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Abstract

Polymer-matrix composite material and structural adhesive repair and manufacturing have
significant environmental costs. These costs have recently been documented based on current
and anticipated future Department of Defense (DOD) use of these materials. The principal issues
for reducing the environmental impact and its associated cost are (1) reduction in hazardous
waste by eliminating shelf-life limitations, (2) reduction in nitrogen oxides (NO,) by replacing
global heating of the part with localized heating, (3) reduction in volatile organic compound
(VOC) emissions by accelerated curing and containment, and (4) reduction in hazardous waste
by minimizing production debris through processing step management. Induction-based
adhesive curing is a potential replacement for current repair and manufacturing methods to
resolve the principal issues. The current work establishes that induction heating using
conductive mesh susceptors can be used to rapidly cure thermosetting adhesives under a
VOC-reducing vacuum condition. It is also established that the presence of these susceptor
materials, although not optimized, does not adversely affect the mechanical performance of the
bondline when considering the low scatter in lap shear strength. The feasibility of
induction-based repair using metallic screen susceptors and the applicability of induction heating
to multilayer single-step bonding wherein heat generation is limited to localized bondline regions
allowing optimization of repair processes are demonstrated.
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1. Introduction

The search for cost-effective environmentally friendly manufacturing methods has led to the
study of induction heating for bonding and processing of composites. Electromagnetic cure
methods involve using induction or electrical resistance heating focused directly at the material
to be cured. Induction heating occurs when a current-carrying body, or coil, is placed near
another conductor, the susceptor material. The magnetic field caused by the current in the coil
induces a current in the susceptor. This induced current causes the susceptor to heat due to Joule
heating and, in the case of a ferromagnetic material, due to hysteresis losses. Carbon-fiber
reinforcement in composite materials can function as the susceptor. For other material systems,
the susceptor is a metallic mesh or magnetic particles. Energy can be introduced into the precise

region to be cured both in the plane of the structure and at the specific depth required.

Advantages of induction include reduction of volatile organic compounds (VOCs) and
nitrous oxide (NO,) emissions by processing out of the autoclave and processing a much smaller
volume. Eliminating processing steps reduces hazardous waste, and energy consumption is also
reduced. Other advantages of induction include internal non-contact heating; the possibility of a
moving heat source (the coil) to heat large areas; high efficiency; control of the heat generation

by coil design or by susceptor design; and powerful, portable, and easy-to-operate units.

Supplying the energy needed for curing thermoset resins and adhesives or for thermoplastic
bonding is a critical concern in field repair applications, and induction heating is an ideal choice.
Research to date [1-6] has demonstrated that this method shows great promise for rapid repair

and processing of composite parts. The induction setup is shown in Figure 1.

Induction heating has many advantages over competing techniques, such as radiant or

convection heating and laser technologies. Some of the main advantages are as follows.
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Figure 1. Induction Apparatus for Repair and Processing of Composite Parts.

 Environmentally sound—Clean non-polluting process exhibits reduced VOC emissions.

« Accurate temperature control—Direct control of temperature is possible through
continuous power control.

« Localized volumetric heating—Uniform heating through the thickness of the bondline
reduces warpage and residual stresses.

+ Improved quality—Contact-free process induces heat in the product without contact, thus
reducing the rate of rejected parts.

« Minimized distortion—Site-specific process delivers heat exactly where it is needed and as
rapidly as needed, so other locations on the part are not exposed to heat flux.

« Energy-efficient process—Up to 80% of the expended energy is converted into useful heat to
save costs.

« Maximized productivity—Instantaneous heat allows for increased production rates.

The current Strategic Environmental Research and Development Program (SERDP) effort
seeks to exploit these advantages and develop induction-based processing and repair

technologies for composites used in DOD applications.




2. Background on Induction-Based Repair

Induction heating occurs when materials are subjected to a high-frequency magnetic field.
The two primary heating mechanisms are eddy-current-based heating and magnetic hysterésis—
based heating. For composites, both mechanisms are embodied in three classes of susceptors or
heating elements: conductive mesh/adhesive or resin systems, magnetic particle-based resin or
adhesive systems, and carbon-fiber-reinforced composites. Carbon-fiber-based composites are
treated as a separate class because the heating mechanism is somewhat different, even though it
is the conductivity of the fibers that causes heating. Each class is discussed in the following

sections.

2.1 Conductive Mesh Susceptors. The change of magnetic flux induces eddy currents in
the conductive mesh, and heating occurs primarily by Joule heating (Figure 2). Eddy currents
are magnetically induced body currents in the material that flow primarily in peripheral loops
perpendicular to the field so as to create flux fields, which oppose the magnetic field. As the
frequency of the applied magnetic field increases, eddy currents are increasingly generated in the

outer layers of the conductor (skin effect).
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Figure 2. Eddy Currents Induced in a Conductive Material.

In our research for SERDP, metal wire meshes, typically made from copper, aluminum, or
stainless steel, are impregnated with an appropriate adhesive or resin and placed at the bondline.
The magnetic field is applied to generate heat and cure the adhesive or resin system. The mesh
wires may also be surface-treated to improve adhesion between the mesh wires and the resin or

adhesive system.




This program is taking advantage of enabling technologies co-developed by the U.S. Army
Research Laboratory (ARL) and the University of Delaware Center for Composite Materials
(UD-CCM) in which the metal mesh susceptors are specially designed for optimized in-plane
heating [1-6].

2.2 Magnetic Particle Susceptors. Induction heating can also occur due to hysteresis
losses. Hysteresis losses occur in ferromagnetic materials such as iron and nickel. Heat
generation is caused by friction between magnetic domains when the material is magnetized first
in one direction and then in the other. The domains may be regarded as small magnets that turn
around with each reversal of direction of the magnetic field (Figure 3). Work (energy) is
required to turn them around. The rate of expenditure of energy (power) increases with an
increased rate of reversal (frequency). The energy required to turn the internal magnet around
once is proportional to the area enclosed by the hysteresis loop (Figure 4) of the material. The
hysteresis loop relates induced magnetic flux density to the applied magnetizing force.

Hysteresis heating may or may not be the main heating effect, depending on the part geometry.

In current research, magnetic fields are applied to magnetic-particle-loaded resin systems.
Specialized adhesive systems are being formulated with magnetic particle content of up to
20-30% by volume. These adhesives are placed in the bondline, and, upon application of a
suitable field, the particles cause the adhesive to cure and create a weld. Higher frequencies

(> 100 kHz) are required to heat the small magnetic particles that are mixed into our induction

welding implants.

2.3 Carbon-Fiber Composites. Due to the electrically conductive nature of carbon fibers,
carbon-fiber composites can be heated by induction without the use of susceptors to translate the
electromagnetic energy into thermal energy. Our previous research has shown that the primary
heating mechanism is the dielectric loss at junctions of fiber overlap between layers of the
composite [7-9]. This also implies that unidirectional carbon-fiber composites will show

minimal heating. A schematic of the heating mechanism is shown in Figure 5.
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Figure 3. Model of Magnetic Domains During Hysteresis Loss.

Figure 4. Hysteresis Loops in Ferromagnetic Materials.

The carbon-fiber heating phenomenon can be used for a variety of applications, such as
nonautoclave cure of carbon-fiber thermosets, rapid processing of carbon-fiber thermoplastics,
repair using carbon-fiber prepreg systems, etc. As described in our earlier report [10], the
SERDP-funded program will take advantage of our unique knowledge of these mechanisms to
demonstrate the applicability of induction heating to near elimination of hazardous waste in the

production of the Army’s M829E3 composite sabot.



Figure 5. Schematic of Heating Mechanism in Carbon-Fiber-Based Composites [7].

2.4 Induction Heating System. The induction heating system used in these studies is
composed of the induction heater unit, an infrared (IR) camera, several National Instruments
SCXI components, a digital data acquisition board, and a control computer. A National
Instruments LabVIEW software interface has been developed for data acquisition and control of
the induction heating system. IR images are acquired and processed in real time to determine the
thermal history of the composite part. Control of the induction heater is achieved through a
proportional integral differential (PID) controller, where the user provides the desired part

temperature and heating rate.

Figures 6 to 8 show a comparison of open-loop response (known constant power setting to
achieve the setpoint), manual control (two different trials to reach the setpoint temperature as
rapidly as possible with small overshoot), and the response from PID control of the system.
Manual control allows for a reduced time to dwell temperature than open-loop fixed-power
heating. However, manual control procedures generally exhibit undesirable overshoot and
variability in the process. When Figure 8 is compared with Figures 6 and 7, it is apparent that

our PID-based control provides sufficient time-to-dwell and low-variability features.
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Figure 6. Open-Loop Response of Induction Heating System.
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Figure 7. Induction Heater Response With Manual Control.
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Figure 8. Induction System Response With PID Feedback Control.

3. Induction-Based Accelerated Cure of Adhesives

The increasingly widéspread use of composite materials in defense and aerospace
applications has resulted in an urgent need for fast and efficient field and depot-level repair
techniques for these components. Usually, repairs use an adhesively bonded patch over the
damaged area. Proper curing of the adhesive used in the repair is crucial to the integrity and
strength of the repaired component. Although room-temperature-curing adhesives have been
extensively used in many repair applications, they have the disadvantage that complete curing
often requires many hours or days. The time to complete cure can be reduced by application of
heat to the patch, usually by the use of heat blankets or heat lamps. However, these methods are
inefficient and, in some cases, insufficient, since substantial heat is inevitably lost to the
surrounding material and environment. Induction heating, on the other hand, enables local and

rapid heating of the area close to the adhesive bondline.

As described in Fink et al. [10], not only are there significant environmental advantages

related to the development of infinite-storage induction-curable repair adhesives, but another



significant advantage is the ability of induction-based curing to rapidly heat and cure the
adhesive under vacuum conditions, significantly reducing VOC emissions. Additionally,
induction-based heating eliminates the need for NO,-generating autoclaves for thermally cured

repairs.

3.1 Characterization of Cure Kinetics. To ensure proper curing of adhesives using
induction heating, it is necessary to establish appropriate process windows. The process window
is then used to optimize the bonding process with respect to temperature and time. Factors that
dictate the process window include cure kinetics, evolution of exotherms, flow and wetting, and
thermally induced residual stresses. Adhesive cure kinetics is the most dominant factor and must
be addressed to determine cure time as a function of temperature, as well as ultimate degree of
cure. A typical room-temperature-curing epoxy system (Hysol EA9394) was chosen for
evaluation of accelerated-cure properties. It is a two-part epoxy room-temperature-curing paste
adhesive with a suggested cure time of 3 to 5. days at room temperature, making it an ideal

candidate for accelerated cure studies.

Differential scanning calorimetry (DSC) was used to characterize the cure kinetics of the
thermosetting polymer [6, 11]. Since the heat evolution dQ/dt measured by the DSC results from
the chemical cross-linking reaction, it is possible to relate the heat evolution dQ/dr to the rate of

reaction da/dt and the conversion o. This can be accomplished by using the following

relationships:
du__1 (do "
dt AH, |\ dt )
and
1 §(do
o= — |dt, 2
AHzat ;[( dt 1 ( )




where AH.. is the total heat of reaction, generally determined by averaging the reaction
exotherms measured from several dynamic temperature DSC runs. Various chemical kinetic

models can then be fit using data obtained from isothermal DSC experiments.

The mechanistic models of thermoset cure that usually provide a more accurate
representation of cross-linking reactions are not generally applicable to complex systems such as
formulated adhesives. Since the goal is to provide a process window for accelerated cure, the
specific cure mechanisms need not be critically assessed. Alternatively, several empirical
models have been successfully used to predict curing of thermosetting polymers. One popular
model proposed by Kamal and Sourer [12] that has found widespread acceptance for a number of
cross-linking reactions (including epoxies) is shown as equation (3) and will be used to fit the

adhesive studied here.
da n
=== (o + a"Xe- @) 3)

In equation (3), o is the degree of conversion, ¢, is the temperature-dependent maximum
conversion, k; and k, are Arrhenius-type rate constants, and m and n are constants usually
assumed to sum to 2 but are often allowed to vary freely. The o, term arises from the fact that
the entire heat of reaction is not released during isothermal cure due to the decreased mobility of
the polymer chains as cross-linking occurs. Performing a series of isothermal cures enables

values for the model parameters to be determined and used to predict the cure kinetics of the

adhesive.

Fifteen dynamic DSC runs were performed to evaluate AH . of the adhesive. The epoxy
(part A) and hardener (part B) were mixed in the recommended ratios by weight before being
immediately inserted into the DSC (TA Instruments 2908), where they were heated at
10°C/min from 0°C to 200°C. The resulting cure exotherm was integrated to evaluate the heat of

reaction. The average and standard deviation of AH .« was 354.8 + 14.7 J/g. This average value

is used in equations (1) and (2) to relate the isothermal heat data to o and do/ds.

10



Isothermal DSC runs were also performed at temperatures ranging from 80°C to 160°C.
Samples of adhesive and hardener were mixed and placed in the preheated DSC cell. Data were
collected until the heat flow returned to the baseline value. The isothermal heat flow was related
to o and da/dt using equations (1) and (2). Equation (3) was then used to fit the da/dt vs. o
curves for each isotherm. A residual DSC run at 10°C/min from 0°C to 200°C followed each

isothermal DSC run. A value of @, was determined from

AH
o, =1-"—r 4
AH

tot

where AH__ is the residual heat of reaction. The parameters m and n were permitted to vary

res

freely. Analysis of each experiment produces values for all of the kinetic parameters at that
specific temperature. In general, it was found that equation (3) enabled reasonably good fit of
the data, the fit being better at higher temperatures. Analysis of the data indicated that k; is

nearly constant, regardless of temperature. The parameters are summarized in Table 1.

Table 1. Cure Kinetics Model Parameters for Hysol EA9394

ki 0.120 + 0.107
ky 4.098 x 10° exp(~5533.9/T(K)) (1/min)
M 0.593 + 0.070

N 1.407 £ 0.073

Oy 0.712 + 1.8 x 102 T (°C)

The model enables prediction of the entire curing process over a wide range of processing
temperatures.  The prediction of cure time at a specific temperature is of greatest interest to the
application of induction techniques to accelerate adhesive cure. Figure 9 shows model
predictions for cure time compared to the experimentally observed cure times. A family of
curves is generated for the range of values of ¢ from 0.7 to 0.99. Here, cure time is defined as
the amount of time necessary to reach the specified value of « for each temperature. It is seen

that, at the lower temperatures, it is not possible to attain high values of ¢. For example, at

11
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Figure 9. Comparison of Kinetics Model Cure Times to Experimental Cure Times for
Varying Degrees of Cure.

100°C it is not possible to obtain a value of « greater than 0.9. If a greater degree of cure is
desired, it is necessary to increase the cure temperature to about 140°C. The curves also show
that the times to cure are generally very short, particularly at the higher temperatures. Above
140°C, a value of & of 0.95 could be achieved within 2 min. At the relatively low temperature of
80°C, it took less than 12 min to achieve a value of ¢ of 0.8. This is comparable to the value of
a, of 0.79 for the adhesive when cured at room temperature for 120 hr. The results were used to

determine process windows for the induction-assisted accelerated cure of this adhesive.

12




To compare nominal strengths and study the effect of a susceptor material in the bondline,
several types of single-lap shear (SLS) specimens were fabricated according to the American
Society for Testing and Materials (ASTM) standard D1002. The adherends were satin-weave
glass/epoxy. A panel consisting of 34 plies of prepreg was prepared in an autoclave and cured
according to the manufacturer’s recommendations. The 3.0-mm-thick cured panel was cut into
pieces of adherends, each measuring 102 mm X 25 mm (4 in X 1 in). Eight cases of SLS
specimens under various curing conditions were fabricated (Table 2). Case A represents the
condition for use of the adhesive as recommended by the manufacturer. In each of cases C to H,
the susceptor embedded in the adhesive layer was a copper mesh with a wire density of 30 x 30
per in® and wire diameter of 0.15 mm (0.006 in). This mesh was chosen from preliminary tests
of SLS specimens using this mesh, which showed reasonable shear strengths compared to similar

tests using various other mesh densities and metal types.

Table 2. Lap Shear Data for Hysol EA9394

déﬁi?Téﬁipéréfﬁfe—Cured for

A 120 hr Without Susceptor 7 148+ 1.0 6.76
Oven-Cured at 160°C for 1 hr _

B Without Susceptor 4 18.1 2.1 11.60
Room-Temperature-Cured for

¢ 120 hr With Copper Susceptor > 12309 7.32
Oven-Cured at 100°C for 1hr '

D With Copper Susceptor 4 14.7£0.6 4.08
Oven-Cured at 160°C for 1 hr

E With Copper Susceptor 4 132206 4.54
Induction-Cured at 100°C for

F 15 min With Copper Susceptor 6 152407 4.60
Induction-Cured at 160°C for

G 10 min With Copper Susceptor 6 143408 5.59
Induction-Cured at 100°C for :

H | 15 min With Copper Susceptors 6 16.9+0.7 4.14
(Double Notch Shear Specimens)

13




The copper mesh was cut into rectangular strips of 25.4 mm X 12.7 mm (1 in x 0.5 in) and
wetted with the mixed adhesive on both sides before being placed in the bond area. The
corresponding mating surfaces of the adherends were also applied with the adhesive by means of
a wooden applicator. In each case, vacuum consolidation was used to ensure uniformity of
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secured onto a base plate with Kapton tape. A support plate of thickness equal to that of the
adherend wés used to support the top adherend as it was bonded to the bottom adherend. A piece
of bagging film was placed onto the arrangement and sealed on all four edges of the base plate
with tacky sealing tape. Vacuum was drawn from the interior via a plastic hose. When the
vacuum pressure was applied, excess adhesive was immediately squeezed out from the sides of
the SLS specimen. After the adhesive had cured or hardened, the excess adhesive was removed

by filing off the edges of the SLS specimen.

Cases A-E are baseline cases. In cases B, D, and E, where the adhesive in the specimens
was cured at elevated temperatures while still under vacuum consolidation, the entire setup was
placed in a conventional oven, which was preheated to the desired temperature (either 100°C or

160°C), for at least 1 hr. The oven has an outlet that enables the plastic hose to be drawn out of

the chamber and connected to the vacuum pump.

In cases F, G, and H, where the adhesive was cured by induction heating, the entire setup was
held vertical by a vice grip attached to one end of the base plate and placed in between an
induction coil shaped like an earmuff, as shown in Figure 10. The induction unit was capable of
generating a peak-to-peak current of between 0 and 55 amp at a frequency of 284 kHz. A
thermal camera was positioned in front of the setup to capture the full-field surface temperature
of the bonded area as the induction heating proceeded. The data were fed to a computer and
displayed in real time on a color monitor. The temperature tended to be a little higher at the
edges and comers of the bond area initially, but after about 20 s, the temperature distribution
became very uniform throughout the bond area. A typical temperature profile with time at the

center of the bond area is shown in Figure 11. In Table 2, the selected process windows of 10

14




Lepel System AGEMA
5 kW. 100-600 kHz Thermovision 900
Power Supply Control Computer
Water ‘ g
Loop il
Induction : IR Camera
Coil Lap Shear

Setup

Figure 10. SLS Specimen Fabricated Setup With Copper Wire Mesh Susceptors and
Hysol EA9394 Adhesive.
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Figure 11. Temperature Profile of SLS Specimens Demonstrating Uniformity of
Heating in Process Window Enabled by Induction Heating for Repair.
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and 15 min for cases F and G, respectively, were guided by the cure kinetics study described

earlier.

3.2 Performance Comparison of Adhesive Systems. All SLS and DNS specimens were
tested to failure in an Instron universal testing machine. The mean nominal shear strengths and
associated standard deviations are given in Table 2. The results are plotted in Figure 12, where
values of the mean +3 standard deviations are used. Interestingly, the presence of the copper
susceptor seems to reduce the scatter of the data, as shown by comparing the standard deviation
values of cases A and B with those of cases C and E. Indeed, all the cases of SLS specimens
with susceptors (C, D, E, F, G, and H) have lower coefficients of variation. In a typical failed
SLS specimen that has been cured by induction, although the adhesive layer had failed, the mesh
susceptor was still partially attached to both adherends. The maximum load was reached just
prior to sudden cohesive failure of the adhesive layer. This value of load is used to compute the
nominal shear strength of the specimen in Table 2. After fracture of the adhesive layer, the
specimen was still able to support a small load due to the copper susceptor. On subsequent
application of load, the copper wires eventually fractured, but approximately half of the mesh
remained attached on each adherend. The presence of the susceptor provided alternative crack
paths through the adhesive layer and in between the spaces within the mesh. The overall effect

may be a decrease in sensitivity to microvoids or defects in the adhesive layer, leading to less

scatter in the strength data.

Elevated-temperature cure at 160°C for specimens without susceptors (compare cases A and
B) increases the shear strength but also significantly increases the amount of scatter in the data.
For room-temperature-cured adhesives, inclusion of a susceptor decreases the average nominal
shear strength (cases A and C). This probably due to the increase in bondline thickness, although
a stress analysis of an SLS joint containing a susceptor layer has not yet been carried out.
Elevated-temperature-cures at 100°C and 160°C for specimens with susceptors show
improvement in nominal shear strengths, regardless of whether the heat was supplied in a
conventional oven (cases D and E) or through induction heating (cases F and G). Significantly,

in both methods of heating, the average strength of specimens cured at 100°C is higher than that
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Figure 12. Plot Showing +30 Performance of SLS Specimens.

of specimens cured at 160°C. It appears that there is an optimal elevated curing temperature
above which the strength will begin to decrease. An increase in @, with temperature would
result in an increase in resin strength but also a reduction in fracture toughness. Consequently,
the stress-state in the specimen due to the mechanical loads is unchanged. Specimens cured at

100°C may be less notch-sensitive due to the higher toughness than specimens cured at 160°C.

It is concluded that induction heating can be successfully used to accelerate the curing of
room-temperature-cure adhesives at elevated temperatures, since the results did not show
substantial reduction in the joint strength of induction-cured specimens. For the adhesive used in

this study, curing time was reduced from 120 hr to 15 min.
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4. Induction-Based Repair of Integral Armor

Initial studies were performed to assess the applicability of induction-based repair of the
Army’s composite integral armor using metal mesh susceptors. Desirable repair features for

composite armor can be summarized as follows:

« one-step process for multilayer repair,
» one-sided access,

« vacuum consolidation,

 gap-filling process,

« variable damage area capability,

« rapid portable process, and

« able to renew structural, ballistic, and signature performance.

The induction-based repair system can address all of these requirements, in addition to using
adhesive systems that have no shelf-life requirements. Figure 13 shows a section of a typical

composite armor panel for land vehicles.

Figure 13. Section of Typical Multilayered Multifunctional Composite Armor Panel.
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4.1 Susceptor and Coil Design. For bonding integral armor components, two mesh types

were used.

(1) Copper Mesh: 30 x 30 mesh
0.006-in diameter
crosswire cloth

(2) Steel Mesh: 30 x 30 mesh
0.0065-in diameter
crosswire cloth

Initial experiments focused on heating a ceramic tile, with different coils positioned on one
side and the mesh fixed on the other side with Kapton tape, under vacuum pressure. These
experiments showed that the steel mesh was heating up faster than the copper mesh and required
a lower power setting to reach adequate temperatures for adhesive cure. Greater heating for the
same power translates to higher depth of penetration, which means that thick composite parts can
be heated through as required for armor repair, where the adhesive to be heated is displaced from
the outer surface. Figure 14 shows the temperature profile of a ceramic tile/mesh under vacuum
with a conical coil. The temperature differential between the center and the outside of the tile

(~ 35°C) is greater than allowable for adhesive repair.

4.2 Coil Motion Studies. Temperature differentials can be reduced by coil design, coil
motion, or mesh susceptor design. Coil and mesh designs are in progress to reduce this
differential as much as possible. One technique to achieve more uniform temperatures is to use a
moving coil. An ABB robot system with 6 degrees of freedom was used for this purpose. The
coil was mounted on the robot head using a plexiglass attachment. Several different motion
patterns were examined to determine the optimal coil motion for uniform temperatures in the
ceramic tile system. Figure 15 shows comparisons of heating profiles without and with motion,
respectively, and demonstrate the ability of coil motion in improving the uniformity of
temperatures in the mesh. Figure 16 shows the actual temperature along the lines marked in
Figure 15. The temperature differential is reduced from 40°C to 10°C in the plane of the mesh

susceptor.
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Figure 14. Temperature Profile of Ceramic Tile/Steel Mesh.
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Figure 15. Comparison of Temperature Profiles After 20 min of Heating (a) Without Coil
Motion and (b) With Coil Motion.
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Figure 16. Temperatures of Lines LI01 in Figure 15.

4.3 Composite Armor Subsystem Bonding. Viewed simplistically, composite armor

consists of four basic subsystems:

(1) thin facesheet (graphite/epoxy or glass/epoxy),
(2) ceramic tile for ballistics,

(3) rubber layer to absorb tile fragments, and

(4) thick composite layer for structure and ballistics.

Repair of armor after ballistic impact typically involves replacing the first three layers or
subsystems. For demonstration purposes, the current effort focused on single-step and multi-step
bonding of all subsystems using steel mesh susceptors with the Hysol EA9394 adhesive system
and the coil configuration described in the previous sections. The following materials were

chosen as representative of the four subsystems:

(1) thin facesheet—1/8-in fiberglass/epoxy,

(2) ceramic tile—11/16-in ceramic,
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(3) rubber layer—1/16-in rubber, and
(4) thick composite layer—7/16-in fiberglass/epoxy.

Initially, the influence and behavior of each subsystem or each part to its neighboring part

during induction heating was examined. The bonding test sequence was as follows:

(1) bonding a 1/8-in fiberglass and a 1/16-in rubber sample,

(2) bonding a 1/16-in rubber layer and 11/16-in ceramic tile,

(3) bonding a 11/16-in ceramic tile and 7/16-in fiberglass, and

(4) bonding thin fiberglass/rubber/ceramic/thick fiberglass in one step.

The first three experiments produced the necessary data about power requirements for
heating each subsystem/neighbor up to the curing temperature of the adhesive. In addition, the
temperature difference between the adhesive layer and the top surface (IR camera) was

determined by placing thermocouples at the adhesive layer. When composite subsystems are

 bonded, the IR camera measures surface temperatures and not the bondline temperatures.

Therefore, it is necessary to establish temperature differentials between the surface and the

bondline when two or more subsystems are bonded, so that the adhesive at the bondline does not

overheat and degrade.

In all the bonding tests, the coil was moved along the pattern developed during coil motion
studies, and the adhesive was heated to a temperature of 100 + 10°C at the bondline. Table 3 and
Figure 17 show the results of bonciing an 11/16-in-thick ceramic tile to a 7/16-in composite
panel. A frequency of 351 kHz was applied for 20 min. The coil was moved about the test

specimen in a circular motion around the center of the tile.

4.4 One-Step Multilayer Composite Bonding. The final experiment was to bond all four
subsystems together in a single step. This would simulate an actual repair procedure of a

multilayered multifunctional composite armor panel. The four subsystems bonded were
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Figure 17. Surface Temperature Variation During Bonding of Ceramic Tile
to 7/16-in-Thick Glass/Epoxy Composite With Coil Motion.
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(1) thin facesheet—1/8-in fiberglass/epoxy,

(2) ceramic tile—11/16-in ceramic,

(3) rubber layer—1/16-in rubber, and

(4) thick composite layer—7/16-in-thick fiberglass/epoxy.

Figure 18 shows a schematic of the lay-up for this process. A layer of mesh/adhesive was
placed between each subsystem, resulting in three adhesive layers or bondlines, as shown in
Figure 18. The layers were placed on a backing sheet and vacuum-bagged for consolidation
pressure. The same coil and motion pattern was used as before. The coil is a one-sided conical
coil, which is necessary for field repair applications because it is not always possible to access

both sides of the part to be repaired. A coil frequency of 351 kHz was applied for 20 min.

Hysol-adhesiye with mesh

Vacuum bag 1/8* fibe/gLss backplate
\\ FERS
¢ ; ”
: \—: i 7 7 /] / M
- N 7 7 7/
— N 7 7 /
\—_ VvV /7 7/
N~JdY 7 7 1 /
— N~ 7 A
- / U
— N 7 7 ]
3 Z . KX *
.. [ ‘ - A
/ \ | merse
-
7/16" fiberglass 1/8" fiberglass

1/16" rubber 11/16" ceramic tile

Figure 18. Schematic of Lay-Up Sequence for One-Step Induction Repair of Composite
Armor Panel.

Temperature profiles of the surface during the heating process are shown in Figures 19 and
20. Surface temperatures are fairly uniform, except at the edges of the part. However, in a

realistic repair scenario, there will be no edges as seen in this case, since the repair fills in a
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Figure 19. Surface Temperature Profile for Single-Step Bonding With Coil Motion.
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Figure 20. Surface Temperature Variation at Two Different Locations.

damaged area. One of the primary challenges was to ensure similar temperatures in all three
bondlines, despite the different distances from the coil. The thermal properties of each
subsystem were important for this, and the high thermal conductivity of the ceramic tile played a

significant role in maintaining similar temperatures across the bondlines.
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With IR spot locations provided in Figure 21, the time-temperature response during the
heating process is shown in Figure 22. The entire process took approximately 30 min, which
demonstrates the rapidity of the process. During this process, a heating depth of up to 1.25 in
was demonstrated. Greater depths are possible and are the subject of future investigations.

Figure 23 shows a photograph of the final bonded sample with the multiple layers. Good-quality

bondlines were obtained at all three interfaces.

120
? 100
g " oot
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0 500 1000 1500
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Figure 22. Time/Temperature Response During One-Step Induction Bonding
as Measured by IR Camera.
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Figure 23. Single-Step Bonded Multilayer Composite Specimen.

5. Conclusions

The current work has established that induction heating using conductive mesh susceptors
can be used to rapidly cure thermosetting adhesives under a VOC-reducing vacuum condition. It
has also been established that the presence of these susceptor materials, although not optimized,
does not adversely affect the mechanical performance of the bondline when considering the low
scatter in lap shear strength. The feasibility of induction-based repair using metallic screen
susceptors has been demonstrated. The applicability of induction heating to multilayer
single-step bonding has further been demonstrated, wherein heat generation is limited to
localized bondline regions, allowing optimization of repair processes. Much work is needed to
optimize both the susceptors and the resin systems. Optimization of the process should be

paralleled with more aggressive strength and durability testing.
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