelectron.58  

This process causes an apparent shift of the primary photoelectron to higher binding energies in the 

spectrum.  This CuO layer is gradually converted to Cu2O, the thermodynamically favorable oxide 

structure, as the foil surface is thermally aged.  The XPS spectrum for Cu1+ does not contain satellites and 

the Cu 2p3/2 photopeak is shifted down to 932.1 eV.57  Failure surfaces containing both oxides 

simultaneously will display broad Cu 2p3/2 peaks due to the contributions of the higher binding energy Cu2+ 

and the lower binding energy Cu1+ photopeaks.  Narrower peaks indicate the presence of only one of the 

copper oxide types.  Typical XPS spectra for failed laminate and oxide-stabilized copper foil surfaces, in 

this case containing latex epoxy with 5 wt % surfactant in the as-made and aged conditions, are shown in 

Figure 4.43 A-D.  Both the foil and laminate failure surfaces of the as-made peel specimens (Figure 4.43 A 

and C, respectively) contain strong Cu2+ XPS satellites, indicative of fracture within the CuO layer, 

although in fact some Cu1+ oxide is also present as is evident in the broad Cu 2p3/2 photopeak.  After aging, 

the satellites appear greatly diminished (Figure 4.43 B and D) and the characteristic Cu 2p3/2 photopeak is 

substantially narrowed toward 932 eV, with only a small high binding energy shoulder indicating the 

presence of Cu2+.  These observations agree with the findings of Miller and Laberge in their XPS analysis 

of brominated DGEBA epoxy-oxidized copper interfaces.6   
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Figure 4.43: Oxide stabilized copper XPS spectra with aging. (A) as-made foil failure surface, (B) 

aged foil failure surface, (C) as-made laminate failure surface, (D) aged laminate failure surface 

 

Atomic concentrations obtained by XPS for the failure surfaces of a sample containing solventborne resin 

are shown in Table 4.9.  These data were measured for samples peeled in the as-made condition and after 

aging for 28 hours at 160°C.  A significant amount of copper was present on the laminate surface in both 

the as-made and aged conditions.  Strong copper satellite photopeaks were evident on both the as-made and 

laminate surfaces, however the satellite photopeak intensities on both surfaces were greatly diminished 

after aging, with narrowing of the Cu 2p3/2 photopeak toward 932 eV for the reasons described above.  

Otherwise the XPS data were consistent with mixed-mode failure with epoxy resin (a shoulder in the C1s 

peak at 286.1 eV) and copper found on both failure surfaces.  Trace elements of iron, chlorine, and sodium 

are residual from either the copper oxidation treatment or the peel strip etching process. 

 

  %C %O %N %Si %Cu %Cl %Na %Fe 

Laminate 59.9 21.3 6.6 0.6 7.1 2.4 1.6 0.5 As Made 

Foil 55.6 26.7 4.8 nd 12.6 0.3 nd nd 

Laminate 66.9 20.6 3.7 0.4 8.4 na na na 28 Hr Aged 

Foil 63.2 22.8 3.3 0.3 10.4 na na na 

Table 4.9: Atomic concentrations measured by XPS for peel failure surfaces from a solventborne 

impregnated oxidized copper foil-clad PCB material aged at 160°C [ nd: not detected (<0.2%), na: 

not analyzed for based on survey scan] 
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A plateau region, located between the initial maximum and approximately 20 hours aging time, was 

observed in the peel strength curves for the copper-oxide clad latex epoxy samples aged at 160°C shown in 

Figure 4.37.  Insights into this strength plateau were gained using XPS.  Atomic concentrations for the 

failure surfaces of a latex epoxy system with 5 wt % surfactant are presented in Table 4.10.  Note that, for 

the as-made samples, the copper atomic concentrations on the laminate failure surface are greater than 

those on the foil surface, while for the 3 hour aged sample the copper concentrations are roughly equal on 

both surfaces.  The corresponding Cu2+ satellites were strong for both surfaces.  However, after 15.25 and 

28 hours the copper atomic concentration of the foil failure surface was larger than that of the laminate 

failure surface.  The corresponding laminate failure surface Cu2+ satellites were significantly diminished in 

the sample aged 15.25 hours while very weak satellites were evident for the sample aged 28 hours.  The Cu 

2p3/2 photopeak was also observed to narrow and shift downward in binding energy, indicative of Cu1+ 

formation.  These results are evidence that the step in strength was related to weakening of the copper oxide 

layer. 

 

  %C %O %N %Si %Cu %Cl %Na %Fe 

Laminate 62.4 20.2 3.3 nd 5.0 6.3 2.4 0.4 As Made 

Foil 58.0 25.9 0.6 10.3 3.2 2.0 nd nd 

Laminate 69.6 21.6 3.8 0.9 4.1 na na na 3 Hr Aged 

Foil 73.1 18.8 3.3 1.2 3.6 na na na 

Laminate 75.2 19.2 2.4 0.5 2.7 na na na 15.25 Hr Aged 

Foil 68.9 22.5 2.4 nd 6.2 na na na 

Laminate 76.1 17.6 2.4 0.7 2.3 0.9 na na 28 Hr Aged 

Foil 68.8 21.7 2.2 1.0 6.3 na na na 

Table 4.10: Atomic concentrations measured by XPS for peel failure surfaces from a 5 wt % 

surfactant latex epoxy impregnated brass foil-clad PCB material aged at 160°C [ nd: not detected 

(<0.2%), na: not analyzed for based on survey scan] 

 

The copper-oxide clad, 15 wt % surfactant samples that demonstrated low strength after aging at 180°C 

were also examined using XPS.  Atomic concentrations for as-made and aged failure surfaces from these 

samples, presented in Table 4.11, are consistent with other materials examined.  The XPS spectra obtained 

for both failure surfaces in the as-made samples showed strong Cu2+ satellites.  After aging, the laminate 

surface exhibited very faint satellites with a narrow Cu 2p3/2 photopeak at 932.7 eV.  Stronger Cu2+ 

satellites were observed on the corresponding foil failure surface with a broad Cu 2p3/2 photopeak.  This 

failure mode was unlike those of other aged systems in that the foil failure surface maintained strong Cu2+ 

satellites while the laminate satellites nearly vanished.  If the failure occurred at a weak zone further into 
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the matrix, then the copper oxide layer would not undergo large-scale fracture.  It is reasonable that the 

absence of the energy associated with oxide layer fracture lowered the overall peel strength of the material 

containing 15 wt % surfactant aged at 180°C. 

 

  %C %O %N %Si %Cu %Cl 

Laminate 70.0 19.9 6.6 0.2 2.4 0.9 As Made 

Foil 59.9 29.0 1.3 0.7 8.7 0.4 

Laminate 76.6 18.4 2.8 0.7 1.3 0.2 28.3 Hr Aged 

Foil 70.5 21.8 2.1 0.9 4.2 0.5 

Table 4.11: Atomic concentrations measured by XPS for peel failure surfaces from a 15 wt % 

surfactant latex epoxy impregnated brass foil-clad PCB material aged at 180°C 

4.2.2.3 DRIFTS Analysis 

The role of thermo-oxidative degradation in the adhesive aging study was investigated using DRIFTS 

analysis as described in Section 2.3.6.3.  Laminates clad with both brass and copper oxide stabilized foils 

were fabricated from solventborne and latex epoxy resin prepreg, using the standard cure cycle. The latex 

epoxies examined contained 5 and 15 wt % surfactant.  Square test coupons with nominal dimensions of 

1.3 cm x 1.3 cm were cut from the main specimen and aged in an oven at 200°C in air for predetermined 

time periods.  Samples were peeled by hand, in a manner as closely approximating 90° peel at a rate of 

1mm/s as possible, immediately prior to DRIFTS testing to minimize contamination or oxidation.  Both the 

foil and laminate failure surfaces were analyzed.  Although the foil surfaces exhibited some peaks 

consistent with the presence of epoxy residue, their intensities were too small for quantitative analysis, 

therefore only the results for the laminates will be presented. 

 

The baseline spectrum, shown in Figure 4.44, is typical of others obtained for the laminate surfaces.  This 

spectrum contains many peaks characteristic of DGEBA epoxy resin.59  In particular, the peak at 835 cm-1 

corresponds to the out-of-plane deformation of the φ-H bond, where φ represents an aromatic ring; this 

peak was used by Hong and Wang in their study of thermo-oxidative effects in copper/epoxy systems.59 

These researchers attributed the growth of the peak in the 1750 cm-1 region to the formation of carbonyl 

groups during the thermal aging of copper oxide filled epoxies cured with DICY.  The growth of the 

carbonyl peak can be referenced to an internal standard by computing the ratio of the intensities for the 835 

cm-1 and 1750 cm-1 peaks, designated as the 1750/835 ratio.  The growth of the 1750 cm-1 band is shown, 

progressing with aging time, in Figure 4.44.  Note that the 1750 cm-1 peak intensities increased noticeably 

from the as-made condition through two-hours of aging and then remained relatively constant.  The 

intensities of the 835 cm-1 peaks remained relatively constant throughout the aging study, thus only the as-
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made peak is shown.  No other peaks were found to change systematically when referenced to the intensity 

of the 835 cm-1 peak. 
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Figure 4.44: Growth of the carbonyl peak at 1750 cm-1 with aging time as measured by DRIFTS 

Brass clad coupons were aged for 0, 1, 2, 4, and 24 hours, while the copper oxide clad coupons were aged 

for 0, 1 ,2, 4,and 12 hours.  In this survey study only a single sample was examined for each material 

system and aging condition, therefore no error estimate can be provided.  DRIFTS analysis was performed 

as described in Section 2.3.6.3.  Plots of the resulting 1750/835 peak intensity ratio versus aging time are 

presented in Figure 4.45 and Figure 4.46 for the brass and copper oxide clad systems, respectively.  

Consider first the laminate surfaces from the peeled brass-clad coupons.  The initial intensity ratios for all 

of the as-made laminates (Figure 4.45) fall in the range from 0 to 0.1 and rise to approximately 0.6 after 5 

hours of aging.  After this initial rise, the ratio value for the solventborne impregnated laminate remains 

essentially unchanged after 24 hours of aging, while the ratios for the latex epoxy increase by only 0.1 over 

the same period.  Note that the intensity ratio for the laminates corresponding to the solventborne and 5 wt 

% surfactant containing latex resins start at approximately 0.1, indicating some carbonyl group formation.  

No discernable peak at 1750 cm-1 was observed for the as-made 15 wt % surfactant system, but this may be 

an artifact of significant epoxy tearing in this plasticized resin resulting in a failure surface well away from 

the interface.  The intensity ratio then increases in a roughly linear manner up to the 4 hour aging point 

where any further increase is much more gradual.  These results suggest that, following the standard cure 

cycle of 1 hour at 180°C, the formation of carbonyl groups is a relatively constant rate process up to 

approximately 4 hours.  Intensity ratio results for the copper-oxide clad laminate (Figure 4.46) follow a 
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similar trend as seen in the brass-clad case, with two significant differences:  the as-made ratios fall in a 

range around 0.4 and reach a steady-state value after only two additional hours of aging at 200°C.  Steady-

state intensity ratios in the copper-oxide clad materials are quite similar to those observed for the brass-clad 

laminates.  These results suggest that the kinetics of carbonyl formation in the epoxy adhesive are faster in 

the presence of the copper oxide surface than when bonded to the brass stabilized surface.  Hong and Wang 

also found faster degradation kinetics in epoxies filled with CuO and Cu2O powder relative to pure epoxy 

resin by IR and TGA analysis.59  
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Figure 4.45: Growth of the 1750/835 ratio in brass foil clad PCB laminates with aging time 
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Figure 4.46: Growth of the 1750/835 ratio in oxidized copper foil clad PCB laminates with aging time 

4.2.3 DMA Analysis 

The peel strength maxima observed in the PCB aging study (Section 4.2.2) were assumed to be caused by 

post curing in the laminating resins.  Advancement of cure in thermosetting resins results in a decrease in 

the conformational entropy of the polymer chains with an associated increase in the glass transition 

temperature, Tg.
49  Glass transition measurements were attempted using Differential Scanning Calorimetry 

(DSC), but the highly cross-linked nature of the resin lowered the mobility of the polymer chains to a 

degree that no transition could be detected by this method.  Measurement of Tg by DMA, as described in 

Section 4.1.3.2, provided a convenient method of verifying the assumed cure-related strengthening. 

 

The temperature corresponding to the peak of the elastic loss modulus E” was designated as Tg.  Loss 

modulus data were fit with Lorentzian curves using Microcal Origin graphics software (Microcal 

Software, Inc.); the peak temperature and width data computed by the software for the curve fit are the 

quantities reported in this study.  The successful application of Lorentzian curve fits to polymer relaxation 

spectra has been reported in the literature.60,61   Postcure was monitored using DMA by tracking the Tg 

changes of samples subjected to repeated hold-heat-hold-cool cycles.  Samples were heated from 30°C to 

180°C at 2.5°C/minute, held at 180°C for a time period specific to the material type, and cooled to 30°C at 

10°C/minute.  The hold times at 180°C were 60 minutes for neat resins and 20 minutes for laminates.  This 

time-temperature profile was repeated four times per test.  Tests were repeated until no change was 

observed in the resulting loss modulus curves.  Samples were left in-situ, under argon purge, throughout the 

duration of all tests to minimize sample alignment error.  No more than 12 hours elapsed between 

sequential tests. 



 131

4.2.3.1.1 Neat Epoxy Resins 

Postcure experiments were conducted on neat resin samples subjected to cure conditions, 1 hour at 180°C, 

identical to those followed in fabricating the PCB laminates used in the adhesion studies.  Representative 

loss modulus curves for postcuring neat solventborne resin and 10 wt % surfactant latex epoxy resin are 

presented in Figure 4.47.  Note the increase of Tg and narrowing of the loss modulus peaks with increasing 

postcure time; plots of these trends are shown in Figure 4.48 A-D.  Each of the resins exhibited a 

significant increase in Tg before reaching a plateau at approximately 6 hours.  Peak widths decreased 

slightly in the solventborne resin to reach a steady value of about 16°C while the latex resin containing 5 wt 

% surfactant exhibited even greater peak narrowing to a steady width of 19°C.  The latex resins containing 

greater surfactant concentrations (10 and 15 wt %) reached steady peak widths of 50°C and 40°C, 

respectively. 

20 40 60 80 100 120 140 160 180

1x10
8

2x10
8

3x10
8

4x10
8

5x10
8

828 Solventborne Neat Resin

Increasing Cure Time

Lo
ss

 M
od

ul
us

 [P
a]

Temperature [
o
C]

20 40 60 80 100 120 140 160 180

1x108

2x10
8

3x108

4x10
8

5x108
3510 Waterborne Latex Neat Resin

(10 wt% Surfactant)

Increasing Cure Time
Lo

ss
 M

od
ul

us
 [P

a]

Temperature [
o
C]

20 40 60 80 100 120 140 160 180

1x10
8

2x10
8

3x10
8

4x10
8

5x10
8

828 Solventborne Neat Resin

Increasing Cure Time

Lo
ss

 M
od

ul
us

 [P
a]

Temperature [
o
C]

20 40 60 80 100 120 140 160 180

1x108

2x10
8

3x108

4x10
8

5x108
3510 Waterborne Latex Neat Resin

(10 wt% Surfactant)

Increasing Cure Time
Lo

ss
 M

od
ul

us
 [P

a]

Temperature [
o
C]

 

Figure 4.47: Increases in Tg during postcure as monitored by dynamic loss modulus peaks for neat 

solventborne and 10 wt % surfactant latex epoxy resins  
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Figure 4.48: Changes in Tg and peak width in neat epoxy resins with postcure time 

Figure 4.49 contains glass transition temperature data measured for the fully postcured neat epoxy resins 

compared to Tg values predicted by the Fox equation (Equation 4.18).  Good agreement is observed 

between the latex resin Tg values and the Fox equation predictions, indicating full plasticization of the 

epoxy network by the available surfactant.  The Tg of postcured neat solventborne resin was taken as the 

unplasticized epoxy glass transition temperature, while the Tg of the Triton X-100 surfactant was taken as 

214 K.55  Data points in Figure 4.49 represent Tg values averaged for four samples and the error bars 

indicate ±1 standard deviation about the mean. 
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Figure 4.49: Neat resin Tg values and the Fox equation predictions based on surfactant concentration 

4.2.3.1.2 Epoxy-Glass Laminates 

DMA analysis of laminate specimens was conducted in the same manner as described above.  

Representative loss modulus curves for postcuring solventborne resin and 5 wt % latex epoxy resin 

impregnated laminates are presented in Figure 4.50.  Although the curve representing the solventborne 

resin impregnated system resembles the shape of the neat resin postcure results, the latex impregnated 

laminate data exhibit peak splitting.  Similar peak splitting was also observed for the 10 and 15 wt % 

surfactant latex epoxy resin impregnated laminate materials.  The DMA peaks were fit using Lorentzian 

curves as described previously; split peaks were fit using the multiple peak-fitting option available in the 

Origin software as shown in Figure 4.51.  Summary plots of the resulting Tg and peak width values are 

presented in Figure 4.52 and Figure 4.53.   
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Figure 4.50: Shifts in Tg during postcure as monitored by dynamic loss modulus peaks for laminates 

impregnated with solventborne and 5 wt % surfactant latex epoxy resins 
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Figure 4.51: Lorentz curve fits of split DMA peaks 
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Figure 4.52: Changes in peak temperature and width in epoxy/glass laminates with postcure time.  

Data shown for the latex impregnating resins correspond to the higher temperature peak of the 

observed split peaks. 
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Figure 4.53: Changes in peak temperature and width in latex epoxy/glass laminates with postcure 

time.  Data shown corresponds to the lower temperature peak of the observed split peaks. 

 

The shape of the solventborne impregnated laminate curve (Figure 4.52 A) is similar to those of the neat 

resins, with Tg data increasing to a plateau value after approximately 1 hour of postcure, with a relatively 

constant peak width of 20°C.  Peak temperatures determined by Lorentzian curve fit, corresponding to the 

higher and lower temperature peaks for the latex resins, were designated THigh and TLow as shown in Figure 

4.52 B-D and Figure 4.53 A-C.  Note that the higher temperature peak, THigh, was found to decrease by 15 

to 20°C for each of the latex epoxy impregnated materials.  Lower temperature peaks for the 5 and 10 wt% 

surfactant containing system increase by approximately 10°C while those for the 15 wt % surfactant system 

decrease by 28°C.  The high temperature peak width for the 5 wt % surfactant latex system varied slightly 

before reaching a steady value of 14°C.  High temperature peak widths for the 10 wt % surfactant system 

increased to a maximum of nearly 40°C before declining to 20°C, while peak widths for the 15 wt % 

surfactant material increased to 49°C.  The widths of the lower temperature peaks were generally larger as 

shown in Figure 4.53 A-C.  Final peak widths for the latex resin impregnated systems containing 5, 10 and 

15 wt % surfactant were measured to be 28°C, 45°C, and 70°C, respectively. 
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Peak splitting has been observed in a number of studies as discussed in Section 4.1.2.3.  The split peaks 

observed here are not believed to be related to thermal gradients or residual stresses because of their 

systematic shifting with postcure during repeated thermal cycling.  Rather, it is hypothesized that the 

observed peak splitting is evidence of surfactant segregation to the fiber/matrix interphase.  No peak 

splitting was seen in the solventborne impregnated laminate, only in those systems containing surfactant.  

The shifting of the split peaks is a complex process involving simultaneous surfactant diffusion and epoxy 

network formation.  It is believed that the high temperature peaks correspond to highly cross-linked regions 

of the epoxy bulk, while the lower temperature peaks are associated with a surfactant rich interphase near 

the surfaces of the glass fibers in which the epoxy network is highly plasticized.  This lower temperature 

peak is not consistent with large-scale phase separation.  In their work on elastomer coated fibers, Gerard 

and co-workers observed true phase separation of the elastomer in the form of a subambient DMA Tg peak 

near the glass transition temperature of the pure elastomer.35  Gerard also observed much broader epoxy Tg 

peaks attributable to epoxy plasticization near the fiber interphase.  Recall that the Tg of the Triton X-100 

surfactant used in this study is –59°C; subambient DMA measurements of surfactant containing samples 

showed no peaks in this temperature range other than the broad β-relaxation of the epoxy centered at 

approximately -80°C.  Since the temperature difference between peaks in the as-made condition were 

measured to be 38°C, 50°C, and 19°C for the laminates containing 5, 10, and 15 wt% surfactant, 

respectively, phase separation of the surfactant is not in evidence.  Thomason found a 61°C difference in 

split peak temperatures that he attributed to a sizing agent-rich epoxy interphase near the surface of 

reinforcing glass fibers.41 

 

Although the merging of DMA peaks due to simultaneous postcure and plasticizer migration has not been 

reported in the literature, several published studies provide some insight into the separate processes.  

Seferis and Chu found that, for a split Tg peak in amine cured epoxy, the lower temperature DMA loss peak  

merged with the higher temperature loss peak during postcure.39  The lower temperature peak was 

attributed to epoxy regions having a lower cross-link density due to depletion of curing agent.  This concept 

of curing agent inhomogeneity leads to another significant implication of the observed peak splitting. 

 

Note in Figure 4.52 B that the as-made Tg was measured to be 162°C, well above the maximum postcured 

Tg of the solventborne impregnated laminate material.  It has been assumed to this point that the Tg of the 

solventborne resin represented the maximum obtainable value for this epoxy/DICY resin system because of 

the absence of plasticizing surfactant.  This assumption held fairly well in the Fox equation analysis of the 

postcured neat resins presented in Figure 4.49.  If we revisit Figure 4.49, the Tg of the 5 wt % surfactant 

containing neat resin is somewhat underpredicted by the Fox equation while the samples containing larger 

surfactant concentrations fit the predictions.  This behavior is amplified in the laminate materials.  It is 

hypothesized that during latex drying and coalescence, the surfactant was largely segregated to the fiber 
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surfaces where it remained until the resin was cured.  As cure progressed, epoxy network formation 

reduced the mobility of the surfactant, thereby trapping it in an interphase near the glass fiber where its 

ability to plasticize the entire bulk matrix was limited.  Only during additional high temperature postcure 

was there enough surfactant mobility to further plasticize the bulk matrix.  A schematic representation of 

this process is shown in Figure 4.54.  This phenomenon is not observed in the neat latex resins because 

there is no high surface area phase upon which surfactant can segregate during drying and coalescence; the 

surfactant therefore remains distributed homogeneously in the bulk throughout cure.  Hence, the 162°C 

upper Tg peak observed for the 5 wt % surfactant material is believed to correspond to the essentially 

unplasticized bulk epoxy matrix, while the lower peak corresponds to the surfactant rich interphase. 

Segregated
Surfactant

Glass Fiber Unplasticized
Epoxy Matrix

As-made

Full Postcure

Surfactant
Migration

E
le

va
te

d
 T

em
pe

ra
tu

re
 A

g
in

g

Equilibrium
Plasticization

Segregated
Surfactant

Glass Fiber Unplasticized
Epoxy Matrix

As-made

Full Postcure

Surfactant
Migration

E
le

va
te

d
 T

em
pe

ra
tu

re
 A

g
in

g

Equilibrium
Plasticization

 

Figure 4.54: Schematic of surfactant migration during postcure 

 

Evidence supporting this hypothesis is provided by a Fox equation analysis of the laminate Tg data.  The Tg 

values for each fully postcured laminate material are presented, along with two Fox equation predictions, in 

Figure 4.55.  The Tg values for the surfactant containing laminates were taken from the postcured high 

temperature DMA peaks.  The lower Fox equation prediction shown in Figure 4.55 (solid line) is based on 

the solventborne resin impregnated laminate Tg of 145.7°C while the upper Fox prediction curve (dashed 

line) is based on the as-made 5 wt % surfactant system Tg of 162°C.  Clearly, the Fox prediction based on 

the as-made 5 wt % surfactant system better represents the fully plasticized laminates following postcure.   
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Figure 4.55: Laminate Tg values and Fox equation predictions based on different resins 

There remains the question as to why the matrix Tg of the surfactant containing system would be higher 

than that of the solventborne laminate.  The answer may lie in the different distribution morphologies of 

DICY observed in drying and coalescing solventborne and latex epoxy resins as discussed in Chapter 3.  It 

was found that, in coalescing latex resins, the DICY was trapped in the interstitial lattice spaces during 

coalescence and remained there through cure.  In the neat solventborne resins DICY tended to precipitate to 

the substrate surface.  It is reasonable to believe that this precipitation process also occurred in the glass-

supported laminate, with DICY concentrating at the glass interphase.  Assuming this segregation to be the 

case, the DICY distribution in the latex epoxy matrix would be more homogeneous than in the solventborne 

system matrix.  The differences in DICY distribution between the glass-supported latex and solventborne 

epoxies would have two repercussions: 

1. the unplasticized latex bulk epoxy matrix would achieve a higher cross-link density due to the 

greater availability of curing agent, with an accompanying suppression of homopolymerization, leading to a 

higher Tg, and 

2. the solventborne laminate would possess a high cross-link density epoxy matrix/fiber interphase 

due to an increased DICY concentration at the fiber surface. 

 

Hong and Lin found that the addition of glass beads to DGEBA/DICY/2-MI epoxy resin systems affected 

the kinetic rate constants, activation energies, and resulting Tg values relative to those of neat resins.13,28  

The authors attribute these observed differences, at least in part, to adsorption of DICY onto the filler 

surfaces. 
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4.3 Summary 

Residual surfactant in latex epoxy laminating resins plays a significant and complex role in the adhesive 

performance of the foil/laminate interface of PCB constructions.  The viscoelastic adhesive response of as-

made brass-stabilized foil clad epoxy impregnated glass laminate has been analyzed using time-temperature 

techniques.  A 90° peel test was employed to study adhesive performance; all failure modes and strengths 

reported here are specific to this test geometry.  Fracture energy versus shifted peel rate master curves for 

foils peeled from solventborne resin-impregnated laminates exhibited a change in mixed-mode failure from 

near-surface to cohesive-dominated as the peel rates decreased and temperatures increased.  This finding 

suggested a transition from brittle fracture to a more ductile tearing of the matrix resin as the epoxy 

deformation approached an increasingly rubbery or viscous regime.  Large-scale matrix/fiber interfacial 

failure was observed in the solventborne system for both modes of failure.  It is hypothesized that 

segregation of DICY curing agent to the glass fiber surface during drying forms a highly cross-linked 

matrix/fiber interphase upon curing.  This interphase would be more brittle than the surrounding matrix, 

resulting in greater interfacial fracture during peel. 

 

No such matrix/fiber interfacial fracture was observed in the viscoelastic peel study of latex impregnated 

PCB laminates.  Failure was generally observed to occur in a near-surface mixed-mode regime similar to 

that of the solventborne resin peeled in the glassy state (high peel rates and low temperatures).  The linear 

peel energy versus shifted peel rate master curves for the latex resin systems had slopes similar to the 

glassy solventborne master curve, but were shifted to lower reduced peel rates.  This shift indicated longer 

characteristic polymer relaxation times due to matrix plasticization.  The key result from the viscoelastic 

study was that the presence of residual surfactant, even with the addition of 10 wt % surfactant to the 

original latex, did not degrade the overall adhesive performance of the as-made foil/laminate interface.  

Relative to the solventborne performance, the addition of surfactant actually toughened the composite 

system and plasticized the fiber/matrix interphase to prevent fracture there.  No indications of surfactant 

related weak boundary layer formation were observed. 

 

Further evidence of plasticization strengthening was found in a study of foil/laminate thermal durability.  

PCB laminates exhibited increasingly higher as-made peel strengths with increasing surfactant content.  

This increase in strength was maintained throughout the aging study in systems clad with brass stabilized 

copper foil.  The peel strength versus aging time curves generally indicated initial strengthening of the 

foil/laminate bond followed by monotonic weakening to a steady strength level.  Several mechanisms are 

believed to cause this adhesive behavior.  The initial increase in strength was attributed to a competing 

process of epoxy curing and further plasticization by migrating surfactant.  A parallel DMA aging study 

confirmed the role of epoxy postcuring, but also suggested the existence of distinct phases of epoxy matrix 

in the surfactant-containing latex resins.  In the as-made condition, surfactant is believed to highly 

plasticize the fiber/matrix interphase, depressing its Tg, while an unplasticized high cross-link density bulk 
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epoxy phase forms having a high Tg.  These differences in matrix plasticization are manifested in DMA 

results as split Tg peaks.  It has also been hypothesized that DICY curing agent distribution characteristics 

unique to the solventborne and latex resins contribute to the differences in Tg observed between the 

laminates impregnated with these two epoxy matrices.   

 

Systems clad with copper oxide-stabilized foil exhibited more complex strength behavior as a function of 

aging time.  Three competing mechanisms were examined as potential causes of strength degradation: 

changes in failure mode due to embrittlement or plasticization, thermo-oxidative degradation of the epoxy 

at the copper/laminate interface, and fracture in the copper oxide layer.  SEM images were analyzed for 

evidence of changes in failure mode, but little of the evidence was conclusive.  Chemical analysis by the 

DRIFTS technique of the laminate failure surfaces after adhesion to both brass and oxide treated copper 

foil revealed the formation of carbonyl groups.  Carbonyl group formation has been described in the 

literature as the product of epoxy thermo-oxidative degradation.21,22  Although the formation of carbonyl 

groups displayed faster kinetics in the laminate clad with copper oxide stabilized foil, the presence of these 

groups at long aging times occurred to a similar extent in bonds formed with both types of foil.  Another 

significant contributor to the degradation of strength in the oxide treated copper foil clad laminates was 

fracture within the copper oxide layer.  Analysis of as-made peel failure surfaces by XPS revealed strong 

Cu2+ satellites on both failure surfaces.  After thermal aging these satellites diminished, indicating the 

formation of Cu2O.  Changes in the amount and type of copper on the foil and laminate failure surfaces as a 

function of aging time correlated with strength degradation. 

 

Overall, the adhesive performance and thermal durability of native-surfactant (5 wt %) waterborne latex 

epoxy resin impregnated PCB laminates met or exceeded that of the solventborne system.  This finding 

applies to both brass and oxide treated copper foil clad PCB materials.  The presence of surfactant and 

unique DICY distribution were hypothesized to play a significant role in the adhesive response of the 

system. 

                                                        

4.1 References 

1 J. Comyn, ”Thermal Effects on Adhesive Joints”, in ASM Engineered Materials Handbook, Vol.3: 

Adhesives and Sealants, ASM International, Materials Park, OH, 1990, p.616-621. 
2 N. Shephard, Ph.D. Dissertation, VPI&SU, 1995. 
3 S. J. Cho, K., W. Paik, and Y. G. Kim, IEEE Transactions on Components, Packaging, and Technology, B 

Vol. 20, 1997, p. 167-175. 
4 G. R. Palmese, R. L. McCullough, and N. R. Sottos, Journal of Adhesion, Vol.52, 1995, p.101-113. 
5 R.R. Holmes, “Multilayer Processing”, in Printed Circuits Handbook, Ed. C.F. Coombs, Jr, McGraw-Hill, 

New York, 1995. 



 142

                                                                                                                                                                     
6 C. W. Miller and P. C. Laberge Journal of Vacuum Science and Technology, Vol. A7, 1989, p. 1818-

1822. 
7 W. S. DeForest, H. V. Connelly, and J. Marro, “Effect of Heat Aging and Related Phenomenon on the 

Black Oxide – Epoxy Bond”, in Proceedings of the National Electronic Packaging and Production 

Conference, 1977, p.1-7. 
8 T. M. Tam, and R. D. Robinson, Plating and Surface Finishing, Vol. 74, 1986, p. 74-77. 
9 J. R. G. Evans and D. E. Packham, Journal of Adhesion, Vol. 9, 1978, p. 267-277. 
10 E. Chu and M. Jagernauth, PC Fab, 1987, p. 65-74. 
11 A. H. Reed, Electronics, Vol. 29, 1983, p. 29-31. 
12 K. Nargi,, PC Fab, 1985, p. 90-95. 
13 B. J. Love and P. F. Packman, Journal of Materials Science, Vol. 33, 1998, p. 1359-1367. 
14 D. J. Arrowsmith, Transactions of the Institute of Metal Finishing, Vol. 48, 1970, p. 88-92. 
15 H. K. Yun, K. Cho, J. H. An, C. E. Park, Journal of Materials Science, Vol. 27, 1992, p. 5811-5817. 
16 G. Xue, J. Dong, X. Gu, Y. Qian, W. Sheng, G. H. Wang, Journal of Adhesion Science and Technology, 

Vol. 8, 1994, p. 971-979. 
17 Q. Dai, and Y. Lu, Die Angewandte Makromolekulare Chemie, Vol. 227, 1995, p. 121-129. 
18 L. Barral, J. Cano, A. Lopez, J. Lopez, P. Nogueira, and C. Ramirez, Journal of Thermal Analysis, Vol. 

45, 1995, p. 1167-1174. 
19 A. Kurnoskin, Journal of Materials Science- Review of Macromolecular. Chemistry and Physics., 

C35(3), 1995, p. 419-494. 
20 B. Burton, Journal of Applied Polymer Science, Vol.47, 1993, p. 1821-1837. 
21 S. G. Hong, Die Angewandte Makromolekulare Chemie, Vol. 215, 1994, p. 161-173. 
22 S. G. Hong, Polymer Degradation and Stability, Vol. 48, 1995, p. 211-218. 
23 P. Schuessler, Insulation/Circuits, Vol.20, 1973, p. 34-35. 
24 H. F. Webster II, PhD Dissertation, VPI & SU, 1992. 
25 R. H. Hansen, “Thermal and Oxidative Degradation of Polyethylene, Polypropylene, and Related Olefin 

Polymers”, in Thermal Stability of Polymers, Ed. R. T. Conley, Marcel Dekker, Inc., New York, 1970, 

p.153-187. 
26 H. H. G. Jellinek, H. Kachi, A. Czanderna, and A. C. Miller, Journal of Polymer Science: Polymer 

Chemistry Edition, Vol. 17, 1979, p.1493-1522. 
27 X. Gu, and G. Xue, Die Angewandte Makromolekulare Chemie, Vol. 251, 1997, p. 131-140. 
28 B. J. Love and P. F. Packman, Journal of Adhesion, Vol. 40, 1993. p. 139-150. 
29 S. Wu, Polymer Interface and Adhesion, Marcel Dekker, Inc., New York, 1982. 
30 P. S. Chua, S. R. Dai, and M. R. Piggot, Journal of Materials Science, Vol.27, 1992, p. 913-918. 
31 H. Ishida, Polymer Composites, Vol.5, 1984, p.101-123. 
32 R. T. Graf, J. L. Koenig, and H. Ishida, Journal of Adhesion, Vol. 16, 1983, p. 97-114. 



 143

                                                                                                                                                                     
33 P. W. Erickson, Journal of Adhesion, Vol.2, 1970, p.54. 
34 M. A. Lutz and K. E. Polmanteer, Journal of Coatings Technology, Vol. 51, 1979, p.33. 
35 N. Amdouni, H. Sautereau, and J. F. Gerard, Journal of Applied Polymer Science, Vol. 45, 1992, p.1799-

1810. 
36 J. F. Gerard, Journal of Applied Polymer Science, Vol. 45, 1992, p.1799-1810. 
37 J. M Barton and D. C. L. Greenfield, British Polymer Journal, Vol. 18, 1986, p.51-56. 
38 A. M. Ibrahim and J. C. Seferis, Polymer Composites, Vol.6, 1985, p. 47-53. 
39 H. S. Chu and J. C. Seferis, Polymer Composites, Vol.5, 1984, p.124-140. 
40 K. E. Reed, Polymer Composites, Vol.1, 1980, p.44-49. 
41 J. L. Thomason, Composites, Vol.26, 1995, p. 487-498. 
42 J. L. Thomason, Polymer Composites, Vol. 11, 1990, p. 105-113. 
43 J. Y. Charmeau, A. Sartre, L. Vovelle, and Y. Holl, Journal of Adhesion Science and Technology, Vol. 

13, 1999, p. 593-614. 
44 J. Y. Charmeau, P. A. Gerin, L. Vovelle, R. Schirrer, and Y. Holl, Journal of Adhesion Science and 

Technology, Vol. 13, 1999, p. 203-215. 
45 P. A. Gerin, Y. Grohens, R. Schirrer, and Y. Holl, Journal of Adhesion Science and Technology, Vol. 13, 

1999, p. 217-236. 
46 C. L. Zhao, Y. Holl, T. Pith, and M. Lambla, British Polymer Journal, Vol. 21, 1989, p. 155-160. 
47 E. Keintz and Y. Holl, Colloids and Surfaces A: Physicochemical and Engineering Aspects, Vol. 78, 

1993, p. 255-270. 
48 A. N. Gent and R. P. Pethrich, Proceedings of the Royal Society of London, Vol. A310, 1969, p. 433. 
49 L. H. Sperling, Introduction to Physical Polymer Science, John Wiley & Sons, New York, 1992. 
50 T. A. Osswald and J. Rietveld, “Measuring Constitutive Properties”, in Engineered Materials Handbook 

Vol.3: Adhesives and Sealants, ASM International, 1990, p. 315-324. 
51 M. L. Williams, R. F. Landel, and J. D. Ferry, Journal of the American Chemical Society, Vol. 77, 1955, 

p. 3701. 
52 J. D. Ferry, Viscoelastic Properties of Polymers 3rd Edition, John Wiley & Sons, New York, 1970. 
53 C. Derail, A. Allal, G. Marin, and P. Tordjeman, Journal of Adhesion, Vol. 68, 1998, p. 203-228. 
54 R. J. Young and P. A. Lovell, Introduction to Polymers 2nd Edition, Chapman and Hall, London, 1991. 
55 R.E. Jensen, E. O’Brien, J. Wang, J. Bryant, T. C. Ward, L.T. James, and D. A. Lewis, “Characterization 

of Epoxy-Surfactant Interactions”, in Proceedings of the 21st Annual Meeting of the Adhesion Society, Ed. 

R. A. Dickie, 1998, p159-161. 
56 J. McPherson, “Accelerated Testing”, ASM Electronic Materials Handbook: Vol.1. Packaging, ASM 

International, Materials Park, OH, 1989, p.887-894. 
57 C. D. Wagner, W. M. Riggs, L. E. Davis, and J. F. Moulder, Handbook of X-Ray Photoelectron 

Spectroscopy, Ed. G. E. Muilenberg, Perkin-Elmer Corp., Eden Prairie, MN, 1979. 



 144

                                                                                                                                                                     
58 W. M. Riggs and M. J. Parker, “Surface Analysis by X-Ray Photoelectron Spectroscopy, in Methods and 

Phenomena I: Methods of Surface Analysis”, Ed. A. W. Czanderna, Elsevier Science Publishers, New 

York, 1989, p. 120. 
59 S. G. Hong and T. C. Wang, Journal of Applied Polymer Science, Vol. 52, 1994, p. 1339-1351. 
60 A. J. Curtis, Dielectric Properties of Polymeric Systems, in Progress in Dielectrics Vol. 2, Ed. J. B. Birks 

and J. H. Schulman, John Wiley and Sons, New York, 1960. 
61 H. Thurn and F. Wurstlin, Kolloid-Zeitschrift, Vol. 156, 1958, p. 21-27. 


