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(1) LIST OF MANUSCRIPTS submitted or published under ARO sponsorship during
this reporting period, INCLUDING JOURNAL REFERENCES:

Advani, S. G., “Mold Filling with Preforms,” presented at the UD-CCM/MSU Joint Composites
Workshop on Manufacturing Science of Composites: Molding Processes, University of Delaware, Newark,
DE, September 20-21, 1995.

Advani, S. G., “Manufacturing with Resin Transfer Molding: Simulations and Experiments,” invit-
ed presentation, University of Minnesota, March 1, 1995.

Ballata, W. O., K. M. England, ]J. Mogavero, S. G. Advani, B. K. Fink, and J. W. Gillespie Jr., “Process
Control Utilizing SMARTweave Flow Sensing in Liquid Injection Molding,” Proceedings of the ASC
11th Technical Conference, Technomic Publishing Co., Inc., Lancaster, PA, 1996.

Ballata, W. O., A. Braem, C. DuBois, S. M. Walsh, B. K. Fink, and ]J. W. Gillespie Jr., “Grid
Optimization for SMARTweave Flow and Cure Sensing in Liquid Injection Molding,” Proceedings of
the ASC 11th Technical Conference, Technomic Publishing Co., Inc., Lancaster, PA, 1996.

Bickerton, S. and S. G. Advani, “Effect of Draping of Fiber Preforms on Process Parameters During
Manufacturing with Resin Transfer Molding,” Proceedings of the ASM/ESD Conference, Dearborn, MI,
November 6-9, 1995.

Bickerton, S., and S. G. Advani, “Resin Transfer Molding Flow Visualization Experiments: An
Overview,” presented at the Annual Research Symposium of the University of Delaware Center for
Composite Materials, Newark, DE, September 18-19, 1995.

Bogetti, T. A., R. L. McCullough, and ]. W. Gillespie Jr.,“Influence of Processing on the Development
of Residual Stresses in Thick Section Thermoset Composites,” International Journal of Materials and
Product Technology, in press.

Burcham, L.J., M. R. Van Landingham, R. E. Eduljee, and J. W. Gillespie Jr., “Moisture Effects on the
Material Behavior in Graphite/Polyimide Composites,” Polymer Composites, Vol. 17, No. 5, pp.
682-690, October 1996.

Calado, V. M. A,, ]J. Mogavero, and S. G. Advani, ”Effective Average Permeability and Transverse
Flow in Multi-Layer Preforms in Resin Transfer Molding,” presented at the American Institute of
Chemical Engineers Annual Meeting, November 1995.

Eduljee, R. F. “Relationship of Microstructure to Mechanical Behavior,” presented at the
UD-CCM/MSU Joint Composites Workshop on Manufacturing Science of Composites: Molding Processes,
University of Delaware, Newark, DE, September 20-21, 1995.

Eduljee, R. E, M. R. Van Landingham, and ]. W. Gillespie Jr., “Characterization of the Elastic Prop-
erties of the Fiber-Matrix Interphase Using the Atomic Force Microscope,” submitted to The Journal
of Adhesion, 1996.

Fink, B. K., S. M. Walsh, D. DeSchepper, J. W. Gillespie Jr., R. L. McCullough, R. C. Don, and B. J.
Waibel, “Advances in Resin Transfer Molding Flow Monitoring Using SMARTweave Sensors,”
Proceedings of the ASME Materials Division, ASME, MD-Vol. 69-2, 1995.

Fink, B. K., D. DeSchepper, and S. Walsh, Development of a Two-Sided Wiring Scheme for Resin Transfer
Molding Flow Monitoring Using SMARTweave Sensors, CCM Technical Report 95-08, Center for
Composite Materials, University of Delaware, Newark, DE, 1995.

Fink, B. K., R. L. McCullough, and J. W. Gillespie Jr., “A Model to Predict the Through-Thickness
Distribution of Heat Generation in Cross-Ply Carbon-Fiber Composites Subjected to Alternating
Magnetic Fields,” Composites Science and Technology, 55, 119-130, 1995.

Fink, B. K., R. L. McCullough, S. G. Advani, and J. W. Gillespie Jr., “Army Research Laboratory
Collaborative Research in Resin Transfer Molding,” presented at the Defense Manufacturing Con-
ference ‘95, MANUFACTURING PARTNERSHIP FOR A MODERN FORCE, Dallas, TX, November 27-30, 1995.
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Fink, B. K., R. L. McCullough, and J. W. Gillespie Jr., “Experimental Verification of Models for
Induction Heating of Continuous-Carbon-Fiber Composites,” Polymer Composites, Vol. 17, No. 2, pp.
198-209, April 1996.

Fink, B. K., “On-Line Sensing,” presented at the UD-CCM/MSU Joint Composites Workshop on
Manufacturing Science of Composites: Molding Processes, University of Delaware, Newark, DE,
September 20-21, 1995.

Fong, L., B. Liu, R. R. Varma, and S. G. Advani, Liquid Injection Molding Simulation (LIMS)—User’s
Manual Version 3.3, CCM Technical Report 95-06, Center for Composite Materials, University of
Delaware, Newark, DE, 1995.

Fong, L. and S. G. Advani, Resin Transfer Molding, CCM Technical Report 95-09, Center for
Composite Materials, University of Delaware, Newark, DE 1995.

Gan, D., O. Andersen, and G. R. Palmese, “The Influence of Sizings on the Processing and
Performance of Vinyl-Ester Composite Systems,” presented at the Annual Research Symposium of
the University of Delaware Center for Composite Materials, Newark, DE, September 18-19, 1995.

Gillespie, J. W. Jr., “Academic R&D Review—Highlights of Research Activities at the University of
Delaware Center for Composite Materials,”presented at Composite Materials Handbook (MIL-
HDBK-17) Coordination Meeting, September 9, 1996, Schaumberg, IL.

Guden, M. and I. W. Hall, “High-Strain-Rate Compression Testing of a Short-Fiber Reinforced
Aluminum Composite,” Materials Science and Engineering A, in press, 1997.

Hall, I. W,, A. Kalambur, and J. R. Vinson, “Deformation and Fracture Mechanisms in a SiC,, /Al
Metal Matrix Composite,” Proceedings of the ASME Symposium on High Strain Rate Effects on Polymer,
Metal and Ceramic Matrix Composites, San Francisco, 1995.

Hall, I. W. and C. Poteet, “High-Strain-Rate and Other Properties of a Carbon Microsphere
Reinforced magnesium Alloy,” Journal of Materials Science Letters, No. 15, p. 1015, 1996.

Hall, I. W. and C. Poteet, “High-Strain-Rate Properties of a Unidirectionally Reinforced C/Al Metal
Matrix Composite,” Materials Science and Engineering A, A222, p. 35, 1997.

Hrivnak, J. A. and R. L. McCullough, “Analytic Interphase Model for Reacting Systems,” presented
at the Annual Meeting of the American Institute of Chemical Engineers, Miami, FL, November 12-
17, 1995.

Hrivnak, J. A. and R. L. McCullough, “Optimization of the Surface Free Energy of Carbon Fiber
Through Electrolytic Oxidation,” Journal of Thermoplastic Composite Materials, Vol. 9, October 1996,
pp- 304-315.

Huang, X. and J. W. Gillespie Jr., “Fracture Behavior of High-Performance Composite Laminates
with Variation of Laminate Stacking Sequence and Testing Temperature,” accepted for publication,
Journal of Composites Technology & Research, November 1996.

Huang, X., J]. W. Gillespie Jr., and T. A. Bogetti, “Assessing Thermal Residual Stress in Integral
Hybrid Composite Armor,” Proceedings of the 11th Annual Technical Conference on Composites,
American Society of Composites, Technomic Publishing Co., Inc., Lancaster, PA, 1996.

Huang, X., R. F. Eduljee, and ]J. W. Gillespie Jr., “Effect of Temperature on the Transverse Cracking
Behavior of Cross-Ply Composite Laminates,” accepted for publication in Composites Engineering,
1996.

Huang, X., ]. W. Gillespie Jr., and R. F. Eduljee, “The Influence of the Variation of the Coefficient of
Thermal Expansion with Temperature on the Microcracking Behavior of K3B/IM7 and X5260/G40-
800 Composites,” submitted, Composites Part B: Engineering, 1996.

Huang, X., R. F. Eduljee, and J. W. Gillespie Jr., “Matrix Cracking of High-Performance Composite
Laminates with Variation of Laminate Stacking Sequence and Testing Temperatures,” accepted for
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publication, Journal of Composites Technology & Research, 1996.

Huang, X., V. Kumar, L. Gavin, and J. W. Gillespie Jr., “Mechanics of Integral Armor: Discontinuous-
Ceramic-Cored Sandwich Structures Under Tension and Shear,” accepted for publication, Composite
Structures, 1996.

Immordino, K. M., S. H. McKnight, and J. W. Gillespie Jr.,, “Characterization of Polysulfone-
Epoxy/Amine Interphase For Bonding Thermoplastic Composites,” Proceedings of the 19th Annual
Meeting of the Adhesion Society, February 1996.

Immordino, K. M., S. H. McKnight, and J. W. Gillespie ]Jr., “In Situ Evaluation of the Diffusion of
Epoxy and Amine in Thermoplastic Polymers,” Proceedings of ANTEC 96, Society of Plastics
Engineers, 1996.

Kalambur, A. and 1. W. Hall, Dynamic Compressive Mechanical Behavior of a Silicon Carbide/Aluminum
Metal-Matrix Composite, CCM Technical Report 96-13, University of Delaware, 1996.

Kalambur, A., “High Strain-Rate Deformation of a SiC,,,/Al Composite,” Master of Materials
Science and Engineering Thesis, University of Delaware, 1995.

Li, J., E. T. Thostenson, T-W. Chou, and L. Riester, “Experimental and Analytical Study on Thin-Film
Coating/Substrate Systems by Nanoindentation,” to be submitted to the Journal of the Materials
Research Society, 1997.

Li, J., “Experimental and Analytical Study on Thin-Film Coating/Substrate Systems by Nanoinden-
tation,” presented at the Solid Mechanics Seminar, Department of Mechanical Engineering, Univer-
sity of Delaware, October 14, 1996. ‘

Li, J., E. T. Thostenson, T.-W. Chou, and A. ]J. Hsieh, “Analytical and Experimental Studies of
Nanoindentation of Thin-Film Coating/Substrate Systems,” submitted to Symposium T:
Computational Materials Science at the Mesoscale, MRS 1997 Spring Meeting, March 31-April 4,
1997, San Francisco, CA.

Li, J. and T-W. Chou, “Elastic Field of a Thin-Film/Substrate System Under an Axisymmetric
Loading,” submitted to International Journal of Solids and Structures, 1996.

Li, J., A. Hsieh, and T.-W. Chou, “Mechanical Behavior of Thin-Film Coating/Substrate Systems
Under Nanoindentation,” submitted to Damage Mechanics in Engineering Materials, edited by G.Z.
Voyiadjis, ].W. Ju and J.-L. Chaboche, Elsevier, Amsterdam, 1996.

Li, J. and T-W. Chou, “Mechanical Behavior of Thin-Film Coating/Substrate Systems Under
Nanoindentation,” submitted to Symposium on Damage Mechanics in Engineering Materials, the Joint
ASME/ASCE/SES Summer Meeting, Northwestern University, Evanston, IL, June 29-July 2, 1997.

Luce, T. L., S. G. Advani, J. G. Howard, and R. S. Parnas, “Permeability Characterization, Part 2:
Flow Behavior in Multiple-Layer Preforms,” accepted for publication in Polymer Composites, 1995.

Kukich, D. S., “Composite Materials Research, Education, and Technology Transfer at the University
of Delaware Center for Composite Materials (UD-CCM),” accepted for publication in Polymer News,
1995 (includes a segment on the ARL-MatD Composite Materials Research Program).

McCullough, R. L., “Design of Cure Cycles for RTM,” presented at the Second Joint Composites
Workshop on Manufacturing Science: Molding Processes, Lansing, MI, October 25, 1996.

McKnight, S. H. and J. W. Gillespie Jr., “In Situ Examination of Water Diffusion to the Polymer-Silane
Interface Using FTIR-ATR,” submitted to Journal of Applied Polymer Science, 1996.

McKnight, S. H., R. C. Don, M. Scott, A. Braem, and J. W. Gillespie Jr., “Experimental Investigation
of Diffusion Enhanced Adhesive Bonding for Thermoplastic Composites,” Proceedings of ANTEC 95,
Society of Plastics Engineers, 1995.

Obst, A., M. R. Van Landingham, R. F. Eduljee, G. Griesham, and K. F. Tosi, “The Effect of Hygro-
thermal Cycling on the Microcracking Behavior of Fabric Laminates,” Proceedings of the 28th
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International SAMPE Technical Conference, Seattle, WA, November 4, 1996.Palmese, G. R. “Cure of
Thermosetting Resins in RTM,” presented at the UD-CCM/MSU Joint Composites Workshop on
Manufacturing Science of Composites: Molding Processes, University of Delaware, Newark, DE,
September 20-21, 1995.

Palmese, G. R., R. L. McCullough, and N. R. Sottos, “Relationship Between Interphase Composition,
Material Properties, and Residual Thermal Stresses in Composite Materials,” Journal of Adhesion, 52,
101-113, 1995.

Parnas, R. S., J. G. Howard, T. L. Luce, and S. G. Advani, “Permeability Characterization, Part 1: A
Proposed Standard Reference Material for Permeability Characterizations,” accepted for publication
in Polymer Composites, 1995.

Pederson, C. L., J. W. Gillespie, R. L. McCullough, R. J. Rothschilds, and S. L. Stanek, “The Effect of
Isothermal Aging on Transverse Crack Development in Carbon Fiber Reinforced Cross-Ply
Laminates,” Polymer Composites, 16, 154-64, 1995.

Rajagopalan, G., S. H. McKnight, and J. W. Gillespie Jr.,, “Interdiffusion in a Poly-aryl-ether-ether-
ketone (PEEK)/Epoxy System,” Proceedings of ANTEC 96, Society of Plastics Engineers, 1996.

Rajagopalan, R., K. M. Immordino, S. H. McKnight, and J. W. Gillespie Jr., “Characterization and
Fracture Toughness of Diffuse Adhesive Interphases,” Proceedings of the American Society for Com-
posites 11th Technical Conference on Composite Materials, Technomic Publishing Company, Lancaster,
PA, 1996.

Tackitt, K. D., C. A. Butler, R. C. Don, J. W. Gillespie Jr., and R. L. McCullough, “Assessment of
Through Transmission Ultrasonics for the Detection of Intimate Contact During Bonding,”
Proceedings of ANTEC 95, Society of Plastic Engineers, 1995.

Van Landingham, M. R., R. F. Eduljee, and J. W. Gillespie Jr., “The Effects of Moisture on the Material
Properties and Behavior of Thermoplastic Polyimide Composites,” ASTM STP on Temperature and
Environmental Effects on Polymeric Composites, in press, 1996.

Van Landingham, M. R., S. H. McKnight, G. R. Palmese, R. F. Eduljee, ]. W. Gillespie Jr., and R. L.
McCullough, “Relating Elastic Modulus to Indentation Response Using Atomic Force Microscopy,”
Proceedings of the American Society for Composites 11th Technical Conference on Composite Materials,
Technomic Publishing Company, Lancaster, PA, 1996.

Van Landingham, M. R.,, R. F. Eduljee, and J. W. Gillespie Jr., “Characterization of the Elastic
Properties of the Fiber-Matrix Interphase Using the Atomic Force Microscope,” submitted to The
Journal of Adhesion, 1996.

Van Landingham, M. R., S. H. McKnight, G. R. Palmese, R. F. Eduljee, J. W. Gillespie Jr., and R. L.
McCullough, “Characterization of Interphase Regions Using Atomic Force Microscopy,” Proceedings
of the Materials Research Society Fall Meeting, Vol. 458, 1996.

Van Landingham, M. R., S. H. McKnight, G. R. Palmese, T. A. Bogetti, R. F. Eduljee, and J. W.
Gillespie Jr., “Relating Polymer Indentation behavior to Elastic Modulus Using Atomic Force
Microscopy,” Proceedings of the Materials Research Society Fall Meeting, Vol. 440, 1996.McKnight, S. H.,
and J. W. Gillespie Jr., “Silane Coupling Agents as Adhesion promoters for Thermoplastic Polymers
to Aluminum,” presented at the Annual Meeting of the Adhesion Society, Hilton Head, SC, February
21, 1995.

VanLandingham, M. R,, R. F. Eduljee, and ]. W. Gillespie Jr., “Hygrothermal Effects on the Material
Properties and Behavior of Thermoplastic Polyimide Composites,” in Proceedings of the American
Society for Composites 10th Technical Conference, Technomic Publishing Co., Inc., Lancaster, PA, pp.
523-533, 1995.

VanLandingham, M. R,, R. F. Eduljee, and J. W. Gillespie Jr., “The Effects of Moisture on the Material
Properties and Behavior of Thermoplastic Polyimide Composites,” High-Temperature and
Environmental Effects on Polymer Composites, ASTM STP 1302, accepted for publication, 1997.
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Varelidis, P. C., T. P. Skourlis, J. V. Bletsos, R. L. McCullough, and C. D. Papaspyrides,
“Characterization of Coatings of Poly (hexamethylene adipamide) Deposited on Carbon Fibers by
Interfacial Polymerization Techniques,” Journal of Applied Polymer Science, 55 1101-1110, 1995.

Waibel, B. J., “Flow and Cure Sensing in RTM,” presented at the Annual Research Symposium of the
University of Delaware Center for Composite Materials, Newark, DE, September 18-19, 1995.

* Note: List includes related publications/presentations and publications/presentations from lever-
aged programs.

(2) SCIENTIFIC PERSONNEL supported by this project and HONORS/AWARDS/
DEGREES received during this reporting period:

Principal Investigator
R. L. McCullough, Professor of Chemical Engineering

Co-Investigators

Tsu-Wei Chou, Jerzy L. Nowinski Professor of Mechanical Engineering and Materials Science
J. W. Gillespie Jr., Associate Professor of Materials Science

Ian W. Hall, Associate Professor of Mechanical Engineering and Materials Science

Azar Parvizi-Majidi, Associate Professor of Mechanical Engineering and Materials Science

K. V. Steiner, Associate Scientist and Associate Director, UD-CCM

Jack R. Vinson, H. Fletcher Brown Professor of Mechanical Engineering

Graduate Students and Postdocs

Rajeev Gorowara, Graduate Student, Department of Chemical Engineering
Dru Hartranft, Graduate Student, Department of Mechanical Engineering
Xiaoguang Huang, Postdoctoral Fellow

Anand Kalambur, Graduate Student, Materials Science Program

Jie Li, Postdoctoral Fellow

Hui-Ying Ma, Postdoctoral Fellow

Mark VanLandingham, Graduate Student, Materials Science Program
Metin Tanoglu, Graduate Student, Materials Science Program

Paul White, Postdoctoral Fellow

Degrees Granted
Annand T. Kalambur (M. MSE '96)

Thesis: Dynamic Compressive Mechanical behavior of a Silicon Carbide/Aluminum Metal-Matrix
Composite
Advisor: Ian W. Hall

(3) Report of INVENTIONS (By TITLE ONLY):
None

(4) SCIENTIFIC PROGRESS AND ACCOMPLISHMENTS:
PROCESSING AND MICROSTRUCTURAL STUDIES OF PRE-CERAMIC BASED COMPOSITES
(A. Parvizi-Majidi and T-W. Chou)

Three types of SOLVAD™ preceramic polymers manufactured by Solvay, Germany, are being
investigated as potentially useful polymers in the synthesis of silicon carbide. These are polycar-
bosilanes D-PPC [poly(diphenylcarbosilane), (Ph,SiCH,),]; D-PPMC 1 [poly(diphenyl-co-dimethyl)
carbosilane), {(Ph,SiCH,)(Me,SiCH,)},] and D-PPMC 033 [{(Ph,SiCH,)(Me2SiCH,)s}n]. These
polymers offer low viscosities and pyrolysis temperatures, making them attractive for composite,
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coating, and binder applications. Their advantages, however, are tempered by their low ceramic
yields. This investigation attempts to increase the ceramic yield and purity through control of the
starting materials and processing conditions, including mixing, curing, and pyrolysis procedures.
These polymers have been used to fabricate Nicalon™ fiber-reinforced SiC-based composites
through multiple infiltration/pyrolysis cycles and SiC -based coatings on steel substrates. They
have also been added as binders to fine SiC powder for the production of silicon carbide bodies. For
the composite work, the polymers have been used with and without added mullite particles. All
pyrolysis steps were performed in an argon atmosphere.

Modeling and Characterization of Through-the-Thickness Properties of Multi-Directionally
Reinforced Textile Composites: Textile structural composites have received much attention for
applications where improved through-the-thickness properties are required. However, the proper-
ties and mechanical behavior of these composites have not yet been adequately characterized, par-
ticularly in the thickness direction. The lack of experimental information is largely due to difficulty
in testing these composites, which is caused by their coarse microstructures and large non-unifor-
mities in local stresses and strains. This research investigates test methodologies for textile compos-
ites, particularly in the thickness direction. The experimental results will be used in combination
with analytical prediction of the composite properties to provide a basis for the understanding of
structure-property relationships of textile composites.

Mechanical Behavior of Thin-film Coating/Substrate Systems Under Nanoindentation:
Experimental results have demonstrated the different failure mechanisms of material systems con-
sist of hard-coating on soft substrate and soft-coating on hard substrate. An analytical model using
Hankel’s transform method is introduced to examine the displacement and stress fields of a thin-
film coating/substrate system with perfect interfacial bonding under an axisymmetrical compres-
sive loading on the coating surface. The present analysis can account for the influence of the film
thickness and the material properties of the substrate. This knowledge of the stress fields provides
the basis of understanding of the failure mechanisms of thin-film coating/substrate systems. This
work has been transitioned into the ARL Composite Materials Research Program, Phase 2 (funding
#DA AH04-95-2-0005).

HIGH STRAIN RATE PROPERTIES OF METAL- AND CERAMIC-MATRIX COMPOSITES (I. W. Hall, J.
R. Vinson)

The MMCs investigated to date represent the three major classes of composites: continuous-
fiber, discontinuous-fiber, and short-whisker- or particulate-reinforced composites. This research
focuses on investigating the effect of high-strain-rate loading on the deformation and fracture prop-
erties and will be reported briefly for each type separately. Other results are also summarized.

Continuous-Fiber-Reinforced MMCs: Both quasi-static and high-strain-rate compression
tests have been conducted on an A356 aluminum alloy reinforced with 35, 50, and 66 V% of M40
fibers. Two types of fiber conditions were investigated: in the first, fibers were not subjected to any
surface treatment before incorporation into the matrix, while the second set of samples was prepared
with fibers that had been subjected to an oxidative surface treatment. Cylindrical samples ~8 mm
in diameter were tested in the longitudinal and transverse orientations at strain rates up to ~1700s™.
Longitudinal specimens were found to exhibit strain-rate sensitivity. The average ultimate stress of
quasi-statically tested samples was 288 MPa, while that of the high strain-rate samples was between
450 and 590 MPa. Transverse samples exhibited considerably less strain-rate sensitivity and much
lower ultimate stresses, typically between 140 and 210 MPa. There was considerable scatter in the
data for the longitudinal samples, much of which has been shown to arise from fiber misalignment
with respect to the compression axis. Transverse samples showed very little scatter, and fracto-
graphic analysis in the scanning electron microscope showed these trends to be associated with the
fracture modes. Transverse sample failure was dominated by the shear properties of the metal
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matrix, and only localized fiber breakage occurred. Longitudinal samples, on the other hand,
showed complex fracture modes in which the buckling of large fiber bundles was observed at the
sample surface in contact with the anvils. This buckling led to the progressive longitudinal splitting
of the sample.

Discontinuous-Fiber-Reinforced MMCs: This system comprises 12 to 25 V% of short Saffil
(d-alumina) fibers in a matrix of Al-1%Cu, prepared by a squeeze casting route. The fiber architec-
ture is planar random with the fibers lying preferentially in the plane perpendicular to the pressing
direction. Tests have been conducted in two different directions—perpendicular and parallel to the
pressing direction—which are considered to be anisotropic in terms of fiber alignment and residual
stresses induced by fabrication. Samples have been mechanically tested at rates from quasi-static to
1500s°! using the Split Hopkinson Pressure Bar, followed by extensive metallographic analysis. Data
from a 15 V(% sample tested parallel and perpendicular to the plane of preferred fiber orientation
and data for an identically produced but unreinforced matrix alloy indicate that the presence of the
fibers increases the yield stress significantly and that the effect is larger at higher strain rates. Also,
the yield stress is highly strain-rate sensitive, with a transition occurring at strain rates in the region
of 800-1200s1. Fiber orientation has a clear effect on the mechanical properties. The metallograph-
ic analysis also includes investigation of the development of fiber fragmentation during testing.
Samples are subjected to digestion of the matrix in dilute acid after testing, which leaves the fibers
exposed for observation and quantitative analysis. It is found that fibers begin to fragment early in
the test and are reduced to an average length of 20-50 mm, which corresponds closely to the critical
length for these fibers. Thereafter, the composite ceases to behave like a fiber-reinforced composite
and begins to behave instead like a conventional high-strength alloy.

Whisker-Reinforced MMCs: Samples containing 25 V% SiC whiskers were tested in com-
pression at strain rates up to ~1500s! and examined by optical microscopy as well as scanning and
transmission electron microscopies. The composite showed a strain rate sensitivity of the yield
stress that was more pronounced than that of the unreinforced matrix. Fracture occurred along well-
defined shear planes, within which the reinforcing whiskers were pulverized.

SiC/Al,O5; CMCs: Samples of a SiC/Al,05 /Al CMC (armor) were prepared and tested. The
results to date show considerable scatter, but it is clear that higher strain rates lead to more exten-
sive fragmentation of the specimens and, hence, greater energy absorption. In addition, the retained
metallic aluminum between the SiC and Al,O3 grains undergoes extensive plastic deformation and
may critically be involved in the energy absorption processes.

Modeling of the Mechanical Properties of Damaged Composites: Work has begun on devel-
oping a model to predict the residual mechanical properties of damaged composites. When an MMC
is stressed, possibly to levels below the macroscopic yield stress, a variety of damage mechanisms
may occur, including fiber debonding and fiber cracking. Much of the above work also confirms that
fiber cracking is a common phenomenon during the early stages of plastic deformation, with the con-
sequence that residual properties after mechanical working or impact loading may be impaired. This
work will compare the predictions of the model with results from a series of experiments.

Dynamic Compressive Mechanical Behavior of a SiC,/Al Metal-Matrix Composite: The
high strength and stiffness, combined with the low density, of SiCw /Al metal-matrix composites
(MMCs) makes these materials an ideal choice for aerospace applications. However, such applica-
tions may entail dynamic loading conditions, making an assessment of this behavior essential for a
safe and economic design. The main aim of this research is to study the dynamic behavior of a 25%
V¢ SiC,,, /2124 Al MMC under compressive loading. The experiments were carried out using the
Split Hopkinson Pressure Bar (SHPB) at strain rates varying from 300s! to 1200s1. The effect of
specimen geometry was also investigated by varying the specimen aspect ratios. Quasi-static com-
pression tests were performed using an Instron machine. Similar tests were conducted on the unre-
inforced matrix alloy (2024 Al) for comparison. The results clearly showed that the MMC exhibited
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very little rate sensitivity in the range tested and was no different from the unreinforced alloy. The
specimen geometry variation had no effect on the above result. The MMC failed at strain rates in
excess of 700s"1 and during quasi-static loading. The failure was ductile and was caused by the coa-
lescence of microvoids along the planes of maximum shear stress. The unreinforced alloy did not
fail. The SHPB test consisted of compressively loading cylindrical specimens at strain rates varying
from 300 to 1200s-1. The stress-strain data was extracted using strain gages and by using the theory
of one-dimensional wave propagation in rods, as originally developed by Kolsky. After the tests,
metallographic investigations were done on selected specimens using SEM and TEM.

INFLUENCE OF INTERPHASE ZONES ON THE BEHAVIOR OF COMPOSITE MATERIALS AND BONDING
(R. L. McCullough, J. W. Gillespie Jr.)

A Liebold X-ray photoelectron spectroscopy (XPS) unit has been transferred from the Army lab
at Watertown to UD-CCM. The unit has been refurbished for use by both UD-CCM and Army per-
sonnel. This instrument is crucial to the identification of reactive surface moieties on the surface of
fibers. In addition, this instrument will be used to identify degradation mechanisms localized at inter-
faces and to characterize loci of failure for polymer interphases. A Digital Instruments atomic force
microscope system has been acquired, and personnel have been trained in its operation. Research is
underway to evaluate the AFM for use as a quantitative probe of the fiber-matrix interphase zone to
detect property gradients.

Environmental Effects on Thermoset Durability—Interactions in the Interphase: Composites
tend to degrade upon environmental exposure due to a number of factors. These include interac-
tions with moisture, oxygen, solvents, radiation, and thermal cycling. Degradation can occur via
multiple mechanisms, including hydrolysis or oxidation of the resin, plasticization of the resin (i.e.,
lowering of the Tg) and microcracking to relieve residual stresses. These mechanisms can be
enhanced in the vicinity of the fiber surface due to interphase formation The interphase is the region
between the fiber and the neat resin, and it can have properties differing from either. For example,
molecular weight segregation of the resin occurs in the interphase due to the restricted movement
of large molecules near the fiber surface. Local concentration variations can occur due to selective
affinity (or repulsion) of one component by the surface. The extent of reaction can also be affected
by the interphase. All of these effects change the local physical properties of the system, which may
influence the system’s response to environmental exposure. Using differential scanning calorimetry,
it has been shown that the presence of the glass surface or an accelerator can alter the kinetics. Neat
resin, Dow Derakane 411-C-50, was isothermally cured at 100°C, with 1.5% Trigonox 239A as an ini-
tiator. To demonstrate the effect of a glass surface, 1-mm glass beads were placed in the pan along
with the resin, cured in the same manner. The kinetics could still be modeled using an autocatalyt-
ic model, but the extent of cure was reduced. With an accelerator, (cobalt napthenate, or CoNap), the
neat resin system kinetics do not follow the autocatalytic model. These changes affect the morphol-
ogy and stoichiometry of the resin/fiber interphase, which affects the uptake of moisture in the
interphase.

Investigating the Interphase Using Atomic Force Microscopy: Atomic force microscopy
(AFM) has become an extremely useful tool in materials science applications. In this work, the capa-
bilities of the AFM are extended to measure changes in local elasticity over a sample surface.
Through appropriate analysis of AFM force curves, much information can be obtained regarding the
mechanical, chemical, and adhesive properties of the surface. To date, very little effort has been ded-
icated to examination of the contact portion of the force curve. This region contains valuable infor-
mation regarding the nanoscale mechanical response of the sample. In this study, a technique is
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developed that relates the elastic modulus of the sample to the sample response measured using
AFM force curves.

Bonding: Bonding efforts have focused on the development of a novel bonding technology for
dissimilar materials, Diffusion-Enhanced Adhesion, or DEA. In this work, the diffusion of a bisphe-
nol A epoxy into as-received amorphous PEEK film and the associated morphological changes in
PEEK due to this diffusion were investigated. The presence of diffusion at the epoxy/PEEK inter-
face has been established through autoclave processing studies. Attenuated Total Reflectance
Fourier Transform Infrared Spectroscopy (FTIR-ATR) studies have been used to characterize this dif-
fusion mechanism and also to optimize the dwell time-temperature window for autoclave process-
ing. The diffusion process was studied at various time intervals by measuring the change in
absorbance bands of selected characteristic peaks in each polymer. It was concluded that the diffu-
sion of epoxy into PEEK is anomalous, and a pseudo-diffusion coefficient was determined using the
experimental data. Further, the presence of induced crystallinity in the PEEK film from epoxy dif-
fusion was studied using wide-angle X-ray scattering techniques and identified as an important con-
sideration for autoclave process optimization. This work has been extended through technology
transfer to the United Defense Limited Partnership (UDLP)/TARDEC Composite Armored Vehicle
(CAV) Program. Tests conducted by UDLP have shown that the DEA approach is the first adhesive
to satisfy ballistic multi-hit performance requirements.

Cure Simulation and Residual Stress Predictions for Novel Integral Armor Concepts: An in-
house cure simulation and residual stress predictive capability is developed based on integration of
the commercially available finite element code ABAQUS and the pre- and post-processor PATRAN.
This tool is used to predict and study the cure history and residual stress development within sin-
gle-step-processed integral armor concepts. Both vinyl-ester and epoxy matrix composite systems
are considered. Parametric studies focus on the effects of the ceramic core on thermal and degree-of-
cure gradients as well as on residual stress development. Analytic solutions are also developed to
validate predictions for the traditionally recognized thermal expansion mismatch induced residual
stresses. Parametric studies indicate that the ceramic core does have a significant effect on the ther-
mal and degree-of-cure distributions that develop within the part. From a processing standpoint, the
presence of the core is advantageous, since it acts as a heat sink that reduces internal part tempera-
tures, thermal and degree-of-cure gradients, and residual stresses. This investigation demonstrates
that one-step curing is a viable processing technique for integral armor structures utilizing thick-sec-
tion composites.

ARO/ARL ScieNTIFIC EXCHANGE PROGRAM (R. L. McCullough, K. V. Steiner)

Five ARL employees are currently in residence at the Center: Bruce K. Fink (Ph.D. MSE "91),
Travis A. Bogetti (Ph.D. ME "90), Steven H. McKnight (Ph.D. MSE ’96), William O. Ballata (M.
ME’97), and Robert Klinger (M. MSE "99). They are collaborating with Center faculty, students, and
staff in a variety of areas, including SMARTweave, dissimilar welding, thick-section mechanics, and
SCRIMP modeling and processing.

(5) TECHNOLOGY TRANSFER

The ARL Composite Materials Research Program has effected technology transfer through the
following general mechanisms:

* collaborative research
* equipment/facilities sharing
* publication in journals and presentation at conferences and symposia

* seminar series
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e research focus groups

* co-advisorship of students

* software/simulation development

In addition, the following programs that provided leveraging for the ARL Composite Materials
Research Program:

* Tuskegee University Research Consortium, Intelligent Resin Transfer Molding for Integral
Armor Applications

¢ Composites Manufacturing Education and Training Program with Michigan State
University

* Composite Armored Vehicle-Advanced Technology Demonstrator (CAV-ATD)

* DARPA Rapid Placement Technology for Advanced Composites Manufacturing
(RAPTECH- ACM) Program

* Composite Army Bridge program

¢ SMARTweave Implementation at Northrup Grumman

* XM-194 Gun Mount Shield

¢ Lightweight body armor programs with Army and industry

Page 10




SITYor
EIAWARE

Center for Composite Materials
201 Composites Manufacturing Science Laboratory
University of Delaware
Newark, DE 19716-3144 USA

phone/v-mail—(302) 831-8149 fax—(302) 831-8525 e-mail—info@ccm.udel.edu
world wide web—http://www.ccm.udel.edu




