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Abstract  

The development of induction-based processing of carbon-fiber (CF) 
thermoplastic-matrix composites and accelerated cure of thermosetting 
adhesives has the potential to provide nonautoclave processing technology for 
manufacturing and repair of polymer-matrix composites (PMCs). In this report, 
the results of recent tests demonstrating bonding of composites using 
commercial off-the-shelf thermal-cure adhesives that are heat cured via an 
induction field using an inductive susceptor are discussed. This method of cure 
utilizes heat generation within metal screen-based susceptors to cure the 
adhesive matrix via a heat transfer mechanism. The mechanical performance of 
these bonds is presented in comparison with autoclave and thermally cured 
baselines. No substantial loss of mechanical lap-shear strength is observed in 
adhesive bonds processed by induction. In addition, an example of induction 
welding of a thermoplastic-impregnated carbon fiber (AS4) is presented. In 
order to successfully demonstrate induction welding for manufacture of CF 
composites, the degradation of the polymer in the laminates is also investigated. 
No measurable degradation of the polymer, either by dielectric or thermal 
breakdown when heated by induction, was observed. 
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1. Introduction 

The U.S. Army is currently pursuing the development of low-cost nonautoclave 
manufacturing technologies for polymer-matrix composites (PMCs) that will 
allow the U.S. military and contractors to prepare high-performance composites 
for armor, munition, and vehicle applications with reduced costs, reduced 
environmental impact, and increased efficiency. The authors have previously 
introduced the concept of induction-based processing and the environmental 
impacts for Army applications [1]. The initial repair demonstrations involved 
heat generation using a metallic (electrically conductive) mesh to translate 
electromagnetic energy into thermal energy at an adhesive bond line. In this 
report, the background and physics of induction processing in carbon-fiber 
thermoplastic laminates is reviewed and the successful development of 
induction heating that allows suitable repair of many composite structures is 
discussed. Specifically, the adhesive bonding using susceptor-based induction 
heating, susceptorless induction-based carbon-fiber laminate consolidation, and 
development of process models for electromagnetic heating of carbon-fiber 
composites, including heat generation by carbon fibers, metal-mesh susceptors, 
and magnetoresistive particles is discussed. 

2. Induction-Based Repair and Remanuf acturing 

The search for cost-effective environmentally friendly manufacturing methods 
has led to the study of induction heating for bonding and processing of 
composites [1]. 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 [2]. 

The ability of induction heating to rapidly process carbon-fiber-based 
thermoplastic composites is a significant environmental asset. Assuming that the 



thermoplastic composite meets the performance and quality requirements of an 
equivalent thermoset counterpart, one can replace the limited shelf-life thermoset 
with the unlimited shelf-life thermoplastic. This completely eliminates 
hazardous raw material wastes at the production level resulting from shelf-life 
expiration and raw-material overages associated with thermoset-based 
composites production. 

Other advantages of induction include reduction of volatile organic compounds 
(VOCs) and nitrous oxide (NOx) emissions by processing out of the autoclave, 
localizing processing controls for repair and remanufacturing, and eliminating 
processing steps. In addition, induction offers internal noncontact 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 [3,4]. 

2.1   Induction-Based Repair of Multifunctional Composite Armor 

This research Is motivated by the expanding use of multifunctional hybrid 
materials in military ground vehicles and the increasing need for field-expedient 
and depot-level repair procedures for these thick-section components. 

The critical issue in adhesive-based repair of composites is the application of 
sufficient heat and pressure at the bond line. It is highly desirable that thermal 
generation be localized at the bond line and be evenly distributed (taking into 
account thermal conductive losses). This is especially important with the 
increasing use of multifunctional hybrid composites, such as composite armor. 
These composites typically have several layers, each serving a different function, 
as shown in Figure 1. Repair of such a thick-section composite will require 
heating locally at the appropriate bond lines; one such method is induction 
heating [5, 6]. In addition, due to the noncontact nature of induction heating, it 
may be possible to bond several layers at the same time, which reduces 
hazardous waste, energy consumption, and repair times for the part. 
Conventional repair techniques (e.g., heat blankets) will require bonding of one 
layer at a time, resulting in multiple potential hazardous waste streams such as 
trim, consumables, and VOC emissions. 

While the induction-based repair procedure has the potential to reduce 
hazardous waste, it is essential that the repaired part meet the performance 
requirements dictated by the application. Hence, the initial work done under the 
program focuses on evaluating the performance of induction-based repair 
procedures. The goal is to obtain performance similar to that achieved with 
conventional repair procedures. 

Recent studies [1, 7, 8] have shown similar properties for induction-heated 
adhesive bonds compared to baselines for room-temperature adhesives. 
Electrically conductive mesh susceptors and epoxy-based adhesives were used. 
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Figure 1. Multifunctional composite armor. 

A methodology that enables cure cycles to be related to degree-of-cure 
predictions for accelerated curing of adhesives was established. 

The present work extends this effort to high-temperature-curing adhesive 
systems because most military applications require high-performance adhesives, 
which typically are high-temperature-curing systems (250 °F and 350 °F 
thermosetting adhesives). A carbon/epoxy substrate system was used to study 
susceptorless induction bonding and assess the effect of the mesh or eddy- 
current susceptor on bond strengths. A glass/vinyl-ester substrate was also used 
for bond strength tests, due to the increasing use of such systems in military 
vehicles. The glass/vinyl-ester composite was fabricated by vacuum-assisted 
resin-transfer molding (VARTM), which utilizes fiber preforms and resin 
systems and has no shelf-life requirements. 

2.1.1 Material Systems 

Three adhesive systems were considered in this study: SW-2214 and EC-1386 
from 3M, and FM300K film adhesive from American Cyanamid. Recommended 
cure cycles are 60 min at 250 °F (SW-2214) and 60 min at 350 °F (EC-1386 and 
FM300K). Recommended pressures during the cure are approximately 25 psi for 
SW-2214 and EC-1386, and 40 psi for FM300K. 

Two composite systems were chosen for this study: HG-Cycom 919GF 
carbon/epoxy prepreg, and E-glass/vinyl ester fabricated via VARTM. 
Carbon/epoxy panels consisting of 16 plies were laid-up and cured in the 
autoclave based on the manufacturer's recommendations. The thickness of the 
cured panel was approximately 4.0 mm. The glass/vinyl ester was fabricated by 
VARTM at room temperature and post-cured at 250 °F for 1 hr to ensure 
complete cure of the resin system. 



The susceptor material used in this study was a stainless steel mesh with a 
density of 30 x 30 boxes per square inch and a wire diameter of 0.0075 in. The 
mesh density and wire diameter were chosen based on prior testing and 
experience [7-10] 

2.1.2 Induction Bonding Setup 

The initial effort demonstrated the ability to bond one lap-shear specimen at a 
time, as compared to American Society for Testing of Materials (ASTM) Standard 
D1002 [11] methodology which calls for bonding of two laminates and 
subsequent machining to lap-shear test specimen dimensions. In this effort, the 
U.S. Army Research Laboratory (ARL) Strategic Environmental Research and 
Development (SERDP) program induction setup [1] was modified by mounting 
the induction coil on a robotic head. This allowed for three-dimensional (3-D) 
programmed coil motion, at a specified velocity resulting in the bonding of two 
composite panels at a time rather than a single lap-shear specimen. The 
substrate was cut into pairs of panels 7 in x 4.5 in. The bonded panels were 
subsequently machined to six lap-shear specimens. Figure 2 shows the specimen 
configuration during induction bonding. 

Induction Coil 

Bagging Film I Composite Adherends 
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Figure 2. Specimen configuration during induction bonding. 

Figure 3 shows the coil motion direction on the bagged specimen. The motion 
pattern was programmed into the robot. The velocity of the robot head was a 
variable that could be adjusted to achieve thermal uniformity along the motion 
path. For this effort, a velocity of 10 mm/s was chosen after initial trials on 
thermal uniformity.   Figure 4 shows a typical infrared (IR) temperature profile 
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Figure 3. Induction coil motion direction and configuration. 
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Figure 4. Typical bondline temperature profile along the coil motion direction. 

along the motion direction of the coil, and differentials of up to ±10 °C were 
noted based on coil location. The temperatures shown are steady-state surface 
temperatures of the substrates or adherends. Material performance tests with 
these temperature differentials will help establish process windows for induction 
bonding.   For the carbon/epoxy system, surface temperatures did not differ 



significantly from bond line temperatures due to the good thermal conduction of 
carbon fibers; this was confirmed by thermocouple measurements. For 
glass/vinyl ester, differentials of up to ±10 °C between the bond line and surface 
were noted. Further refinements to determine the ideal motion velocity and 
pattern for minimal temperature gradients are in progress. 

For a carbon/epoxy substrate or adherend, no susceptor is necessary. However, 
bonding tests were performed for both cases (i.e., with and without the mesh 
susceptor) to assess the presence of the mesh on bond strengths. For the 
carbon/epoxy substrate, all three adhesive systems were induction bonded, with 
and without the mesh. For the glass/vinyl-ester system, the SW-2214 adhesive 
was induction bonded with the mesh, as the cure cycle of the other systems 
(350 °F) could cause degradation in the substrate. All the induction-bonded 
specimens were fabricated under vacuum pressure. Table 1 lists the baselines; 
Table 2 lists the test cases. 

Table 1. Baselines for comparison with induction bonding. 

Case Substrate 
Number of 
Specimens Adhesive Cure Cycle 

A 
B Carbon/Epoxy 6 SW-2214 

SW-2214 + mesh* 
250 °F, Vacuum 

60 min 
A 
B Carbon/Epoxy 6 EC-1386 

EC-1386 + mesh 
350 °F, Vacuum 

60 min 
A 
B 

E 
F 

Carbon/Epoxy 6 

FM300K 
FM300K + mesh 

FM300K 
FM300K + mesh 

350 °F, Vacuum 
60 min 

350°F,40psi 
60 min 

G Glass/Vinyl Ester 6 
SW-2214 

SW-2214 + mesh 
250 °F, Vacuum 

60 min 
aMesh = SS304, 30 x 30, 0.0075- in wire. 

Baseline lap-shear specimens were fabricated according to the manufacturer's 
recommended cure cycles. For the FM300K adhesive system, two pressures were 
considered: vacuum (-15 psi) and 40 psi. For all other autoclave specimens, 
vacuum pressure was used. This allows for direct comparison with induction- 
bonded lap-shear tests, which were performed under vacuum pressure. 

Test cases of single lap-shear (SLS) specimens were fabricated as described in 
Table 2. The adhesive bond-line thicknesses for the specimens were measured 
by means of a traveling microscope. In all cases where no susceptor or mesh was 



Table 2. Test cases for induction bonding. 

Case Substrate 
Number of 
Specimens Adhesive Cure Cycle 

C 
D 

Carbon/Epoxy 6 
SW-2214 

SW-2214 + mesha 
250 °F, Vacuum 

60 min 
C 
D 

Carbon/ Epoxy 6 
EC-1386 

EC-1386 + mesh 
350 °F, Vacuum 

60 min 
C 
D 

Carbon/ Epoxy 6 
FM300K 

FM300K + mesh 
350 °F, Vacuum 

60 min 

H Glass/Vinyl Ester 6 SW-2214 + mesh 
250 °F, Vacuum 

60 min 
a Mesh = SS304,30 x 30, 0.0075-in wire. 

used, the thickness of the bond line was consistently about 0.002 in. The mesh 
caused an increase in bond-line thickness to about 0.013 in. These values were 
very consistent and did not appear to vary greatly between specimens. The 
effect of bond line thickness variation was not considered in the analysis, 
although it is recognized that this variable may be significant. 

2.1.3 Mechanical Performance 

All SLS specimens were tested to failure in an Instron universal testing machine. 
The mean nominal shear strengths and the associated error bars are shown in 
Figures 5, 6, and 7 for SW-2214, FM300K, and EC-1386, respectively. Six 
specimens were tested for each case, and in all cases cohesive failure of the 
adhesive layer was obtained. Degree of cure for each case was determined by 
differential scanning calorimetry (DSC) and was greater than 95% for all 
observed specimens. 

In general, for all the adhesive systems, no loss in mechanical performance is 
noted, between induction-cured and autoclave baseline specimens. In some 
cases (Figures 5 and 7), the induction-cured specimens exhibit higher mean shear 
strengths, which may reflect the thinner bond line. The same trend is observed 
for the glass/vinyl-ester system (cases G and H in Figure 5). It is also interesting 
to note the relatively similar scatter in strength data between the induction-cured 
specimens and the autoclaved baselines, despite the temperature differentials 
during induction cure. For the FM300K film adhesive system higher pressure 
during the cure cycle (40 psi) causes a significant increase in the bond strength 
but not in the presence of a mesh. However, the presence of the mesh does not 
seem to affect performance in vacuum-processed specimens. For the EC-1386 
and SW-2214 paste adhesives, the mesh causes a significant drop in strength. 
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Figure 5.  Mechanical performance for SW-2214 adhesive system cured at 250 °F.  (A-H 
are defined in Tables 1 and 2). 
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Figure 6. Mechanical performance for FM300K adhesive system cured at 350 °F. 
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Figure 7. Mechanical performance for EC-1386 adhesive system cured at 350 °F. 

2.1.4 Conclusions to Induction-Based Adhesive Bonding 

Following the methodology established in the previous work [9] on thermoset 
adhesive cure, performance studies of high-temperature curing adhesive 
systems, due to induction cure, have shown no loss in bond strengths between 
baselines and induction processing. This study, along with the previous effort 
[9], validates induction cure as an alternative method for processing thermally 
curable adhesives while retaining baseline bond strengths. Advantages of 
induction cure stem from reduction of VOCs and NOx emissions by processing 
out of the autoclave and an increased cure rate due to through-thickness heating. 
It also provides a unique ability to perform multimaterial repairs (as in 
composite armor) in a single step, thus eHminating process steps and 
corresponding hazardous waste. 

2.2   Induction-Based Remanufacture of Thermoplastic Composite 
Laminates 

The Department of Defense (DOD) has increased use of carbon-fiber-reinforced 
thermoset prepregs, resulting in a potentially significant hazardous waste stream 
due to shelf-life expiration and VOC emissions during processing [1]. It is 
estimated that the raw material requirements (i.e., prepreg) for one particular 
application will exceed one million pounds annually when that weapon system 
goes into full-scale production, and the potential waste is estimated at 20% of the 
total [1]. This problem can be avoided by the replacement of thermoset-based 
carbon-fiber composite laminates with carbon-fiber-reinforced thermoplastic 



prepregs, due to their infinite shelf life. In addition, VOC emissions during 
thermoplastic processing are insignificant compared to thermosets [1]. 

However, a major barrier to the use of thermoplastics is their ability to meet both 
performance and throughput requirements (100+/day). Induction processing of 
carbon-fiber thermoplastics offers a potential solution to this problem by 
enabling rapid volumetric heating of the thermoplastic prior to consolidation as 
described in the previous report [1]. This technology will enable reduction in 
cycle times, while maintaining quality, compared to conventional compression 
molding processes. 

The key thermal requirement of induction processing for lamination applications 
is rapid, uniform heating of the composite for maximum throughput and quality. 
This requires an understanding of the heating mechanisms during induction 
processing, followed by optimization of the critical process parameters. It is also 
essential to determine possible degradation mechanisms and process windows 
due to the rapid heating requirement. 

2.2.1 Heating Mechanisms for Carbon/Thermoplastics 

Induction heating for carbon-fiber-reinforced thermoplastic composites is based 
on the fact that eddy-current flows along conductive paths within the composite 
subjected to an alternating magnetic field generated by the induction coil 
(Figure 8). The frequency and the intensity of the magnetic field penetrating the 
composite as well as the loop area of the conductive path determine the 
electromotive force (emf) or induced voltages, which, in turn, govern the heating 
of the composite. 

Alternating 
Current Induction Coil 

\    Alternating 
t   t    i    IT     1 M Magnetic field 

Carbon Fiber/ 
Thermoplastic 
Prepreg Plies 

Figure 8.     Schematic of the induction heating process for carbon/thermoplastic 
composites. 
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The primary objective of this study is to investigate the heating mechanisms of 
carbon/thermoplastics and then determine the relationship between the 
induction coil and material parameters and heating. Once this relationship is 
determined, it will be possible to perform parametric studies using the major 
process variables in order to optimize and meet the thermal requirements for the 
potential production of thermoplastic-based composite structures. 

2.2.1.1 Theoretical Heating Model 

Alternating magnetic field lines intersecting the laminate induce emf's within 
each conductive loop are governed by Faraday's Law of Induction [12]. Loops 
are formed between adjacent plies through the junctions, where fibers overlap 
each other. As a result, the induced current flows along the carbon fibers and 
either through the polymeric region or by direct contact of fibers, into its adjacent 
ply, as shown in Figure 9. Generally the emf induced in a circuit is directly 
proportional to the time rate of change of magnetic flux through the circuit and is 
calculated from 

emf = &ABQ =2nfAB0/ (1) 

where Bo is the maximum value of the magnetic field normal to the area of the 
conductive loop, A is the area of the conductive loop, and / is the time rate of 
change of magnetic flux. 

Once the emf values for all conductive loops in the calculation domain are 
obtained, Kirchoff's voltage and current conservation laws are applied to the 
network of conductive loops. Kirchoff's voltage law (KVL) [12] requires that the 
algebraic sum of all voltages around the loop should be zero while Kirchoff's 
current law (KCL) means that current is conserved at each node. In 
mathematical terms, they can be expressed as follows: 

]£] Voltage Drop = Induced emf ; Kirchoff s Voltage Law 

^ (incoming Current - Outgoing Current) = 0 ; Kirchoffs Current Law 

Three heating mechanisms are possible within the composite: 

• Joule heating due to the inherent electrical resistivity of the carbon 
fibers. 

• Dielectric heating of the polymer at the fiber junctions. 

• Contact resistance at the fiber junctions. 

In general, prepregs have nonuniform surface roughnesses, which makes it 
difficult to determine which mechanism is dominant at a certain region in the 
interface between plies. In addition, it is not easy to estimate the electrical 
contact resistance between carbon fibers of adjacent plies. The heating 
mechanisms are shown schematically in Figure 10 and described in detail 
hereafter. 

11 
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Figure 9. Schematic of induced voltage loops in the composite. 
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Figure 10. Heating mechanisms in each individual conductive loop. 
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2.2.1.2 Joule Heating of Carbon Fibers [15,16] 

Previous authors [13-16] have compared joule heating in the fiber and dielectric 
heating in the matrix and shown that dielectric heating is the dominant 
mechanism. The current effort includes the contact resistance mechanism and 
performs a parametric study of all three mechanisms for the process variables 
defined for thermoplastic laminates. Successful modeling will identify the key 
heating mechanism and optimize induction-based processing parameters to meet 
quality and performance requirements. This will enable transition from 
thermosets to thermoplastics, thus eliminating potentially large hazardous waste 
stream due to shelf-life expiration. 

Each carbon fiber is treated as a resistor and the heat generated is calculated from 

"fiber = * fiber**-fiber > W) 

where Ißer is the induced current flowing in the fiber and Rpber is the resistance of 
the fiber, which can be expressed as 

/ L 
R fiber =Pfiber ~r~    <*    P fiber ~7^ ' (4) 

Afiber Afiber 

where Ajaxr is the cross-sectional area of the fiber and lx and ly are the spacing 
distances between fiber intersections in the x and y directions, respectively. Note 
that Zxand lY vary according to the mesh size as shown in Figure 10. 

2.2.1.3 Dielectric Hysteresis Heating at Fiber Junctions [13,14]. 

If the distance between the fibers at the junction is enough to form a capacitor, 
dielectric heating takes place, since the molecular dipoles in the matrix cannot 
rotate with the same frequency of the induced voltages in the fibers. The 
dissipation factor (tan 8), which is one of the electrical properties of the matrix, 
determines how much heat will be dissipated. The impedance of the capacitor is 
l/(coC tan 8), where oo is the angular frequency of the alternating current and C is 
the capacitance of the material. Considering the configuration of the fiber 
junction shown in Figure 11, the capacitance of the dielectric material can be 
expressed as follows: 

h 

where K is the relative dielectric constant of the material and £o is the permittivity 
of vacuum (8.85 x 1012 f/m). Av and h are the projection area and distance 
between the fibers at the junction, respectively. Therefore, the impedance of the 
capacitor (Zc) can be written as 

Zc= —. (7) 
COKS0 (tan o)Ap 

13 
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Figure 11. Circuit model for dielectric heating. 

The heating generated by the capacitor is as follows: 

_ (^ J     mKSo(tan8)^fo„e,o„)2 

junction ry - 

2.2.1.4 Heat Generated by Fiber Contact Resistance 

If the fibers at the junction are in contact or the distance between fibers is very 
short, heating can occur at the contact region due to contact resistance between 
the fibers. However, as mentioned previously, it is hard to quantify the contact 
resistance, as it is a function of surface roughness of prepreg and the laminate 
processing parameters. A simple resistor can model the fiber contact and the 
heating mechanism (Figure 12), and through parametric studies and 
experiments, the contact resistance is estimated. 

Contact Region 

RJ ~ Rfi 

Figure 12. Circuit model for heating by fiber contact resistance. 
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2.2.1.5 Material Properties 

In this study, AS4 carbon fiber and polyetherimide (PEI) thermoplastic prepreg 
was selected as the test matrix because it serves as a model system for proposed 
military munitions manufacture and provides high-process temperature limits. 
The diameter of the carbon fiber was 8 urn, and the electrical resistivity was 
15.3 (iQm. The dielectric constant (K) and dissipation factor (tan 8) for the PEI 
were measured by experimental studies. The experimental results show that the 
dielectric constant and dissipation factor can be assumed to be constant for 
frequencies up to 4 MHz as shown in Figure 13. 

8.0 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 

0.0 

 1 1 1 r 

PolyEtherlmide 

.-^   >■■»!    II    ■■« 

0.04 

0.03 

0.02 

0.01 

0.00 

 1 1 1 1 r 

PolyEtherlmide 

mrA.<'J>^» i^V'**in« B'* 

-1 I 1_ 

0.0   0.50   1.0    1.5    2.0    2.5    3.0    3.5    4.0 

Frequency [MHz] 
0.0   0.50   1.0    1.5    2.0   2.5    3.0    3.5   4.0 

Frequency [MHz] 

Dielectric Constant; K Dissipation Factor; tan § 

Figure 13. Dielectric properties of PEI (ultem 1000, GE plastics). 

2.2.1.6 Two-Ply Heating Model 

Initial models focused on addressing the heating behavior of 2-ply prepreg 
stacks. This allows for a perform of a detailed parametric study, followed by 
experimental verification to assess the model's capabilities. A schematic 
describing the model procedure is shown in Figure 14. 

Since carbon/thermoplastic prepregs, such as AS4/PEI or 
AS4/polyetheretherketone (PEEK), have approximately 20 fibers per 5-mil 
(127-|im) width, it can be estimated that about 790,000 fibers exist in a 1-m wide 
prepreg. Therefore, cross-ply or angle-ply prepregs are simplified by a 
conductive loop network using a finite number of fiber grids with an assumption 
that fibers and junctions within each conductive loop have the same resistance 
and current values. It is expected that this type of meshing will generate good 
qualitative results, and if the mesh becomes denser, more precise results, in the 
quantitative sense can be expected. 
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Figure 14. Schematic of a 2-ply heating model. 

The process variables used in the model are: (1) coil type (pancake, conical, 
paper clip, and solenoid), (2) coil size (outer dimension, inner dimension, (3) 
number of turns, (4) spacing between turns), (5) distance between induction coil 
and composite, (6) frequency of the current in the induction coil, and (7) size and 
geometry of the composite. 

Variables in the numerical model for parametric studies are mesh size and 
density, fiber-fiber distance at the interface of two plies, and fiber-fiber contact 
resistance or equivalent impedance for fiber junction. 

2.2.1.7 Two-Ply Model Results 

Initial experiments focused on evaluating numerical predictions qualitatively. 
This was done by heating 2-ply stacks at various angles-[0/90], [0/9]-under a 
known magnetic field and comparing measured heating patterns, obtained using 
a calibrated thermal infrared camera, with the 2-ply model predictions. Results 
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are shown for two select cases: a cross-ply stack [0/90] (Figure 15) and an angle- 
ply stack [0/45] (Figure 16). Qualitatively, there is excellent correlation between 
the predicted pattern and the actual measured heating profile. 

Cross-ply, 12" x 8" Piece 

Experimental Result 
Numerical Result 

(Heating Pattern for Junction) 

Figure 15. Comparison of heating patterns for [0/90] 2-ply stack. 

Angle-ply, 12" x 8" Piece 

Experimental Result Numerical Result 

(Heating Patterns for Junction) 

2.62E-01 
2.13E-01 
1.64E-01 
1.1SE-01 
6.56E-02 
1.64E-02 

Figure 16. Comparison of heating patterns for [0/45] 2-ply stack. 

Predictions in these figures were obtained by parametric studies with the three 
heating mechanisms (fiber heating, dielectric, and contact resistance) in the 2-ply 
stack. These studies show that the junction-heating effects are greater than fiber 
heating by an order of magnitude. In other words, the primary heating in 
carbon/thermoplastics occurs at the junction and can be dielectric or contact 
resistance based, depending on the process variables. 

Quantitative predictions are not as accurate and difficult to compare, because the 
model predicts heat generation rather than temperature. Work is continuing to 
optimize process variables and to extend the 2-ply model to multiply cases. 
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2.2.1.8 Through-Thickness Heating 

The 2-ply model has shown that during induction processing, heating occurs 
predominantly at the junctions between fibers of adjacent plies or along the ply- 
ply interface. This raises the question of the uniformity of the temperature 
profile through the thickness of the composite. Figure 17 shows a typical 
heat-generation profile that can be expected for an 8-ply stack. As seen in the 
figure, heat generation occurs at the interface between any two plies that do not 
have the same fiber orientation. 
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Figure 17.  Model through-thickness heat generation of an 8-ply carbon-fiber laminate 
with orientation [0/90/0/-90]s. 

Since many structural laminates of interest to DOD are fabricated from 8-ply 
stacks similar to those shown in Figure 17 (or quasi-isotropic laminates built 
from such 8-ply stacks), it is necessary to identify not only surface heating 
profiles but also through-thickness heating profiles for quality and performance. 
It is essential that the temperature gradient across and through the thickness of 
the 8-ply stack is small during induction heating or significant performance 
degradation can result [17]. 

A one-dimensional (1-D) transient heat transfer model was formulated using a 
finite difference scheme to predict temperature profiles through the thickness, 
based on heat generation shown in Figure 17. Predicted temperature profiles are 
shown in Figure 18, showing transient, as well as steady-state, results. Results 
show that temperature variations across the thickness of the 8-ply stack are 
insignificant after 1 s, which is within the range of the process cycle time. This is 
expected due to the small thickness of each ply and has been borne out by 
experimental measurements. 
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Figure 18. Predicted through-thickness temperature profiles at various time steps. 

2.2.2 Degradation Studies 

Electromagnetic induction processing of thermoplastic-based laminates is 
currently being evaluated and perfected to produce a 10-fold decrease in cycle 
times for production and a resultant decrease in production costs. This process 
requires that carbon-fiber-based composites be subjected to large alternating 
electromagnetic fields. In addition to the issues of degradation of the matrix in 
induction-based processing, in the EM gun program glass- and carbon-based 
polymer composite compulsator components experience very large fluctuations 
in electromagnetic energy during charging and discharging [18]. These systems 
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are subject to potentially critical polymer degradation as a result of a little- 
studied phenomenon known as thermoelectric degradation [19]. When polymers 
degrade through any mechanism, they suffer significant losses in strength, 
stiffness, and durability. 

The focus of this effort is on identifying degradation mechanisms during 
electromagnetic induction processing and quantifying their effects on 
performance. There are two possible degradation scenarios associated with 
induction-based processing of carbon/thermoplastics: thermal degradation, and 
electrical degradation due to dielectric breakdown in the matrix. 

2.2.2.1 Thermal Degradation Study 

Weight loss and molecular weight (MW) measurements were used to 
characterize thermal degradation of both neat resin and prepreg. 
Thermogravimetric analysis (TGA) was used for weight loss measurements in 
both air and inert (nitrogen) atmospheres. Gel permeation chromatography 
(GPC) was used to obtain MW measurements. In addition, dissolution times for 
resins in a good solvent (methylene chloride) were also measured. 

2.2.2.2 Weight Loss Measurements 

TGA for both neat PEI and AS4/PEI prepreg indicates no measurable weight loss 
of the bulk material up to 500 °C, as shown in Figure 19. Isothermal TGA data 
also shows that no weight loss was observed at 350 °C, for up to 1 hr. 
Approximately 2% weight loss was observed at 450 °C after 30 min, which 
indicates significant degradation. Since the normal processing temperature is 
330 °C, thermal degradation of the bulk material is expected to be minimal as 
long as the electromagnetic induction processed material does not exceed the 
processing window. 

Neat PEI samples were exposed to various thermal histories using a TGA 
chamber, and the glass transition temperature was measured using DMA. 
Changes in resin color and dissolving time in a good solvent (methylene 
chloride) were also noted. As shown in Table 3, no significant changes in glass 
transition temperature were observed. However, the color of the resin changed 
from yellow to black, and the dissolving time increased significantly when 
temperature and time increased. Oxygen in the atmosphere also affects the color 
change and dissolving time in the solvent. In several cases (G«K), there was 
some gel left over in the solution, which obviously indicates that crosslinking 
reactions occurred in the polymer. 

The TGA study shows that weight loss alone is not sufficient to identify the 
degree of degradation of the polymer. The initiation of crosslinking in the 
polymer is a better measure of the onset of degradation. Crosslinking on a 
composite surface hinders diffusion of polymer chains during processing of 
complex parts and may result in poor bonding and performance. 
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Figure   19.     TGA  weight  loss  profile  for  PEI  resin  and  prepreg  (heating  rate 
= 15 °C/min). 

2.2.2.3 Molecular Weight Characterization 

GPC was used to assess the extent of crosslinking. According to the literature 
[20] and preliminary experimental observations, crosslinking reaction tends to be 
dominant over chain scission (breakup of chains) in the early stages of 
degradation of thermoplastic polymers (PEEK and PEI). Crosslinking reactions 
typically occur at lower temperatures (-350 °C) than the onset of weight loss 
observed by TGA (-450 °C). GPC is one of the most frequently used techniques 
to measure the polymer MW and its distribution (MWD). The MWD curves 
show the changes caused by crosslinking or chain scission. For example, if 
crosslinking is dominant over chain scission, there are higher MW chains; as a 
result, a broader curve will be obtained that has a peak intensity shifted to the 
left (shorter elution times) compared to a baseline polymer elution. If chain 
scission is dominant, the curve will be broadened to the right or longer elution 
times. 

Most of the samples evaluated exhibited peak intensity shifts to shorter elution 
times, which indicates that crosslinking is dominant. All of the curves were 
recalculated after the intensity values were divided by the peak intensity. The 
normalized area under the curve can be used as a qualitative measure of the 
extent of crosslinking. The intensity normalized area increases with crosslinking. 
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Table 3. Experimental data of neat ultem 1000 resin under various heat treatments. 

Sample 
Condition of 

Heat Treatment Atmosphere 
Tg 

From DMA 

(°Q 

Color 
Change 

Dissolving Time in Solvent 
(Methylene Chloride) 

A No treatment 210 None Less than 2 hr 

B 330 °C, 
30 min Nitrogen 210 None Less than 2 hr 

C 330 °C, 
30 min 

Air 210 Müd 3hr 

D 350 °C, 
30 min 

Nitrogen 210 None 4hr 

E 350 °C, 
60 min 

Nitrogen 210 Müd 5hr 

F 
350 °C, 
30 min 

Air 210 Moderate 6hr 

G 350 °C, 
60 min 

Air 210 Moderate Some left over as a gel 

H 400 °C, 
30 min Nitrogen 210 Moderate Some left over as a gel 

I 400 °C, 
60 min Nitrogen 210 Moderate Some left over as a gel 

J 400 °C, 
30 min Air 210 Severe Some left over as a gel 

K 400 °C, 
60 min 

Air 210 Severe Some left over as a gel 

Results from GPC analysis are shown in Table 4. Neat resin and prepreg 
specimens were tested under various thermal histories in air, nitrogen, and 
vacuum atmospheres. All the GPC curve areas were intensity normalized with 
the neat resin case (sample A). In the neat resin study, no change is observed up 
to 350 °C for 30 min in nitrogen (A«D). However, in the presence of air 
(atmospheric oxygen), significant increases in the GPC-curve areas are observed, 
indicating the presence of crosslinked polymer chains. Samples D and F show 
the effect of atmosphere, F and J show the effect of temperature, and J and K 
show the effect of time in a reactive atmosphere (air). The GPC area indicates the 
onset of crosslinking (and degradation) at lower temperatures than weight-loss 
tests and hence is a better tool to quantify degradation and establish process 
limits. For prepreg processed under vacuum conditions, some crosslinking 
occurs at 350 °C (1.13 compared to 1.08 baseline) while significant crosslinking 
degradation occurs at 400 °C. In comparison, specimens processed in air exhibit 
higher levels of degradation at both test temperatures, as expected. 
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Table 4. Degradation study of PEI and AS4/PEI prepreg using GPC. 

Sample Process Temperature 
(°Q 

Time 
(Min) 

Atmosphere 
Area Ratio Under 

the GPC Curve 

A Resin No treatment — — 1.00 
D Resin 350 30 Nitrogen 1.00 
F Resin 350 30 Air 1.10 
J Resin 400 30 Air 1.13 
K Resin 400 60 Air 1.28 
L Prepreg No treatment — — 1.07 
M Autoclave 330 20 Vacuum 1.08 
N Autoclave 350 60 Vacuum 1.13 
O Autoclave 400 60 Vacuum 1.60 
P Oven 330 20 Air 1.21 
Q Oven 350 30 Air 1.31 
R Oven 350 60 Air 1.39 
S Oven 400 30 Air 1.37 
T Oven 400 60 Air 1.48 
U Induction 309 1 Vacuum 1.07 
V Induction 319 1 Vacuum 1.07 
W Induction 330 1 Vacuum 1.08 
X Induction 387 1 Vacuum 1.05 
Y Induction 405 1 Vacuum 1.06 

The induction-processed samples were subjected to high frequency magnetic 
fields for approximately 1 min, which was chosen based on design cycle times in 
electromagnetic-induction-based process for manufacture of laminates. 
Magnetic field parameters were selected to rnimic process conditions in the 
manufacturing process. Preliminary tests performed under vacuum atmosphere 
indicate no measurable polymer degradations under these conditions, even 
though the composite laminate does reach the degradation temperatures of 
380 °C and 400 °C (samples X and Y, respectively). 

2.2.2.4 Electrical Degradation Study 

Dielectric breakdown of polymers results in localized damage, which leads to 
deterioration of the mechanical properties of the composite [20]. Several 
mechanisms can occur and lead to breakdown, such as discharge breakdown and 
intrinsic breakdown. In this effort, the purpose is to identify electromagnetic 
parameters that produce breakdown; not to elucidate the mechanisms for this 
breakdown. Thus, it is show that dielectric breakdown is not likely to occur 
during electromagnetic processing of AS4/PEI. 
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Breakdown measurements were performed on neat PEI films of various 
thicknesses. The junction of fiber overlap is the region of expected breakdown 
and the thickness of PEI in these regions is small (submicron). Thin films, as 
small as 100 ran, were fabricated using a solvent-based spin-coating technique. 

The dielectric breakdown voltages for neat PEI films of various thickness are 
presented in Figure 20. The breakdown voltage increases as the sample thickness 
increases. The voltage required for breakdown in a 100-nm film of PEI is 
-350 V. The voltage drop in the induced current loops during electromagnetic 
processing is an order of magnitude smaller. For example, the induced voltage 
due to a three-turn coil with a 10-A current at a frequency of 10 MHz and 
affecting a 0.1-m square loop in the composite is only 40 V. It may be concluded 
that dielectric breakdown of the matrix is unlikely during electromagnetic 
processing of AS4/PEI composites. 

Breakdown of PEI film 

0.30        0.40        0.50 

Thickness in urn 

0.80 

Figure 20. Breakdown voltage measurements for neat PEI films. 

2.2.2.5 Mechanical Performance 

Short beam shear (ASTM D 2344) [21] and compression (ASTM 695) [22] tests 
were performed with autoclaved and electromagnetic-induction-processed 
AS4/PEI specimens. These two properties are directly related to the matrix 
properties in the composite and are sensitive to matrix degradation. High 
pressure (75 psi) was used in order to eliminate the void content effect on 
properties. Measured void contents were less than 1% for both samples. The 
mechanical test results are shown in Table 5 and indicate no loss in performance 
due to electromagnetic induction-based processing of AS4/PEI. 
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Table 5. Comparison of mechanical properties. 

Process Apparent Shear Strength 
(psi) 

Compressive Strength 
(ksi) 

Electromagnetic-Induction 
Processing (A)a 1,1300 ± 500 120.1 ± 1.2 

Autoclave (B)b 1,1500 + 500 118.3 ± 1.8 
aProcess A:  Autoclaved at vacuum; induction heated; autoclaved at 75 psi. 
bProcess B:   Autoclaved at vacuum; autoclaved at 75 psi. 

2.2.3 Induction Coil Design 

A major advantage of induction heating technology is coil-design flexibility. The 
size and shape of an induction coil can be "fit," or matched, to the composite part 
that is to be heated, even for geometrically complex shapes. It is also possible to 
use a simple coil design and heat complex geometric shapes using programmed 
motion with a robot. Based on induction coil models, coil designs were 
developed for a 12-in wide laminate process. This involves lamination or 
consolidation of an 8-ply prepreg in the desired orientation into a consolidated 
laminate with specified quality. This is achieved by induction heating the 
prepreg stack up to process temperature, followed by consolidation under 
pressure. 

2.2.3.1 Laminator Coil Design 

The function of the laminator or the lamination stage is to fabricate 8-ply 
thermoplastic laminates at high throughputs (~20 ft/min) and desired quality. 
Thus, the induction heating stage of this process step has to uniformly and 
rapidly heat the incoming material (8-ply prepreg stack) up to the process 
temperature while allowing continuous material flow, as shown in Figure 21. 
The challenge is to handle incoming prepreg stacks of various orientations and 
still meet the rapid and uniform heating requirements. 

Several different coil configurations were modeled and tested resulting in the 
selection of a rectangular (or paperclip shaped) coil for the laminator. The coil 
geometry and resultant temperature profiles are shown in Figures 22 and 23, 
respectively. 

Work is in progress to optimize the rectangular coil geometry to further reduce 
temperature gradients and improve final laminate quality. 

2.2.4 Conclusions to Induction-Based Thermoplastic Composite Lamination 

Work to date has established that induction heating is a key technology 
component for the use of carbon/thermoplastics in Army composite structures. 
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Figure 21. Process schematic of lamination stage in a production line. 

Material Flow 

Figure 22. Schematic of rectangular coil for lamination stage. 

Material Flow 

Figure 23. Temperature profiles of 8-ply stack with rectangular coil. 

The ability to fabricate laminates from thermoplastic polymers while meeting 
performance and throughput requirements will allow future designs to replace 
environmentally hazardous thermoset-processing techniques with low-impact 
alternatives and potentially eliminate a substantial volume of hazardous waste 
production for the Army and its contractors. 
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1 DIRECTOR 3 COMMANDER 
US ARMY RESEARCH LAB US ARMY ARDEC 
AMSRLOPSDTA AMSTA AR FSA 
2800 POWDER MILL RD A WARNASH 
ADELPHI MD 20783-1145 B MACHAK 

M CHIEFA 
3 DIRECTOR PICATINNY ARSENAL NJ 

US ARMY RESEARCH LAB 07806-5000 
AMSRLOPSDTL 
2800 POWDER MILL RD 2 COMMANDER 
ADELPHI MD 20783-1145 US ARMY ARDEC 

AMSTA AR FSPG 
1 DIRECTOR M SCHIKSNIS 

US ARMY RESEARCH LAB D CARLUCCI 
AMSRLOPSDTP PICATINNY ARSENAL NJ 
2800 POWDER MILL RD 07806-5000 
ADELPHI MD 20783-1145 

DIRECTOR 
DA OASARDA 
SARD SO 
103 ARMY PENTAGON 
WASHINGTON DC 20310-0103 

COMMANDER 
US ARMY ARDEC 
AMSTA AR FSP A 
P KISATSKY 
PICATINNY ARSENAL NJ 
07806-5000 

DPTY ASST SECY FOR R&T 
SARDTT 
THE PENTAGON 
RM 3EA79 
WASHINGTON DC 20301-7100 

COMMANDER 
US ARMY MATERIEL CMD 
AMXMI INT 
5001 EISENHOWER AVE 
ALEXANDRIA VA 22333-0001 

COMMANDER 
US ARMY ARDEC 
AMSTA AR QAC T C 
CPATEL 
PICATINNY ARSENAL NJ 
07806-5000 

COMMANDER 
US ARMY ARDEC 
AMSTA AR CCHC 
H CHANIN 
SCHICO 
PICATINNY ARSENAL NJ 
07806-5000 

COMMANDER 
US ARMY ARDEC 
AMSTA AR QAC T 
D RIGOGLIOSO 
PICATINNY ARSENAL NJ 
07806-5000 

COMMANDER 
US ARMY ARDEC 
AMSTA AR SRE 
DYEE 
PICATINNY ARSENAL NJ 
07806-5000 
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NO. OF NO. OF 
COPIES   ORGANIZATION COPIES ORGANIZATION 

9       COMMANDER 11 PMTMAS 
US ARMY ARDEC SFAEGSSCTMA 
AMSTAARCCHB R MORRIS 
P DONADIA CKIMKER 
F DONLON D GUZOWICZ 
P VALENTI E KOPACZ 
C KNUTSON R ROESER 
G EUSTICE R DARCY 
S PATEL R MCDANOLDS 
G WAGNECZ L D ULISSE 
RSAYER C ROLLER 
F CHANG J MCGREEN 
PICATINNY ARSENAL NJ B PATTER 
07806-5000 PICATINNY ARSENAL NJ 

07806-5000 
6        COMMANDER 

US ARMY ARDEC 2 PEO FIELD ARTILLERY SYS 
AMSTA AR CCL SFAEFASPM 
F PUZYCKI H GOLDMAN 
RMCHUGH T MCWILLIAMS 
D CONWAY PICATINNY ARSENAL NJ 
EJAROSZEWSKI 07806-5000 
R SCHLENNER 
M CLUNE 1 COMMANDER 
PICATINNY ARSENAL NJ US ARMY ARDEC 
07806-5000 AMSTA AR WEA 

J BRESCIA 
1        COMMANDER PICATINNY ARSENAL NJ 

US ARMY ARDEC 07806-5000 
AMSTA AR WET 
T SACHAR 1 COMMANDER 
BLDG172 US ARMY ARDEC 
PICATINNY ARSENAL NJ PRODUCTION BASE 
07806-5000 MODERN ACTY 

AMSMC PBM K 
1        COMMANDER PICATINNY ARSENAL NJ 

US ARMY ARDEC 07806-5000 
AMSTA ASF 
PICATINNY ARSENAL NJ 6 PM SADARM 
07806-5000 SFAEGCSSSD 

US ARMY ARDEC 
INTELLIGENCE SPECIALIST 
AMSTA AR WELF 
M GUERRIERE 
PICATINNY ARSENAL NJ 
07806-5000 

COL B ELLIS 
M DEVINE 
R KOWALSKI 
W DEMASSI 
J PRLTCHARD 
S HROWNAK 
PICATINNY ARSENAL NJ 
07806-5000 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES 

1 COMMANDER 
US ARMY TACOM 
PM ABRAMS 
SFAE ASM AB 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

1 

COMMANDER 
US ARMY TACOM 
PM TACTICAL VEHICLES 
SFAETVL 
SFAETVM 
SFAETVH 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

ORGANIZATION 

COMMANDER 
US ARMY TACOM 
PM SURVIVABLE SYSTEMS 
SFAE GCSS W GSIH 
M RYZYI 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

COMMANDER 
US ARMY TACOM 
PMBFV 
SFAE GCSS WBV 
S DAVIS 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

COMMANDER 
US ARMY TACOM 
PMBFVS 
SFAE ASM BV 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

COMMANDER 
US ARMY TACOM 
PMAFAS 
SFAE ASM AF 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

COMMANDER 
US ARMY TACOM 
PM RDT&E 
SFAE GCSS W AB 
J GODELL 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

COMMANDER 
US ARMY TACOM 
PM SURV SYS 
SFAE ASM SS 
TDEAN 
SFAE GCSS W GSI M 
D COCHRAN 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

COMMANDER 
US ARMY TACOM 
PM LIGHT TACTICAL VHCLS 
AMSTA TR S 
A J MILLS MS 209 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

COMMANDER 
US ARMY TACOM 
PM GROUND SYSTEMS 
INTEGRATION 
SFAE GCSS W GSI 
R LABATILLE 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

COMMANDER 
US ARMY TACOM 
CHIEF ABRAMS TESTING 
SFAE GCSS W AB QT 
T KRASKIEWICZ 
6501 ELEVEN MILE RD 
WARREN MI 48397-5000 

COMMANDER 
US ARMY TACOM 
AMSTA SF 
WARREN MI 48397-5000 

COMMANDER 
WATERVLIET ARSENAL 
SMCWV QAE Q 
B VANINA 
BLDG44 
WATERVLIET NY 12189-4050 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

15 COMMANDER 3 ARMOR SCHOOL 
US ARMY TACOM ATZKTD 
AMSTA TR R R BAUEN 
J CHAPIN JBERG 
R MCCLELLAND APOMEY 
D THOMAS FT KNOXKY 40121 
J BENNETT 
D HANSEN 2 HQ IOC TANK 
AMSTA JSK AMMUNITION TEAM 
S GOODMAN AMSIO SMT 
J FLORENCE R CRAWFORD 
KIYER W HARRIS 
DTEMPLETON ROCK ISLAND IL 61299-6000 
A SCHUMACHER 
AMSTA TR D 1 DIRECTOR 
D OSTBERG US ARMY AMCOM 
L HINOJOSA SFAE AVRAM TV 
BRAJU D CALDWELL 
AMSTA CS SF BLDG 5300 
H HUTCHINSON REDSTONE ARSENAL AL 
F SCHWARZ 35898 
WARREN MI 48397-5000 

1 COMMANDER 
WATERVLIET ARSENAL 
SMCWV SPM 
T MCCLOSKEY 
BLDG 253 
WATERVLIET NY 12189-4050 

2 TSM ABRAMS 
ATZKTS 
SJABURG 
W MEINSHAUSEN 
FT KNOX KY 40121 

11       BENET LABORATORIES 
AMSTA AR CCB 
R FISCELLA 
G D ANDREA 
EKATHE 
M SCAVULO 
G SPENCER 
P WHEELER 
K MINER 
J VASILAKIS 
G FRIAR 
R HASENBEIN 
AMSTA CCB R 
SSOPOK 
WATERVLIET NY 12189-4050 

COMMANDER 
US ARMY AMCOM 
AVIATION APPLIED TECH DIR 
J SCHUCK 
FT EUSTIS VA 23604-5577 

US ARMY CERL 
R LAMPO 
2902 NEWMARK DR 
CHAMPAIGN IL 61822 

DIRECTOR 
US ARMY CECOM 
NIGHT VISION & 
ELECTRONIC SENSORS DIR 
AMSEL RD NV CM CCD 
R ADAMS 
R MCLEAN 
A YINGST 
AMSEL RD NV VISP 
E JACOBS 
10221 BURBECK RD 
FT BELVOIR VA 22060-5806 

US ARMY CORPS OF ENGINEERS 
CERDC 
TLIU 
CEWET 
TTAN 
20 MASS AVE NW 
WASHINGTON DC 20314 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

1 US ARMY COLD REGIONS 8 DIRECTOR 
RSCH & ENGRNG LAB US ARMY NATIONAL GROUND 
PDUTTA INTELLIGENCE CTR 
72LYMERD D LEITER 
HANOVER NH 03755 M HOLTUS 

M WOLFE 
1 SYSTEM MANAGER ABRAMS S MINGLEDORF 

ATZKTS J GASTON 
LTCJHNUNN W GSTATTENBAUER 
BLDG1002 RM110 R WARNER 
FT KNOXKY 40121 J CRIDER 

220 SEVENTH ST NE 
1 USA SBCCOM PM SOLDIER SPT CHARLOTTESVILLE VA 22091 

AMSSBPMRSSA 
J CONNORS 
KANSAS ST 
NATICK MA 01760-5057 

BALLISTICS TEAM 
AMSSB RIP 
PHIL CUNNIFF 
JOHN SONG 
WALTER ZUKAS 
KANSAS ST 
NATICK MA 01760-5057 

MATERIAL SCIENCE TEAM 
AMSSB RSS 
JEAN HERBERT 
MICHAEL SENNETT 
KANSAS ST 
NATICK MA 01760-5057 

DAVID TAYLOR RESEARCH CTR 
R ROCKWELL 
W PHYILLAIER 
BETHESDA MD 20054-5000 

OFC OF NAVAL RESEARCH 
D SIEGEL CODE 351 
800 N QUINCY ST 
ARLINGTON VA 22217-5660 

US ARMY SBCCOM 
SOLDIER SYSTEMS CENTER 
BALLISTICS TEAM 
JWARD 
MARINE CORPS TEAM 
J MACKIEWICZ 
BUS AREA ADVOCACY TEAM 
W HASKELL 
SSCNC WST 
W NYKVIST 
T MERRILL 
S BEAUDOIN 
KANSAS ST 
NATICK MA 01760-5019 

US ARMY RESEARCH OFC 
ACROWSON 
J CHANDRA 
H EVERETT 
J PRATER 
R SINGLETON 
G ANDERSON 
DSTEPP 
D KISEROW 
J CHANG 
PO BOX 12211 
RESEARCH TRIANGLE PARK NC 
27709-2211 

NAVAL SURFACE WARFARE CTR 
DAHLGREN DIV CODE G06 
DAHLGREN VA 22448 

NAVAL SURFACE WARFARE CTR 
TECH LIBRARY CODE 323 
17320 DAHLGREN RD 
DAHLGREN VA 22448 

NAVAL RESEARCH LAB 
IWOLOCK CODE 6383 
R BADALIANCE CODE 6304 
L GAUSE 
WASHINGTON DC 20375 

NAVAL SURFACE WARFARE CTR 
CRANE DTVISION 
M JOHNSON CODE 20H4 
LOUISVILLE KY 40214-5245 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES 

2 COMMANDER 
NAVAL SURFACE WARFARE CTR 
CARDEROCK DIVISION 
R PETERSON CODE 2020 
M CRITCHFIELD CODE 1730 
BETHESDA MD 20084 

1 

NAVAL SURFACE WARFARE CTR 
U SORATMA 
C WILLIAMS CD 6551 
9500 MACARTHUR BLVD 
WEST BETHESDA MD 20817 

DAVID TAYLOR RESEARCH CTR 
SHIP STRUCTURES 
& PROTECTION 
DEFT CODE 1702 
BETHESDA MD 20084 

NAVAL SURFACE WARFARE CTR 
J FRANCIS CODE G30 
D WILSON CODE G32 
R D COOPER CODE G32 
J FRAYSSE CODE G33 
E ROWE CODE G33 
T DURAN CODE G33 
L DE SIMONE CODE G33 
R HUBBARD CODE G33 
DAHLGRENVA 22448 

NAVAL SEA SYSTEMS CMD 
D LIESE 
2531 JEFFERSON DAVIS HWY 
ARLINGTON VA 22242-5160 

NAVAL SURFACE WARFARE CTR 
M LACY CODE B02 
17320 DAHLGRENRD 
DAHLGREN VA 22448 

OFC OF NAVAL RES 
J KELLY 
800 NORTH QUINCEY ST 
ARLINGTON VA 22217-5000 

NAVAL SURFACE WARFARE CTR 
CARDEROCK DIVISION 
R CRANE CODE 2802 
C WILLIAMS CODE 6553 
3ALEGGETTCIR 
BETHESDA MD 20054-5000 

ORGANIZATION 

EXPEDITIONARY WARFARE 
DWN85 
F SHOUP 
2000 NAVY PENTAGON 
WASHINGTON DC 20350-2000 

AFRLMLBC 
2941 P ST RM 136 
WRIGHT PATTERSON AFB OH 
45433-7750 

AFRLMLSS 
RTHOMSON 
217912TH ST RM 122 
WRIGHT PATTERSON AFB OH 
45433-7718 

AFRL 
F ABRAMS 
J BROWN 
BLDG 653 
2977PSTSTE6 
WRIGHT PATTERSON AFB OH 
45433-7739 

AFRL MLS OL 
L COULTER 
7278 4TH ST 
BLDG 100 BAY D 
HILL AFB UT 84056-5205 

OSD 
JOINT CCD TEST FORCE 
OSD JCCD 
R WILLIAMS 
3909 HALLS FERRY RD 
VICKSBURG MS 29180-6199 

DEFENSE NUCLEAR AGENCY 
INNOVATIVE CONCEPTS DW 
6801 TELEGRAPH RD 
ALEXANDRIA VA 22310-3398 

WATERWAYS EXPERIMENT 
D SCOTT 
3909 HALLS FERRY RD SC C 
VICKSBURG MS 39180 

FAA 
TECH CENTER 
P SHYPRYKEVICH AAR 431 
ATLANTIC CITY NJ 08405 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES 

3 DARPA 
M VANFOSSEN 
SWAX 
L CHRISTODOULOU 
3701 N FAIRFAX DR 

1 

ARLINGTON VA 22203-1714 
1 

2 SERDP PROGRAM OFC 
PMP2 
C PELLERIN 
B SMITH 
901 N STUART ST STE 303 
ARLINGTON VA 22203 7 

1 FAA 
MIL HDBK17 CHAIR 
LILCEWICZ 
1601 LIND AVE SW 
ANM115N 
RESTONVA 98055 

1 US DEFT OF ENERGY 
OFC OF ENVIRONMENTAL 
MANAGEMENT 1 
P RITZCOVAN 
19901 GERMANTOWN RD 
GERMANTOWN MD 20874-1928 

1 • DIRECTOR 
LLNL 3 
F ADDESSIO MS B216 
PO BOX 1633 
LOS ALAMOS NM 87545 

5 DIRECTOR 
LLNL 
R CHRISTENSEN 
S DETERESA 
F MAGNESS 
M FINGER MS 313 3 
M MURPHY L 282 
PO BOX 808 
LrVERMORE CA 94550 

OAK RIDGE NATIONAL 
LABORATORY 
R M DAVIS 
PO BOX 2008 
OAK RIDGE TN 37831-6195 

ORGANIZATION 

OAK RIDGE NATIONAL 
LABORATORY 
C EBERLE MS 8048 
PO BOX 2009 
OAK RIDGE TN 37831 

OAK RIDGE NATIONAL 
LABORATORY 
C D WARREN MS 8039 
PO BOX 2009 
OAK RIDGE TN 37922 

NIST 
R PARNAS 
J DUNKERS 
M VANLANDINGHAM MS 8621 
J CHIN MS 8621 
DHUNSTONMS8543 
J MARTIN MS 8621 
D DUTHINH MS 8611 
100 BUREAU DR 
GAITHERSBURG MD 20899 

HYDROGEOLOGIC INC 
SERDP ESTCP SPT OFC 
S WALSH 
1155 HERNDON PKWY STE 900 
HERNDON VA 20170 

DIRECTOR 
SANDIA NATIONAL LABS 
APPLIED MECHANICS DEFT 
DIV 8241 
J HANDROCK 
YRKAN 
J LAUFFER 
PO BOX 969 
LrVERMORE CA 94550-0096 

NASA LANGLEY RSCH CTR 
AMSRL VS 
W ELBER MS 266 
F BARTLETT JR MS 266 
G FARLEY MS 266 
HAMPTON VA 23681-0001 

NASA LANGLEY RSCH CTR 
T GATES MS 188E 
HAMPTON VA 23661-3400 

USDOT FEDERAL RAILRD 
M FATEH RDV 31 
WASHINGTON DC 20590 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

1 FHWA 1 COMPOSITE MATERIALS INC 
E MUNLEY C RILEY 
6300 GEORGETOWN PIKE 14530 S ANSON AVE 
MCLEAN VA 22101 SANTA FE SPRINGS CA 90670 

1 CENTRAL INTLLGNC AGNCY 2 COMPOSIX 
OTIWDAG GT D BLAKE 
W L WALTMAN L DIXON 
PO BOX 1925 120 O NEILL DR 
WASHINGTON DC 20505 HEBRUN OHIO 43025 

1 MARINE CORPS 4 CYTEC FIBERITE 
INTELLIGENCE ACTIVITY R DUNNE 
D KOSITZKE DKOHLI 
3300 RUSSELL RD STE 250 M GILLIO 
QUANTICO VA 22134-5011 R MAYHEW 

1300 REVOLUTION ST 
1 DIRECTOR 

NATIONAL GRND INTLLGNC CTR 
HAVRE DE GRACE MD 21078 

IANGTMT 2 SIMULA 
220 SEVENTH ST NE J COLTMAN 
CHARLOTTESVILLE VA RHUYETT 
22902-5396 10016 S 51ST ST 

PHOENIX AZ 85044 
1 DIRECTOR 

DEFENSE INTLLGNC AGNCY 1 SIOUX MFG 
TA5 BKRIEL 
KCRELLING PO BOX 400 
WASHINGTON DC 20310 FT TOTTENND 58335 

GRAPHITE MASTERS INC 
J WILLIS 
3815 MEDFORD ST 
LOS ANGELES CA 90063-1900 

ADVANCED GLASS FIBER YARNS 
T COLLINS 
281 SPRING RUN LANE STE A 
DOWNINGTON PA 19335 

COMPOSITE MATERIALS INC 
D SHORTT 
19105 63 AVE NE 
PO BOX 25 
ARLINGTON WA 98223 

COMPOSITE MATERIALS INC 
R HOLLAND 
11 JEWEL CT 
ORINDA CA 94563 

PROTECTION MATERIALS INC 
M MILLER 
F CRILLEY 
14000 NW 58 CT 
MIAMI LAKES FL 33014 

FOSTER MILLER 
J J GASSNER 
M ROYLANCE 
WZUKAS 
195 BEAR HILL RD 
WALTHAM MA 02354-1196 

ROM DEVELOPMENT CORP 
R O MEARA 
136 SWINEBURNE ROW 
BRICK MARKET PLACE 
NEWPORT RI02840 

O GARA HESS & EISENHARDT 
M GILLESPIE 
9113 LESAINT DR 
FAIRFIELD OH 45014 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

2 TEXTRON SYSTEMS 1 SAIC 
T FOLTZ M PALMER 
M TREASURE 1410 SPRING HILL RD STE 400 
201 LOWELL ST MSSH4 5 
WILMINGTON MA 08870-2941 MCLEAN VA 22102 

1 JPS GLASS 1 SAIC 
L CARTER G CHRYSSOMALLIS 
PO BOX 260 3800 W 80TH ST STE 1090 
SLATER RD BLOOMINGTON MN 55431 
SLATER SC 29683 

1 AAI CORPORATION 
2 MILLIKEN RSCH CORP T G STASTNY 

H KUHN PO BOX 126 
M MACLEOD HUNT VALLEY MD 21030-0126 
PO BOX 1926 
SPART ANBURG SC 29303 1 APPLIED COMPOSITES 

CONNEAUGHT INDUSTRIES INC 
J SANTOS 
PO BOX 1425 
COVENTRY RI02816 

BATTELLE NATICK OPNS 
J CONNORS 
B HALPIN 
209 W CENTRAL ST STE 302 
NATICK MA 01760 

ARMTEC DEFENSE PRODUCTS 
SDYER 
85 901 AVE 53 
PO BOX 848 
COACHELLA CA 92236 

GLCC INC 
JRAY 
103 TRADE ZONE DR STE 26C 
WEST COLUMBIA SC 29170 

PACIFIC NORTHWEST LAB 
M SMITH 
G VAN ARSDALE 
R SHIPPELL 
PO BOX 999 
RICHLAND WA 99352 

AMOCO PERFORMANCE 
PRODUCTS 
MMICHNOJR 
J BANISAUKAS 
4500 MCGINNIS FERRY RD 
ALPHARETTA GA 30202-3944 

W GRISCH 
333 NORTH SIXTH ST 
ST CHARLES IL 60174 

ALLIANT TECHSYSTEMS INC 
J CONDON 
E LYNAM 
J GERHARD 
WV0116 STATE RT 956 
PO BOX 210 
ROCKET CENTER WV 
26726-0210 

CUSTOM ANALYTICAL 
ENG SYS INC 
A ALEXANDER 
13000 TENSOR LANE NE 
FLINTSTONE MD 21530 

OFC DEPUTY UNDER SEC DFNS 
J THOMPSON 
1745 JEFFERSON DAVIS HWY 
CRYSTAL SQ 4 STE 501 
ARLINGTON VA 22202 

PROJECTILE TECHNOLOGY INC 
515 GILES ST 
HAVRE DE GRACE MD 21078 

LORAL VOUGHT SYSTEMS 
KCOOK 
1701 W MARSHALL DR 
GRAND PRAIRIE TX 75051 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES 

3 HEXCEL INC 
RBOE 
PO BOX 18748 
SALT LAKE CITY UT 84118 

1 

ORGANIZATION 

GKN AEROSPACE 
DOLDS 
15 STERLING DR 
WALLINGFORD CT 06492 

ALLIANT TECHSYSTEMS INC 
C CANDLAND MN11 2830 
C AAKHUS MN11 2830 
B SEE MN11 2439 
N VLAHAKUS MN11 2145 
R DOHRN MN11 2830 
S HAGLUND MN11 2439 
M HISSONG MN11 2830 
D KAMDAR MN11 2830 
600 SECOND ST NE 
HOPKINS MN 55343-8367 

AEROJET GEN CORP 
D PILLASCH 
T COULTER 
CFLYNN 
D RUBAREZUL 
M GREINER 
1100 WEST HOLLYVALE ST 
AZUSA CA 91702-0296 

HERCULES INC 
HERCULES PLAZA 
WILMINGTON DE 19894 

BRIGS COMPANY 
J BACKOFEN 
2668 PETERBOROUGH ST 
HERNDON VA 22071-2443 

ZERNOW TECHNICAL SERVICES 
L ZERNOW 
425 W BONITA AVE STE 208 
SAN DIMASCA 91773 

OLIN CORPORATION 
FLINCHBAUGH DIV 
E STEINER 
B STEWART 
PO BOX 127 
RED LION PA 17356 

PRATT & WHITNEY 
C WATSON 
400 MAIN ST MS 114 37 
EAST HARTFORD CT 06108 

SIKORSKY AIRCRAFT 
GJACARUSO 
T CARSTENSAN 
BKAY 
S GARBO MS S330A 
J ADELMANN 
6900 MAIN ST 
PO BOX 9729 
STRATFORD CT 06497-9729 

AEROSPACE CORP 
G HAWKINS M4 945 
2350 E EL SEGUNDO BLVD 
EL SEGUNDO CA 90245 

CYTEC FIBERITE 
MLIN 
WWEB 
1440 N KRAEMER BLVD 
ANAHEIM CA 92806 

HEXCEL 
T BITZER 
11711 DUBLIN BLVD 
DUBLIN CA 94568 

BOEING 
R BOHLMANN 
PO BOX 516 MC 5021322 
ST LOUIS MO 63166-0516 

BOEING DFNSE & SPACE GP 
W HAMMONDS 4X55 
J RUSSELL S 4X55 
PO BOX 3707 
SEATTLE WA 98124-2207 

OLIN CORPORATION 
L WHITMORE 
10101 NINTH ST NORTH 
ST PETERSBURG FL 33702 

BOEING ROTORCRAFT 
P MINGURT 
P HANDEL 
800 B PUTNAM BLVD 
WALLINGFORD PA 19086 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES 

1 BOEING 
DOUGLAS PRODUCTS DIV 
LJ HART SMITH 
3855 LAKEWOOD BLVD 
D800 0019 

2 

LONG BEACH CA 90846-0001 
3 

1 LOCKHEED MARTIN 
SREEVE 
8650 COBB DR 
D 73 62 MZ 0648 
MARIETTA GA 30063-0648 

LOCKHEED MARTIN 
SKUNK WORKS 
D FORTNEY 
1011 LOCKHEED WAY 
PALMDALE CA 93599-2502 

LOCKHEED MARTIN 
R FIELDS 
1195 IRWIN CT 
WINTER SPRINGS FL 32708 

MATERIALS SCIENCES CORP 
B W ROSEN 
500 OFC CENTER DR STE 250 
FT WASHINGTON PA 19034 

NORTHRUP GRUMMAN CORP 
ELECTRONIC SENSORS 
& SYSTEMS DIV 
E SCHOCH MS V 16 
1745A W NURSERY RD 
LINTHICUM MD 21090 

NORTHROP GRUMMAN 
ENVIRONMENTAL PROGRAMS 
R OSTERMAN 
A YEN 
8900 E WASHINGTON BLVD 
PICO PJVERA CA 90660 

UDLP 
D MARTIN 
PO BOX 359 
SANTA CLARA CA 95052 

UDLP 
G THOMAS 
PO BOX 58123 
SANTA CLARA CA 95052 

ORGANIZATION 

UDLP 
R BARRETT MAIL DROP M53 
V HORVATICH MAIL DROP M53 
328 W BROKAW RD 
SANTA CLARA CA 95052-0359 

UDLP 
GROUND SYSTEMS DTVISION 
M PEDRAZZI MAIL DROP N09 
A LEE MAIL DROP Nil 
M MACLEAN MAIL DROP N06 
1205 COLEMAN AVE 
SANTA CLARA CA 95052 

UDLP 
R BRYNSVOLD 
PJANKEMS170 
4800 EAST RTVER RD 
MINNEAPOLIS MN 55421-1498 

GDLS DrVISION 
D BARTLE 
PO BOX 1901 
WARREN MI 48090 

GDLS 
DREES 
M PASIK 
PO BOX 2074 
WARREN MI 48090-2074 

GDLS 
MUSKEGON OPERATIONS 
W SOMMERS JR 
76 GETTY ST 
MUSKEGON MI 49442 

GENERAL DYNAMICS 
AMPHIBIOUS SYS 
SURVrVABILITY LEAD 
G WALKER 
991 ANNAPOLIS WAY 
WOODBRIDGE VA 22191 

INST FOR ADVANCED TECH 
HFAIR 
IMCNAB 
P SULLIVAN 
SBLESS 
W REINECKE 
CPERSAD 
3925 W BRAKER LN STE 400 
AUSTIN TX 78759-5316 
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NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

2 CIVIL ENGR RSCH FOUNDATION 
PRESIDENT 
H BERNSTEIN 
R BELLE 
101515TH ST NW STE 600 

1 UNIV OF WYOMING 
D ADAMS 
PO BOX 3295 
LARAMIE WY 82071 

WASHINGTON DC 20005 2 PENN STATE UNrV 
RMCNLTT 

1 ARROW TECH ASSOC 
1233 SHELBURNE RD STE D 8 

CBAKIS 
212 EARTH ENGR SCIENCES BLDG 

* SOUTH BURLINGTON VT 
05403-7700 

1 
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