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The increased use of composite materials in passenger aircrafts has resulted in an escalation

of maintenance issues associated with composite structure damage from a variety of causes

including impacts during towing, bird strikes and hail. Hence, damage repair has become an

important issue in the aerospace industry. This research aims to improve the performance

of current composite repair technology by direct application of heat using an embedded

heater in the bondline between the base laminate and the repair material rather than the

use of surface heating such as using heatlamps or heat blankets. The use of surface heating

can lead to large thermal gradients potentially resulting in improper cure. The proposed

embedded heating can: (i) avoid large thermal gradients; (ii) lead to a more uniform cure of

the adhesive during repair; (iii) improve performance metrics, including increased strength,

stiffness; and (iv) reduce or eliminate thermal warping of the repaired structure. The goal

of the proposed research is to enable an energy-efficient, adhesive-bonding approach for

joining carbon-fiber composite components, which can lead to a new direction for advanced

composites manufacturing. By localizing the heating to where it is needed, the proposed

approach can substantially reduce the energy and cost of joining composite components,

when compared to the use of traditional methods such as using autoclaves.
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Chapter 1

INTRODUCTION

Carbon fiber reinforced plastics (CRFPs), commonly known as composites, are increas-

ingly becoming integral to a variety of markets such as aerospace, renewable energies, ma-

rine, and automotive industries. High strength, low weight, and corrosion resistance make

CFRPs ideal for engineering applications in comparison to other materials such as steel and

aluminum alloys. Composite materials help to produce lighter weight aircrafts that have im-

proved structural properties, thereby reducing fuel consumption and direct operating costs

while improving their efficiency. In particular, the amount of composite materials that are

used in a commercial aircraft is 10 times more than 25 years ago, and it is projected that

nearly 50% of every aircraft manufactured by 2020 will be made out of composite materials

[1]. Additionally, in alternative energy industries, composites are used to increase efficiency

of wind turbines by enabling manufacturers to produce larger blade rotors. Large wind

turbines are estimated to account for about 70% of wind turbine industry production [2].

The goal of the proposed project is to commercialize an effective and energy-efficient,

adhesive-bonding approach for joining CFRP composite components, which can lead to

a new direction for advanced composites manufacturing and repair. Furthermore, this

project aims to improve the performance of the current composite repair technology by

direct application of heat using an embedded heater in the bond-line between the base

laminate and the repair material, rather than the traditional use of surface heating that

is prevalent in the market today. Current use of surface heating leads to large thermal

gradients resulting in improper cure [3, 4]. The proposed embedded heating can: (i) avoid

large thermal gradients; (ii) lead to a more uniform cure of the adhesive during repair; (iii)

reduce or eliminate over-heating and thermal warping of the repaired structure; and (iv)

reduce the energy and cost of joining composite components, when compared to the use of

autoclaves/ovens.
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1.1 Research Goal

The goal of the proposed research is to enable an energy-efficient, adhesive-bonding ap-

proach for joining high-strength (carbon-fiber) composite components, which can lead to a

new direction for advanced composites manufacturing and repair. At present, a common

requirement is to rapidly repair a composite structure without removing it from the aircraft.

Repair of thick structures while still on the aircraft can be difficult to achieve. For example,

the thermal energy necessary to cure the repair adhesive must diffuse through the composite

layers to reach the joint repair interfaces, resulting in long and expensive processing times

as well as wasted energy [5, 6, 7, 8] .Rather than heat the entire system to cure the adhesive,

this research will investigate controlled heating targeted at the bond-line with an embedded

heater. By localizing the heating to where it is needed, the proposed approach can sub-

stantially reduce the energy and cost of joining composite components, when compared to

the use of autoclaves. Figure 1.1 shows an embedded heater applies heat at the bondline

rather than through multiple fabrics on the surface, reducing through thickness gradients

in comparison with the surface heating method.

Figure 1.1: A comparison between heat delivery in the proposed vs. current approaches
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1.2 Research Challenges

1.2.1 Adding carbon-fiber fabric in the bond-line

Adding carbon-fiber fabric in the bond results in increasing the bond-line thickness and

stiffness; therefore, it is essential to study the mentioned effects on the mechanical perfor-

mance of the bond. One of the issues raised by this is to understand the effect of adding

an additional fabric on the bond strength by measuring the strain induced in the bond

as a result of loading. A difficulty in measuring strains is the small bond-line thickness.

Therefore, contact methods such as utilizing strain gauges cannot be used with such small

dimensions [9]. We propose to use non-contact methods to obtain the bond-line strains. In

particular, digital image correlation (DIC) can provide full-field displacements and strains.

Additionally, theoretical and Finite Element (FE) models could also be used to predict the

effect of adding embedded-fabric and adhesive-film on the joint strength.

1.2.2 Repairing large areas

Applying the proposed method to the real-life conditions might include repairs with large

areas and multiple heat-sinks. Therefore, it is essential to ensure that the embedded heater

is capable of generating proper heat for curing the bond area. To address this issue, it

is possible to use multiple, parallel embedded carbon-fiber meshes, with separate heaters

to achieve the desired cure temperature for large areas as shown in Figure 1.2. Another

challenge is the dependency of the heat generated by the proposed method on the electrical

resistance and geometry of the carbon fiber mesh. Thus, it is required to evaluate the heat

generation capability of the embedded heater through FE models and/or experimentally by

completion of a dry-run test prior to starting the repair process.

1.2.3 Maintaining uniform temperature in presence of heat-sinks/substructures

Surrounding structures in contact with the internal surface (e.g., stringers or frames) are

often present and act as heat sinks, generally increasing both through-thickness and in-plane

thermal gradients. Therefore, another challenge in this research is to achieve uniform tem-

perature in the bond-line in presence of uneven heat-loss distribution, e.g., due to structures



4

Figure 1.2: Using multiple heaters to achieve the desired temperature in the bond-line

adjacent to the bond-line. Subsequently, a model based optimization of multiple heater sec-

tions is proposed to account for varying thermal conduction characteristics and achieving a

more uniform temperature distribution.

1.3 Research Impacts

The life cycle costs and sustainability are improved if the useful life of large composite

structures can be extended by repairing occasional damage. Currently single-sided com-

posite patches are used for aircraft repair [10]. Typically heat is applied from the external

surface, e.g., using heat blankets or heat lamps to cure the adhesive at the bond-line. How-

ever, due to the relatively low thermal conductivity of the composites involved, the approach

of heating the adhesives by using heating elements placed on the outer surfaces invariably

leads to throughthickness thermal gradients. That is, the temperatures induced at the sur-

face can be significantly higher than at subsurface locations where the bond-line is located.

Moreover, surrounding structures (e.g., stringers or frames) often act as heat sinks, gen-

erally increasing both through-thickness and in-plane thermal gradients. Structural film

adhesives are typically cross-linking thermosets (e.g., epoxies) and require precise control

of the temperature profile (both spatial and temporal) to cure properly. Thus, the thermal

gradients induced by standard surface heating techniques can lead to improperly-cured ad-
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hesive, resulting in low bond-line strength and/or stiffness and an unacceptable joint. The

proposed embedded heating approach can improve the control of bond-line temperatures

and therefore improve the adhesive-bonding of repair patches, and extend the useful life of

relatively-large, composite structures.

1.4 Broader Impacts

1.4.1 Adhesive bonding can reduce manufacturing cost

An alternate approach to reduce the prohibitive cost of large autoclaves is to fabricate

smaller parts and then join them. This approach is taken, for example, in the assembly of

the fuselage sections of Boeing 787 Dreamliner and the Airbus A350XWB. The fuselage is

made of high-strength CFRP composite sections that are produced in autoclaves and then

joined together. Nevertheless, at present, such joining operation is expensive as it requires

time-and-labor intensive drilling of holes for fasteners [11, 12]. An alternative approach is to

bond the composite parts together, which would typically require an even larger autoclave to

heat the entire system. Therefore, the proposed energy efficient, adhesive-bonding approach

to join composites (without an autoclave) can have a substantial impact on reducing the

manufacturing cost for large, high-strength, CFRP composite structures.

1.4.2 Reducing manufacturing cost can open new markets

Carbon fibre reinforced polymer (CFRP) composites with a thermoset resin such as epoxy

can lead to some of the highest strength-to-weight ratio and rigidity. Therefore, CFRPs

have been used in aerospace, sailing boats, and top-end bicycles, cars and motorcycles. In

modern aerospace industry more than 50% by weight of the aircraft is made of composites.

However, in addition to the high cost of the carbon fibers, the need to use autoclaves to

cure the thermoset resin implies that these composites can be expensive to manufacture. In

particular, the cost of manufacturing with autoclaves tends to be prohibitive as the size of

the part increases in applications such as wind-turbines since the renewable-energy industry

is very sensitive to the cost of energy. Although out-of-autoclave processes [13, 14] such as

vacuum-assisted resin transfer molding (VARTM) with low temperature cure epoxy resins
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[15, 16] have been developed, it is challenging to extend these methods to manufacture

higher strength-to-weight-ratio composites, which require higher cure temperatures [17].

Nevertheless, as the turbine blades become increasingly large, there is increasing interest

in using high-strength CFRPs provided the manufacturing cost can be reduced. Hence,

reducing the manufacturing cost of high strength composites can directly impact their wider

use to improve the performance of societally-important applications.

1.5 Research Path and Dissertation Structure

The research discussed here has been broken up into three parts:

1. This research will first focus on implementation and evaluation issues to demonstrate

technical feasibility of the proposed embedded heating approach on Single Lap Joints

(SLJs). Shear lap testing results have shown that the average joint performance

where the adhesive was cured using embedded resistive heating was similar or higher

than the samples cured using conventional techniques. This work was published in

International Journal of Adhesion & Adhesives [5]. This article is contained in chapter

2.

2. After demonstrating the feasibility of the proposed approach, composite scarf repair

specimens were created using the embedded heating approach, and through the use of a

heat blanket for circular and rectangular scarf configurations. By heating the bondline

directly, instead of heating the entire structure, it was shown that this method achieved

relatively uniform temperatures in the bondline, while avoiding possible overheating

of the surface adjacent to the repair, which may occur when heat is applied using an

external heater. The above targets where achieved without jeopardizing the structural

performance of the repair. This work [18] was submitted to be published in Journal

of Composites - Part A in February 2016. This article is presented in chapter 3.

3. A detailed Finite Element study was completed to study different factors such as the

embedded heater geometry, number of electrical inputs, heatsinks, and insulation on
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the temperature uniformity of the embedded heater. The results were initially com-

pared to experimental measurements using temperature sensors and a thermal camera.

This work is included in chapter 4.

The embedded resistive heating approach could be combined with external heating

to maintain uniform temperatures across the repair area rather than solely in the

bondline in the cases that B-staged repair plies are cured along with the thin film

adhesive. This idea is presented in chapter ?? as potential future continuation to this

work.

The conclusions of the work presented are in chapter 5 and Appendices include a

modified version of Goland and Reissner solution for SLJs, Finite Element study of

the single lap joint model, the heat diffusion equation, and curing scarf repairs with

B-staged repair plies.
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Chapter 2

RESISTIVE EMBEDDED HEATING FOR HOMOGENEOUS CURING
OF ADHESIVELY BONDED JOINTS

To evaluate the new curing approach, SLJs were produced using embedded resisitive

heating technique, and were compared to the specimens produced by conventional methods

such as using autoclaves and ovens to cure bonded joints.

Adding carbon fiber fabric in the bond-line significantly changes the stress distribution by

changing the effective stiffness and total thickness. To study the mentiond effects, stress

distribution in the bond-line was studied using a simple Finite element (FE) model as well as

a closed-form theoretical solution by Goland & Reissner [19] which was modified to account

for the change in adherends’ Poisson’s ratio. Details of the closed-form solution and FE

study are presented in Appendix A and Appendix B.

2.1 History and Background

A common requirement is to rapidly repair a composite structure without removing it from

the aircraft. Repair of thick structures while still on the aircraft can be difficult to achieve.

For example, the thermal energy necessary to cure the repair adhesive must diffuse through

the composite layers to reach the joint repair interfaces, resulting in long and expensive

processing times as well as wasted energy [6, 7, 8]. Surrounding heat-sensitive materials or

equipment may also be damaged. The most popular approach is to use a surface heater

such as heat blanket(s) and/or heat lamps to generate the heat needed to cure the repair

adhesive. In these approaches the entire structure is heated to initiate cure of the repair

adhesive, typically a high-strength thermoset such as an epoxy. CFRPs typically exhibit

poor thermal conductivities and consequently the temperature of the heated surface can

be much higher than the temperature at the subsurface repair bondline. Large thermal

gradients are inevitably created, resulting in an inefficient repair process.

In the past literature, efforts have been reported to reduce the cost of producing ther-
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moset/thermoplastic composites by avoiding the need for expensive autoclaves or ovens.

These methods could conceptually be used during composite repair, as discussed in ref-

erence [7]. As a case in point, UV photo-curable adhesives were utilized in the past and

cured through transmission of the UV light through the laminate [20, 21]. Microwave curing

of composite materials has been considered as a highly efficient volume-heating radiation

manufacturing process; however, heating efficiency of the microwave depends greatly on

the dielectric properties of the material [22, 23]. Inductive heating or welding has proven

to be effectively employed in an epoxy adhesive between composite adherends to cure the

bond and produce strong joints [6, 24]. Nonetheless there are difficulties associated with

edge and local heating effects that have limited large scale applications [7, 24, 25, 26]. In

the past literature, resistive heating has been used in CFRP processing in order to increase

energy efficiency and reduce curing time/cost. Some references used one or multiple carbon-

fiber mesh (es) as resistive heaters to provide the necessary heat to create composite parts

[27, 26, 28, 29, 30] . Specifically, reference [31] used carbon fiber as a heating element to

produce CFRP laminates using vacuum assisted infusion molding. Moreover, reference [32]

used aligned carbon nanotube film as an external resistive heater to cure a composite lam-

inate sample. In contrast, some researchers have utilized the carbon fibers that are already

embedded in the prepregs and intrinsic to the structure as the heating element instead of

introducing a new carbon fabric mesh to be used as the heater [33, 34, 35, 36, 37]. Al-

though there are many studies available in the literature for resistive heating in processing

composite structures, utilizing this method for curing structural adhesive films were only

highlighted in few works in the past. Rider et al. [7] reported the use of a stainless steel

mesh as an embedded resistive heater to achieve shear strength similar to the joints cured

by the conventional methods; however, shear strength was proven to be highly dependent

on the stainless steel mesh surface treatment. Additionally, references [5, 38, 39] used dry

carbon fabric for bonding CFRPs. Mas et al. and Sung et al.[40, 41] also utilized fabrics

that were made from Carbon Nanotubes (CNTs) to join CFRP parts. Resistive heating in

bonding applications is a relatively new technique, and very few studies are available in the

literature.

We propose to achieve a bonded repair by passing an electric current through a carbon
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fiber fabric sandwiched between two layers of structural adhesive film and embedded in the

repair bondline. The carbon fabric serves as an embedded a resistance heater. A substantial

advantage of this approach is that the carbon fibers that initially serve as heating elements

remain in the bondline as reinforcing materials. Many types of carbon fibers have already

been certified for use in transport aircraft (e.g., AS4 or IM7 fibers), which could facilitate

certification of the proposed approach for use in commercial aircraft. The epoxy adhe-

sive electrically insulates the embedded heater from the electrically conductive adherends.

Moreover, it will be shown that bonded joints cured via an embedded resistive heating

method have single-lap shear strengths comparable to the strengths of samples cured in an

autoclave.

2.2 Experimental Study

In this section, an experimental investigation examining the cure of a thermoset adhesive

film between carbon composite adherends by using resistive heating of an embedded carbon

fiber mesh is described. It is shown that the method is energy-efficient and results in low

temperature gradients due to the negligibly small distance between the heat source and the

repair bondline. The technique could be applied to large scale composite repairs, or possibly

employed during original manufacture of a bonded composite structure.

2.2.1 Materials

The single-lap joint specimens were fabricated using composite panels manufactured using

Toray carbon/epoxy prepreg (T800-HB-12K-40B) with [0/ + 45/90/ − 45]s quasi-isotropic

stacking sequence and cured in autoclave according to the curing cycle suggested by the

prepreg manufacturer (1.66 °C/min heat-up rate, 130 minutes hold at 176.67 °C with 586

kPa external pressure with vacuum). The composite laminates were then cut to 22.9 cm ×

10.2 cm using an abrasive disc. One 22.9 cm edge of each panel was sanded with 240 grit

paper, degreased using acetone, and then air dried for two hours.

Unidirectional carbon fabric (Fibre Glast 12K, 0.1524 mm thick) was used as the embedded

mesh fabric, and is shown in Figure 2.1A. The fabric was cut to the dimensions depicted

in Figure 2.1B. Flash tape was used to electrically insulate the out-of-bond regions of the
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embedded fabric from the conductive adherends. Two layers of structural adhesive film

Figure 2.1: A) Uni-directional carbon fiber mesh used as the embedded heater. B) Schematic
of the embedded carbon fiber mesh.

(Scotch-Weld AF 163-2U) with 0.0635 mm thickness were used to bond the adherends. The

modulus of elasticity, shear modulus, and Poissons ratio of the adhesive were reported by

its manufacturer to be 1110 MPa, 414 MPa, and 0.34 at 24 °C respectively. The adhesive

films were cut slightly larger than the bonding region to ensure no contact between the

embedded fabric and the adherends.

2.2.2 Embedded resistive curing of bonded joints

Carbon/epoxy composite panels are electrically conductive, and can interfere in the resistive

heating process in the case of any contact between the embedded fabric and adherends.

Therefore prior to any experiments, resistance testing was conducted to ensure complete

electrical insulation between the embedded fabric and the composite adherends. In the

bond region, a layer of thin adhesive film was placed on each side of unidirectional carbon

fabric. As shown in Figure 2.2A a flat plate was used to avoid bending of the top adherend.

Several layers of bleeder cloths were used as thermal insulators in order to minimize the

transfer of heat to the underlying caul plate during the cure process. Figure 2.2B shows

the experimental setup prior to and after insulation and vacuum bagging. Vacuum pressure

was applied to the setup prior to the heating process, and was kept at 33.86 kPa until

the sample reached the ambient temperature. A proportional-integral-derivative (PID)

Controller (Omega CN7500) was connected to a variable voltage convertor. The standard

line voltage of 110 V was stepped down to 50 V before applying to the embedded heater for
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Figure 2.2: A) Schematic of the experimental setup for embedded resistive curing of a single
lap joint. B) Photograph of the experimental setup prior to and after vacuum bagging and
insulation.

the resistive curing. The end-to-end resistance of the carbon fabric mesh was measured to

be 14.5 Ω, and therefore the maximum power generated was approximately 170 W which is

considerably lower than the power consumption of a typical autoclave. The PID controller

provided control of the power output with a thermocouple input embedded in the middle

of the bond to provide temperature feedback a thermal camera (FLIR T-640) was used to

monitor the temperature distribution in the bond region, as shown in Figure 2.3A. Figure

2.3B shows that the temperature distribution was relatively uniform along the bond region,

which is a desirable condition in any composite repair systems [8]. Furthermore, no local

hot spots were observed in the embedded fabric. Hot spots could potentially damage the

thin film adhesive through excessive heat. The embedded resistive heating method can also

be applied to the larger bond areas with some changes. For example, in cases where the

use of an embedded thermocouple is undesirable, the uniform temperature distribution in

the embedded fabric (see Figure 2.3B) can enable temperature control using thermocouples

outside of the bond area. Additionally, internal temperatures could be estimated using
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Figure 2.3: A)Schematic of the closed-loop control using an embedded temperature sensor.
B) Thermal picture of the bond region shows that the temperature range in the overlap was
about 15 °C.

external temperature sensors. Moreover, the amount of the heat produced in the embedded

heater depends on the geometry, and the tow size of the carbon fiber mesh, which can be

optimized for the bond area. For example, it is possible to use multiple, parallel embedded

carbon-fiber meshes, with separate heaters to achieve the desired cure temperature for large

areas.

2.2.3 Curing adhesively bonded joints through conventional methods

The shear strength of the bonded joints fabricated using embedded resistive heating was

compared to strengths of test samples manufactured in an oven as well as in an autoclave.

Vacuum pressure of 33.86 kPa was applied to the oven cured samples. In the autoclave cured

samples a 344 kPa overpressure was applied in addition to vacuum pressure, in accordance

with the suggested curing pressure from the adhesive manufacturer. Additionally, bonded

joints with two layers of adhesive film and without an embedded fabric in the bond were

produced to compare with the samples having an embedded mesh inside. Three K-type

thermocouples were embedded on the mesh to monitor the temperature inside of the joints.

Figure 2.4 shows the location of each thermocouple located in the bond region. Feedback

from TC-Middle was used to control temperature during the curing process. Temperature

increase rate was 2 °C/min, and temperatures were maintained to at least 120 °C for 1hr, as
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Figure 2.4: Schematic of the bondline showing the location of thermocouples.

shown on Figure 2.5A. Pressures were maintained during cool down to ambient conditions.

Figure 2.5B presents the temperature data feedback recorded by all three thermocouples

in embedded resistive heating method. Seven single-lap specimens were machined from

Figure 2.5: A) Temperature feedback for TC-Middle in all three cure processes. B) Tem-
perature feedback for TC-Middle, TC-1, and TC-2 in the embedded resistive heating cure
process.

these panels, as shown in Figure 2.6. Specimen width was 25.4 mm. Note that the three

thermocouples used to monitor and control bondline temperatures were now embedded

within the bondline, so these regions of the panel were not used to produce single-lap joint

specimens.

2.2.4 Shear lap testing

Uniaxial tensile loading of the specimens were performed in accordance with ASTM D5868-

01 standard in a 100 kN capacity Instron load frame using displacement control at a

crosshead displacement of 12.7 mm/min. Subsequently, failure load for each specimen was
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Figure 2.6: Photograph of cured single lap joint prior to cutting to shear lap specimens.

reported.

2.2.5 Cure analysis of SLJs using Differential Scanning Calilorimetry (DSC)

The cure of epoxy resins can be studied by DSC to give a quantitative measurement of the

residual amount of reaction as well as determination of glass-rubber transition temperature

(Tg). Furthermore, both quantities could be used to characterise the state of cure of a resin

[42, 43]. Here, by testing an uncured sample the total energy that the cross-linking reac-

tions required was calculated. subsequently, by testing the cured samples residual thermal

energy that is needed for the material to be fully cured was measured using DSC Q2000

manufactured by TA Instruments.

2.2.6 Study of strain gradients in a bonded joint using Digital Image Correlation (DIC)

Experimental measurement of strains in the bond-line of an adhesively bonded joint can play

a significant role in the design of bonded structures [44]; however, there are some difficulties

associated in obtaining adhesive strains. One of the major difficulties is the small bond-line

thickness. Therefore, non-contact optical methods are ideally suited for such measurements

[45]. Digital Image Correlation (DIC) is a relatively new optical method that provides

full-field displacements and strains while, being relatively simple in preparation and setup

[46, 47]. Briefly, a speckled pattern is applied to the surface of interest, and a digital image
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of the surface is recorded before and after loading. A correlation algorithm is then used

to determine displacement fields caused by the loading. The displacement fields are then

differentiated to obtain strains. Both two- and three-dimensional versions of DIC have been

developed [48].

2.2.7 Shear strength results of single lap joints

Embedded carbon fiber fabric increases the effective stiffness as well as the thickness of the

bondline. Consequently, specimens with and without embedded carbon fiber mesh were

produced in an autoclave as well as in an oven to understand the potential effect of the

embedded heater material on the overall performance of the bonded joint. As shown on

Figure 2.7A, the oven cured joints without embedded fabric exhibited higher average shear

lap strength, in comparison with similarly cured specimens with the embedded carbon fiber

mesh. In contrast, autoclave cured samples with inclusion of the mesh had higher average

strength comparing to the ones without the embedded fabric cured in similar condition.

Nevertheless, shear lap testing results have shown that that the average joint performance

where the adhesive was cured using embedded resistive heating was similar or higher than

the other test samples regardless of their curing condition and inclusion/exclusion of the

embedded fabric. Lap shear failure loads for bonded joints cured by embedded resistive

heating, cured in oven and autoclaved are presented in Table 2.1. Figure 2.7B shows load

vs. displacement curves for specimens close to the average strength of every curing method.

Moreover, load vs. displacement curves were different with respect to curing method.

Figure 2.8 shows typical failure surfaces for the samples with fabric embedded in the bond-

line cured through embedded resistive heating and autoclave. Failure for the electrically and

thermally cured joints (autoclave and oven cured samples) was observed to be a combination

of interfacial failure and cohesive failure of the adhesive. Moreover, failure for the two

specimen types was very similar and occurred partially close to the adhesive and composite

inter-face, and partially between the uni-directional fabric and the adhesive. Some carbon

fibers were also pulled out from the adherend surface. The failure surfaces were consistent

with the similar joint strengths measured for the thermally and electrically cured samples
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Figure 2.7: A)Average lap shear faiilure loads for the single lap joints. B)Load vs. displace-
ment curves for specimens closest to the average strength of every curing method.

(Table 2.1).

Figure 2.8: Failure surfaces of the single lap joints with inclusion of mesh fabric.

2.2.8 Cure analysis results by DSC

Three samples were chosen from each curing technique in a way to represent the lowest,

closest to the average, and highest shear lap strength in each curing case. As shown on

Figure 2.9 and in detail in Table 2.2 , cure analysis by DSC showed that samples cured by

embedded heating method have comparable cure % with the ones cured in an autoclave.
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Table 2.1: Lap shear failure loads for all of the single lap test specimens.

Table 2.2: Lap shear failure loads for all of the single lap test specimens.
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Figure 2.9: State of cure for selected samples vs. their shear lap strength.

2.2.9 Strain measurments results by DIC

Figure 2.10A shows maximum principal strain distribution results for five electrically cured

bonded joints at 3336 N load level. Furthermore, maximum strain was observed on the

edge as expected, and strain pattern was similar for all of the five test samples as well as

the thermally cured specimens. As shown on Figure 2.10B, adhesively bonded joints that

failed at higher loads showed higher joint stiffness than the rest of the samples. Although,

the effect of joint stiffness on lap shear strength needs more investigation, this information

could be potentially used to compare adhesively bonded joints strength by non-destructive

shear lap tests in the future.

2.3 Conclusion

This chapter examined adhesively bonded single-lap joints where the adhesive was cured

using heat generated by passing an electrical current through a carbon fiber fabric embedded

in the bondline. It was shown that joints cured by embedded resistive heating method

can provide equivalent shear strength to oven- and autoclave-cured joints. These results
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Figure 2.10: A) Maximum principal strain for samples cured by embedded resistive heating
method. B) Maximum principal strain for samples cured by embedded resistive heating
method.

indicate that this technique is capable to adapt to typical repair configurations with complex

geometries and adhesives with different physical and chemical properties. Additionally,

strain measurements using DIC showed that bonded joints with higher failure loads indicated

higher joint stiffness in comparison with other test samples. It was shown rather than

heating the entire system to cure the adhesive, controlled heating using an embedded carbon-

fiber fabric was targeted at the bond-line. By localizing the heating to where it is needed,

the proposed approach can substantially reduce the energy and cost of joining composite

components, when compared to the use of autoclaves.
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Chapter 3

RESISTIVE EMBEDDED HEATING IN COMPOSITE SCARF
REPAIRS

In the previous chapter, embedded resistive heating was used to cure adhesives in single

lap joints. To demonstrate the feasibility of the approach to real-world composite structural

repairs, composite scarf repairs were cured using heat generated by passing an electrical

current through a woven graphite-epoxy prepreg embedded in the bondline. Resistance

heating using the embedded prepreg resulted in a more uniform temperature distribution in

the bondline while preventing any potential thermal damage to the surface of the scarf re-

pairs. Composite scarf repair specimens were created using the proposed embedded heating

approach, and through the use of a heat blanket for circular and rectangular scarf configu-

rations. Tensile tests were performed for rectangular scarf specimens, and it was shown that

the bond strengths of all specimens were found to be comparable. The proposed embedded

curing technique results in bond strengths that equal or exceed those achieved with external

heating, and avoids overheating the surface of the scarf repairs.

3.1 History and Background

As more CFRPs are integrated into mportant applications such as transportation systems

(aerospace, marine, and automotive), it has led to an escalation in maintenance/repair issues

associated with composite materials [49, 50, 3, 51]. The primary objective of any structural

composite repair technique is to restore the strength and stiffness of a damaged component

and bring it to an acceptable service condition. Currently, the common techniques for

repairing CFRP structures are: stepped co-bonded repairs, scarfed repairs, and bolted

doubler repairs [3, 52]. In practice, scarf repairs are one of the most popular methods for

repairing composite structures due to their convenience for execution, efficiency, and the

reduction of stress concentrations at the bond length edges [50, 53, 54]. Yet, there are

some challenges associated with scarf repairs as the thermal energy necessary to cure the
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repair adhesive must diffuse through the composite layers to reach the joint repair interfaces,

resulting in long and expensive processing times as well as wasted energy [5, 7, 8, 6]. Due to

the shortcomings with the current repair practices, many deficient heating procedures have

become standard practice even in approved aircraft repair manuals [4].

Here, it is proposed to overcome the mentioned difficulties by heating the bondline di-

rectly, instead of heating the entire structure. In the proposed heating method, electrical

current passes through a woven graphite/epoxy prepreg sandwiched between two structural

adhesive layers and in the bond serves as an embedded heater. Consequently, the heater

will remain embedded in the bondline, contributing as a reinforcement agent. The embed-

ded heater is made from the same material as the main structure, which could facilitate

certification of the proposed approach for use in commercial aircraft.

In this chapter, an embedded resistive heating method for composite scarf repair was

demonstrated for rectangular and circular scarf geometries. It is shown that this method

achieved relatively uniform temperatures in the bondline avoiding possible overheating of

the surface adjacent to the repair, which may occur when heat is applied using an external

heater. The above targets where achieved without jeopardizing the structural performance

of the repair.

3.2 Experimental Study

3.2.1 Materials

Flat laminates were produced using graphite/epoxy woven prepregs (Hexcel, BMS8-168)

with [0/ + 45/90/ − 45]2s quasi-isotropic stacking sequence, and cured in an autoclave

according to the curing cycle suggested by the prepreg manufacturer (3 °C/min heat-up

rate, 130 min hold at 128 °C with 586 kPa external pressure with vacuum). The compos-

ite laminates were then cut to 30.48 cm × 15.24 cm plates using an abrasive disc. The

graphite/epoxy woven prepreg used in the laminates was also used as the embedded resis-

tive heater, and is shown on Figure 3.1A. The prepreg was cut to the dimensions (279.5mm

× 152.4mm) depicted in Figure 3.1B. Two layers of 1.27 cm wide copper tape were attached

to the embedded heater to evenly distribute the applied electrical current. Additionally, the
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embedded heater was designed to be wider than the repair area to reduce potential edge

effects. Two layers of structural adhesive film (3MTM Scotch-WeldTM AF163-2K) with

nominal 0.254 mm thickness were used to bond the adherends. Modulus of elasticity, shear

modulus, and Poisson’s ratio of the structural adhesive were reported by its manufacturer

to be 1110 MPa, 414 MPa, and 0.34 at 24 °C respectively.

Figure 3.1: A) Graphite-epoxy prepreg used as the embedded resistive heater. B) Schematic
of the embedded graphite-epoxy prepreg.

3.2.2 Repair design

In this chapter, scarf repairs were completed for two different scarf configurations (rect-

angular and circular geometries) in order to show the feasibility of the embedded resistive

heating process. Furthermore, the circular scarf configuration represents the typical scarf

composite repair geometry while the rectangular scarf configuration was chosen to facil-

itate producing similar tensile specimens to evaluate the repair. The scarf configuration

corresponds to a repair procedure where a laminate is deemed to have suffered damage at

an intermediate section. Then, the damaged region is removed by grinding the damaged

material, resulting in a scarf shape. In practice material is often removed using a hand-held

grinder, but during this study material was removed using a Computer Numerical Control

(CNC) machine to insure a well-defined geometry. A scarf angle on the order of 5° is used

for all composite repairs, regardless of stacking sequence following the study by reference

[54] for similar stacking sequence. Figure 3.2A shows the geometrical details of the scarfed

plates. Similarly, pre-cured plugs with the complementary shape of the removed material
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were also created using a CNC machine. The geometry of the pre-cured plugs is presented

in Figure 3.2B. It should be noted that pre-cured plugs were produced for two different

thicknesses (h). Firstly, a pre-cured plug for the conventional external heating method,

h=4.32 mm. Secondly, a pre-cured plug for the embedded resistive heating method, h=3.94

mm. This difference was designed to account for the added thickness in the bondline caused

by the addition of the embedded heater.

Figure 3.2: A) Schematic of the rectangular and circular scarfed plates. B) Schematic of
the pre-cured plugs for the rectangular and circular scarfed plates.

3.2.3 Embedded resistive curing of scarf repairs

Carbon/epoxy composite panels are electrically conductive, and might interfere in the resis-

tive heating process in the case of any contact between the embedded fabric and adherends.

The adhesive films were cut slightly larger than the repair area to ensure that there was no

contact between the embedded fabric and the adherends. Resistance testing was conducted

to ensure complete electrical insulation between the embedded fabric and the composite

parts, prior to the experiments. In the bond region, a layer of structural thin adhesive

film was placed on each side of woven graphite/epoxy prepreg. Figure 3.3A shows a cross-

sectional schematic of the embedded resistive repair of a rectangular scarf repair. A 1.27
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cm thick silicon rubber sheet was used to thermally insulate the experimental system from

the bottom. Covering each experiment was several layers of polyester breather fabric to

minimize the heat transfer from the top section. All of this was covered with a vacuum bag,

as shown on Figure 3.3B. Consequently, vacuum pressure was applied to the setup prior

to the heating process, and was kept at 33.86 kPa until the sample reached the ambient

temperature. Figure 3.4A shows the experimental setup prior to insulation and vacuum

bagging. The end-to-end resistance of the woven prepreg was measured to be 1.5 Ω, and

therefore the maximum power generated was approximately 83 W which is considerably

lower than the 180 W generated from the heat blanket used in this study. The power sup-

ply was connected in series with a solid state relay (SSR), and the average value of the

K-type control thermocouples feedback, was used to control temperature during the curing

process using an Arduino Mega microcontroller board. The temperature increase rate was

3 °C/min, followed by maintaining the control temperature at 127 °C for 90 mins, and then

the repair area was allowed to cool not faster than 3 °C/min.

Figure 3.3: A) Schematic of the experimental setup for embedded resistive curing of a
rectangular scarf repair. B) Schematic of the materials surrounding the repair.
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3.2.4 Curing scarf repairs using an external heat source

In this study, external heating using a heat blanket was compared to the embedded resistive

heating of composite scarf repairs. In-bond temperatures as well as tensile strength of

the repaired specimens were evaluated. A 15.24 cm square Silicon rubber heat blanket

(Heatcon® HC060060E51), rated for 120 V and 180 W, sitting on top of a Teflon sheet was

used to heat the repair adhesive. Additionally, a system identical to the embedded resistive

heating method was used to control the repair process. Figure 3.4B shows the experimental

setup prior to and after insulation and vacuum bagging.

Figure 3.4: A) Photograph of the experimental setup prior to vacuum bagging and insulation
for rectangular and circular scarf repairs. B) Photograph of the heat blanket used for
external heating of the scarf repairs. C) Photograph of the experimental setup after vacuum
bagging and insulation.
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3.2.5 Temperature measurement in the repair area

In this study, an empirical approach (dry-run) was used to measure the temperatures inside

the bond-line prior to the repair process. In the dry-run stage, the structural-film adhesive

used during joining is replaced with (non-adhesive) Teflon electrically insulating sheets to

prevent adhesive bonding, and electrical shorting. A total number of 15 sensors were used

to record the temperatures, as shown on Figure 3.5. For the rectangular scarf repairs, the

temperature sensors were embedded in a 106.7 mm × 106.7 mm area (test area) to comply

with the square shape of the external heater. Moreover, the samples used for structural

testing were machined from this test area.

Figure 3.5: Schematic of the scarf repairs showing the location of the thermocouples in the
dry-runs.

3.2.6 Temperature uniformity in the repair area

Structural film adhesives are typically cross-linking thermosets (e.g., epoxies) and require

precise control of the temperature profile (both spatial and temporal) to cure properly.

Thus, temperature uniformity in the bond-line is a matter of great importance in composite

repairs. Figure 3.6 shows the temperature data feedback recorded by all eleven thermocou-

ples embedded in the bond-line for the resistive heating method during the dry-run stage.

Temperature contour plots were plotted at the 100th minute after the start of experiments

by interpolating the point-by-point readings between the embedded thermocouples.

In the rectangular scarf samples cured via embedded resistive heating a significant tem-

perature gradient was observed to be perpendicular to the current flow due to the edge
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Figure 3.6: Temperature recordings from the thermocouples inside the bond area for rect-
angular and scarf repairs in the embedded resistive heating method.

effect. Yet, this effect was not apparent in the circular scarf dry-run due to a better insu-

lation by the circular pre-cured plug. Figure 3.7 presents the temperature data feedback

recorded by the embedded in the bond for the external heating method in the dry-run

stage. The measured in-bond temperature gradients were 30% and 59% higher at the dwell

point (where the temperatures are held constant over an extended period of time) for the

rectangular and circular scarfs respectively with the external heating method.

3.2.7 Surface temperature in composite scarf repairs

In practice, heat flux needs to pass a couple of layers of fabrics in addition to the repair

material in order to reach to the bond area. This results in through thickness thermal gradi-
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Figure 3.7: Temperature recordings from the thermocouples inside the bond area for rect-
angular and scarf repairs in external heating method.

ents, which leads to over-heating the surface of the repair material adjacent to the external

heater. Unfortunately, surface over-heating is inevitable, and many deficient heating proce-

dures have become standard practice even in approved aircraft repair manuals [4]. In this

paper, through thickness temperature gradient for the repairs by resistive heating method

was measured at 3 points, and is shown on Figure 3.8A. The highest measured tempera-

ture in the mentioned method was recorded in the bond area, while the lowest values were

recorded in the outer repair surface. Therefore, the embedded resistive heating method

delivers the heat flux to the location that it is required, i.e., in the bondline. Figure 3.8B

shows the temperature feedback from the thermocouples embedded through the thickness

of the repaired plate for the external heating process. The highest temperature values were
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recorded at the thermocouples located on the surface of the repair as expected. Additionally,

surface temperatures in external heating were 11% and 27% higher than resistive heating

in rectangular and circular scarf repairs respectively.

Figure 3.8: A) Temperature feedback from the thermocouples located through the thickness
of the rectangular and scarf repairs in the embedded resistive heating method. B) Tem-
perature feedback from the thermocouples located through the thickness of the rectangular
and scarf repairs in the external heating method.

3.2.8 Tensile strength of scarf repair joints

Four scarf specimens were produced from the test area in each of the two square scarf panels,

resulting in a total number of 8 tensile specimens with 25.4 mm thickness were tested for

each repair method. Uniaxial tensile loading of the specimens was performed by a 100 kN

capacity Instron load frame using displacement control at a crosshead displacement of 12.7
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mm/min. Subsequently, failure load for each specimen was reported. The embedded carbon

fabric increases the effective stiffness as well as the thickness of the bond-line, however, no

significant difference in structural performance was observed in our previous studies due to

this effect [5, 39]. As shown in Figure 3.9A, scarf repairs cured through embedded resistive

heating exhibited slightly higher average tensile strength, in comparison with specimens

cured using external heating method. Figure 3.9B shows load vs. displacement curves for

specimens close to the average strength of both curing methods. Moreover, no significant

change in stiffness was observed between the two techniques. The variance in the tensile

testing data for the external heating method was higher than results with the embedded

resistive heating experiments, which could be indicative of a small sample size. Fracture

in all samples started in the top layer of the repair plugs, followed in the bond-line, and

finally it reached the bottom layers of the laminates, as shown on Figure 3.10A. Figure

3.10B shows typical failure surfaces for the samples cured through embedded resistive heat-

ing and external heating techniques. Failure for all of the specimens was observed to be a

combination of interfacial failure and cohesive failure of the adhesive. Moreover, failure for

the resistive heating samples was very similar and occurred partially close to the adhesive

and composite inter-face, and partially between the embedded prepreg fabric and the ad-

hesive. Whereas, failure happened close to the adhesive and composite inter-face for the

external heating specimens. The similarity between the failure modes is consistent with the

comparable average tensile testing results.
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Figure 3.9: A) Tensile strength of the rectangular scarf specimens. B) Typical Stress vs.
strain curves for specimens cured using embedded heating and external heating methods.

Figure 3.10: A) Schematic of the failure mode for a typical rectangular scarf test specimen
in both repair methods. B) Failure surface of a typical tensile specimen from both repair
methods.
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3.3 Conclusion

This study examined composite scarf repairs where the adhesive was cured using heat gen-

erated by passing an electrical current through a woven graphite/epoxy prepreg fabric em-

bedded in the bond-line. It was shown that rather than heating the entire system to cure

the adhesive, controlled heating using an embedded carbon-fiber fabric can be used to tar-

get temperature increases at the bond-line. By localizing the heating to where it is needed,

the proposed approach can reduce the energy and cost of repairing composite components,

when compared to the use of heat blankets. Moreover, embedded resistive heating provides

lower in-bond temperature gradients in the scarf repairs, and can avoid surface thermal

damage that may occur with the external heating method. Additionally, repairs cured by

embedded resistive heating method provided average tensile strengths at least as high as

samples cured via external heating method. These results indicate that this technique is

capable to adapt to typical repair configurations with complex geometries and adhesives

with different physical and chemical properties.
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Chapter 4

THERMAL-ELECTRIC FINITE ELEMENT MODEL OF THE
EMBEDDED RESISTIVE HEATERS

In every bonding/repair application, the amount of heat flux needed to cure the bond

varies based on material type, thickness and surrounding structures. In this Chapter, two-

dimensional and three-dimensional thermoelectrical finite element models of embedded re-

sistive heaters with different geometries and boundary conditions were performed using

the commercial finite element package ANSYS. The predicted temperatures through Finite

Element Method (FEM) could be used to design specialized embedded resistive heaters

that could potentially reduce the thermal gradients caused by the presence of heatsinks,

and thereby decrease or eliminate the time and cost associated with designing embedded

heaters.

4.1 History and Background

The Finite Element Method (FEM) has become an essential tool in engineering applica-

tions due to its ability to model arbitrary shaped structures, work with complex materials,

and apply various types of loading and boundary conditions. The ANSYS finite element

program has a large library of elements that support structural, thermal, fluid, acoustic,

and electromagnetic analyses, as well as coupled-field elements that simulate the interaction

between the above fields [55]. Coupled thermal-electric finite element modelling provides

a powerful tool to predict the induced temperatures in an structure when passing an elec-

trical current. Moreover, researchers have used FE modelling to predict thermal damages

induced in composite structures due to lightning strike [56, 57, 58]. Thermal-electric FEM

has also proven to be an effective tool in understanding the Resistance Spot Welding (RSW)

process in quantitative details [59, 60, 61]. In particular, Cho and Cho [62] predicted the

temperature and voltage distribution incorporating the thermoelectric interaction at the

interface in the weldment. In a composite structure system, surrounding structures (e.g.,
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stringers or frames) often act as heat sinks, generally increasing both through-thickness and

in-plane thermal gradients. Here, FEM was used to account for the Joule heat as a coupling

mechanism between thermal and electric fields.

The temperature difference induced in a resistive heater by applying electrical voltage

from single or multiple sources was investigated in this Chapter. Similar conductors (copper)

have been used in the experiments, and therefore, thermoelectric effects such as Seebeck’s,

Thompson’s, and Peltier’s effects were neglected in this study. Thus, Joule heat is considered

as the only coupling mechanism between the thermal and electric fields. A major objective

in a conduction analysis is to determine the temperature field in a medium resulting from

conditions imposed on its boundaries. The steady state finite element model computes the

temperature and voltage distribution in the elements as a function of spatial co-ordinates.

The thrmal and electrical governing equations are independent of time in the steady state

finite element model. The governing heat diffusion equation and boundary conditions for

our system is described in Appendix C.

4.2 Two-Dimensional FE model for temperature distribution

Two-dimensional FE models are simple to prepare and execute. Moreover, in the studied

embedded resistive heaters had relatively small thicknesses in the normal direction, and

hence the temperature difference in the normal direction is minimal.

4.2.1 Geometry and meshing

Here, a circular embedded resistive heater was modeled in ANSYS 15.0 in a steady state

analysis. A single input system (Figure 4.1A) refers to a system where a potential difference

of 5 V is applied to one edge of the embedded heater, while another edge is attached to

the ground. Additionally, when two edges of the heater are subjected to 5 V of electrical

potential, and two edges are attached to the ground it will benoted as a double input system

(Figure 4.1B). The geometry was then meshed using four node elements. Finer meshing

scheme was used at the edges where the electrical potential difference were applied. The

resulting elements are shown on Figure 4.1C and Figure 4.1D.
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Figure 4.1: A) Schematic of the circular resistive heater in a single input system. B)
Schematic of the circular resistive heater in a double input system. C)Finite Element mesh
of the single input system. D)Finite Element mesh of the double input system.

4.2.2 Material properties used in the two-dimensional model

Resistive heaters that were modeled in this study are from the same material described in

Chapter 3. Heater’s electrical resistances for different widths, and a constant length and

thickness of 11 in and 0.1 in respectively, were measured using a resistance meter, and the

results are plotted in Figure 4.2. Note that the resistance meter’s resolution was ±2.5W,

and therefore the measured resistance did not seem to reduce with the increase in width

in the last 3 data points. Low-resistance measurements are subject to many of the same

sources of error as low-voltage measurements, including offset voltages due to thermoelectric

Electric and Magnetic Fields (EMFs), offsets generated by rectification of radio frequency

interference (RFI), and offsets in the chosen instruments voltmeter input circuit. Noise

sources that can interfere with low-resistance measurement accuracy include Johnson noise,

magnetic fields, and ground loops [63]. Thermal conductivity coefficients used in this study
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were measured by reference [64] to be 6.21 W
m.K .

Figure 4.2: Measured electrical resistance of resistive heaters with and without pulling a
vacuum

4.2.3 Results and discussion

The steady state temperature distribution obtained using ANSYS for a single input system

is shown on Figure 4.3A, and was compared to experimental measurements using a thermal

camera presented on Figure 4.3B . Although the FE model tends to predict the temperature

distribution across the repair area relatively well, the temperature values were found to be

significantly higher than the experimental measurements. Similarly, the steady state tem-

perature distribution obtained using ANSYS for a double input system is shown on Figure

4.4A, and was compared to experimental measurements using a thermal camera presented

in Figure 4.4B. In this two-dimensional FE study, the out of plane convection was assumed

to be negligible, which led to discrepencies between FE predictions and experimental tem-

perature measurement.

4.3 Three-Dimensional FE model for temperature distribution

Following the discussion in the previous section, a three-dimensional finite element model

was prepared to account for the heat loss through out-of-plane thermal convection.
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Figure 4.3: Steady state temperature distribution through A) FE modeling B)Thermal
Camera

Figure 4.4: Steady state temperature distribution through A) FE modeling B)Thermal
Camera

4.3.1 Geometry and meshing

A 15.24cm × 15.24cm square shaped heater with the thickness of 0.279 mm was designed

in the FE software to be similar to the embedded heater chosen for the experiment shown

on Figure 4.5A. Square slots with the size of 1.27cm × 1.27cm were cut on every side

to represent the copper tapes planted on the embedded heater. Figure 4.5B presents a

schematic for the FE model used in this study. The resulting model was then meshed using

four node elements. In this study, a similar meshing scheme was used in accordance to the

two-dimensional models.
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Figure 4.5: A) Graphite-epoxy prepreg used as the embedded resistive heater. B) Schematic
of the modeled embedded graphite-epoxy prepreg.

4.3.2 Material properties and boundary conditions

Vacuum pressure presses the conductive graphite fibers together, and therefore significantly

changes the electrical resistance of the embedded heater. Therefore, the resistivity of the

heater was evaluated in 10 mmHg and kept constant while passing electrical current from

the heater. The resistivity of the embedded heater was evaluated to be 0.1082 W.cm and

0.0932 W.cm in x and y directions respectively. Thermal conductivity coefficients (kx and

ky ) were assumed to have the same linear relation as the resistivity to be 21.4 W
m.K and

25 W
m.K . One face of the heater was defined to be perfectly insulated while the opposite

face of the embedded heater was assumed to lose heat through convection with 55 W
m2°C in

thermal convection coefficient. Finally, 10 V of electrical potential difference was applied to

the heater’s 1.27cm edges.

4.3.3 Verification

The steady state temperature distribution obtained using ANSYS for a single input system

is shown on Figure 4.6A, and was compared to experimental measurements using a thermal

camera presented on Figure 4.6B. Furthermore, the steady stae temperature distribution

model was in good agreement with the experimental measurement.
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Figure 4.6: Steady state temperature distribution through A) FE modeling B)Thermal
camera

4.3.4 FE model of embedded heaters with more than one input

The heat distribution on the embedded heater changes as the boundary values ν of the

potential V is modified at the externally accessible edges of the heater. This could be

particularly beneficial to address the potential heat sinks in a composite repair by targetting

the heat to a zone with higher amount of heat loss. To further explain and verify this

concept, a double input and a triple input square models were compared to the single input

heater that was described in the previous section. Schematic of the FE models are presented

in Figure 4.7.

Figure 4.7: Schematic of the modeled embedded heater in A) single input B)double input
C) triple input system

Material properties and boundary conditions used in this study were identical to the ones

used in section 4.3.2. Figure 4.8 shows the electrical potential and temperature distribution
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in all three models. Furthermore, in the single-input model the temperature gradient across

the heater was predicted to be 66.2 °C. As the electrical potential became more evenly

distributed in the edges in the double input and triple input systems, the temperature

gradients were decreased by 41.5% and 61.1% respectively.

Figure 4.8: Steady state electrical potential and temperature distribution in A) single-input
B)double input C) triple input system

4.3.5 Addressing potential heatsinks by modifying the boundary values

In the previous section, it was shown that the heat distribution on a heater could be changed

when the boundary values of the potential V is modified. This feature could be used in this

section to address potential heatsinks present around a bonding area.

To show this concept, an embedded heater was modeled with three heat zones, as shown in

Figure 4.9.

Here, the presence of a heatsink was modeled through modifying the value of the thermal

convection coefficient. Three different boundary conditions used to study the effect of a

heatsink applied to zone II in Figure 4.9. Case A presents an embedded heater with no

heatsinks. Case B, shows a heater where the thermal coefficient of zone II was set to be

1.375 times of zone I and III. Finally, case C is when the heatsink was addressed by changing
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Figure 4.9: Schematic of the modeled embedded heater with three different heatzones

the applied electrical potential VII to be 1.117 times of VI and VIII . Figure 4.10 shows the

steady state distribution of the temperature in all three cases. Furthermore, FE results show

that the boundary values could be optimized to address potential heatsinks. By changing

the boundary values, the in-bond thermal gradients were decreased by 78% .
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Figure 4.10: A)Steady state temperature distribution in embedded heaters with three dif-
ferent boundary conditions. B))Steady state temperature distribution on the Y-axis in
embedded heaters with three different boundary conditions.
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4.4 Conclusion

Coupled thermal-electrical Finite Element program was used to predict the temperature

distribution in an embedded heater as a result of applying an electrical potential. Three-

dimensional FE models showed to have a good agreement with the pictures taken by a

thermal camera from the experimental dry-run. Additionally, it was shown that by changing

the boundary values of the electrical potential heat distribution on the embedded heater

could be modified. Thus, The predicted temperatures through Finite Element Method

(FEM) could be used to design specialized embedded resistive heaters that could potentially

reduce the thermal gradients caused by the presence of heatsinks, and thereby decrease or

eliminate the time and cost associated with designing embedded heaters.
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Chapter 5

CONCLUSIONS AND FUTURE WORK

The research in this dissertation presented a an efficient adhesive-bonding approach for

joining CFRP components in details. Rather than heating the entire system to cure the

adhesive, it was cured using heat generated by passing an electrical current through a woven

graphite/epoxy prepreg fabric embedded in the bond- line. This dissertation addressed three

main issues: (i) adding a carbon-fiber fabric in the bond-line, (ii) repairing large areas, and

(iii) maintaining uniform temperature in presence of heat-sinks/substructures.

It was shown that rather than heating the entire system to cure the adhesive, controlled

heating using an embedded carbon-fiber fabric can be used to target temperature increases

at the bond-line. By localizing the heating to where it is needed, the proposed approach can

reduce the energy and cost of repairing composite components, when compared to the use

of heat blankets. Moreover, embedded resistive heating provides lower in-bond temperature

gradients in the scarf repairs, and can avoid surface thermal damage that may occur with

the external heating method. Additionally, repairs cured by embedded resistive heating

method provided average tensile strengths at least as high as samples cured via external

heating method. These results indicate that this technique is capable to adapt to typical

repair configurations with complex geometries and adhesives with different physical and

chemical properties. Finally, the predicted temperatures through Finite Element Method

(FEM) could be used to design specialized embedded resistive heaters that could potentially

reduce the thermal gradients caused by the presence of heatsinks, and thereby decrease or

eliminate the time and cost associated with designing embedded heaters.

In addition to the secondary-bonding applications, embedded resistive heating method

could have an impact on manufacturing of composite structures by reducing the prohibitive

cost of large autoclaves, and fabricating smaller parts and then joining them using this tech-

nique. Investigation on the feasibility of this approach in composite manufacturing could
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be included in the future work.

Bonding technology in CFRP application could be classified into three main catagories

[65, 66]:

1. Secondary-Bonding

The joining together, by the process of adhesive bonding, two or more pre process

of adhesive bonding, two or more pre-cured composite parts, during which the only

cured composite parts, during which the only chemical or thermal reaction occurring

is the curing chemical or thermal reaction occurring is the curing of the adhesive itself

of the adhesive itself

2. Co-Bonding

The curing together of two or more elements, of which at least one is fully cured and

at least one is of which at least one is fully cured and at least one is uncured

3. Co-Curing

The act of curing a composite laminate and simultaneously bonding it to some other

uncured material, simultaneously bonding it to some other uncured material,or to a

core material such as balsa, honeycomb, or foam or to a core material such as balsa,

honeycomb, or foam core

Different bonding CRRP classifications are presented in Figure 5.1.

Figure 5.1: Classification of CFRP bonding methodologies

In this dissertation, embedded resistive heating method in secondary-bonding applica-

tions was studied in detail, and the results are presented in Chapters 2, 3, and 4. In a
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secondary-bonding practice, the repair patch is already cured, and bonded to the damaged

structure using a structural thin film adhesive. Embedded resistive heating applies the re-

quired heat flux needed for curing the thin film adhesive directly to the bond-line rather

than heating it externally through the repair patch. Embedded resistive heating could also

be combined with an external heating source to provide a uniform temperature accross the

repair patch, when the repair patch is being cured during the repair (co-bonding) process.

Schematic of the combined heating concept is depicted in Figure 5.2. Proof-of-concept,

and some preliminary temperature measurements, and tensile testing data is included in

Appendix D.

Figure 5.2: Schematic of Co-Bonding in composite repair by combining embedded resistive
heating and external heating



48

Appendix A

GOLAND AND REISSNER CLOSED-FORM SOLUTION FOR SLJS

An important aspect of the optimal design process is formulation of the design problem

in mathematical format which is acceptable to an optimization algorithm [67], and hence

closed-form solutions play an important role in optimizing any mechanical design. In SLJs

the stresses in the out of plane direction are significantly lower than in the direction of the

loading, and therefore almost all analytical models for adhesively bonded lap joints are two-

dimensional [68]. Adding carbon-fiber fabric in the bond-line increases bond-line stiffness

as well as its thickness. Therefore, using a closed-form solution enables a quick evaluation

of the potential changes on the stresses in the bond-line.

A.1 Obtaining governing equations for peeling and shear stresses in the bond-
line by Goland & Reissner

Goland and Reissner [19] derived analytical Equations for peeling and shear stresses in the

overlap of a SLJ by dividing the problem into two parts: (a) determination of the loads at

the edge of the joint; (b) determination of the stresses in the joint due to the applied loads.

A graphical presentation of the SLJ is shown on Figure A.1. Boundary conditions were

applied, and the expressions of the following form are found for the moment and shearing

force at the transition region between the adherend and the lap:

M0 =
Tt

2

sinhu1l coshu2c
u1
u2

coshu1l sinhu2c+ sinhu1l coshu2c
(A.1)

V0 =
Tt

2

u1 coshu1l coshu2c
u1
u2

coshu1l sinhu2c+ sinhu1l coshu2c
(A.2)

Where u1 =
√

T
D1

and u2 =
√

T
D2

; D1 and D2 are flexural rigidity of the adherend and

the bond respectively. The thickness of the adhesive (η) was assumed to be negligable in

comparison with the adherend thickness (t), and therefore D2
∼= 8D1.
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Figure A.1: A) Schematic of the specimen analyzed by Goalnd & Reissner . B) Diagram
showing the loading applied on the joint.

In all practical cases the value of u1l is large enough to assume sinhu1l ≈ coshu1l ≈ eu1l,

and therefore Equation A.1 and A.2 can be reduced to:

M0 = k
T t

2
(A.3)

V0 = kT

√
3T (1− ν2)

Et
(A.4)

Where E and ν are the elastic moduli and Poisson’s ratio of the adherend material re-

spectively, and the value of k is dependant upon the applied load (T ) and the phisyical

properties of the adherend material in the following manner:

k =
coshu2c

coshu2c+ 2
√

2 sinhu2c
(A.5)

By analyzing the bond area, governing third and fourth order differential equations were

derived for the shear (τo) and peeling (σo) stresses as follows:

∂3τo
∂x3

=
8Gc
tEη

∂τo
∂x

(A.6)

∂4σo
∂x4

=
−24Ec(1− ν2)

t3Eη
σo (A.7)

Where Ec and Gc are the elastic and shear modulus of the adhesive. After solving the

governing differential equations and applying the boundary conditions found in the previous

discussion, the distribution of shear stress is obtained in the following form:

τo =
−T
8c

[
βc

t
(1 + 3k)

cosh βx
t

sinh βc
l

+ 3(1− k)] β =

√
8Gct

Eη
(A.8)
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A.2 Obtaining boundary conditions in Goland & Reissner solution

Figure A.2: A)Diagram showing the loading applied on the joint. B) Diagram showing the
elements of the analysis in the lap region.

The analysis of the lap region (Figure A.2A) begins with dividing it to upper (u) and

lower (l) parts. An assumption is made that the deformation in the adherends is due

completely to the longitudinal stress in the x direction in the adherend. By deriving the

equilibrium equations of forces in the x and y directions as well as the equilibrium of

momentum in the upper adherend (Figure A.2B) we have:

τo =
∂Tu
∂x

(A.9)

σo =
∂Vu
∂x

(A.10)

∂Mu

∂x
− Vu + τo

t

2
= 0 (A.11)

By following the same approach for the lower adherend;

τo = −∂Tl
∂x

(A.12)
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σo = −∂Vl
∂x

(A.13)

∂Ml

∂x
− Vl + τo

t

2
= 0 (A.14)

From the plate theory the following equations could be written for the vertical displacements

vu and vl:
d2vu
dx2

= −Mu

D

d2vl
dx2

= −Ml

D
(A.15)

Where D = Et3

12(1−ν2) refers to the flexural rigidity of the adherends.

The next equations are for the longitudinal displacements (uu and ul) of adherends next to

the adhesive:
duu
dx

=
1

E
(
Tu
t
− 6Mu

t2
)

dul
dx

=
1

E
(
Tl
t

+
6Ml

t2
) (A.16)

Goland & Reissner [19] neglected the stress variations in the bond-line. Consecutively, the

system of equations is completed by the relations by the stresses and strains in the adhesive:

τo
Gc

=
uu − ul

η
(A.17)

σ0
Ec

=
vu − vl
η

(A.18)

After differentiating Equation A.18 two times, and applying Equation A.15, Equation A.1,

and Equation A.2 the first two boundary conditions for the peeling stress in the bond can

be written as:

at x = −c, d2σo
dx2

=
Ec
η

(
Mo

D
) (A.19)

at x = +c,
d2σo
dx2

=
Ec
η

(
Mo

D
) (A.20)

Similarly, the other two boundary conditions for peeling stress in the bond-line were obtained

by differentiating Equation A.18 for three times, and applying Equation A.16, Equation A.1,

Equation A.2, Equation A.11, and Equation A.14:

at x = −c, d3σo
dx3

= −Ec
η

(
Vo
D

) (A.21)

at x = +c,
d3σo
dx3

=
Ec
η

(
Vo
D

) (A.22)
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A.3 On peeling stresses in SLJs

The objective of this section is to reformulate Goland & Reissner solution to account for

Poisson’s ratio of adherends on the general solution of the peeling stresses in the bond-line

and therefore obtain an expression for it . Furthermore, by comparing solutions derived for

peeling (σo) and Shear stresses (τo) (see Equation A.6 and Equation A.7) it can be seen

that only the general solution of the peeling stresses is dependent on the Poission’s ratio

(ν) of the adherends and therefore could be further modified.

A general solution for Equation A.7 could be written as follows:

σo = B1e
nx cosnx+B2e

−nx cosnx+B3e
nx sinnx+B4e

−nx sinnx (A.23)

Where n = 4

√
6Ec(1−ν2)
t3Eη

By applying the boundary conditions driven in previous section (Equation A.19-A.22) the

general solution for σo could be further simplified:

σo = B∗
1 coshnx cosnx+B∗

2 sinhnx sinnx (A.24)

Whereas n in Goland & Reissner original solution was defined to be : nGR = 4

√
6Ec
t3Eη

.

Figure A.3 demonstrates an example on the effect of adherends’ Poisson’s ratio on the

maximum peeling stress in a SLJ with the following geometrical and mechanical properties:

E=86.9 GPa Ec=1140 MPa Gc=428.5 MPa T=1000 N/m

l=15 cm c=1.25 cm t=5 mm η=0.2 mm

The solutions derived in the example above for the peeling stresses in the bond-line shows

that σmaxo only changed slightly for the original Goland & Reissner solution, while changing

the adherends’ Poisson’s ratio from 0 to 0.5. It should be noted that the change from nGR

to n is not the only factor that causes difference between the exact value for σo in modified

and general solutions. Additionally, the exact solution stated in Goland & Reissner paper

[19] was found not to satisfy Equation A.7. In contrast, by using modified solution, it is

observed that σmaxo decreases about 30% as the Poisson’s ratio from increases from 0 to 0.5

(See Figure A.3B).
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Figure A.3: A) comparison between n and nGR for different adherend ν values. )An example
of maximum peeling stress in the bond-line for original and modified Goland & Reissner
Solution.
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Appendix B

FINITE ELEMENT STUDY OF THE SINGLE LAP JOINT MODEL

Adding carbon fiber fabric in the bond-line significantly changes the stress distribution

by changing the effective stiffness and total thickness. In this section, a simple finite element

(FE) study was completed to investigate the effect of inclusion heater fabric on the stresses

in the bond region.

It will be shown here by using simple linear elastic FE analysis that the maximum stresses

decrease as the bond-line gets thicker; In contrast,da Silva et al [69] stated that in practise

lap-joint strength increases as the bond-line gets thinner. Furthermore, studies in the past

literature have addressed this topic. Crocombe [70] showed with an elastic analysis that the

stress distribution of a thin bond-line is more concentrated at the ends of the overlap than

a thicker bond-line, which has more uniform stress distribution. Therefore, a thin bond-line

will reach the yielding stress at a lower load than a thick bond-line; however, when yielding

does occur in a thicker joint, there is less ”elastic reserve” to sustain further loading, and

thus, yielding spreads more quickly. Moreover, the discrepency can be explained by the fact

that thicker bond-lines contain more defects such as voids and microcracks [71].

The models had an overlap length, adherend thickness and bond gap similar to the fabricated

specimens in Section 2.2. To simulate the Instron loading, the models were not allowed to

move at one direction, while both ends were permitted only to translate axially without

rotation, and an axial-direction load was applied.

Figure B.1: Boundary condition of the SLJ FE model.

Two-dimensional models of SLJ specimens with different interface configurations were
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performed using the commercial finite element package ANSYS. The adherends and adhe-

sives were modeled as isotropic linear elastic materials. The elastic modulus of the adherend

and adhesive were taken as E = 86.9 GPa and Ec = 1140 MPa, respectively. Poissons ratio

for both adhesive and adherends was taken as 0.33.

The finite element delivers the stress distribution within the mid-line of the adhesive, de-

noted here by (σo, τo). The calculated results of course do not include any effects of large

deformation, material nonlinearity, or material and interface failure. They are used primar-

ily for a qualitative ranking of the stress level created by different configurations.

Mesh size can affect the FEM results. Furthermore, a mesh sensitivity study was conducted

in order to minimize the model sensitivity to the mesh size. Mesh was refined in the spots

closer to the bond area. Figure B.2 shows that the maximum peeling stress is mesh size

dependant due to singularity in the interface of the adhesive and adherends.

Figure B.2: Mesh sensitivity study of the FE model.

To verify the FE models, a model with concentrated load was produced and no change in

the stresses in the mid-bond was observed. As shown on Figure B.3, FE results match well

with Goland & Reissner for the example solved in Appendix A; however, the peak stresses
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in the FE model does not occur in the edges of the bond area in contrast to Goland &

Reissner theoritical model. Detailed linear elastic FE studies were performed to study the

Figure B.3: An example comparing the mid-bond stresses between FE model and Goland
& Reissner Solution.

effect of bond thickness on the maximum stresses in the bond-line, and the results were

compared to Goland & Reissner anlytical solution. Figure B.4 shows that the maximum

stresses decrease as the bond-line gets thicker. Moreover, da Silva et al. [69] addressed the

discrepency between FE model and experimental results in their work.
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Figure B.4: Effect of changing the bond thickness on the maximum stresses in the mid-bond.



58

Appendix C

HEAT DIFFUSION EQUATION FOR EMBEDDED RESISTIVE
HEATERS

C.1 Derivation of the Heat Diffusion Equation

We define a differential control volume, identify the relevant energy transfer process, and

applying the energy conservation requirement [72]. The result is a differential equation

whose solution, for prescribed boundary conditions, provides the temperature distribution

in the medium.

Consider a homogeneous medium within which there is no bulk motion, and the tempera-

ture distribution T (x, y, z) is expressed in Cartesian coordinates. Following the methodology

of applying conservation of energy, we first define an infinitesimally small control volume,

dx.dy.dz as shown in Figure C.1. The conduction heat rates at the opposite surfaces can

then be expressed as a Taylor series expansion where, neglecting the higher order terms:

qx+dx = qx +
∂qx
∂x

dx (C.1)

qy+dy = qy +
∂qy
∂y

dy (C.2)

qz+dz = qz +
∂qz
∂z

dz (C.3)

Heating occurs uniformly within the control volumeand could be expressed in terms

of volumetric heat generation rate q̇(W/m3) where energy generation is due to electric

resistance heating:

Ėg = q̇dxdydz = I2Rdxdydz (C.4)

where I is the electrical current, and R is the resistance per unit length.

If the material is not experiencing a change in phase, the energy storage term may be

expressed as:

Ėst = ρcp
∂T

∂t
dxdydz (C.5)
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Figure C.1: Differential control volume, dxdydz, for conduction analysis in Cartesian coor-
dinates.

On a rate basis, the general form of energy requirement is:

Ėin + Ėg − ˙Eout = Ėst (C.6)

Hence, recognizing that the conduction rates constitute the energy inflow, Ėin, and

outflow ˙Eout, and substituting Equations C.4 and C.5, we obtain:

qx + qy + qz + q̇dxdydz − qx+dx − qy+dy − qz+dz = ρcp
∂T

∂t
dxdydz (C.7)

Substituting equations C.1,C.2, and C.3, it follows that:

−∂qx
∂x

dx− ∂qy
∂y

dy − ∂qz
∂z

dz + q̇dxdydz = ρcp
∂T

∂t
dxdydz (C.8)

The conduction heat rates may be evaluated from Fourier’s law:

qx = −kdydz ∂T
∂x

(C.9)

qy = −kdxdz∂T
∂y

(C.10)

qz = −kdxdy∂T
∂z

(C.11)
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In our study, we will be looking at a steady-state condition, therefore, the right hand

side of equation C.8 will be zero. Substituting Equations C.9, C.10, and C.11 into Equation

C.8, and dicing out the dimensions of the control volume (dxdydz), we obtain:

∂

∂x
(k
∂T

∂x
) +

∂

∂y
(k
∂T

∂y
) +

∂

∂z
(k
∂T

∂z
) + I2R = 0 (C.12)

C.2 Boundary Conditions

Equation C is a second order differential equation in three dimensions. Therefore, 6 known

boundary conditions are needed to solve this equation for T . To match the experimental

measurements presented in Chapter 4, a mixture of two main boundary conditions could be

used for the heat diffusion equation as shown on Figure C.2A and Figure C.2B.

Figure C.2: Boundary conditions for the heat diffusion equation
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Appendix D

APPLICATION OF EMBEDDED RESISTIVE HEATING IN
CO-BONDING OF COMPOSITE SCARF REPAIRS

In this section, an external heating source (heat blanket) was used in addition to an

embedded resistive heater to cure the B-staged repair patch in addition to the thin film

adhesive used to repair the composite structure. The meantioned heating method will be

reffered to ”combined heating” here. The experimental procedures, materials, and methods

discussed in Chapter 3 were carefully followed in this section. A schematic of the exper-

imental setup for combined heating in composite scarf repair is presented in Figure D.1.

In this study, an emprical approach (dry-run) was used to measure the temperature inside

Figure D.1: Schematic of the materials and equipments used for co-bonding a scarf repair
patch using combined heating.

the bond-line prior to the repair process. In the dry-run stage, the structural film adhesive

used during joining is replaced with (non-adhesive) Teflon electrically insulating sheets to

prevent adhesive bonding. After placing the temeparure sensors, 14 plies of B-staged woven

graphite-epoxy prepregs that were cut according to the specific ply size and direction it was

replacing were placed on the scarfed area. A total number of 16 sensors were used to record

temperatures, as shown on Figure D.2.
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Figure D.2: Schematic of the scarf repair showing the location of the thermocouples in
dry-runs.

D.1 An emprical approach (dry-run) to measure temperatures in a co-bonded
repair

D.1.1 Temperature distribution across a B-staged composite repair patch

In practice, heat flux needs to pass a couple of layers of fabrics in addition to the repair

material to reach to the bond area. This results in a through thickness thermal gradients,

which leads to over-heating the durface of the repair material adjacent to the external heater.

In this section, through thickness temperature gradients was measured at 4 points, and is

shown on Figure D.3. This figures show that combined heating technique leads to a more

uniform through thickness temperatures in the repair patches. More unidorm temperatures

across the repair area could lead to a lower thermal stresses in the repair patch, and thereby

reinforcing the repaired structure.

D.1.2 Temperature uniformity in the bond area

Figure D.4 shows the temperature data feedback recorded by all eleven thermocouples

embedded in the bond-line for all of the heating techniques. Results showed that the

measure in bond temperature differences for all three heating methods were relatively close,

and within 4% of the cure temperature.
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Figure D.3: Temperature feedback from the thermocouples located through the thickness
of the scarf repairs in the A) Combined heating B) Embedded resistive heating C) External
Heating

D.1.3 Tensile strength of scarf repair joints

As shown in Figure D.5, scarf repairs cured through combined heating had the highest

average cure % among all of the heating methods. However, those tensile samples had

the lowest average tensile strength. The residual stresses as a result of curing the repair

patches are present after the curing process, and potentially could further weaken the tensile

strength of the scarf repairs in case they are in the same direction of the tensile loading.

Compression testing are required in order to verify this hypothesis.
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Figure D.4: Temperature feedback from the thermocouples located in the bond-line of
the scarf repairs in the A) Combined heating B) Embedded resistive heating C) External
Heating

Figure D.5: Tensile strength and DSC results for Combined Heating (CO), Embedded
Resistive Heating (EH), and External Heating (HB)
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