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PART I

INTRODUCTION




INTRODUCTIGN

A resurgence of intense interest, research and applications activity mark the
beginning of what may be considered the second generation of filamentary composite
materials. Such interest and activity are as well-founded nuw as they were at the
outset of the composites era more than twenty years ago. _The pés_si_gi_ygL of using
relatively britile materials with high modulus, high strength, but low density in
conpos'ltes with good durability and high toletancé to damage and which, when lhey
—do fa_xg»,_do 8o in a mp-gat@sttophic manner, has been shown feasible, and the full

e

potential is only just bepinning to be realized. The promise of substantially
improved pezfomance and potentially lower costs provides the dtiving force behind
ccmtiméd research into fiber reinforced composite materials for application in

aerospace ‘hardware. HMuch progress hag been achieved since the initial develorments

in the mid 1960's. Applications to primary structure have been rather limited on
operational vehicles, mainly being utilized in a material-substitution mode on military
aircraft. More extensive experiments, as a part of NASA'S influential ACEE

program, are currently underway on large airplanes in commercial passenger

operation and in a fow mililary developments, such as the AV-8B which has seen only

limited gervice uge and the X-29 which ig8 undergoing flight tests.

A strong tectnology base is required to .dily exploit composites in sophisticated

aerospace structures. NASA and AFOSR have supported expanding and strengmeniﬂg
the technology base through programe which advance fundemental knowledge and the
. means by which it can be successfully applied in design and manufacture,

As the technology of compogzite materiale and siructures moves toward fuller

adaptation to aerospace structures, some of the problems of an earlicr era are being

solved, others which seemed important are being put into perspective as relatively
minor, and still otherz unanticipated or put aside are emerging as of high priority.
The purpose of the RPI program as funded by NASA and AFOSR has been to develop
critical advanced technology in the areas of physical properties, structural concepts
and analysis, manufacturing, reliability and life prediction.

Our approach to accomplishing these goals is through an interdincipﬁnary
Program, wusual in at least two important aspects for a university. First, e
nature of the reaéarch i8 comprehensive. Specific projects deal with fiber and
matrix constituent properties, the integration of constituents into composite materials
and their characber@zation, the ‘behavior of composites as they are used in generic
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gtructural components, their non-destructive and proof testing and, where the state of
the art will be advanced by doing so, extending the research effort into simulated
gervice use so that the composite structwe’'s long-terwm integrity uﬁder conditioné
pertinent to such use can be assessed.

Inherent in the RPI program is the motivation which basic research into the
structural aspects provides for research at the materials level, and vice versa.

Second, interactions among faculty contributing to program objectives is on a day
tc day basgis without regard to organizational lines. These contributors are a group
wider than that supported under the project. Program management ig largely at the
working level, and administirative, scientific and technical decisions are made, for
the most part, independent of considerations normally associated with academic
departments. Thig kind of involverent includes faculty, staff and students from
chemistry, civil engineering, mater.als engineering, aeronautical engineering,
mechanical enginzering, and mechanics depending on the flow of the research.

Both of these characteristicg of the NASA/AFOSR program of resear.ch in
composite materialg and structureg foster the kinds of fundamental advances which are
triggered by insights into aspects heyond the narrow corfines of an individual
discipline, This 1s often sought in many fields at a university, but
geidom achicved, ' .

A third uspect is a developing program of increased involvement between NASA's
Research Center scientisis and engineers in the program at RPI and vice versa.
This hag required, first, identification of individual researchers within NASA cente:3
whose areag of interest, specialization and active investigation are in some way
related to those of RPI faculty supported under the subject grant. Second, a
program of active interchange has been enccuraged and the means by which such
interaction can be fostered is being sought. Important benefits envisioned from this
increased communication inciude a clearer window to directions ’in academia for NASA
researcherg; opportunities to profit from NASA experience, expertise and facilities
for the faculty so involved; and an additional channel for cross-fertilization across
NASA Research Cenier missions through the campus program.

Overall program emphasis igs on basic, long-term research in the following
categories: - (a) constituent materials, (b) composite materialg, (c) generic
structural elements, (d) processing science technology and (e) maintaining long-term
structural integrity. Depending on the status of composite materials and structures
research objectiver, emphagis can be expected to shift, from one time period to
another, among tnose areags. Progress in the program will be reported in the
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following pages under these headings. ' Those computer methodology developments are
also undertaken which both support Rensselaer projects in composite materials and
structures research in the areas listed above and which also represent regearch with

, the potential of widely useful results in their own right.

~.

In short, the NASA/AFOSR Composites Aircraft Program is a multi -faceted
program planned and managed so that scientists and engineers in a number of
pertinent disciplines at RPI will interact, both among themselves and with counterpart
NASA Center regearchers, to achieve its goals. Research in basic compoéition, ‘

daracteﬁsﬁcs and processing science of compogite materials and their constituents is

balanced against the mechanicg, conceptual design, fabrication and testing of generic
structural elements typical of aerospace vehicles so as to encourage the discovery of
unusual solutions to present and future problems. In the following gections, more

detailed escnphonscf the progress acheived in the varicus component parts of th’is‘

. d S
comprehensive program are presented.
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PART IX

CONSTITUENT MATERIALS

II-A KECHANICM PROPERTIES OF HIGH PERFORMANCE CARBON FIBERS

IOI-A-1 ORDERED POLYMERS AS COMPCSITE MATRICES

II-A-2  CAREON FIRER-EPOXY INTERFPACE BOND RELATED TC
COMPOSITE FRACTURE : :

II-A-3 RESIDUAL STRESS IN HIGH MODULUS AND HIGH STRENGTH
" CARBON FIBERS
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II-A-1 9rdered Polymers ag Compogite Matrices

Senior Investigator: R. J. Dieferdorf

1. Introduction

This project is concerned with the study of polymer liquid crystals and oriented
-semicrystalline high-temperature thermoplastics in high modulus carbon fiber
reinforced compormites. It is essentially a new‘ activity with the first real effort
expended during the current reporting period. Emphasis is being placed on the
detem.inétion of L& effects of polymer crientation at the fiber surfaces on composite
fracture and mechanical properties. =

2. Propresg During the Reporting Period

Examination in transmitted polarized ligtt of polymer mesophase and melts in the
pregence of carbon fibers was conducted using a microscope and hot stage. The
polymer mesgophase did not show optical evidence of orientation at the fiber
surfaces. Fiber surfacen acted as mnucleating sites for spherulites in semicrystalline
thermoplastice, ' o

When an electric current was“passed through carbon fibers in a cooling
senicrysialline polymer melt, nucleation of crystallites took place first at fiber
surfaceg. Large transcrystalline regions formed along the fibers. The
crystallization temperature was reduced as the voltage drob acrosgs the fibers was ‘L/ 4
increased. ' ' Y

3. _Plans for Upcoming Period

Plang for the upcoming period include making composites using a:polymer liquid
crystal matrix, with polymer molecules perpendicular to direction of fiber
orientation. These composites will be examined to determine the effects of tensile
loads on mechanical properties and on fracture behavior usihg a microscope tensile
tester. An attempt will be made to lock at the same properties in cemicrystalline
thermoplastics, with electro-crystallized regions at the fiber surfaces.

PRECEDING PAGE BLANK NOT EILMID
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II-A—-2 Carbon_ Fiber-Epoxy Interface Bond Related to Compogite Practure

- ' . Senior Investigator: R, J. Diefendorf

-.. Introduction

The purpose of this study is to investigate whether the performance of carbon
fiber-epoxy composites can be improved by modifying the surfaces of high modulus
graphite tibers.

2. Stats

Studies of the nature of the carbon fiber surface and of resin-wetting of these
surfaces were completed during earlier periods and reported in previous progress

xeports.

3. Progress During the Reporting Period

A sadly was made of fracture surfaces of compogites made from Aradite(R) 509 epoxy
(ciba-Geigy) with three kinds of fiber reinforcement; silicon carbide, boron and
graphite. A progressive loading/examinative technique allowed step by step
examinatiocn of failure progression. Composites made with silicon carbide fibers and
tested to failure showed little fiber-matrix debond, and the fibers broke into short }
7 lengthe. FPiber broakage appears to> be the energy absorbing mechanism. In boron '
fiber/509 epoxy composites, extensive fracture of the matrix occurred adjacent to 3
fibers. Debonding was seen as the mode of composite fracture in this case. \

Composites muade using high modulug graphite fibera had a fracture mechanism that
combined fiber breakage and matrix debonding. The fiber pullout length was greater
at the crack entrance than at the crack exit, regardless of the speed of crack
propagation. It was concluded that a 2-t-butylaminoethanol (BAE) sizing did not '
significanily improve interfacial adhesion, Treatment of the fibers with hydrogen o }J
{
|
i
t

peroxide prior to applying BAE improved composite strength, and in addition imparted
good lubricity to fiber surfaces.

- 4. Plans for Upcoming Period : : i
Plans for the upcoming period include examining fracture surfaces of composites made
from high-temperature epoxy resins, using a BAE gizing of the carbon fibers. Also, : :
an investigation of other aminoethanol -based sizing compounds will be conducted. * ]
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I-A-3  Resgidual Stress in High Modulus and High Strength Carbon Pibers

Senior Investigatcr: R. J. ‘Diefedorf

1. Introduction

Thig study concems the investigation of residual strese in carbon fibers, and its
relation to fiber mechanical properties. calculations of resicdual stress from theory
wéze carried out and comparisons with experimental measurements were made. The
question of interest was whether residual stress results from processing conditions
(eg. drawing), or from cool-down of the fiber? An attempt was made to explain why

fiber strength decreases a8 fiber modulus increases.

2. Status

In previously reported gtudies, modulus distribution and residual stress measurements
were studied for geveral types of PAN-based carbon fibers. Residual stress was
measured by electrochemically etching off successive fiber layers, and measuring
fiber contraction as a function of diameter. It was concluded that residual etress
results from the skin-core morphology of high modulus PAN-based carbon fiber and
results primarily from cool-down. That ig, the difference in the coefficiert of
thermal expansion (CTE) between gkin and core creates residual stress on cooling
down from processing temperatures. oOther factors were negligitle. Residual stress
appears to-occur only in high modulus fibers, where the fiber core ie in (ension and
the core tension and larger interior flaws of the high modulus fibers are seen as
probably responsible for the lower fiber strength.

3. Progress During the Reporting Period

In this reporting period, theoretical calculations of resicual stress were made by
assuwing that all stress resulted from differences in thermal contraction. The results
of theoretical calculations of strese agreed very well with the results of earlier

measurement.

4. Plans for Upcondrg Period

Thig project is now considered complete.

L.
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5. Current Publications or Pregentations by Professor _Diefendorf on this Subject .
- ,".
g

*The Physical Chemistry of the Carbon Piber/Epoxy Regin Interface”, with C. E. Uzoh
e Chemical Vapor Depoeition in Open-Ended cCapillary Tubes”, with Y. Sohda
"4 Theoretical Calculation of Residual Stremees in Cerbon Pibers”, with K. J. Chen

»The Effect of Heat Troatment on the Structure and Properties of Mesophase
Precursor Carbon Piberg”, with G. D. D'Abare

*The Strength Distribution of Etched carbon Fibers®, with X, J. Chen

To be presented at the 17th Carbon Conference and published hi the
Proceedings of the 17th Carbon Conference, Lexington, KY,
June 1985, :
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PART IIX

COMPOSITE MATERIALS

PATIGUE IN COMPOSITE MATERIALS

MECHANICAL PROPERTIES OF HIGH PERFORMANCE POLYMERIC
MATRIX COMPOSITE LAMINATES

NUMERICAL INVESTIGATION OF THE MICROMECHANICS OF COMPOSITE
PRACTURE

DELAMINATION IN GRAPHITE/EPOXY LAMINATES
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m-A 1"atigue in_Composite Materials
Senior Imvestiigator: E. Krempl
1. Introduction

The deformation and failure behavior of graphite/epoxy tubes under bia:dal (axial
tensim and torsion) loading is being invesligated. The aim of this research is to
increase basic undcsstanding of and provide design information for the biaxial

~ response of graphite/epoxy compomtee

2. Status

In Reference [1)x various phenomenological damage accumulation laws were
introduced. Residqual strength measurements after prior cycling at R=0 were made in
tension and in Combined loading. Decreases in the residual tensile and combined
gtrength were reported as a function of prior number of cycles. In this report
period the dependence of damage evolution on the degree of prior combined loadings
wag investigated.

3. Progress During Report Perind

combmed experisental and analytical activities aimed at further development of the
damage accumulation law were carried out. The multiaxial aspects and the
incorporation of a fatigue limit iato the equations were of gpecial interest.

\
!
The damage gvolution law ptevio’xsly congidered is of the torm
- - g(D) £(¢*) (1)

where D and N denote damage and cycles, respectively, and ¢* is an effective
gtress amplitude which is based on the anisotrcpy of the material.

The static strength in the first quadrant is well represented by

2

. _
1= (g7) + (5530 ~ (2)

Jhere o and T are the axial and shear stress, respectively, A :cordingly, the

» References in this section are given on page 17.
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effective stress amplitude ¢% is propoeed as

2 _ (!’° 2 1’. 2
o = [55] + [ar ()

where o, and T, are the axial and shear stress amplitudes, respectively. The
subscript a indicates values applied in 3 fatigue test. Patigue tests with R=0 and a
frequency of 5 Hz were then run with ¢* = 0.32 and various ratios of G,/T4. The

results are listed in Table ITI-A-1.

Table III-A-1

0a/Ta Patigue Life {
o* (degrees)* (n>. of cycles)
0.322 o 11,000
f.322 30 12,000
0.322 60 12,410
0.322 75 101,410, 14,000, 39,910, 63,910
G.322 30 > 108

* polar angle on the graph of Ta V8. Oa -

Contrary to the prediction of Equation (1) the fatigue life is not congtant; thus, the
anisotropy of fatigue atrength is not derivable from that of the static strength.

Bagsed on theece results, Equation (1) is tentatively modified to

ad

— = (D) £(e%,) (¢)
where o is a stiffnesas-dependent parameter, given by
' Ay,
AL (s)

@ =
where:
V Ay = J (u, + u, coB 206 + uy Cc8 ¢6) dz
and

u;uf(aqn.* 3Qyy + 2Qgy + “Qgg)

“z“'E(Qxx'ny)

R DV

-~

v

£,

2"

SR 3 it o e

= s s
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Uy = HQpx + Qpy - 20xy - 4Qgg) -

The term A:,_ ig uced here ag a reference stiffness, and @ is the angle between
principal fiber direction and principal strees direction during fatigue testing. The
step function

1 X\ a : .
B(x) = (s)
] X € 31
represents the fatigue limit in Equation (5), where:
X = — 1 (7)

and s* ig the value of ¢* at the fatigue limit. With this definition, Equation (4)
becomes:

dD

o = B(x) &(D) £(o%,q) . ()

In principle, Equation (e) incorporates anisotropic damage accumulation properly and
the fatigue limit. Specific functions valid for the (t«s] 5Gr/E tubee are being
evaluated, '

4. Plans for the Upcoming Period

Experiments exploring the relations between residual strength and fatigue limit are
contemplated. A critique of the specimen design made by Dr. W. Elber (NASA
tangley) noted a poseibly deleterious influence of interlaminar normal siresses on the
strength values determined with a Qubular specimen. Experiments are being planned
to im)eaﬁgate the influence of these streeges.

5. _References

(1] 46 th Semi-Annual Composite Materials and Structures Report; R.P.I., August
1984

(2] 47 th 3emi-Annual Composite Materials and Structureg Report; R.P.I., December
1984 ‘ - T
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6. Current Publications or Preserieticng by Profeesor Krempl on Ithis Subject

Tubes \mder Coubined Loading”

Presented at the Symposium on Compogites: Patigue and
_Practure, Dallas/Pt. Worth, 71X, oct 24-25, 1984,

tigue Behavior of [#55] Graphite/Epoxy
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ITI-B sechanical Propé::ties of Righ Derformance Polymeric Matrix Compogite
Laminates

Senior Investigator: S. S. Stemstein
1. Introduction

This project focusea on the mechanical properties of high performance polymeric
matrix composite laminates. Of gpecific concern are those properties of the laminate
which are strongly dependent ua the polymeric matrix. Previous studies in this
program . deall with the viscoelastic characterization of botih neat resing and
composites, using dynainic mechanical spectroscopy techniques. Included in these
studies were the reversible and irreversible effecis of prolonged moisture interactions
with epoasy bagsed systems.

Current project goals relate to the damage tolerance of composgite laminates and
related phenomena, such as delamination crack propagation. Understanding is sought
regarding the basic mechanisms by which laminates dissipate energy, especially when
sﬁbjected to plarar impact. Currently, nonlinear dissipative phenomena azé being
investigated in ‘hermoplastic matrix composites. A clogely related study involves the
wicrozcopic cbesrvation of failure processes in composites subjected to four point
bending.

2. Statug

————p————

In the previous report, cyclic hysteresis data were presented in the form of energy
dissipation versus peak load or deformation for 245 laminates subjected to uniaxial
tension. 1In view of the highly nonlinear dependence of energy diesipation on load
level, it wae deemed necessary to corroborate the data by additional studies. Por
example, if the cyclic hysteresis energy (area inside the load-deformation loop) ia
truly representative of the energy loss due to multiple loading and unloading of the
sample, then tests on different size samples (e.g., width and length) should give the
same energy dissipation per unit volume of the sample. This has proved not to be
the case, and therefore end effects, jaw slippage, etc are suspected.

3, _Progreess During Repcert Period

A variety of sample mounting techniques (for example, end tabs) and sample
geometries have been investigated. 1In the course of these tests, mounting of the
extensometer (used to measure sample strain independently of croschead motion) was

'
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found to be a critical factor. It appears that the rotation of the outer plies (at
45° to the tengile axis) produces a scissor effect which can strongly alter the '
measured strain. This effect can literall, double the measured hysieresis.

In a clogely related study, the euge surface cf a beam subjected to fcur-point
bending has been obeerved in a miniature jig on the reflected-light microacope.
stage. Numerous thermoplastic matrix comporites have been investigated, including
polysulfone, polycarbonate, polyphenylene sulphide, PEEK and PES. All of the

' samples studied to date fail in the same mode, namely, the outer ply on the
 compression side of the beam undergoes buckling or kink-band formation. This is
rapidly followed by interply and intraply delamination. Virtually no damage is
observed on the tengion side of the beam. It would appear that thermoplastic
matrices do not offer sufficient support of the carbon fxbers when the ply ig in
compression and has one free surface. The final result 18 fiber sphtting and
fragmentation. It seems possible that so much attention has been paid to improving
damage tolerance by using tougher matrices, that “ne brittle character of fibers in
compression has been overlooked. What is clear is that the use of more ductile
matrices plaées new demands on the fibers, especially in compression. Clearly, it '
will be necersary to investigate the synergisme between matrix and fiber behavior for
highly deformable matrix materiais such ag thermoplastics.

Bending load vs. deflection curves have also been obtained using sam;iles with the
same geometry as were used in the microscopy study. This has provided qguantitative
valueg to be compared with the buckling instability observations. These data are
currently being analyzgd.

4. Plans for Upcoming Period

Plans for the next reporting period include further refinements in the cyclic
hysteresis measurements, particularly in relaticn to sample geowetry, gripping and
extensometer mounting. Development of a fully-reversed, cyclic berding jig is also

planned. Thie should enable accurate measurement of hysteresis energy looses, which

are strongly matrix dependent. Special emphasis will be given high load behavior
and the onset of nonlinear behavior (e.g. due to yielding processes). Attempts will
be made to relate these mechanical measurements to the microscopy obaervatio s of
deforiaation phenomena at the structural level.
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5. Current Publications or Presentations by Profegsor Sternstein on_thig Subject

»Mechanical Characterization of Composites”

presented at and published in the Proceedings of the Asilomar i
Conferer.ce on Polymers, Asilomar, CA, Feb 11-12, 198%. ¢

wpeformation and Failure of Thermoplastic Matrix Composgsites”™

Presented at and published in the proceedings of the 6th
Conference on Deformation Yia2ld & Fracture of Polymers,
Cambridge, England, Apr 1-4, 1985. )

»Mechanical and Optical Characterizztion of Thermoplastic Matrix Composites"

Presented at and published in the Proceedings of the ACS 189th
National Meeting, Miami Beach, FL, Apr 28-May 3, 1985,
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II-C_ HNumerical Investipation of the Micromechanics of Composite Fracture

< Senior Investigator: M. S. Shephard

1. Statsg

The phage of this project completed and reported at the close of the previous
period marks an appropriate nolding point. The project has been put on suspended
status until euitable additional perronnel are added. Three areas of research
require additional effort to make the method of interest a practical tool for
wmicromechanical composite fracture analysis. They are:

1) adding iterative steps after each incremental solution to control drift from
the true solvtion,

2) developing appropriate criteria to more completely represent t.he
fiber-mairix interfaces and

3) carrying out laboratory experiments and making the needed correlations to
verify analytical solutions.
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XI-D Delaninatica in Gg@'wgm‘ Laminates
Senior Investigator: T. L. Sham . E
1. Introduction ' ‘ 3
_— A !

‘Bepurposeofﬂusprojecttstoaﬁenpttomdemtmdandqmmfymedemmmum
proceseestnxraptﬁte/epoxylanhatesusmaacormnmmedmmcsapproach

- 2. Staws v ' _ ;
: ‘ . ? :

Pinite element techniques toi calculating energy releage rates for 2 crack in a
honogeneousbodywdetnixednodeloadinghavebeenimpleﬂemed The Mode I
m\duodenmrgymlemembescanbecomheddkecﬂy&mnmeﬁcaldata
obhimdin}cxeﬁnibeelm&oom&aﬁmmgannemegmw The
-ethodisbeingexbendedﬁoimezfeciﬂmcksinlaye!eduedia. The line integral
approuchemh&eama\ergyrelemmtefor_eadxmmhmnodewbecucﬁlated
using numerical data away from the crack tip, hence iieproving mmerical accuracy.

R o R BT ARG .0 X RIS S,

3. Plane for Upcoming Period

P!amforﬂiewoosingpeﬁodmtocammemgymlemmmunaﬁm
and to initiate fracture investigations in Boron/Alumirum compogites.

o ot -
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PART IV

GENERIC STRUCTURAL ELEKENTS

IV-A IMPROVED BEAM THEORY FPOR ANISOTROPIC MATERIALS

PRECEDING PAGE BUANK NOT FILMED
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IV-A _Toproved Beam Theory for Anigotropic Materials

‘Senior Investigator: O. Bauchau

~1. _ Introduction

This research has concentrated on improving beam theories as applicable to composite
gtructures. In previocus progress reports analytical predictions have been presented
wngammﬂwowmsedeawmmﬂmtdm-aecﬁqumebeamm
infinitely dgld in their own plane, but free to warp out-of-plane. Experimental
confirmation of these analytical predictions were aought during the current reporting
period.

2. Status

The initial test specimen consisted of a low aspect ratio box beam in a cantilevered
configuration. The beam specimen was fabricated by Joining two graphite/epoxy
panels to two aluminum C-channel webs with stainlese steel fagteners., Testing of this
initial beam configuration was very difficult to control, making correlation with
analytical predictions nearly impossible., Furthermore, preliminary seasurements
revealed a local buckiing phencmenon near the ot allachment, which reaulied in a
considerable load ted:‘.et.ributiqn from the lower panel to the upper one. Since the
fundemental assumption in the development of the improved beam theory is that the
croes-gection does not deform in its owi. Mane, large discrepancies between '
analytical predictions and measurements were to be expected, and were actually
observed.

After identifving these deficiencies in the initial test degign, a new design ve2
implementerl, Pirst an aluminum honeycomb coure was placed inside the beam so as to
inhibit ‘local buckling of the graphite/epoxy panels. The lest fixture wag also
nodif_ied; intead of the cantilevered configurstion, the beam was simply supported at
both ends »'d loading was to be applied at midepan.

3. Progress During Report Pericd

Two types of gpecimens were manufactured thaot will be referred to as the "balanced”
and "unbalanced” beams. In the balanced beesm, both upper and lower sking of the
specimen are midplanc-symmetric, graphite/epoxy laminatea having their axis of

" orthotropy aligned with the axis of the beam (the lay-up ig [ 0,,245 Jg). Por the
unbslanced beam, the laminates still possess mid-plane gymmetry, but their axis of

PRECEDING PAGE BLANK NOT FILMED
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orthotropy is no longer parallel to the axis of the beam (the layup is
£ 15,,30,0 1g). This results in laminate shear/extensional couplings, which in

tun generate a bending/twisting coupling for the beam.

Fach beam specimen was inst-umented with strain gage rosettes on the upper panel
near center span and at quarter span. pial indicators located at center span )
allowed beam rotations ard transverse displacements to be measured. Two loading
conditions were considered; (1) a concentrated transverse ghear loading at wenter

span, and (2) a cornentrated torque at enter span.

The experimental results are compared with analytical predictions using various
theories in Tables IV-A-1 and IV-A-2 for the balar.ced and unbalanced beans,
respectively, Warping effect appears to be most important when modeling the
torgional behavior of composite beams. The predictions of the Improved Bernoulli
Solution, which accounts for warping of the croes-sections correlate well with
eiperimental measurements in ail cases.

Figwe Iv-a-1 shows ctrain digtribution in the unper panel of the balanced beam and
Figure IV-A-2 the corresponding strain distributions for the unbalanced beam under
center torque, The Improved Bernoulli Solution is found to be in close agreement
with experimental results. Warping of the cross-section of the beam results in 2
drastic strain redistribution, as demonstrated in Figure IV-A-1 by the large
discrepancy between the Saint-Venant and Improved Bernoulli solutions. Pigures
IV-A-3 and IV-A-4 show the variation of the upper panel mid-widtn shear strain
along the span of the beam. The gteep shear strain variaticnh near mid span is
predicted by the Improved Bermoulli Solution and contrasts with the uniform
distribution predicted by the Saint-Venant Solution.

rigure IV-A-5 shows the predicted and measured strain distributions in the upper
panel of the beam under transverse loading. The measured axial and shear strains
did not Qxhibit the shear lag effect shown in this figure to be predicted by the
theory. A possible explanation for thig discrepancy is the fact that the analytical
model assumes a perfect shear tranefer between the graphite/epoxy panels and the
alminum C-channel webs. However, testing of a beam specimen withcut mechanical
fasteners revealed that, for the magnitude of icad used in testing, shear loads were
transfered through ti ? epoxy bond at the panel/web interface rather than through the

g S R




Table IV-A-1

Comparison of Analytical and Experimental
Displacements for the Balanced Beam

Center Load Case Center Torque Case
Transverse Displacement Rotation
{16°3m ] £ 1073 rad ]
Bernoulli Solution 0.3072 (-15%) 0.7064 (-86%)
(no warping) .
Improved Bernoulli 0.3472 (-4%) 4.511 (-12%)
Solution
Saint-venant 0.3705 (2%) 6.500 (26%)
Solution
Experimental 0.3620 5.144
Resgulits
Table IV-A-2

Comparison of Analytical and Experimental
Displacements for the Unbalanced Beam

- —
Center Ioad Case Center Torque Case
Trangverse Displacement Rotation
£ 10°3m € 10”3 rad 1}
Bernoulli Solution  0.3472 (-10%) 0.7236 (-85%)
(no warping)
Improved Bernoulli 0.3851 (-0,6%) 4,551 (-5%)
Solution
Saint-venant 0.3950 (2%) 5,110 (7%)
Solution
Experimental 0.3874 4.795
‘ Results
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Pigure IV-A-1, Strain pistributiona Across the Beam wWidth, Near Center
Span (z/L = 0.45)}, in the Upper Panel of the
Balanced Beam Under 54.5 Newton-Meter Center Torque.
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Pigure IV-A-2, Strain Distributions Acrogs the Beam Width, Near Center

Span (/L = 0.45), in the Upper Panel of the Unbalanced
Beam Under 54.8 Newton-Heter Center Torque.
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Pigure IV-A-5, Strain pistr.butions Acrose the Beam Width, Rear center
Span (z/L = 0.45), in the Upper panel of the
Balanced Beam Under 500 Newton Center Load.
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fasteners. Thie imperfect ghear transfer probably accounts for the observed

diecrepancy.

4. Plans for Upcoming Period

As menticned above, specinenawmmxtamyconbcoreweretestedineanymgeq
of the experiments. Detauedwainneamteuenwmedﬂ\atoneofmepmelzof
the beam was undergoing out-of-plane dending deiormations, typical of buckling '
This behavior results in geformations of cross-sections in their own plane
that specifically assumes

behavior.
ardcaxu\btbenodeledwittdnurefzmotawatp‘.ngmeow
pections wh- n are infinitely rigid in-plane. Accordingly, in the upcoming period,

repearch will concentrate on the development of a general beam theory for
i bhas that includes crogs-gection deformations. Both numerical and

thin-walled Jiiwiuaed,
experimental agpects will be addressed. This research will focus; (1) on a better

understanding of the mechanics of thin-walled structures, and (2) on applications to
typical aeronautical s_tmchnres such as stiffened wing or fuselage couponents.

5. Cuzrent Publicationg or Presentations by Professor Bauchau on_this Subject

macars

»s Peam Theory for Anisotropic Materials"

To be published in the Journal of Applied Mechanics, Vol. 52, No. 2,

pp. 416-422, June 1985.
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. PART V

PROCESSING SCIENCE AND TECHNOLOGY

-

V-A THERMAL ANALYSIS OP COMPOSITE MATERIALS
V-B NUMERICAL ANALYSIS OF COMPOSITE PROCESSING
V-C HEAT TREATMENT CPF METAL MATRIX COMPOSITES
V-D . INITIAL SAILPLANE PROJECT: THE RP-1

V-E SECOND SAILPLANE PROJECT: THE RP-2
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V-A _Thermal Analysis of Composite Materials

Senior mveshgator: B. Wunderlich ; 4

1. Introduction

This is the fourth report in an effort to analyze the thermal properties of | | ;i
Compogites. All glagsy materials commonly used in the aerospace industry were !
considered initially. To achievo sufficient precision, the calorimetric measuring
method (1]* was improved. . Preliminary results on glass transition changes,
broadening and changes in magnitude were presented in Reference [2]. A
Comprehensive summary of thece data will be available in & graduate thesis and
excerpis will be available az Reference (3], in Fall 1985, The present report
MadnngetowardmreﬁmdamenmworkmuﬁsueacfthemalanalydBd
composites. It was obeerved that only more precise analysis of the solid state can
provide the detailed information desired. Further, better undersianding seemed more
likely if a wider range of mater.al Properties (e.g., other than just epoxieg) are
analyzed. This broadening of approach will become clear in tnis report. A Filler
aummary of the last two year's progress i8 given in Reference (4], which covers all
recearch carried out under the direction of the senior investgator. P

At the beginuing of the previous report period it was estabiished that the well-known :
increase in glass transition temperature, Tg, also contains information on the

uniformity of cure through the broadness analysis of the transition. Thig led to »
including compounds with chemical structureg of importance in croes-linked, - r
high-temperature polymere in our heat capacity analysis (-CqH,-) using approximate ’

3. _Progress During Report Period
a. The Heat Capacity of Squd Poly-p-xylylene and Polystyrene

e B

The heat capacity at constant presmxé, Cp, of poly-p-xylylene (PPX) has been
weasured from 220 to 625 °K uging differential scanning calorimetry. The heat
capacities at constant volume, Cv, of both PPX and its isomer polystyrene (PS) have

* References in this section are given on page 42,

| , N
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been interpreted using literature data on full normal mode calaulations for PS and
estinates from ° + mo!zcular weight analogues for PPX for the 39 group vibrations,
Nine skeletal »°  ‘ic 18 were used with @, and 0, temperatures of 534.5 °K and 43.1
°K for PS. It was also possible to caiculate a heat capacity contribution of a

phenylene group within a polymer chain. Single 4g8-vibration 6, temperatures of 3230

®K for PS and 2960 °K for PPX are sufficient to describe Cv above 220 °K. Beiow
140 *K, PS heat capacity shows deviations from the Tarasov treatment..

b. Quantitative Thermal Analysis of Macromolecular Glasses and Zrystals

Quantitative thermal analysie means scanning calorimetry. Today a precision of £1%
or better can be achieved over the enormous temperature range from 100 °X to 10006
®K. Since scanning calorimetry is fast, it is also possible to study metastable
Systems as are encountered in macromolecules. Most macromolecular systemsg are only
partially or not at all crystallized, i.e., they are partially or fully glassy. 3y
establighing the fully-crystalline and fully-glassy, limiting thermal propecties, a
detailed determination of the common intermediate states was posgible. A periza of
10 polyoxides and polyolefins were considered for which ali thermal properties are
known from 0 *X to ‘beginning decomposition in the melt. The glass transitions of
gemicrystalline polymers were given special attention since they are indicative of a
wide variety of structure-sensitive effects.

4. Plans for Upcoming Period

In the upcoming period our work will be an effort to identify the glacs transition and
the welting transition more precigely for polymers which are also under investigation
mechanically. Polycarbonates, polyoxides, polysulfides and peek (poly ether eiher
ketone) will be analyzed relative to their thermodynamic properties by measurement of
heat capacity and vibrational analysig of the solid utate, as cutlined for polystyrene
and PPX, above. Analysis of liquid and condis crystals will also be continued.
5.__References

€23 46 th Semi-Annual Composite Materials and Structures Report; R.P.I., August
1964

(2] 47 th gemi-Annual Composite Materiala and Structures Report; R.P.I., December
1984

€a) 49 th gemi-Annual Composite Materials and Structureg T “ort; R.P.XI., to be
published.

(¢] 3™ ATHAS Report - 1985; R.P.I., Pebruary 1985
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6. Current Publications or Presentations by Profegsor Wunderlich on this Subject

~precision Beat Capacity Measurements for the Characterization of
T™wo-Phase Polymers” .

Presented as the Plenary Lecture at the Italian Association for
Thermal Analysis and Calorimetry Meeting, Naples, Italy,
Dec 4-7, 1984,

~mhe Kinetics of Nolecular Nucleation®, with Dr. S. Cheng and
“mermal Analysis of the Condis Crystals of Poly-p-xylylene”

Presented at the American Physical Society Meeting, Baltimove,
D, Mar 25-%9, 1985.

»ghermal Analysis of Liquid and Condis Crystals”

Presented as the Invited Plenary Lecture at the ACS 189th National
lnoting. Miami Beach, FL, Apr 28-03 Muy, 1985, :

“Quantitative Thermal Analysigs of Macro-Molecular Glacses"

To be published in Thermochemica Acta, Vol. 92, pp. 15-26,
Sept. 1985.

*Beat Capacity of Solid Foly-p-xylylene and Poly-styrene®, with D. Kirkpatric '
and L. Judovitse . .

To be published in the Journal of Poiymer S:ience and Polymer Physics
Edition, 1985.
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v-B Numerior;l Analysis _of Composite Ma'erials

Senior Investigator: u. S. Shephard

1. Introduction

The complexities associated with composite materials as regards both design and
manufacture demand the use of electronic computation to efficiently utilize these

. materiais. Presently, the analyses perfomed in connect.ion with 2 new part are
related primarily to proper degign for their use in semce. The goal of this new
project is to develop the appropriate analysis tools needed to describe the ’
processing of continuous fiber resin matrix composites.

canpoeue properties are directly related to the quality of the laminate that results
from the fabrication process. This manufacturing process 18 a very complex
operation that depends on many varizbleg. Better understanding of such processes
will improve con’cxol of Lbe mamfacturing variables and result in more desirable

. qualities in the finiched pmduct The differential equations that describe - ‘omposgite

processing are, as might be expected, very difficult. Numerical analysig j.ovides a ‘7

means for their solution. The approach taken in this project combines numerical
golution of the governing equations with incorporation of proper input data and i
comparison with experimental results. '

2. _Stats

The matrix eystems that are of interest for this work include both thermosetting and

thermoplastic resing. Processing steps take on slightly different general forms for

each of these types of matrices. There is a considerable overlap in the types of

rumerical analyses, however, that are required to understand the curing of thermoset
and the procesamg of thermoplastic composites. The primary processes that wmust
congidered in the analysis of both classes of composites were outlined in tne previgis
progress report. Initial investigations are concentrated on qualifying the governin
partial differential equation (and/or variational principleg) in a form to which
mumerical analysis, via finite element technigques, can be applied. A pecond,
important, criterion i8 that appropriate coefficients required for the analysia can be
obtained from experimental results. Efforts to date indicate that there will be epme

difficulties obtaining the needed materiel parameters in the desired form, particjlarly
for flow related parameters of thermoplastic resin. Thig situation will require special
consideration and way neceszitate modification of the governing equations used.
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The procedures developed to date h&ve concentrated on problems described in' one
ppatial dimension, which is then discretized into finite elements. Since the firite
element procedures used are general, moving to two- and three -dimengsional domains
will not require the restructuring of the analymis software developed. Tt will,
however, require the inclusion of additional behavioral phennmenocn which are

introduced with the increase in dimensionality.

3. Progress puring Report Period

concermed with a

The analysie cepabilities developed in the current period are
which neglects kinetic

solution to a form of the general macroecopic enersy' equation
energy and is applicable to both thermogets and thermoplastics. This equation is:

pe XET) = vixeIvT + AT, L)

where:
pc = mass density of the composite

<t = time

T = {emperature

Cec = heat capacity of the composite

6 = rate of heat energy release due to all internal scurces or sinks

(Ke) = thermal conductivity matrix

and, for a cartesian coordinate system,

DY L f0) B g )y KD

Dt ot

L] ] ]
V-[‘a? v —3;‘]
po that, for example,
.29 or oT
““["n— "2 T;]
mcurmntanalysismooncermdwimamermt. wheretheassumptionsappuedto

the energy equation are that resin flow hag been completed before the reaction
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begings and that heat is transfered only in the Z-direction. Under these restrictions,
the energy equation can be written &s

Pe Cc 55~ = =55~ ( Ke =35~ ) + P Bp 55—
where
Pc:Pm = mass densities of the comoeite and matrix, respectively
Hg = total heat of reaction

--:—:—- = & = the rate of reaction

Numerical solution of this »quation wags obtained using finite elements in the spatial
domain and finite differences in the tempozal domain., The application of the finite
element spa;tinl discretization reduces the P.D.E. in space and time to a first order,
wmateix O0.D.E. which can be written as

tw= 2 +LKI(T)-(P)=0 | (1)
where
[ 2
Ny, ( Ny.g Ny)
1
{MH)=r Izpccc dx
elen 7z, . 2
L (Ni-,_"{) Ny
i 2
Ni-5,2 ( Ny.y,z Ny 5)
, B
{(K1l=apf Xe dz.
elen 'z, , 2
( Ny.y,2 Ny,2) Ny, z
|
. 2 1
Ry-s ( Ny.g Ng) &,
1
tri=g r m ar
elem T 2
( Ky-o N¢ ) Nj &y
L o

{T ) = & set ot nodal teﬁperatures vhich represent the unknown to
be solved for.
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ga o (1-a) Ae~C/RT -
at 0 s
" T
A=2.39XIO‘°[:—G‘) -3
C = 18700 cal/mol
" The material properties us~d for the fiberzs (z) and matrix are
graphite fibers . polyester matrix R
Pe = .79 x 10* Kg/m? : Py = 1.26 x 103 Kg/m?
g = 0.712 RI/(Kg *K) . ' C, = 1.26 KJ/(kg *K)
Kf s 26 W/(m °K) ) xn = 0,167 W/(m “\7) :
. . N 4
Tte material properties for the composite were obtained by applying the rule of ;
mixtures (s,) to the constituente, Assuming a 60% volume fraction for the fibers . 'f
J
. _ . (%
* Referencea in this section are given on page 56. : h
Ay
i(#).
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In these studies, plecew'se-linear finite element shape funétions. Ny, were used.

Tre matrix O0.D.E. was gnlved using a backward difference gcheme, which was i
pelected for stability reasons. Assuming the use of equal time cteps, at, the }
Lackward difference 'relatiomhip uged to approximate the time derivative vas '

” (Thh - (TIn-s
0;’:) ~ at =(T")n

n .
» Substitutm; this expression into Equation (1) and solving for (T}y yielded

: . :
{(Tin = r-%..':]_. +X ]n { [—:%l-]n (Th,., + (P} } 4‘ " (2)

h

Since the terms on the R3S of Equation (2) are a function of T and «, an iterative
method must be used o sclve each time step. Aaiixpleaecantnemodmmed.

To demonstrate the capabilities developed to date and indicate the importance of
boundary condition specification, iwo exauwple probiems were conmdered. Both use
the aame material, congisting of graphite fibers in a polyester matrix. The chemical !
properties of the pdlyesber {11* were taken as

Cyg

By = 73 cal/g
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yielded

P, = 1.56 x 10° Kg/m?
Cc = 0.9312 KJ/(kg °K)

Kc = 0.413 W/(m °K)

In the first example, & Dirichlet boundary condition was applied to both the top and
bottom surface. These are aleo the form of boundary conditiors applied in
previously publishex] work [2]. Assuming a value of T = 354 *K on both top and
bottom of a 0.764 cm composite layup, the results shown in Pigure V-B-1 and v-B-2
were obiained. Pigure V-B-1 shows the temperature distribution through the
Composite at four time intervals in the process, whiie Pigure V-B-2 shows the degree
of cure completion through the thickness at two o the later time intervais, The
application oZ the Dirichlet boundary conditions implies large heat sinkz at the two
surfaces which extract the heat generated by the chemical reaction as quickly as it
can be conducted to the surfaces. The results resented do not appear realistic

since the heat is teing extracted so rapidly as to retard the rate of reaction (which
increases with temperaturey .

In the second examle, a Neumann type free convection boundary condition is used.
In particular, a free convection coefficient, h, of 2 W/(m? °K) was used with the
remped air temperature profile shown in Figure V-B-3, Pigure V-B-4 ghows the
teaperature profile thirty minutes into the cure. At this point the chemical reaction
haamtbeenactivatedandthe‘dipmtheauvemcmmdbythelagﬁmemeto
conduction through the composite. Figure V-B-5 shows the temperature distribution
Just one minute later, Atﬁﬂspomt?hereacﬁonh&amnoﬂandthecommﬁte
temperature has risen from a level more than 30° below the air temperature to a
level about 8* above the air temperature., I'igure V-B-6 ghows the temperature just

30 seconds later, at which time the composite temperature hag risen to over 580 °K
which i neary 200* above the air temperature,

The above examplegs demonstrate the difference in resuits that will be obtained for a
particular material depending on the boundary concitions used. The boundary
condiiions used in the examples repregent two extreme cases, The modeling of more

appropriate boundary conditions is one of the Rajor problem areas that mugt be
addresaed,
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" 10 MINUTES
ORIQINAL pPACE 1S
8.8,

Of POOR QUALITY

0.»
.. 0.3 8.2 .3 ... 0.8 9.8 8.7 8.0
TaooEss
38 MINJTES
1.8,

—

09 .2 °.3 o.n [ X S K} (R (X
THICRR DS

fi;ure v-B-2.

Degree of Cure Through tha Thickress of the

Cozpogite at Two Tires when Subjected to Dirichlet .

Boundary Conditions.
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Air Temperature Vs Time
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Pigure V-B-3, Alir Temperature as S Punction of Tima for the
. Compogite Subjected to Von Neumznn Type Boundary
/ Conditionsg.
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33 MINUTES . T = 384

ma.
9.0
2%8.0,
283.0. o
0.0
’. 0.1 0.2 83 2.7 0.5 9.8 0.7 | .0

THICOESS

PO

Pigure V-B-4. Teweréture pistributions Through the Composite
at 30 Minutes Into the Cycle at which Time Air
Temperature is 384 *K (Neumann Boundary Conditions}.
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31 MINUTES . T « 386.8

4p2.8,
¢ 999.0
"
5 .
K
§
¥ 2%¢c.0)
[ 4

-~N-3

590.0 .

2. 8.4 2.2 9.3 2.4 d.s 9,.6 I'.7 ".G

THICKNESS

pigure V-B-5.

Temperature Distribution 2hrough the Composite
at 21 Minutes Into the Cycle at which Time Air
Temperature is 386.8 °K (Neumann Boundary Conditions).
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Pigure V-B-6. Tomperature Distributica Through the Compcsite
at 31.5 Minuteg Into the Cycle at which Time Air
Temperature is 3688.2 *K (Keumann Boundary Conditiong).
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4. Plang for Upcoming Period

'Emphasis will be shifted somewhat becauge of the opportunity to more closely tie the
development of our numerical analysis tools with Profeasor Sternstein‘a experimental
investigations of the viscoelastic response of thermoplastics. Experimental results
will provide the material propertiege of both neat resin and fibers which are eo be
used to carry out micro-mechanical analyses of small scale systems. Thege results,
along with other experiments, will allow construction of macro-mechanical properties

which will, in tum, be used to mocel the compogite as a homogeneous material. This

model can then be used to analyze the specific configurations tested by Professor
Sternstein. Numerical remita will be compared with experimental results, and once
good comparisonz are obtained, the detailed stress distribution provided by the finite

element results will be combined with the resulis from experiments to develope failure

5. References

1) "Differential Scanning Calcrimetry of Epoxy Cure:z Isothermal Our'e' Kinetics";
Sourour, 8. and Kamal, M. R., Thermochemica Acta, Vol. 14, 1976

€z] *"Curing of Epoxy Matrix Composites"; Journal of Composite Materials, vol, 17,
1983 C

ts) Mechanics of Compogite Materialg; Jones, R. M., McGraw-RHill, 1980

..

{4} "Thermal Conductivities of Unidirectional Materials“; Journal of COmpoex_tg
Materialg, Vol. 1, 1967 '

. 6. Current Publications or Pregentations by Professor Shephard on thigs Subject '

“Automatic Crack Propagation Tracking™

Presented at the Symposium on Advances & Trends in
Structures and Dynamics, Washington, DC, Oct 22-24, 1984,
Published in Computere and Structureg, Vol. 20, pp. 211-223, 198S.
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V-C__Heat Treatment of Metal Malrix Composites \
Senfor Investigator: N. Stoloff , ".
1, Introduction k

Directionally solidified eutectica continue o promire superior high temperature
strength properties, potentially lower costs and reduced reliance on scarce or
imported alloying elements for many aeroepace applications, This new project wag
undertaken to attempt to acheive advances in this field and also t> encourage
hﬂerdmnie between metal matrix research, on the one hand, and anisotropic resin
matrix research, as reviewed in Section IT-A-1 of this report, on the other hard,

ez gt e

2. . Progress During Report Period

During this reporting period, work was performed on post-solidification heat
treatments designed to improve the tensile strength and fatigue resistaice cf
wetal-matrix eutectic composites, The alloy system choeen for swdy is Pe-Mn-Cr-C,
Muchisamngmestrongestameasiesteogrowasacompoeiteofanmchauoys
identified to date. A varizble in this gtudy is the Mn content; with Mn pregent the ; :
matrix {9 austenitic, with Mn abeent, it is ferritic.

Directionally solidified ingots of Pe-20%XCr-3%cC were subjected to several
sclution treatments and aging cycles during this period, as follows:

a. solution treated at 1210 °C, aged at 850 *C : R
b. solution treated at 1170 °C, aged at 850 *C i
C. sgolution treated at 1210 *C, aged at 925 °C
d. solution treated at 1170 *C, aged at 925 °C

——

Thig material was found ‘o be much less responsive to aging than the previously ‘
tested Pe-20%Cr-10Mn-3..C alioy. Aging at 850 *C provided peak hardnesses near o :
800 VAN for beth solution treatwent temperstures, while aging at 925 *C provided 4 '
peak hardnesses between 550 and 575 VHN. |

ey ) R

Compression testing was begun on sampleg of the two test alloys. The
1e-40Cr-3C a'loy, tet.ed at room temperature in the az-solidified concdition, yielded
’t 3.0,000 pei (2208 MPa); Pe-20Cr-10Mn-3.4C, solutionized at 1170 *C for 6
hours and aged at 850 *C for 24 hours exhibited a yield stress of 353,500 pst
(2436 ¥MPa). Both alloyc failed in a brittle manner at somewhat higher gtresges.
The measureqa yield stresses are unusually high, even among high strength composites,

.
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and may reflect a tension-compression anisotropy, as has previously been reported

for other eutectics.

3. Current Publications or Presentations by Professor Stoloff on this Subject

“Current Statug and Prospects of Eutectic Compogite Superallbys"

Presented at the Superalloy Seminar, Chung Shan Institute
of Science & Technology, Lung-Tan, China, Dec 14-17, 1984._
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V-D Initial Sailplane Project: The RP-1

Senior Investigators: P. P. Bundy,
R. J. Diefendorf,
B. Hagerup
During }this reporting period the RP-1 glider hag been disassembled and gtorad

on the balcony of the Composite Materiale Shop Area in the Jonsson Engineering
Center under ambient ccoditions of temperature and humidity. The instruments and
radio have been removed from the aircraft for use in the RP-2 saflplane. During the
next reporting period it will be aszembled and subjected to its annual lcad-deflection
testing to over 4 G's to check on the degree of its stiffness and strength variability
with time. : -
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V- Second Sailplane Project: The RP-2

Senior Investigators: F. P. Bundy,
R. J. Diefendorf,
H. Hagerup

1., Status

During the previous reporting period the aft wing tension linkage system was
built into the torque box of the fusslage and the inboard, aft sections of the wings,
and the entire fuselage-vwing system was static-tested for all lcading conditions
ascceesfuily. These tests included ving bending, wing torsion, towhook pulls and
releage under load, landing gear strength, tail boom and empennage strength and
stiffnens.

2. _ Progrers During Report Period

During the current reporting period effort has been focused on completing the
aiccraft in preparation for flight tests. These activities, organized as sub-projecis,
included mounting and attaching the left and right fuselage sking to the fuselage
mainframe; fabricating the canopy and its rimtrame co as to match the cockpit
rizfroameo; fzbricating the instrument pancl with is mountings for instruments, radio,
tow-cable release, and vent air fixture; completing and streamlining the
skid/towhook /landing wheel fairing; fabricating and installing the ventilation air
opening, ducting, and control fitting (including the pitot tube at the nose opening);
fabrication of a radio battery compa.wment in the seat back; installation of the seat
belt and shoulder harness; etc. At the close of this reporting period the aircraft
was approaching the point of final contouring and primer painting, testing for ueig’rit
and center of gravity adjustment, and readiness for flight testing.

As part of the readiness procedure, an independent calculation of the pitch
controllability of the aircraft over the flight envelope range of speeds for a range of
center of gravity poeitions was performed using the measured angle of tailplane chord
to wing chord and the lift and moment coefficients for the airfoils involved. It
appears that the aircraft should be quite controllable in pitch at a grose weight of
340 pounds if the CG lies within a poseition range from 0.15 to 0.45 chord aft of the
leading edge. The first test flights will be made with the CG at about 0.25 chord
aft of the leading edge.
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3. _Plans for Upcoming Period
i
During the upcoming period it is expected that the aircraft will be completed, 3

including painting, checked out for critical parameters, then test flown at Saratoga
County Airport, first by winch launch, and then by airplane tow. After the ground
rumning and flight handling characteristics are checked out, a seriee of flights in
gtadble air conditiors will be devoted to establigshing quantitatively the “polar diagram".
of the aircraft, '

&8 reported two periods ago, the RP-2 hag a secure covered trailer which will
be used to transport it to the airport and to house it safely between tests. - R
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TECRBNICAL INTERCRANGE
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TECHNICAL INTERCHANGE

Technical meelings, both on- and off-campus, enhance opportunitieg for the
interchange of technical information. In order to assure that a Renseelaer
faculty/staff member can participate in such meetings off campus, a central listing of
upcoming meetings is compiled, maintained and distributed on a quarterly basis. The
calender for this reporting period is shown in Table VI-1. Table VI-2Z ghows the
meetings attended by RPI composites program faculty/staff/students during the
reporting period. Some on-campus meetings, with gpecial speakers particularly
relevant Lo composites, are listed in Table VI-3. A list of compocites-related visits
to relevant organizations, attended by RPI faculty/staff/studentg, along with the
pwpose of each visit is presented ir Table VI-4.

The diversity of the research conducted within this program hag continued to be
wide; indeed, it is secen as one of the strengths of the program. To insure
information transfer awmong groups on campus, a once-a-week luncheon program is
conducted. Faculty and graduate students involved (listed in Part VII - Personnel -
of this report) attend., .'rheae meetings are held during the academic year and are
known as "Brown Bap Lunches" (BBL'S), élnce attendees bring their own. Each BBL
allows an opportunity for graduate students and faculty to briefiy present plans for,
problems encountered in and recent results from their individual projecta. These
seninars also are occasions for brief reports on the content of off -campus meetings
attended by any of the faculty/staff participants (as listed in Tables VI-2 and VI-4
of this report) and for brief administrative reports, usually on the part of one of
the Co-Principal Investigators, Off-campus vigitors, at RPI during a BBL day, are
often invited to *git in". Table VI-5 lists a calender of intermal, oral progress
reporte as they were given at BBL's during this reporting period.

As indicated in the Introduction of this report, an initiative is being
implemented which has, over this and the previous reporting period, brought abocut
increased communication between NASA researchers and their RPI counterparts. One
step in that direction hag been taken by the holding of a series of Research
Coordination Meetings. The first of such meetings was held at RPI during the last
reporting period and 14 members of RPI's Compoeite Materials and Structures
Program along with 7 members of NASA Langley Research Center's Matwerials Division
were present. A gecond meeting took piace on Pebruary 25, 1985 at R.P.I. with 22

- members of R.P.I.'8 Compowite Materialg and Structures Program and 11 members
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A list of this as well as other interactions which

took place during the reporting period is given in Table VI-&.

from NASA Lewis Research Center.
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Table VI-1
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COMPOSITE MATERIALS AND STRUCTURES PROGRAM
Calendar of Composites-related Evemts

September 3¢, 1984 through April 30, 1985

_SPORSOR

PLACE

DATES MEETING
02-04 Oct 84 Pourth Annual Mz2taliic APWAL/PIRA
) Structures MMC Revisw WPAPB,CH
02-05 Oct 84  ASNT Pall Conf. & Display ASNT
09-11 Oct 84 i16th National SAMPE SAMPE
Technical Conference
: 45-17 Oct 84  10th Ann. Mech. of Comp. USAP/U. DAYTON
Structures & Dynamicsg
16-18 Oct 84 AHS Specialists’ Mtg on - AHS
, Patigue Methodology
7 17-19 Oct, €4  7th DOD/NASA Conf. on DOD/NASA
Piber Compogites in .
Structural Design
22-2% Oct 84  Symp. on Adv. & Trends in  AIAA/NASA
' Structures & Dynamica
24-25 oct 84 Sympogium on Compogites: AST™
rFatigue and Practure
13-1%5 Rov 84 Conf. on Processing. of MCIC/MMCIAC
: : Matal & Ceramic Matrix
Composites
27-29 Nov 84  Weapon Sys, ReadineJs - USAP
Airframe Mngment Role :
04-07 Dec 84 Italian Assoc. for Thermal IATAC
An2lysis and Calorimetry Mtg
09-14 Dec 84  ASME Winter Annual Mtg ASME
17-18 Dec 84 Superalloy Seminar Chung Shan
Inst of Sci &
Mhnol_ogy
07-10 Jan 65 Congresge on Composites SME
in Manufacturing
- 20-24 Jan 85  9th Annual Conf. on Acs
Composites & Adv, Ceramics

Thousand Oakg, CA

Cincinnati, 08

Albdqu.erque, 120
payton, OH
St. Doui._s. w

Dayton, OH

Washington, DC
Dallas/Prt.
Worth, TX
Columbug, OH
Macon, GA
Naples, Italy
New Orleans, 1A

Lung-Tan, Chira

Anaheim, CA

' Cocoa Beach, PL
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Table VI-1 (continued)
COMPOSITE MATERIALS AND STRUCTURES PROGRAM
Calendar of Compoeaites-ielated Events
September 30, 1984 through April 30, 1985
DATES MEETING SPONSOR PLACE
21-23 Jan 85 Seminar: Exper Mech of SEM(SESA) Detriot, MI
Piber Reinforced Comp Matls
05-06 Peb 85 Topical Review on DOD wWashington, DC
Mechanics, Aeronautics, &
Propulsion
11-14 Pedb 85 Conf. on Characterization IUPAC Melbourne, Aust.
& Analysig of Polymers
12-14 Peb 85 AIAA Aerospace Engr. Shhw AIAA Log Angeles, CA
19-21 Peb 85 Inter. Conf. on Rotor- ARO/AHS ' Research Triangle
craft Basic Research Park, NC
xx-xx Feb €5 Asilomar Conference on - Asilomar, CA
Polyrers
11-14 Mar 685  Design Engineering Conf. ASME Chicago, IL
13-15 Har 85 Symp. on Toughened Comp. ASTHM/NASA-LRC  Houston, TX
18-1" Har 85 Symp. on Patigue in Mech. ASTM Charleston, SC
Pastened Comp. & Mtl, Joints .
19-21 Mar 85 30th National SAMPE SAMPE Anzheim, CA
Symposium/Exposgition ‘
25-29 Mar €5 American Physical Society Mtg APS Baltimore, MD
25-29 Mar 85 International Conf. on IEEE(C) St. Louis, MO
Robotics & Automation
0i-02 Apr 85 IEFE(XIA) Tech, Conf. on IEFEE Akron, OH
Rubber and Plastice
01-04 Apr 85 6th Conf. on Deformation PRI Cambridge, Englnd
Yield & Fracture of
Polymers
09-11 Apr 65 AIAA Annual Mtg ATAA Washington, DC
09-1z Apr 85  Comuter Integrated Manu- USAP

- facturing Industry Conf.

Dallag, TX
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Table VI-1 (continued)

COMPOSITE MATERIALS AND STRUCTURES PROGRAM
Calendar of Composites-related Events

September 30, 1984 through April 30, 1985

PLACE

__DATES MEETING SPONSOR
14-18 Apr 85 Inter. Conf. on Wear AIME/ASME/ASTM/
of Materials ASH/ACerS/ASLE
1%5-17 Apr 85 26th. Structures, Struct. ATAA/ASME/ASCE/
: ' Dyn. & Matls. Conf. AHS
16-17 Apr 85 pefects in Comp.: Detect. Imperial coll/
& Significance RAE
16-18 Apr 85 40th Symp. on Mechanical NBS

21-26 Apr 85

28 Apx-
03 May €5

Pailures Prevention

60th Struct. & Matl. Pnl AGARD
Mtg.: Damage Tolerance Con-

cepts for Crit, Zng. Comp.

ACS 189th National Mtg ACS

vancouver, EC,
Canada :

Orlandb, PL

London, England

Gajithersburg, MD

sanAntonio, TX

Miami Beach, FL

69
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22-24 Oct 684

24-25 Oct 84

04-07 Dec 84

09-14 Dec 84

17-18 Dec 84

XX-XX Peb 85

- 25-29 Mar 85

Table VI-2

COMPOSITE .HATERIALS AND STRUCTURES 'PROGRAM
Pertinent Professional Meetings Attended

September 30, 1984 through April 30, 1985

MEETING

Symp. on Adv. & Trends in Structures & Dynamice (Prof. Shephard),

washington, DC

Professor Shephard presented the paper:
“Autcmatic Crack Propagation Tracking”

Symposium on Composites: ' Patigue and Practure (Prof. Krempl),
Dallag/Pt. Worth, TX '

Professur Kiempl presented the paper:
*rime-Dependent Deformation and Patigue Behavior of [155)
Graphite/Epoxy Tubes under Combined Loading”

Italian Assoc. for Thermal Analysis and Calorimetry Mtg
(Prof. Wunderlich), Naples, Italy

Professor Wunderlich gav.: tha Plenary Lecture:
“precision Heat Capacity Measurementg icr the Char-
acterization of Two-Phace Poiymers”

ASME Winter Annual Mtg: Advances in Aercospaca Sciences
and Engineering Symposium (Prof. Sham), New Orleany, LA

Superalloy Seminar, Chung Shan Inst of Sci & Technology (Prof.
stolofi). Lung-Tan, China

Professor Stoloff presented the paper:

‘ *Current Status and Prospects of Eutectic Cumposite Superalloys™

Asilomar Conference on Polymté (Prcf. Sternstein),
Asilomar, CA

Professor Sterngtein presented the paper:
*Mechanical Characterization of Compoeites”

American Physical Scciaty Mtg (Prof. wWunderlich),
Baltimore, MU

Professor wWunderlich presented the papers:
“The Kinetice of Molecular Nucleation”, with
Dr. 8. Cheng )

“Thermal Analysis of the Condis Crystals of
Poly-p-xylylene” :

R e

‘ V,‘
et ez remmene S s o piaikie o

o




g SR AR KT I e T s <

o e s AT

R an

d
H
3
i
%:

ﬂ; '?hm;\,,g.\‘ R —

DATES

01-04 Apr B85
21-26 Apr 85

28-Apr-
03 Mey 65
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Table VI-2 (continued)

COMPOSITE MATERIALS AND STRUCTURES PROGRAM
Pertinent Professional Meetings Attended

September 30, 1984 through April 30, 1985

KEETING

6th Conf. on peformation Yield & Practure of
Polymexs (Prof. Sternstein), Cawbridge, England

professor Sternstein presented the papers:
#paformation and Failure of Thermoplastic Matrix

Composites”

60th AGARD Structures & Materials Panel Mtgz.:
pamage Tolerance Concepts for critical Engine -
Components (Prof. Loevwy), San Antonio, TX

ACS 189th National Mtg (Prof. sternstein/Prof. Wunderlich),
Miami Beach, FL

Professor Sternstein presaeated the paper:
vMechanical and Optical Characterization of Thermoplastic
Matrix Composites” .

pProfessor Wunderlich presented the Invited Plenary lectures:
sThermal Analysis of Liquid and codis Crystals”™

. meidesa

W
- s
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Table VI-3
COMPOSITE HATERIALS AND STRUC‘I‘URBS PROGRAM
Composites-Related Heetings/Talks Held at RPI
September 30, 1984 through April 30, 1985

SUBJECT SPEAXER DATE

Phase Transformations Prof. R. D. James - 10/29/34

in Solids ‘ "Brown University :

: ) . Providence, RI
Pinite Element Prof. M. Borri 10/31/84

Approach in Dynamics Politecnico Di Milano

Milan, Italy

Advanced Composite Hosrard Siegel 2/12/85 '
Applications at Director, Product Engrg v
McDonnell Aircraft Mchonnell Aircraft Cozpany
Design of Composita Daniel S. Adams 2/18/85
Structures Bercules Aerospace
R & D Activities at R. Prouty & J. Schibler 2/25-26/85
Bughes Eslicopters dughes delicopters )

Culver City, CA &

Mesa, AZ
Interlaminar Practure Prof. L. Rehfield 3/26/8% -
Toughneses of Compositeé Georgia Institute of
Structures ‘Technology
Review of Structures, Dr. Gary Anderson 3/27/85
Dynamics & Materials ARD :
Aspecta of RIC Prgm Durham, NC
Danage Zone Modeling  Prof. J. Bicklund 4/17/85
of Notched Composites Royal Inst of Technology

Under Tension Stockholm, Sweden

e v o s o




Faculty Member

00

J.

8.

K.

Bauchau

wunderlich

piefendorf

wunderlich

Shephard

Table vI-4
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COMPOSTITE MATERIALS ARD STRUCTURES PROGRAX

Composites-Related visits to Re!l

Sepl:mber 30, 1964 through April 30, 1985

Purpose of Visit

piscussion of Thin-
walled Structures

Pregented Inv lecture:
vprangitions in Maso-
‘phases of Macromole-
cules”

Digcusgion & Seminar
Carbon/Carbon Comp-
ogites

presented Inv Lecture:
vrhe Physical Chemistry
of Polyethylene”

piscussion of NASA
Pacilities & Fracture
of MC & Gx/E£

pigcusaion of Gr/F &
wmT Models & Ceramic
Systexs

Presented geminar:
~Toward the Automation
of Pinite Element
Modeling”

piscusgion of NDE
Techniques

Presented seminart
*pigcrete Crack Propa-
gation Tracking with
Automated Pinite
Element Moaeling
Techniquer®™

Location

Largley Visit,
with M. Nemeth

Polymer Forum
puront Co.,
wilaington, DE

Langley Visit,
with R, Maas

Mobil Chemical Co,
pdigon, NJ

Langley Viseit,

with W. Elber
W. Johns
J. Newman
K. O'Brien
C. Pos

Lewis Vigit,

with C. Chamis
J. Dicarlo

FPurdue U.
Lagayette, IN

Southwest Research
Institute, San '
Antonio, TX, with

f. N. Abramgon

M. Goland

cntr for Comp.
Matls, U, of
Delaware, Hewark,
DE

evant Organizations

pate(s

11/26/84

1/10/85

2/7/6%

2/20/85

3/22/89%

3/28/8%

3/28/85

4/23/85

&/24/85

vr
i
!
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12-0ct

19-0ct

26-0ct

02-Hov

09-lov

16-Nov

23-Kov

30-Mov

07-Dec

14-Dec

ig-Jan

i

-

Table VI-S

COMPOSITE MATERIALS AND STRUCTURES PROGRAN
Brown Bag Lunch Schedule

September 30, 1984 through April 30, 1985

TOPIC
AMministrative Report
Fagin Matrix Characterization

s;mn Concentration FPailure Criteria

Adninigtrative Report
Curing Uniformity

RESP. PACULTY .
wWiberley
Sternetein
Goetechel

Diefendoxf
Wundarlich

Numerical Analysis of Comp. Processing Shephard

AMministrative Report
Compogites Patigue
Ordered Polymers

Administrative Report
Bdge Pailures
Pabricaticn Technology

AMministrative Report
Butectice
Beama with warping

Administrative P~ t,
Resin Matrix C ization
Numerical Anal

AMninistrative Report
Quring Uniformity

Strees Concentration Pailure Criteria

Thanksgiving Recess

AMministrative Report
Composites Patigue
Oxrdered Polymers

Administrative Report
Edge Pailures
Beaxs with Warping

Anminigtrative Report

widberley
Krespl
Diefendorf

pPiefendorf
Sham .
Bundy/Hagerup/Pasdelt

Loewy
¥, Stoloff
Bauchau

Wiberley
Sternstein

of Comp. Processing Shephard

Loewy )
wunderlich

Goetschel

Diefendorf

Krempl
J. Diefendorf

loevwy
Sham
0. Bauchau

Dicfendorf

Mumerical Analysis of Cosp. Processing Shephard -

Pabrication Technology

Aministrative Report
Putectics
Ordered Polymers

' mrdy/u_agerupfpaedalt

Loewy
Stoloff
Diefendorf

e ron i e 2o AT P G
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Teblo VI-B (continued) ’f
- 1 '
COMPOSITE MATERIALS AND STRUCTURES PROGRAM 3 y
Brown Bag Lunch Schedule 3 ,
' ' {
Sepltember 20, 1934 through April 30, 1988 % }
DATE  ToPIC . EESR, peQuULEY 5
28-Jan Administrative Neport Loy ) 4 ]
Belad with Warping T Bauchan
Composites Patigue - Xrespl ;
. 1
oi-Peb Adainistrative Report Loswy ;
Resin Matrix Charactisstion sternstein i,
curing Uniformity ' mundarlich
08-Fed  AGminiotretive Meport " wundexlich 1
' Bdge Pailures ' ghen
Numerical Analyais of Coup. Procedeing Shephard
18-Pob Administrative Report ' Diefendors
Fabrication Techrology Bundty
Bageruvp
. Paedait
Butectics , : ' stoloff
28-Feb  ASministrative Xoport Loewy ! *
Orderdd Polymsre k : Diefendorf )
Peams with Warping Bauchau ) .
VISITORS; A. Bekke, Herculas Asrospace ‘ - ‘ )
Dr. 3. wWagner, C. cf A.P., E
Or. U, leise P.R.G. )
_ Dr. J. Yin, Pell Belicopters T
~ : \ d
Oi-Mar Administrative Rsport Loewy A
Coapositas Fatigue : Krowpl . .
Resin Matriz Charactization Sterustein
09-Mar Adainistrative Report Diefendorf ; ) -
Curing Uniformity S Wunderlich v P
" pdge Pailures Shax : ' |
. 15-¥ar Spring Recets ;
22-¥ar Administrative Raport oy i
Kunsrical analyeis of Comp., Procesging Shophard » i
Pabrication Technology » Bundy : !
S Bageruvp ; :
Pasdeit Y
. : Ew %
29-Mar Adminigtrative Report Diefendore é

Discussion Segsio~ -
"Hhere do we want ths progrem to be in 5 vears?™

/ff.:! -

(
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DATE
05-Apr

12-Apr

19-Apr

26-Apr

Tabie VI-S (continued)

" COMPOSITE MATERIALS AND STRUCTURES PROGRAM
Brown Bag Lunch Schedule

September 30, 1984 through April 20, 1985

TOPIC . RESP, FACULTY
Administrative Report Diefendorf
Peams with Warping Bauchau
Compogites Patigue Xreapl
Administrative Report Diefendorf
Curing Uniformity . wunderlich
Edge Pailures Sham
Administrative Report Loewy . .
Regin Matrix Charactization Sternstein
Numerical Analysig of Comp. Processing Shephard
Adrinistrative Report Diefendorf
Pabrication Technology Bundy
Hagerup
Paedelt
~ Butectics Stoloff

o . et s -

B e e e —

¢

e s S o AN e e 0 e e TR St

e

%
L

Vg
Py

B kS R

<

-

N

O
P




TR

Paculty Member(s) _

Goetschel

(Gilbert Hu)

o.

o.
J.
G.
B'
R.
v.
S.
"‘
8.
8.
B‘

Bauchau

Diefendorft

Bauchau

Diefendorf ‘

Dvorak
Krezpl
Loewy
Pasdelt
Sham
Shephard

‘Sternstein

Stoloff

Wunderlich .

Sham

- Specimen Testing

Table VI-6

”

COMPOSITE MATERIALS AND STRUCTURES PROGRAM

Review of Research Center Interactions

September 30, 1984 through April 30, 198S

Nature of

Purpose Interchange
Test Program on Correspondence,
Strength of Notched with Dr. M. Shuart,
Couposgite Laminates Langley RC
Diecussion of Thin- Langley Vieit,
%alled Structures - with M. Nemeth,

: rangley RC
Consideration of Correspondence,

Tubular Patigue
Specimen Testing

with Dr. wWolf
Elber, Langley RC

Consideration of
Tubulay Patigue
Specimen Testing

Correspondence,
with Dr. Wolf
Elber, Langley RC

Congideration of
Tubular Patigue

Correspondence,
with Dr, wolf
Elber, Langley RC

Discussion & Seminar Langley vigit
Carbon/Carbon Comp- with R. Many
osites

Research Coordination campug vieit,
Meeting, Lewis RC by K. Bowles
' : C. Chamis
J. DicCarlo
B. Johns
8. levine
B, Probst
G. Rodberts
T. Serafini
R. Vanucci

Discussion of NASA Langley Vieit,

Pacilities a Practure with W. EZlber

of MWMC & Gr/E W, Johne
J. Newman
K. O'Rrien
C. Poe

Date(s)
11/1¢/84

11/26704

12/26/84
EX to W

1/7/85
WE to EX

.3/4/85

EX to WE

2/1/85

2/25/85

3/22/65

B
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Paculty Member(s)
S. Sham

‘Table VI-6 (continued)

COMPOSITE MATERIALS AND STRUCTURES PROGRA!(
Review of Research Center Interactions

September 30, 1984 through April 30, 1985

MMC Modala & Ceramic

- with C. Chamis

‘Nature of
Purpose Interchange Date(n)
‘Discussion of Gr/E & Lewis visit, 3/28/85

Systems : J. picarlo
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PERSONNEL 3
. s
Co-Principal Investigators
Loewy, Robert G., Ph.D. Institute Profewsor
Wiberley, Stephen E., Ph.D, Professor of Chemistry
Senior inveatigatorg
Bauchau, 0., Ph.D, Assigtant Profeasor of
(Structural dynamics, advanced Asronautical Engineering
compogites )x
Bundy, P. P., Ph.D. Research Profegsor of ' ' .
(Fhysical chemistry, structurus Materials xnginporinz ' ) -
i testing)* ‘
f .
! : : - .
Diafendorft, R. J., Ph.D. :  Profeseor of Materials S s
(Pabrication, resin matrix, fiber " Engineering :
behavior, interfaces)*
Peegert, L. J., Ph.D. Professor of Civil Engineering
(Computer applicationg & graphics, Asgociate Dean, School of Engineering
computer-aided-design, optimization)x -
Gostschel, D. B., ¥h.D, Asgigtant Profegaor of Mechanical
(Structural analysie, design Engineering ‘ S
i and tegting)r :
H
| .
i Bagerup, H. J., Ph.D. B Associate Professor of i
’\ (Aerodynawmicg, configuration, . Meronautical Engineering i
pilot accomodation, flight testing)® : . 2
i
Krempl, E., Dr.Ing. Professor of Mechanices and Di:octor . ',_i-;.; .
‘(ratigue studies, failure criteria)r - of ajclic Strain Laboratory ..
Shanr, T.-L., Ph.D, Asgistant Professor of Kechanical
.(Practure mechanics, compositee)x Engineering
Shephard, M. S., Ph.D. " Asgociate Professor of Civil . ’
(Computer graphica, finite element Engineering and Associate Dirsctor, S
wmethods)r - ' S Center for Interactive Computer : |
) R . Graphics "
’ 3
Sternsteint, S. S., Ph.D. william mightnnn Walker Professor of j
(Pailure analysis, matrix behavior, Polymer Engincering !
moisture effectsg)x
z PRECEDING PAGE BLANK NOT FILMED
kf * Pields of Speciailty

t Menb:er of Budgat Committee together with Co-Principal Investigators '
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sStoloff, N. S., Ph.D. . pProfessor ot Materials Engineering
(Mechanical behavior of crystals, )
ordar-disorder reactions, fracture,
stress corrosion)*
wunderlich, B., Ph.D. Professor of Chemistry
" (Processing science, constituent.
material characterisgtics)*
Regoarch Staff :
Manager & Master Technician, Composites Laboratogx- r
Paedelt, Volker H
i
Ragearch Agsociates "' g
Grebowiceg, Janusz, Ph.D. ’
Research Administrator - ' o
Trainer, Asa, M.S. : : : :
Graduate Assigtants . _
An, Duek, M.S. Liu, Shiann-hsing, N.S.
Burd, Gary, M.S. arinivasan, Krishna, B.Tech.
" ¢hen, Kuong-jung, M.3. szewczyk, Christire, B.S.
Cofferberry, Brian, B.S. vzoh, Cyprian, B.S. »
falcona, Anthony, M.S. weidner, Theodore, B.S. :
- #u, Teay-hsin, H.E. yehia, Mabil, M.8, i -
Judovits, Lawrence, H.S. Yurgartis, Steven, M.S. g
Undergraduste Asgistants - Seniors ' i '
Bagel, Roger . Kixrker, Philip {
Cimino, Paul ' Krupp, Alan ! v 1
pilello, Prank Mao, Marlon [ 4
Pather, Richard © payna, Thomas o
Galbiati, Phil . Sohn, Kyu Y
Hubner, Angela willisme, Thomas a
Xim, 3. Xwong
Undergraduate psgigtantg - Juniors
. Bell, Joseph Nieboer, Chris
Burdick, Mark O'Connell, Jamed
ronskay, Eugene Ragczewoki, David
Egbert, Mark Rogg. Chriztian
rill, Stephen . Spyropoulos, Congtantine -
xashynski, Stephen van Roggen, Edgar
KRim, Sam Young, Richard
McHugh, Lisa -
« rields of Specialty {
. ) . L ]
t mesber of Budget Committes together with Co-Principal Investigators g
. . L ~
o
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Undergraduate Assistants - Sophmores

Baldwin, Reid
Cannon, John
Dawking, Wilbert
Pemino, John
Jacod, Daniel
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Karkow, Jon
Meyer, John
Park, Brian
Pugateri, Robert
Rogario, Estrella
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