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PREFACE

The initial co-sponsored Air Force Systems Command/Naval
Material Command Science and Engineering Symposium was held at the
Naval Amphibious Base, Coronado on 16 - 19 October 1978. The theme
of the 1978 Symposium was "Advanced Technologies - Key to Capabilities

at Affordable Cost."

The objectives of this first joint Navy/Air Force Science and
Engineering Symposium were to: ‘

Provide a forum for military and civilian laboratory

“scientific and technical researchers to demonstrate

the spectrum and nature of 1978 achievements by their
services in the areas of

Armament . Human Resources
Avionics . Materials
Basic Research * . Propulsion

Flight Dynamics

Recognize outstanding technical achievement in each
of these areas and select the outstanding technical
paper within the Navy and the Air Force for 1978

Assist in placing the future Air Research and
Development of both services in correct perspective
and to promote the exchange of ideas between the Navy
and Air Force Laboratories L

Stress the need for imagination, vision and overall

excellence within the technology community, assuring
that the air systems of the future will not only be

effective but affordable. '

Based upon the success of the initial jdint symposium (which
was heretofore an Air Force event), future symposia are planned with
joint Navy/Air Force participation.
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v ADVANCED MATERIALS TECHNOLOGIES -~
THE KEY TO NEW CAPABILITIES AT AFFORDABLE COSTS

The Air Force Materials Laboratory is the Air Force organization
charged with planning and executing the USAF exploratory and selected
advanced development and research programs for materials. It provides
technical and management assistance in system studies, analyses, develop-
ment planning activities, system acquisition, test, evaluation, modlflca—
tion and operation of aerospace systems, and related equipment. It
manages and directs the manufacturing methods program.

The Laboratory maintains an aggressive program leading to reduction
of system acquisition and life cycle costs and new weapon system options.
This is done through a selective in-house and contract program encompass-
ing a range of materials and processes. This requires a wide spectrum of
technical effort, exploiting innovations, revolutionary and evolutionary
concepts. '

To fufther this work the Laboratory is guided by goals which:

1. Establish major integrated AFML programs in Research, Exploratory
and Advanced Development, and Manufacturing Technology directed at
reduction in acquisition and ownership costs in the systems acquisition
phase, with systems payoff within five years.

2. Provide leadership in Materials Technology for'reduction'in
Systems 0&S costs with emphasis .on near term payoff.

3. Provide‘timely solutions to Systems materials‘prbblems and
actively propose materials options for systems in operatlon, systems in
development, and conceptual systems.

4. Establish a pac1ng technology base :‘effort in selected areas of
Materials Science and Technology. ,

5. Select high priority materials technical areas and carry them
through the critical ‘technical validation :necessary for the earliest
transition to sy>t(ms development acquisition and O&M programs.

6. A sure existence of AFML programs to advance materials technology
for increased performance in selected :areas of desired military capability.

7. Develop approaches to enable ‘the Air Force to meet high priority
needs in consonance with industry commerc1al ‘markets and emerglng, trans-
itionable foreign capab111t1es. .

8. Emphasize efforts respon51ve ‘to Air Force needs which in addition

are responsive to and/or yield by-products which converge w1th major national
goals and priorities. ,

1173




These goals are subject to continuous scrutlny to ensure currency with
Air Torce nceds and requircments.

The AFML is a full spectrum Laboratory. Its program includes inno-
vative and creative in-house and contractual programs. It exploits
technological -opportunities of the basic sciences for the development
of materials and manufacturing technology required for the gamut of
space, strategic and tactical, aeronautical and electronic systems and
subsystems. Its program is developed with primary emphasis on the needs
and interests of aerospace missions and systems.

The AFML program uses the expertise of the national materials ,
and processing industries as well as the capabilities of the manufacturing
and aerospace industries. Therefore, the Laboratory is organized to
implement metallic, electromagnetic, and nonmetallic materials development,
accomplish advanced development demonstrations and manufacturing methods
efforts, and provide materials engineering consultation and solutions of
problems in applications of materials in systems development and acquisitionm.

ORGANIZATION

The Laboratory has been organized to respond to the full breadth and
depth of the Air Force materials needs. The organization is set up to
implement materials development, such as metallic nonmetallic and electro-
magnetic materials, manage manufacturing methods development, and provide
materials engineering consultation and solution of problems in applications
of materials in system development and acquisition. The organizational chart
for the Laboratory shows five divisions which are identifiable with the above
functions. A sixth division provides support services to the Laboratory as a
whole. The management and operating process invdlved the total capability
of the organization to ensure effective response to Air Force needs.

To meet AF customer needs, the AFML has a collocated engineer
activity where AFML engineers work with user organizationas in transitioning
materials technology to systems use and providing on-site technical expertise
and evaluation. AFML engineers have been collocated at ESD, ASD, SAMSO and
ADTC. As of 1 October 1978, 417 personnel were assigned to the Laboatory.

(365 civilians, 57 military). This highly professional force possesses 88MS
degrees and 66 PhD's.

FUNDS

S = ACTUAL EST = EST EST

PROGRAM ELEMENT (NO/TlTLE ] : FY 78 FY 79 FY 80 FY 81
61101F  ILIR - 760 800 800 800
61102F Research , o v 4255 4682 5215 5215
62102F Materials _ 30400 31700 34200 34700
63211F Laser Hardened Materials o 5670 4750 3350 3350
78011F Manufacturing Methods ' 41300 127100 56200 63200

Other Sources ' 10264 6455 6989 3984

92649 75487 106754 111249
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The recent increase in the Laboratory Independent Research fund (up
from $500K in FY76 and $660K in FY77) is a welcome and healthy trend. These
funds are a major source for exploiting high risk or innovative materials
concepts. Past ILIR efforts that have led to new Laboratory thrusts (ordered
polymers, rapid solidification rate powder alloys polymeric bead coatings,
nuclear transmutation doped silicon, etc.) attest to the value of this fund
in replenishing the materials technology base. :The major dip in the FY79
tanufacturing Methods budget, which results from a DOD cut of about $25M :
in the 3010 account, will be partly offset by. the work load of AFML management of Approx-
imately $25M of F-16 FY79 modernization funds. Most of the F-16 money by v
necessity will apply to manufacturing programs specific to the F-16, so T
the loss of generic MM programs resulting from the DOD cut will, :
“only be partly recouped. The downward trend in the Laser Hardened Materials
program reflects cuts in the overall 63211F budget in FY79 and beyond. The
major impact in the LHM_programAwill be delays in the development and
demonstration of laser hardening for aircraft, cruise missiles, and infrared
missiles. Reimbursements are expected to jump from $2.8M in FY78 to $3.5M
in FY79. Most of the increase will be from other AF Laboratories and
Product Divisions, as the various Memoranda of Agreement signed in CY78 become
fully effective. ’ :

 RELATIONSHIP OF THE LABORATORY PROGRAMS ‘TO OTHER EFFORTS

The organization and program of the Laboratory has evolved over a
period of years in response to the diverse and unique materials needs of
the Air -Force. 1Its discipline'oricnted elementS'provide emphasis in the
research and exploratory development areas with well integrated . in-house
and contract programs.. The materials support, advanced development and
manufacturing technology elements reflect the needs and interest of mater-
jals applications and demonstrations in 'system development, test, evaluation
and production. These system oriented activities also provide technical
consultation and assistance and participation in system materials engineering
through on-site system program office activity. Significant efforts on
materials development are also performed by the other Services, DARPA, NASA, DOE,
and industrial Independent Research and Development Programs. This Laboratory
maintains a concerted drive for coordination and cooperation of these efforts
through definitive joint planning and program assessments as well as an
awareness of foreign technology developments. : :

PROGRAM MAJOR THRUSTS
}

The AFML research and developmént program is divided into 6 technology
planning objectives, each containing specific major thrusts. These are
presentcd in the following paragrapbs. ' ‘

I

!
. f 1
AFML TPO NUMBER 1, THERMAL PROTECTI{N MATERIALS

The efforts in this area, utilkzing some $2.4 million of FY79 resources
provides materials and processes foxn thermal protection of systems and
componentry subject to secvere thermdl and erosive environments. Major
applications are in strategic balligtic and maneuverable rcentry vehicles
and high mach number (hypersonic) alccraft. The effects of erosion due to ,
ice, snow, rain, and dust particles >n Teentry body accuracy and survivability
in addition to the severe thermal efvironment require that this TPO emphasize
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materials and technology\to improved performance and survivability of
ballistic and maneuvering reentry vehicles.

Within this TPO there are five major thrusts.  Work on Shape Stable
Nosetips is concerned with erosion resistant carbon-carbon composites
and alternate carbon-carbon composites. In Lightweight Heatshields emphasis
is on the development of a low cost carbon fabric as a replacement for
rayon-based carbon materials which will likely not be available in the future.
Modeling and Guidance efforts are devoted to quantifying the effect of
composite microstructure on materials ablation, erosion and thermo-structural
performance. The thrust on Advanced Materials Concepts identifies and demonstrates
the basic materials for future system needs. Carbon-Cdrbon Processing Science
efforts are focused on establishing effects and criteria for the influence
of process variables on composite microstructue and properties.

Efforts under this TPO primarily impact the Strategic Offense area,
specifically reentry vehicles. Close liaison is maintained with the ABRES
and Advanced ICBM programs at SAMSO. Efforts impact improved performance
needs, survivability, and accuracy, the latter through ensuring predictable
and uniform ablation behavior and shape retention.

AFML TPO NUMBER 2, AEROSPACE STRUCTURAL MATERTIALS

The general objective in this area, utilizing some $25 million FY79
resources is to provide reliable materials and processes with optimum combinations
of properties from cryogenic temperatures to 1200°F for use in aerospace
structural applications. Major applications are in subsonic and supersonic
ajircraft, missiles, and spacecraft.. The objective encompasses the development
of alloys having high toughness/density ratios, new or improved low cost organic
matrix composites having improved durability and high strength/density and
stiffness/density rations. improved processing and joining techniques for
metals and composites, processing science, @nd nondestructive measurement,
evaluation, and inspection techniques essential to a high degree of quality
assurance and structural integrity. It includes the development of behavioral
methods of analysis and their experimental validation under anticipated
service loads and environments, as well as the determination of appropriate
design data necessary to predict performance levels and capabilities with high
confidence. ‘

In this TPO there are eighteen major thrusts in the areas of metals,
nonmetals and nondestructive evaluation. In the metals area, the thrust
in Improved Performance and Structural Integrity provides approaches to
safety, durability, and life management requirements that can be implemented
with no increase in costs. Acquisition Cost Reduction programs are aimed at
reducing the acquisition cost of metallic airframes by 20-30% without incurring
a weight penalty or increasing maintenance costs. Cost of Ownership Reduction
bas the goals of a 15-20 reduction in the maintenance costs of airframes.
Metal and Alloys, and Joining and Processing cover the technology base for
the metals area, and address the technology for low cost titanium, high
performance alloys, metal matrix composites, fatigue and fracture, chemical/
environmental effects, analytical process mcdeling, enhanced materials utilization,
processing efficiency, improved service life of metal, improved durability,
and predictable, reliable structural behavior.

In the nonmetals area, the Advanced Composite Materials Development
thrust is concerned with developing low cost, moisture resistant materials
with 350-600°F capability and low cost processability. The Advanced Fabrication

-
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thrust,. which hasg the goal -of reduced fabrication costs for composite
components, includes work on low cost tooling and manufacturing, and stresses
the design/manufacturing interface to reduce acquisition cost. The goal

of the Production Confidence thrust for composites is to ‘develop integrated
and economical methods and assembly procedures for quantity production of
composite structures, and to develop a broad industrial production base.

In Advanced Composite Materials Durability them is work on developing design/
manufacturing alternatives to aluminum honeycomb sandwich, establishing
chemical composition and processing specifications with 100% acceptance by
industry, developing capability to predict composite laminate static and
fatigue strength, and establishing defect accept/reject criteria to reduce
repair and rejection rates. Adhesive Bonding, Non-metallic Composites and
Polymers for Structural Materials provide the nonmetal technology base thrusts
with efforts in improved processability, durability, and performance of
adhesives and composites, failure mechanisms and durability roles in mechanics

of composites, new resin polymer systems and self reinforcing polymers and
new high temperature seals. '

The area of nondestructive evaluation includes thrusts covering both
metals and nonmetals. NDE of Pastened Joints covers nondestructive evaluation
methods for detecting outerlayer and interior layer cracks and determining
hole quality in composite materials. Field NDE Reliability Improvements
is concerned with efforts on ultrasonic methods, liquid penetrants and sen-
sitivity/capability definition. The Composites In-Service Inspection Methods
thrust develops near term field capability to detect service induced flaws
of 1/4 square inch and to develop a broad base structural NDE capability for
water degradation, FOD, etc. NDE of Complex Shapes covers computer-aided
methods for low cost, high quality inspection of complex, near-net-shape
engine and airframe components. NDE Technology provides the technology

base in quantitiative flaw characterization, NDE of advanced materials, and
quantitative NDE for surface flaws. '

A principal thrust in this TPO is that of Computer Aided Manufacturing.
It focuses on the disciplined application of integrated computer aided
manufacturing systems to the major functions of manufacturing, with the
overall goal of increased productivity and flexibility in the manufacturing
and production of defense-related material. Major areas of emphasis include
manufacturing architecture, fabrication, data base/data automation, design
manufacturing interaction, planning and group technology, manufacturing control
and external interfaces, assembly, simulation modeling and operations research,
materials handling and storage, and test inspection and evaluation.

This TPO deals with the development of structural materials and related
processes, methodologies and capabilities that contribute to increased
“structural systems performance levels and durabilities, greater integrity
reliability and survivability, and to lower acquisition and O&M costs. This
TPO primarily supports the areas of strategic offense, strategic defense tactical

warfare and airlift. While major efforts are devoted to aircraft structures, there

are appljcutihns to space and missile needs. A major driving function of the
total TPO is is cost reduction, with broad AFLC implications.
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AFML TPO NUMBER 3, AEROSPACE PROPULSION MATERIALS

The general objective in this area represents a $9 million FY79
investment. It provides improved materials and processes for application
to current and future dircraft and rocket engine ulsion Systems.
Emphasis is in the areas of disks, turbine blades ang vanes, fan and compressor
blading, coatings, gas path: seals, materials processing and joining, non-
destructive inspection methods for aircraft turbine engines, and solid rocket
nozzles and exit cones.. Materials of interest for these components are titanium
alloys, metallic and nonmetallic matrix composites, superalloys, dispersion
str(nOLthed alloys, directionally solidified alloys and eutectics, titarium
aluminides, ceramics, and carbon/carbon composites.

The major efforts arc concerned with reducing the high acqu1s1t10n and
ownership costs, lHCILdHLHg durability, and providing increased performance.

Within this TPO there are eight major thrusts. Life Cycle Management
addresses weld repair for superalloys, surface treatment and refurbishment
of turbine engine parts, component life prediction, rejuvenation of high
value engine components, critical rotating. component integrity, titanium’
combustion prevention, jet engine damping, and corrosion prediction. The
thrust on Rocket Propulsion is centered on nozzle and exit cone materials
while that on 5Small Engines stresses processing of ceramic turbine components,
unique turbine rotutrng component concepts, and low cost composite parts.
Developments in Performance/Durability will emphasize materials for advanced
turbine disks, difectlonally solidified euvtectics, titanium rotating components,
ot section core combustors and vanes, titanium alumlnldes for static
compounents, noncombustible engine alloys, engine seal systems for high
pressure compressors and turbines, and advanced composite components. Work
on Low Acquisition Cost-Metals is concerned with efforts to reduce cost of
titanium and superalloy cases and frames, metal removal, titanium disks,
turbine airfoils, superalloy disks and fan/compressor blading. In Low
Acquisition. Cost—Nonmetals there are developments in composite low cost
fan blades and engine static structure. The technology base portion of
this TPO includes thrusts on Ceramics, centered on identifying novel processing
approaches to improve reproducibility and High Temperature Alloys, which
includes efforts on developing ductility in titanium aluminides, improving
fatigue resistance of turbine coatings, identifying causes of low transverse
ductility, dlrectlonally solidified eutectics, and new powder metallurgy
alloys.

Efforts under thls TPO impact propulslon systems for most AF systems
and options. The more critical options which this TPO provides include
materials for high performance, lightweight propulsion systems for ICBM's,
materials for turbojet and composite ramjets for high mach number with long
range cruise capabilities, materials for solid propellant rocket motors
and integral rocket/ramjet combustors for air-to-air missiles, materials for
transonic and supersonic engines, and highly survivable, repetitive use,
unmanned systems. This programs also provides materials and manufacturlng
methods to reduce the acquisition costs of these engines. Engine 0&MY costs
are supported in this. area through work on lower cost and more durable
turbine vane and blade materials which will decrease the froquency of
overlioul .md reduce b]ade replacement cost,
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AFML TPO NUMBER 4, FLUIDS, LUBRICANT, AND ELASTOMERIC MATERIALS

The efforts in this arca, inyolying some FY79 $4.3 million are aimed
at materials and supporting technology for lubricants, energy  transfer
fluids, fluid containment and sealing. 1In the area of lubrication,
materials are developed for liquid, semisolid, and solid lubricants for
aircraft, spatecraft, and cruise missiles along with an understanding and
prediction of their performance. Fluids work primarily involves materials
for hydraulic fluids and related heat transfer applications. Fluid
containment and sealing efforts provide fuel tank sealants, fluid system
seals, and expulsion diaphragms. Thé various areas encompass the complete
scope of activity from synthetic chemistry to the engineering aspects
involved in application to systems. '

Within this TPO there are ‘ten thrusts. Hydraulic Fluids involve
efforts on high temperature, nonflammable hydraulic fluids. Programs
in Fluid System Seals are concerned with seal systems for use with non-
flammable fluids, cryogenic cooler seals, and expulsion diaphragms for
SAMSO systems. In the thrust on Integral Fuel Tank Sealants, emphasis is
on 0&S cost reduction, life prediction, and exploratory development. A
new thrust, Fluids, Lubricants, and Elastomers for Cruise Missiles, is
focused on development of high temperature fluids and seals for ASALM witn
ten year storage capability and on corrosion inhibiting lubricants for
the ALCM F107 engine. Another new thrust, Solid Lubrication for Rolling
_Element Bearings, covers development of solid lubrication systems for
rolling element bearings used in cruise missiles, oscillating bearings,
and satellite and missile gyros.

“Instrument Lubrication addresses requirements
for lubrication of miniature ball bearings. . The objective of Accelerated
Life Prediction is to predict the performance of lubricants for space-
bearings. The thrust on Lubrication Systems Analysis explores oil analysis
techniques and engine wear diagnostics. The Turbine 0il Additives thrust
is concerned with OSHA approved additives for MIL-L-7808 and with synthetic
base fluids to replace petroleum based fluids and lubricants.

.Efforts under this TPO impact alli aspects of AF operational systems,
including aircraft, spacecraft, missiles, and ground equipment. -Specific
requirements include applications . in strategic offense, strategic defense,
tactical warfare, airlift, command, control and communications,- reconnaisance
and surveillance, and mission support. ‘The lubricants, fluids and elastomeric
materials are all high cost operational and support items. Frop a performance
point of veiw they play significant roles in space systems and communications
capability, while major step function improvements in cost savings can be
shown for ballistic missile systems and aircraft. ,

AFML TPO NUMBER 5, PROTECTIVE COATINGS AND MATERIALS

This TPO represents $9 million of FY79 effort to provide materials and
concepts to enhance the survivability of aircrew and vital components of

Alr Force systems in natural and inducied hostile environments, ‘Although
related to materials needs discussed ih other TPO's, materials considered
here have as a primary concern a proteg¢tive function that is essential to the
survival of the crew, structﬁre, avionirs, and other critical subsystems of
the military systems. Materials effortL covered by this TPO are in the areas
‘of laser hardenecd materials, protective coatings and materials, and munitions.

|
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Within this TPO there are three_major”thrusts. Work on lLaser Hardened
Materials is concerned with satellite components, aircraft hardening,
sensor missile hardening, and with response and evaluation of laser hardened
materials. In Protective Coatings and Materials the work includes extended
life satellite materials, 0&S reduction for coatings, and coatings for
camouflage and all weather operations. For Munitions the goals are low
cost manufacturing methods for projectiles, cases, and propellants and
waterials for advanced air to air weaponry.

This TPO supports a wide range of Air Force requirements. Among the
qore critical are the extcension of the lifetimes of U.S. satellite systcms,
protection of strategic bomber and satellite systems against laser weapons,
and r~duction of O&M cost of operational aircraft.  The space stable
materials and conductive coatings being developed under this TPO have
already had a significant impact on satellite life and provide confidence
that the ultimate goal of 7 - 10 year satellite service life can be reached.
Providing laser hardness without compromising systems performance dictates
the use of passive countermeasures to the greatest extent possible, and
this forms the driving function of the AFML laser hardened materials
program. Improving.the durability, stripability, applicability, and :
disposability of ordinary aircraft paint and primer coatings will have a
large impact on the costs of maintaining the flying AF. The munitions
area has a great impact on cost reduction by developing manufacturing method
jmprovements for greater efficiency and lower cost. . )

AFML PO NUMBER 6, FLECTROMAGNETIC WINDOWS AND ELECTRONICS

The overall objective in this area is to provide materials and manufacturing
processes for optical, electromagnetic, and electronic sybsystems. The invectment
in this area for FY79 is $12.7 million. Emphasis is in the area of materials
and processes for detectors, infrared windows, radomes and antenna windows,
high energy laser components, packaging and interconnections, data processing
and memories, data presentation, windshieélds.. and canopies, microwave devices
and energy sources. These materials are required for application to a broad
range of electromagnetic and electronic devices; components, and subsystems
critical to system operation and  survival in natural and induced hostile
environments. ‘ ‘

Within this TPO there are ten major thrusts. 1In the area of Detectors
work will concentrate on short, medium, and long wavelength sources for
acquisition and tracking of man made objects and on mosiac starring sensor
arrays to provide a significant increase in sensitivity, resolution, and
real time data handling capacity for surveillance and meteorological
satellite systems. In Infrared Windows work will be focused on meeting the
needs for IR windows and domes for a variety of tactical target acquisition
and seeker systems. Radomes and Antenna Windows includes work on broadband
high temperature radomes for high performance antiradiation missiles and
millimeter wave radomes for all weather target acquisition. In High Energy
Energy Laser Components materials will be developed for both windows and
mirrors for high energy airborne and spaceborne lasers. Work on Packaging
and Tnterconnecticns will stress low cost, improved reliability avionics packages.
Windshields and Canopies is concerned with the materials, maintenance, and
mmufacturing of transparent enclosures for aircraft possessing long life,
impact and crosion resistance, and high optical quality. Microwave Devices
impacts upon producibility of low cost components for ECM and communications
equipment. Data Processing and Memories is concerned with complex circuits
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for avionics, C”, and space systems. Programs in Data Presentation address
airborne information subsystems and solid state cockpit displays. Energy Sources
is concerned with manufacturability of new materials for aerospace power supplies.

The current and anticipated efforts of this TPO are designed to provide
materials systems which result in lower LCC, enhanced capabilities, and ’
new capabilities for operational and future systems. Laser and infrared
window materials, advarced infrared detector materials, radome and antenna
window materials, exploratory development on microelectronic reliability,
‘eneryy source materials -- all of these are specifically directed to achieving.
enhanced capabilities for command, control and communication, reconnaissance
and tracking, information processing, etc. Underlying all of the current and
anticipated efforts are such basic characteristics as efficiency, reliability, "
life cycle costs, -and when appropriate, radiation hardening. These can be
presumed to be the major driving forces behind these efforts in addition to
consideration of achieving low weight and low volume in the electronic devices
and components. '

TOMMOROWS MATERIALS

The Air Foree materials program provides the critical materials and
manufacturing technology required to maintain or extend Air Force system
capabilities, considering critically needed performance, and life cycle costs.
Tn the structures arca, existing state of the art is being extended to new
capabilities: »

- in aluminum through powder technology and imetal matrix composites.

- in titanium through superplastic forming, powder technology and
.selective reinforcements. _

- in composites to new organic matrix materials and ordered polymers.

For aeropropulsion new capabilities are being developed:
'~ in titanium through titanium aluminides

- in superalloys through eutectics, ceramics, ceramic composites and high
temperature metal matrix' composites.

3

Surveillance and electro 0pticafﬂsy§tems will acquire new capabilities:
— in detectors thibugh merkury cadmium ‘telluride and new doped silicon
'~ in IR Windows through zi&: sulphide and zinc se]enide
- in radomes through siliéoi nitridei. |

The Air Force materials progsgm utilizes the expertise of the national and
foreign materials and processing ir\lustries, as well as the capabilities of the
manufacturing and aerospace industrjes. It integrates the efforts of government
academic and industrial communities! It is through this coordinated effort
that the technical apportunities ca} be focussed toward the missions and weapon
systems of the Air Force.
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- Ceramics ih'Réliihg Element Bearings
»ff>Abstfa¢£v. j

: The fea51b111ty of u51ng hot pressed 5111con nltrlde
(HPSN) for rolling elements and for races in ball bearings and
roller bearings has been .explored.. HSPN offers opportunities
- to alleviate many current bearing problems including DN and
fatigue life limitations, lubricant and cooling system defi-

ciencies and extreme environment demands. The history of ,
ceramic bearings and the results of various element tests,
bearing tests in rigs and bearing tests in a: turbine engine . -
will be reviewed. The advantages and problems associated with
the use of HPSN in rolling element bearings will be discussed.
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Introduction

A Ceramic bearing technology is presently in the Materials
Research and Development stage, that is, the feasibility of
using hot pressed silicon nitride in rolling element bearings
(ball bearings and roller bearings) is being explored. There
is a simultaneous attempt to demonstrate that feasibility to
the bearing community. Subsequent sections of this paper
- describe briefly why and how this effort was initiated and
- where it appears to be going. i ' '

The essence of the current effort is a study of how hot
pressed silicon nitride performs in the various functions
demanded of a bearing material, including studies of when it
fails, how it fails and why it fails, in order to provide
guidance for optimization. Out of such attention has come the
awareness that the quality of the surface is at least as
crucial as the quality and uniformity of the material. In
over-simplified terms, the surface finish must be smooth to
éess than 1y inch AA and there must be no subsurface grinding

amage. - - . . SR

Before proceeding, it seems appropriate to amplify on_the
distinctions between a materials R&D effort: and a bearing RGD
effort. Earlier investigations!22 of ceramics as materials
for rolling element bearings can be described as bearing R&D
efforts in that bearing design factors were the variables and
the ceramic material and the associated processing were con-
sidered as givens, and ceramics worked or they didn't. As it
" turned out, they didn't. There is a residue of that viewpoint
in the current activity in some of the computer evaluation and
prediction programs used by the bearing community. These pro-
grams, when applied to ceramics, are based on the assumption
that ceramics will perform like metals. In the absence of
specific knowledge of how ceramics differ, especially in a
bearing environment, users of these programs have no choice
‘but to make that assumption. The resultant computer predic-
tions describe a limited future for ceramic bearings. However,
as evidence accumulates that good quality, properly machined
hot pressed silicon nitride ceramics should not experience
fatigue failures and should provide other operational advan-
tages or options, the computer programs will have to be modi-
fied to accommodate and predict a new reality.. '

History

VThe current ceramic bearing program devéloped slowly.
The first stage was a developing awareness of the vast spectrum
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of properties potentially available from ceramics and the .
belief that within ceramics there must exist a tremendous
potential to solve critical Department of Defense materials
problems and to provide new performance capabilities for future
‘defense systems. o : : ‘ o o

. The decision to concentrate on bearing applicatiOnsv ~
developed out of a synthesis of many factors, such as:

a. 4Figures of revolution, by virtue of the
absence of corners and edges, afford the
best chance of success in structural-
applications. R T e

'b.  Interior applications are safer from.

impact damage.

'¢. Ceramics perform much better in compres-
~ sion than. in other loading modes. -~

. Oncethe CefamECQBearings*program”was COncéivedtand“' e
" initiated, it quickly became evident -that the concept was not - .
new. Zaretskyl,2 at NASA Lewis, Sibley and others3 at SKF and . =

.Godfrey“'had.reporteduearlier efforts*whichPhad‘demOnstrated
 that the concept of using ceramics in rolling element bearings
probably had merit, especially if stronger ceramics became -
available: The advent of hot pressed silicon’nitride and high' .
purity, high density aluminas offering new levels of strength - . -
‘and very good uniformity: appeared to overcome the earlier - . ’
deficiemcies. . oo SLmTE T R
~“Announcement of the ‘intention to ‘initiate a materials _

program to explore the feasibility of using ceramics in roll-".
ing element bearings exposed an already existing, low.level, .- .
joint effort by the Norton Co. :and Federal Mogul which became

' 'the nucleus of the current activity. -

'1Sele¢téaiReéuI£s —fGenerél_‘i_’l

. From the beginning the ceramic bearing program has inclu-
" ded both element tests and bearing tests in test rigs. =
- Recently bearing tests “in engines have been added. ' The elenent

" tests provide relatively inexpensive qualitative and quantita-

‘tive information about ‘specific functional capabilities such -
- as rolling contact fatigue resistance, coéfficients of friction,
wear, elastohydrodynamic’ lubrication, failure modes, etc. The:
_bearing tests are appreciably more expensive and those conduc-
ted on test rigs are generally of an accelerated nature, that -




SO
e T

1s, the bearings are typically grossly overloaded to pro-
vide for failures within a timeframe that is manageable. The
advantages of testlng actual bear1ngs 1nc1ude '

a. The fabr1cat1on of the bearlngs demands pro-
duction of material in appropriate sizes and
highlights productlon requlrements and cost
drlvers ' v v

b. Thevfabr1cation of the bearings demands dem-

; onstration of machining capabilities. The
need to machine actual bearlngs has exposed
various problems. - »

c. Designers and fabricators are confronted by
- the need to recognize and provide for ‘
material differences such as higher modulus,
lower density, and, in some cases, lower
thermal conduct1v1ty

d. New concepts are needed to mount ceramic
bearings or ‘to attach them to shafts.

e. Testing of actual bearings provides infor-
~ mation unavailable from element tests, both

because it simultaneously combines the
features of all the element tests and be-
cause it includes factors not addressed by
‘element tests. Where element test data
contradicts bearing test: experlence, one .
must go w1th the latter.

Selected Results - Element Tests

A qu1ck summary and evaluat1on of the" element tests
1nd1cates :

a. Hot pressed s111con n1tr1de is the only cur-
' rently credible ceramic candidate for roll-
ing element bearings.

" b. Slllcon nitride of adequate quallty and with
’ satlsfactory surface quality (surface smooth-
- ness better than 1lu AA and no subsurface
damage) may never experience fatigue failures.

c. Silicon nitride and conventional lubricants

provide essentially the same lubrication and
elastohydrodynamic lubrication characteristics
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as do bearlng steels with the same’ lubrl-
cants.

The coeff1c1ent of frlctlon of unlubrlcated'v
silicon nitride against itself is about the

‘same as that of lubricated steel on steel.

However, there are indications that as the

‘temperature rises, the friction of silicon

nitride against itself rises. The prospects
for very high temperature unlubricated bear-

“ings of silicon nitride are not ruled out

but ‘appear limited.

Silicon n1tr1de appears to wear much more
rapidly than most ceramics, both against

‘itself and agalnst steel. This may not be
“a factor. in roller bearings which experience

only rolling contact, but may be important-

‘A;1n ball bearings where both rolling and

sliding occur. Current evidence suggests
that wear is a function of surface finish
and- that wear may be eliminated when sur-
face 'smoothness 1s measured at 1ess than

'lu 1nch AA

SlllCOn nltrlde usually falls by spalllng,

~asdo bearing steels.  In rolling contact
~_fatigue (RCF) tests some failures have been .

‘caused by inclusions in the materials.  Num--

erous failures have been attributed to slow

- crack growth of subsurface machining damage,7"

'p03$1b1y with ‘an ‘assist from the high Hert-

zian stresses used in RCF tests. The remain-

ing RCF failures have been ‘associated with
~ 'Hertzian cracking attributable to loads far
 1n excess of those encountered in ‘real bear-

ings. " (In rolling contact fatigue tests -

" there have been no failures at 600,000 psi,

few failures at 700,000 and many 1nstances of

‘vSUSpendetheSts‘after over 100 million cycles
.at 800,000 psi. Hertzian stresses in roller
';bearlngs may be under 100,000 psi).

. Silicon n1tr1de'has failed quite rapidly .
‘after ‘lubricant shutoff during RCF tests. On
the other hand, roller bearings have run as

“much as 120. hours without damage after lubri-
cant shutoff in the test r1g and for several
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hours in an engine without damage. It is
uncertain whether the very high stress of
the RCF test (800,000 psi Hertzian stress)
versus the more normal stress in the actual
bearings can account for the different
behaviors. U : R

Selected Résults‘fwBéaring Tests in Rigs .

~ The initial objective was the fabrication, assembly, test
and evaluation of a turbine engine main shaft roller bearing.
This particular bearing was chosen for two reasons: 1) the
rotating velocity of turbine engines is limited by the ability
of the outer races of the bearings to cope with the centri-
fugal forces of the rollers as well as the loads they are
intended to carry, and the lower specific gravity of silicon
nitride versus bearing steels (2.4 vs 6) promised to ease that
problem; and 2) roller bearings experience essentially only
rolling contact forces whereas ball bearings also encounter
slipping and sliding, which introduces a somewhat uncontroll-
able unknown. It was thus planned to conduct a simple substi-
tution of ceramic rollers for metal rollers, with no changes
in lubrication or any other factor except to redesign the -
crown on the roller to compensate for the difference in Young's
modulus. 3 . '

Six 55m bore bearings were fabricated, three having sili-
con nitride rollers and M50 steel races and three having sili-
con nitride rollers ‘and races. GEach bearing had twenty ceramic
rollers 0.345 inch in diameter and length. The races had a :
2.25 inch bore and 3.74 inch outer diameter. The design opera-
ting conditions were for speeds up to 65000 rpm and radial"
loads up to 400 pounds. The available test rig was limited to
10000 rpm so that high DN capability could not be tested
directly. Instead, two bearings of each type were tested under
overload conditions to simulate the heavy outer race loading
that would be sustained in high speed operation. The bulk of
the testing was performed at a speed of 10000 rpm and 2500
pounds load. (Under thése3condit10ns,.thejcalculated Lig life
of a similar, all steel bearing is 120 hours.) The tests were
highly successful. Testing of the two steel race bearings was
suspended after 221 and 641 hours, respectively, of total test
time. Testing of the all ceramic bearings was suspended after
62 and 331 hours. The tests were suspended because the pro-
grammed funding had been expended and the test equipment was
scheduled for other work. All of the bearings ‘were in excel-
lent condition when the tests were suspended. |
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Slnce pred1ct10n of bearlng performance is based on
statistical parameters, the next objective in this program
was to make ten bearings and test them to failure, to learn
how they fail and to get a feel for the distribution of their
lives. The shaft speed was 5400 rpm and the radial load was
5050 pounds (408,000 psi Hertzian stress). Overall the
results summarlzed in Table 1 were encouraglng _

a.

The Ljg life was 45 hours, in comparlson
with an AFBMA calculated Lyg life of 21.6
hours for a similar all steel bearlng

. . Bearings 2, S,and 6 used'the‘same‘ceramic

rollers in three sets of steel races.

After 365 hours of full 1oad testlng,

’ bearlng 9 was run at a 2000 1b radial load

for an additional 117 hours with the lub-
r1cant shutoff w1thout sustalnlng damage.

. Both steel race and ceramic roller fallures

occurred All the ceramic roller failures

‘except one could be traced to the combina-
“‘tion of high loading, full roller contact

and unblended roller corner radii-- an

‘unfortunate combination of circumstances
‘that undoubtedly reduced the Lig 11fe

The one "bad" result bearing 10, was a
massive failure of several rollers, sub-

‘sequently attributed to an isolated,

irregular surface flnlshlng procedure dur-

ing the preparation of the roller blanks.

This failure was useful in two ways. It
illustrated what would happen in the event
of a massive failure, thereby serving to

- inhibit unchecked. speculatlon, and it

reaffirmed the critical importance of the
surface quality of ceramics to the1r per-.
formance in bearlngs :

There have been several subsequent bearing rig test projects.
Most notable are two in which ceramic elements . (balls and
rollers) were tésted side by side with steel elements in a
high speed test rlg ‘Test speeds went up to 71590 rpm (2.5

'million DN).

General observatlons and conc1u51ons from a review of
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bearlng rig test results 1nc1ude

a.

‘There appears to be con51derab1e potent1a1

for silicon nitride ball bearings and for
silicon nitride roller bearings, both w1th’
steel races and with ceramic races. But

the future of all-ceramic bearings versus

ceramic element and steel race bearlngs has
not been sorted out.

Slllcon nitride rolling element bearings
may be attractive for some applications
solely because of the excellent fatigue
life of silicon nitride. (It is not yet

" clear whether some of the benefit may be

offset by the higher modulus of the silicon -
nitride--or whether design technlques can

‘take care of the higher modulus.)

_The low spec1f1c grav1ty of 5111con n1tr1de

in rolling elements proffers higher DN num-_
bers, and it also offers higher fatigue
life (quite apart from the excellent pros-

 pective fatigue life of ceramic components)

by virtue of the lower loading on the outer
race and the opportunlty to reduce the pre-.

load

Bearings with silicon nitride rolling ele-

ments seem to run cooler than steel bear-
ings. So far ball bearings seem to do better
than roller bearings.  There is no data

‘available for bearings with ceramic races,

but conceivably they might run even cooler.
This feature might lead to smaller lubrica-
tion systems because of reduced coolant
requlrements ,

Silicon nitride rolllng element bearlngs
have performed outstandlngly in lubricant-’
starved situations. This is probably related
both to the low coefficient of friction and
the cooler operatlon but considerably more
investigation is requlred before one can try
to. capltallze on 1t

Silicon nitride rolling element bearings run
noticeably more quietly than comparable all
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'steelvbearlngs ‘The. reasons,. and any poten~
tial benef1ts, are unclear. .

Selected Results - Bearlng Tests 1n Englnes

" As the ceramic bearlngs program progressed and modest
successes accumulated interest in testing bearings in actualf
engines increased. Throwaway engines used to power cruise
missiles and non man-rated enginés used to power target drones
 seemed to be candidates both for tests and for early ‘applica-

'~ tions:of ceramic bearings. They were attractive for tests be-
- cause the consequences of a bearing failure were not known
and their relatively low costs reduced the risk.  They were
attractive for early applications because they were not man-
rated and because it seemed likely that ceramics might sat1sfy
‘their unusually severe env1ronmental and operational require-
ments better than metals -

The Teledyne J402 famlly of engines f1tted these criteria
excellently. The J402-CA-400 engine is used in the Harpoon
missile and the J402-CA-700 engine is used for the VSTT tar-
get drone. In both cases the rear bearing is contained
essentially within the burner can and does not have recircula-
ting lubrication. The Harpoon bearlng is fitted with a grease
cup containing 15cc of Krytox grease while the VSTT rear bear-
ing is lubrlcated by a 60 cc/min fuel flow through the bear

ing. o )

S1x all- cerém1c bearings were made'to be tested in the
VSTT eng1ne The intention was to ‘demonstrate the utility of
a ceramic bearlng in an engine and to explore the possibility
of operatlng the eng1ne w1thout 1ubr1cat1on for the bearlngs.

Table II summar1zes "the results obta1ned w1th ‘the first A
five bearings. Test 4 was a complete success, with 48 minutes
total time without: lubrication. Tests 1 and 2 were qualified

- successes in that bearing failure followed failure of some .

other component. Tests 3 and 5 were partial successes; the
failure in number 5 has been attributed to poor surface ﬁ
quality on the bearing surface of the inner race. The cause
of failure in number 3 is not known at present. It was
reassuring to note, in all cases, that bearing failure did not
result in freeze-up and subsequent engine damage; rather, in
the most extreme cases, the failed component was pulverlzed
and the shaft contlnued to rotate till shutdown

( Th1s test program i continuing to expand experience with
ceramic bearings in engines and to pursue further the prospect




for a successful bearing that wougd operate without the need
for lubricant or coolant after indefinite storage. The A
design simplicity, cost savings. and system re11ab111ty are very
attract1ve . :

At least two other’projects are'underway to explore the .
use of ceramic bearings in engines. ~The Army is exploring the -
prospects of ceramic element bearings and magbe all-ceramic
bearlngs in the 10KW Gemini turboalternator.® Recently two
ceramic ball-steel race bearings were run at 93500 rpm for
over 800 hours.

‘The Air Force recently 1n1t1ated a Manufacturing Tech-»
nology program to produce hybrid (ceramic rolling elements)
and all-ceramic bearings for the Williams Research Company
F107 (Cruise Missile) engine.® They are interested in a- retro-
fit replacement for the present metal bearings.

Problem Areas

The first requirement for a viable ceramic bearing tech-
nology is the ava1lab111ty of a bearing quality material. At
present, good quality hot pressed silicon nitride material is
available only in pilot-plant quantities, not product1on
scale quantities. Also, it is available only in hot pressed
~billets that necessitate extensive diamond grinding to be con-
verted to bearlng components (There is some current effort
addressing pre551ng to shape-—that is, pressing rough balls
and cylinders).  Lastly, Norton's NC 132, the material used
so far almost exclusively, is not necessar11y ‘the optlmum
bear1ng materlal , ;

The second requlrement for a v1able ceramic bearlng
technology is the .ability to machine silicon nitride into
bearing components with acceptable surface quality (surface
finish and subsurface damage) at acceptable cost. Excellent
progress was made recently with balls ‘but much remains’ to be
done Wlth rollers and races.

The th1rd requ1rement for a viable ceram1c bearlng tech—
nology is the ability .to measure and control the quality of
the material and its surface. Substantial improvements in
NDT/I techniques are required, ~especially to assess the pre-
sence and extent of subsurface damage in a. flat black mater1a1

In addltlon to the above, massive- amounts of 1nformat10n

and data are needed to address many issues such as load-life
relatlonshlps, materlal characterlzatlon, de51gn mod1f1cat1ons

1192




necessitated by d1fferences in modulus, toughness, spec1f1c
-grav1ty, thermal conduct1v1ty, etc.

Attractlve Features and Prospect1ve Applications

Sprlnkled.throughout thelforegoing are many attractive
features of silicon nitride as a rolling elemént bearing ~
material such as low specific gravity, outstanding fatigue life,
attractive lubrlcatlon {(and non-lubrication) characterlstlcs, ‘
“low thermal conductivity, low. heat generation and low noise
generation.. To those can be added electrical nonconduct1v1ty,
“wide: thermal stab111ty range and excellent corr051on re51s-

1Tftance

. Many or all of the above features offer prospectlve solu-
tions to high DN requirements, extreme endurance requirements,
lubrication problem areas, corrosion prone applications, stray
- current problem areas, extreme thermal enV1ronments, prolonged

storage and m1n1mum coolant requlrements ‘
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TABLE I

SUMMARY OF RESULTS OF 10 ROLLER BEARINGS RUN IN TEST RIG

Bearing - Endurance

No. =~ . Test Hrs* ’ ‘_ f»;‘_‘Comments
R 1‘1';' ';'7;f846 . - Test suspehded Good condltlon
2 f7fo' - 164-f* - Outer race fallure
,3' {~ff' '461'o31 : ~ Roller spalls (2) and outer race
R R : spall
4 bv' _ - 146  >__” © Roller spall and damaged races.
5 83 Inner race failure. Rollers were
o : ~ reclaimed from #2 test bearing.
6 ”-fu:h'. 26 .  Outer race failure. Reclaimed
' S R : ‘rollers from test #2 § #5 st111
in good condltlon
7 . 185 ~ Roller spall and damaged races.
L : .+ . Assembly contained sllghtly
deviate rollers.
8 . - ' '222 _ Roller spall and innér race spali
9 . . 365 Endurance test suspended after 365
: U ‘hours. Bearing tested additional
117 hours under lube shutoff con--
‘ ’dltlons**_ Final cond1t10n good.
10 " 21 : é Previously run 117 hours as lub-
o ' ‘ } ricated companion bearing in lube -

| shutoff test for #9. Failure with .
| severe race and roller damage. '

*Endurance test conditions: [5400 rpm. « 200°F Load 5050 1b.
: : TR : h408 5 Ksi Hertz) ‘AFBMA LlO for MSO
steel = 21.6 hours. -
‘ ; L10 for SizNy = 45 hours.
**Lube shutoff conditions: >400 rpm. ~ 210°F. Load 2000 1b:
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' GROUP TECHNOLOGY
- KEY TO MANUFACTURING PROCESS INTEGRATION

Abstract.

'In a survey of most critical manufacturing tech- .
nology needs, aerospace companies listed group technology
(GT) as - thelr number one priority. In engineering design
and manufacturing planning, properly applied GT has the
potentlal to: reduce new parts inventory by at least 25%,
substantlally reduce in-process inventory, cut the cost
of part programming by 50% and provide the key to genera-
tive process planning. With all of this potentlal . one
might expect a concerted rush to apply th1s simple yet
powerful concept; however, even though it has been around

. for more than 50 years, GT has only begun to be applled

- in American industry. There have been ba81ca11y two rea-
_sons for this: (1) the absence of a strong accepted

'theoretlc foundatlon ‘and (2) the absence of a standard-
ized 1mp1ementatlon approach Recently, within the Air
Force Program for Integrated Computer Aided Manufacturlng
(ICAM) both.of ‘these barriers. have been overcome. This =
paper will® explore the background and potentlal of GT and
the Air Force approach to max1mlze 1ts beneflts :
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‘Introduction - The USAF ICAM Progrsim

The Integrated Computer Aided Manufacturing (ICAM)
program of the Air Force is a long~term project which
includes the development of a number of modular sub-
systems designed to computer-assist various pbhases of
- design, fabrication and distribution processes, and the
management hierarchy associated therewith, according to
a prioritized master plan. At appropriate times, these
-modules, which are mutually compatible, will be combined

to give a comprehensive control and management package :
‘which is capable of continual adjustment as production

f

needs and state-of-the-art change.

- In essence, the ICAM program provides "seed money"
.to advance the frontier of the technology in general.

As a large customer with great potential for gain, the
Department of Defense is willing to fund what might be
termed "risk capital" for extending the technology.

- Industry is not geared to fund a program as ambitious
in'scope;‘primarily.because of the long term pay-off.
With government funding and industry cooperation the
technology can be developed and applied in a totally
open manner; industry can acquire and apply the elements
freely. ' ' E : D :

“The Basis of ICAM

~ The ICAM program of the Air Force is visualized as
a complex cooperative effort between the Department of
Defense and industry.  Among its ‘constituent elements
are system components (computer hardware; programming
software; integration of new and existing systems, such
as IPAD), utilitarian components (mechanism of operation;
manuals; ‘educational activity), and program implementation

components (thejdevelopmentlplan)f»'

, The concept defining the construction of the ICAM
program system is called "manufacturing architecture",
that is, the integrated collection of all the phases
associated with the making of a product. Among these
‘phases are the following: ' '

. —- Executive control

© -- Management control, with its planning and
reporting features T
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’reecTechnical support
== Process control
_;—'Direct manufacturing

"~ There is, of course continual interplay and communication
- up -and down between these phases as well as interaction
‘between various subphases within a phase. The nature of
‘the subphases is dependent upon the type of manufacturing
~operation being performed - In Figure 1 are shown three

common ' operations (milling, sheet metal forming, and

assembly) and various representative ‘subphases which
~could be associated therew1th groupted accordlng to the

approprlate phase '

The ICAM program through its manufacturlng architec—
ture, identifies the system structure, analyzes the many
1nteract1ons and functions, and estab11Shes the framework

" and standards to integrate the functional elements into
a unified construction to meet present and future needs
A means of 11nk1ng 1s Group Technology (GT).

The V1ew of Group Technology by Others

A Industry has come to accept ‘the dlagram shown in
Figure 2 as very’ descriptive of the percentages of the
life of the average workpiece in batch type production.

It is widely- accepted that only 13% of the total time has
~ the workpiece in cut. 'In order to improve product1v1ty,
‘the American manufacturlng community must increase this
13% figure. GT has the theoretical ability to do exactly
this. GT not. only tackles the reduction of time required
for pos1t10n1ng loading, and gaging but also reduces the
moving and waiting time. .This is accomplished by iden-
tifying the families of parts’ that flow through manufac-
turing and working on the larger lots and the more hlghly
related parts 1n a more eff1c1ent manner . .

A survey by CAM—I (Computer Alded Manufacturlng -
International, Inc.) ‘in Apr11 1975, shown in Table 1,
also provides strong ev1dence of the importance of the
priority status of Group Technology appllcatlons for
batch type manufacturing Jndustrles not only in the United
States but also in Europe ‘and Japan. The survey clearly
points out the concensus" }1gh prlorlty for GT and the
number‘one pr1or1ty g1ven‘by the aerospace partlclpants
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The ICAM View of Group Technology . -

As the architecture”formS'the'enVirbnment of ICAM,
’GroupjTechnology forms the-basis'for'1inking“the features
0f the environment of ICAM. The concept of Group Tech-
nology pervades all of the thinking of ICAM and produc-=
tive manufacturing. As one views the ICAM roadmap

~ shown in Figure 3, one must remember that this roadmap

‘"vis‘fOr‘the development and use of Group Technology tools.

But the concept of Group Techhology extends far beyond .
the coding and classification methods. GT is truly o !
a philosophy. It requires strict definition of attributes '
and requirements;fit'requires'the'organization”of these

attributes and requirements into generic strata, and

the development of solutions to these strata based upon .

a common principle. - : - ‘

The architecture of manufacturing is evolving. And
in this same context the current ICAM projects on manufac-
- turing control-material management and material flow -
‘characteristics are all evolving as well. The Group -
Technology philosophy is present in each. .But also the
Group Technology modus operandi is present in each. Manu-
facturing control deals with the control of the shop that -
has GT cells as well as common. functional cells. It must
attain information as parts travel intra- and inter-cell.
Material flow characteristics must handle families of parts

in an efficient manner..

- The amazing insight attained by the concept of Group
Technology even pervades SUch”areas'as”simulation and data
base design. By using the GT concepts, "smart" simulations
and "smart" data bases are truly realizable. These smart
simulations and smart data bases would be capable of identi-
fying a situation and relating that situation to others -
of the same generic type. What evolves is almost artificial
intelligence. = - . o - - ' '

Theishoprfioor<proceSSés'afé:the moSt_gfaphié;ﬁtangible
display of the GT concept. Part.familieS'are introduced

and manufacturing cells are formed to manufacture these

parts. The shop leOr'isureorganizedg
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In summary, ICAM sees the potential of a GT-based
manufacturing environment. The efficiencies are - .
philosophically attainable but much work is required to -
move GT from philosophy to practice. The ICAM seed money
hopes to continue this migration. This paper outlines the
continuation of the significant push of the Group Tech-

nology state-of-the-art started by AFML Project F33615-
77-C-5012 by SofTech and Penn State University, called
~ "Task II" because the GT effort was the second task in

a three task initial solicitation.

The Previous ICAM Group Technology Project

This previous contract titled "ICAM Task II" resulted -

jn the identified needs and roadblocks seen by industry
to GT applications. Table 2 of this section summarizes
‘the prioritized, overall needs of manufacturing control
‘and design engineering. From analysis of Table 2, it can
readily be determined that industry views GT as broadly
as ICAM. From aiding in part coding, to design retrieval,
to process plan development, to forming part families, to
machine loading - the GT characterization code (GTCC)
scheme developed may be the "ger"‘that,bindS'allﬂéf”
design and manufacturing. L e e
‘Task II began by conducting one of the most compre-
hensive surveys and ahalyses of the Group Technology state-
of-the-art. The survey work was broken into three ’

-~ primary portions:’

1) survey of needs '
 2) survey of coding parameters ‘
- 3) worldisurveyfof coding systems

From this foundation evolved a comparative evaluation
of currently available commerical coding systems. Parts
were supplied for coding then the code segments were eval-
uated for their utility. Each coding vendor had something
novel and useful about his system. Each met many of the
needs identified. - But 'iit was the conclusion of the Task II.
coalition -of companies 7Jat:7 L e et T :
- 70 M....no exigting commercial system will meet
- the needs of ICAM." = | o o o - :

A




-

o T TEL AT oL

The Task II team then tackled the problem of the
conceptualization of a characterization code that would
meet the ICAM needs. What evolved is the concept of
"ICODE" which is the recommended scheme by the Task II
contractor. ICODE is a modular GTCC that is based upon
the concept of a classification network. ICODE presents
several new, ex01t1ng pos31b111ties. Among these are:

' a. codlng machlnes and materlals as well as
operatlons and geometries.
b. Presenting only the rlght 1nformation to
the rlght people at the right time. ‘
-c¢.. Tieing the characterization code to ‘the

generlc archltecture of manufacturing

The ICODE concept also p01nts out the need for
establishment of the theoretical foundation of a GTCC..,
Such concepts as information needs and information .
presentation are necessary as well as the more. theoretical

_methodology for network description and netWork manipu--

lation. "All of these technlques have proven . feaS1b111ty
but the applications are for other technlcal disciplines.
What must be done is the derivation of. the generic aspects
of these applications and the transition of these generlc )
aspects: 1nto the manufacturing environment :

The ICAM Current PrQJect -

~

As one can peroeive from readlng this brlef background
as to the previous GT work and the view of GT use, the
anticipated benefits. from the Group Technology concept

-and the functioning GTCC are’ significant. . The ICAM

Program has initiated a follow-on project to move the
status of "GT Glue' from philosophy to practice.. :This .
migration requires three (3) related tasks to be conducted.
The first.is the continued development of the theoretical
foundation for the ‘second and third tasks’ which character-
ize the GT applicatlons in manufacturlng and develop a

. GTCC Information Base focused on shéet metal which is
capable of testlng existing code segments for their use-

fulness and developlng new code segments where the needs
arise. Finally an option is-allowed which shall take the

-sheet metal portion of the GTCC and demonstrate its worth,

while, developing some support software functional requlre-
ments

1204
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Conclus1on

Thus the phllosophy shall evolve into a. useful

product. A goal for the GTCC is shown on the ICAM GT
roadmap,,Flgure 3.. The use of GT in process plannlng is
guite evident. It is this mechanism which shall be
developed by the ICAM current proaect But GT is- not
only to be used by process planning. Figure 4 shows how
GT through a CC can be used through*out manufacturing.
- A final remark is necessary prior to the conclusion of - .
‘this paper. The GTCC will not be directly applicable to
all: manufacturlng s1tuat10ns - Just as Mitrofanov, Opitz
~and others have suggested the actual resolutlon requlred o
from the GTCC shall be its flex1b111ty in management - f
philosophy. The secret of the GTCC shall be its flexibility
"in allowing each manufacturer to tailor the GTCC to his .
" needs and yet continue to conform to the overall structure
.and be able to communicate at a common, higher level of
abstraction with other manufacturing organizatlons
Manufacturlng organizations should not expect to be able
to dlrectly install a GTCC without first analyzing the
goals of a GTCC for their organization. One consistent
theme throughout ‘the previously conducted Task II GT

study was that management ‘must understand the commitments -
~ required for a GTCC installation as well as the benefits
perceived. -Another secret to the development of the GTCC
"shall be the ability of the developer to incorporate
ex1st1ng code segments into the overall philosophy. It
would be naive to suggest that manufacturers ~drop their
~existing C.C. systems in order to tie in with the ICAM
developments. ‘Just the oppos1te is actually the case.

It is the respons1b111ty of ICAM to insure that ex1st1ng
codes are compatible with the GTCC and that. the only

new developments are in virgln areas where no code segments

exist. ;
]

B

T

1205

e T ey,

Py




L3I

,».as,mmmw - | ONIWYOH Vi3 13HS ¥3LNAD INIHOYW ;uz..:_i_.._,‘ - ,.wz_m“abﬁ_:zlﬂs__ 193410 ‘_

[ona ono 97v /][ [oNa’oNa B/v D/N ] ONaoND O/v O/N| .._cEzS mmmoomm =

e — _ NoIsaa |
snvd il |- _ —

: NOIDTES|  oe o

2 — |  ToNavoidoms| 933 GNVL [Nouwd:as WUl sl o
B S 1\l a3aas - Ry |

. [osaznsd| | cuvwoinv | |-EMS) ENWAWSOWILV] . 140ddNS WONHAL

mwomaAN] | TSAvis | s U Taomaan] > S
aanixid | | |3inaamds ABOINIANLY = Ty
Aewassv | |- |GNV 150D looLwdody T

L | | THOTNIANT I\ | 2 OIS 1 [MOINTANI]  SuNLVI ¢ o

| | I\ | 3oNYWHOL¥3d | - 13/ . S34NLV3I4 ONIHOdIY -

aviaw memm 1001 aNIHOYW| OZ_OzOu e » o T

 04INOD INIWIOVNVA - -

“ONINNV1d o , T v I, « T
Agwassv-ans|/ - [ss3oodd NI iom] - [ONNNGIHIS|  \ vz‘_,um_«%dwm_mwoﬁ . S3UNLVAd ONINNVI

awiL avai | | [ INaWIOVNVW
gv4 331X | | | NOLVINOINOD

, VIg3LD
SGavaNVIS oavi] \  |Ana/aivw|

sovewvAa] [SobIoHaw | === 108INOY 3ALN0IAEC
Alovdyd | | Awvwwns snouvuzdo| ONILVWILSE 150D : ~104INCD 3MINIA-




V SNV ALE T

% 0L | : %08

B .o._.u .m.s_ wz.o«e oNiavoT’ oz_zo_tmoa " NVHL SS37 LMONI -

LS SR § 0 A% S0 S0 S Su Sn e 0 Se SR sl s

.....................
........................
....................

ooooooooo
----------
DOLOOOOLOOUUOLOOUOODOOOOOLOUOLUUILUOOLIARAIN Ut N O I M I o)

-------
oooooooo
-----------
---------
ooooooo
cccccccc
aaaaa
----------------------
ooooooooooooooooooooooooooooooo
ooooooooooooooooooooooooooo
oooooo
------
-------
oooooo
ooooooo
oooooooo
OO
* o0 0 00
.....

L]
.
..........
.........

o o\omm SR o
wz._._._ss_.w wz_>o_z S




€ 3J¥N9I4d,

184 SNOTAYN3d0 ATSWISSY ¥Od

P L ONINNY1d SS3J0¥d AILW¥INID  (€VS)
‘ 87/  *A30 WYHI0Ud WS ¥O4
O . ONINNYTd SS3008d IALLVYINZY  (2bS)
: 8L NY1d S53004d- LN (1pS)
wészqga 5533084 (01S)
8L 1300
-] *204d B W04 ‘WS - (L€9)
: . DNTT300W 1434084 TVIN3LVH  (0£S).
8L el o
QY03 INITIAOW JIULIMOID  (¥2S)
. . {82 (¥3HL0)-
e NOILYDI4INdWY 070 L¥vd = (€25)
: 8L (*ws)
- fro— NOILYOIJINdWY *3°0-1¥vd  (229)
. 8L SINWIYINDIY.
: AB0TONHO3L dnowd - (L28)
v | _ NOILTIT1d
3000 NOILVZI¥3LOVYVHD Ldvd (029)
. » 'L . 1300W DIWONODI 94W  (21S)
_ | — 8°L 3QIN9 N9ISIN/LS0D B  (LLS)
o . ~ SOIWONOJ3 ONIYNLOVANNYW  (01S)
WIOL | 28 A3 [ T8 Ad | 08 A4 | 6ZAd | 8L Ad| 2L M |
_ SITZI93LV¥LS 030 OL SNOJ _\~u&o .
200714 a):m 30 NOTLVY3QISHOD Hiou4 . 3L
SIonvY HOIRM ..._x,q'_a St w._.m\m \,ac_u(@ dnoyn .ozwaw-ﬂ__m”z?_a : 1SNYHL

PN [N} -~ - b
_oaq. .:: % 139

-




.

IR

¢.mmbuHm :

f_w_.fw@up,m” waumZZOWmNm@

JOYINOD

I 6z.m:...o<..sz<s_

._.ZmEmm:oomn_

— saumavavd~——__
R ,. _m.m.,_<m

zw_ma

© SNOLLOVYILNI W3LSAS LD

| oNiNnoZOY




0T

(48

B

HO¥VASHY

€T

TO0L INTHOVH

1T

0T

YT

| A5Yaso¥aAv

0T -8

IT 6

(ASNA S

STTLTIOTEE

- TTVOTYLOATH

© IATIOWOINV

T

_.HH.

0T,

‘..mmo mdﬂq hmm< vaHOHunoo .a&ooﬂw : :.mwﬁ.m.,wa ..mmwm

aouucoo Hmuauoanz vonﬁumusmaOOMm. . ”mNAJa_w‘ 0T
Aoznv Tox3u09 ‘TeaTZRUNY. uumuﬂa.i BRI SR -3
.Ao\<v.ﬂouuaoo o>ﬂunmm< _— 6 _.HNa”

mwoaou&oma &nouw. o “.Nw

‘N e o
-

moa:mmuw m>ﬂuomumucu,,w_ L ww
.mdwuwwmcwouwaﬂsmun.vmumsouﬁ<m:m” .,M un m__ Hﬁw.w_N
| emumxw_moﬁunuwwﬂwmkuvz_,m,.“ .w_m_,..Jow_; €

- wcﬂasvmnum, wu@m me¢W. .;w Mww.o 

wcﬁxaﬂm man_ m.NAw_“.Hﬁ u_ 41 m mwm

doﬁuowmmﬁH mmmooumlaH . .Hw,. gm;wm_aw”,d,.N

.aA ummmnmua vmaaouuﬁoo..m&oo_~_., .vw.mﬂ__..¢a_u mwa.
waﬂﬂvamm .Huuz vmuaumuﬁmaoom o W_M,ow,mmwm.u@.mwa

cwﬁmmn wmmm mumn .mmzrﬁmﬁ‘. mAﬁ;@ . ﬂMA: qu

T

I

. SEILINOTH

adodnd -

A%umassmv

| QINISWOD

wm>MDm WMHwDQZH HuﬁZG

STIVIS QIIINA

T A9Vl -

NVavr




o ~ TABLE 2 |
. TOP TEN PRIORITIZED OVERALL NEEDS OF A
~ - GROUP TECHNOLOGY CHARACTERIZATION CODE

.'fProVide:information7to form part families.

'Il'_

- 2, Provide eng1neer1ng des1gn f11e retr1eva1 capab111ty

_e3. Prov1de data for eva]uat1on of manufactur1ng capab111ty and econom1cs; '
= 4;”?Estab11sh part 1nformat1on in standard form o

'5. fProv1de 1nformat1on needed to form part fam111es

"6;'_Prov1de methodology for eff1c1ent mach1ne load1ng and operatxon

, 7. ‘Structure and classxfy manufactur1ng methods. o

_8, Provide adaptab111ty to eng1neer1ng change |

' §. 1PrOV1de for fast retr1eva1 of process plans

10.

Allow_estab11shment of master_data base.
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AN ATTEMPT TO PREDICT THE EFFECT OF MOISTURE ON
T — CARBON FIBER COMPOSITES _

Abstfact .

_ The mechanical properties of a carbon fiber composite
are functions of temperature, moisture, ply-stacking and
angle distribution, and ‘the properties of the individual
‘components (resin and fiber). These properties change on a
microscopic as well as on a macroscopic level as the compos-
ite is exposed to the environment of its service conditdons.
Some of the service conditions :change the properties in a
reversible, some in an irreversible, fashion. An attempt to
predict these property changes in carbon fiber composites for
a real environment is presented. “The main emphasis of the
paper is a discussion of reversible mechanical property
changes in the light of moisture ‘diffusion, modeling of a
real environment micromechanics, modified laminated plate
theory and an experimental program to verify these predic-
tions. . . R O e

While the reversible property changes can be estimated
as a function of time, if the environmental conditions (such
as climatic environment) and service conditions (such as
mission profile) can be sufficiently -defined, the predictions
of the superimposed irreversible property changes are, at:
present, of a'coﬁsiderablyplowertbrder'of'certainty.' Much
more experimental work is required for -the ‘understanding of
the irreversible property @egradation before a sufficiently
accurate modeling for .prediction «of changes in structural
integrity can be given with confifience. -0
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Introductlon

Flber reinforced comp051tes w111 be used more and more
as structural materials in advanced military weapons systems
such ‘as ‘aircraft and missiles. During the last two decades
there have been a number of advances made that allows one to.
gpredlct the mechanical behav1ors of thesée nonhomogenéous,
anisotropic materials. The elastic behav1or of a unidirec-
tional lamina and even its strength, its elasto—plastlc and
its viscoelastic behavior can be reasonably well predicted
by micromechanical theories from its constituent properties
(resin and fiber). . Laminate theory allows us, also, to pre-
- dict the elastic behav1or of multilayer angle- ply laminates.

' The strength of multllayer angle-ply comp051tes is more a
question of definition since there can be various irreversi-
ble property degradations glthout total fragture (e.g.,
partial cracking of the 9 plies in a 0/90" crossplied lami-
nate when loaded in the 0~ direction such that the ultimate
strain of the 90  plies are exceeded). For practlcal pur-
poses various design criteria as those described in the Air.
Force Design Guide are such that the stresses or strain do
not -exceed values that would lead to 1ntolerable degradatlon -
of stlffnesses and to’ permanent deformatlons. :

Most fallure crlterla for 1am1na and lamlnates are more
intuitive, empirical or phenomenologlcal than based on a
solid theoretical foundation. Only recently, attempts have
_been made to predict failure modes and mechanisms under
various ‘loading conditions in unldlrectlonal composites by
finite difference or finite element methods. It appears that
these numerical methods,’ though not without the1r shortcom—
ings, will lead to a better’ understanding of the actual fall—
ure mechanisms in compos1te ‘materials.  Notably the flnlte
element method (FEM) is partlcularly useful because it ¢an
be used for modeling various effects (such as multiaxial
loading conditions, less than ideal resin-fiber- bond strength
and debondlng,re51dual thermal stresses, stresses due to
thermal excursions, creep under multiaxial loadlng, and
elasto-plastic deformations) on a microscopic scale of the
magnltude of less than a fiber diameter and on a macroscoplc
scale on the order of several ply thlcknesses. : .

Yet the propertles of an organic matrix compos1te w1ll
undergo changes partlally caused by loading conditions of
its intended mission (static, dynamic and thermal) and
partially by the environment itself (temperature and .
humidity). Each of those conditions may lead to rever51b1e
and 1rrevers1ble property c¢hanges. :
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Aside from exce551ve, mechanlcal or thermal 1oad1ng
conditions, it appears that moisture will perhaps '
lead to the most significant property changes in organic
matrix composites ‘at least for the matrix dominated lamina
properties such as intralamina shear, transverse tensile’
and both transverse and longltudlnal conmpressive propertles.,
Since moisture will have to penetrate into the composite
to affect its propertles and since the rate of penetration
depends on the temperature and :on the moisture. concentration
these property changes will be gradual, strongly dependent
on the thickness of the composite”and on the environment it
is exposed to. - The question is, therefore: .will one be able
to predict or at least estimate these property changes with
time or must one rely on testing combinations of many vari-
-ables which would quickly discourage the design engineer or
should one ‘simply rely on falth and “hope for the best?

The purpose of thlS paper is to present some of the _
aspects that we feel have to be considered if one intends to
predict the changes in composite properties affected by the
environment. = We do not.claim that the approach we have cho-
sen is complete. ‘Thus far we have considered only the

"reversible" moisture effects, though, with a con51derab1e
effort, irreversible ‘effects also can be treated by FEM.
Also, lack of time will not dllow us to discuss the subject
reasonably detalled for a full appreciation of the rather
complex problem area. I shall, therefore, try to ‘sketch the
approach we have taken,’ rather than treat it more rlgorously.v

Background

v Several 1nvest1gators "have presented experlmental evi-
dence that the matrix dominated propertles of advanced I
organic matrix composites are degraded by moisture (1- 5)

This effect increases as the temperature of the composite is .
raised. (For an example see Figure 1, reference 4). We have
also demonstrated that the property deterioration levels out
after the absorbed moisture has reached equilibrium with the
surrounding humidity (se& Figure 2, reference 4) and is
therefore, a function of the average relative humldlty. This
deterioration ' is reversible for matrixes that are not cheml-
cally: changed by moisture (as is the case for most amine
cured epoxy comp051tes where’ moisture is thought only to
plasticize the resin and thus make it more flexible (see
Figure 3, reference 3). ' Note that it is not only the glass
transition ‘temperature that is: 1owered but the whole modulus
curve is affected far below glass transition temperature and
1ncreases as the glass tran31tlon temperature 1s approached.

= 1216




'Thls is 1mportant for the understandlng of the deterioriation
of property in composites.  Under reversible property ‘changes
it is meant that if the moisture is removed (in vacuum or by
heatlng) the original properties will be regained within the
‘experimental uncertainties. We do not intend to review here
all the experimental evidences of moisture effects on fiber
reinforced composites but refer only to & number of addltlon—.
al papers dealing with this subject (6-11).. The questlon is:
can we quantitatively describe and thus predict these ‘compo-

81te property changes in a real env1ronment°

Approach to the Problem ;

Various 1nvestlgators have carrled out schemes of solv-
ing the problem to predict the macroscopic lamina properties
from its constituent properties (of matrix and fiber) by

~ analytic or numerical methods (12-16). Finite difference and
finite element methods proved to be quite powerful tools in
this area of micromechanics (18-21). The Halpin-Tsai equa-

tions (see Appendlx) that relate the constltuent elastic

constants (E ym; Gm, E12f 22f 12f 12f) to the 1am1na

elastlc constants (Ell’ E22, 12, 12) for any glven fiber
volume fractlon (V ) are useful for de51gn estlmates and

rapid computatlonal purposes.

The next step to predlct the elastlc behav1or of multl-
layer angle-ply laminates from lamina properties is the sub-
ject of laminate theory. Since there are several excellent
texts available (22-25) we shall not discuss this subject

" here but simply state that it is a procedure of summlng up
the directional elastic properties of all the plies in the
composite, to glve the overall macroscoplc behav1or of the
1am1nate. . :

~ How can we use these theorles for our purpose where we
expect that the moisture distribution in a composite-will not
be uniform at least not until equlllbrlum will be reached
with the environment. There will be a continuous matrix :
property change throughout each ply and throughout the whole
comp051te thlckness. : .

Let us assume, however, we know this moisture conCentra—
tion dlstrlbutlon,then we ‘could imagine to build the com-
posite up out of fictitious A- -layers of finite thicknesses
(not necessarily all of the same thickness) though thin'
enough so that the average A-layer properties are not. signi-
ficantly different from its front and back’ face. Then we

1217
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could, using laminate theory, predict the properties of the
composite’just'from the properties of the matrix and fiber,
assuming the elastic properties of ‘the matrix and fiber are
known as a function of temperature and moisture concentra-
tion. These informations aré relatively easy to obtain
without a great deal of experlmentable effort.

That leaves us now with the question of determlnlng the
interior moisture distribution. The formalism of solving
such problems is analogous to heat conduction and tempera-
ture distribution of a body with given boundary conditions.
In other words, it is a questlon of solv1ng the diffusion
equatlon for the laminate with varying boundary conditions
since the temperature and the humidity will change over the
period of a day and in the average over a month season and
year."

If all this can be done without excessive computatlonal
work we would have a reasonable. foundatlon for a predlctlon
of env1ronmental effects. - .

To summarize, we w1ll have to comblne the concepts of
moisture diffusion, of micromechanics, of laminate theory
and of modeling the environment such that the diffusion
equation can be solved:. The rest of the paper is intended
to sketch some hlghllghts and connected experimental and
computational efforts in- solving the posed problem. Each of
the above mentioned concepts has a sub-set of questions that
have to be carefully considered for various problem areas =
and for ‘a possible reduction and optlmlzatlon 1n experlmen-
tal and computatlonal effort

'Dlscus31on
A. Diffusion

We have discussed in some detall questlons concernlng
moisture diffusion in composite materials elsewhere (26).
The internal moisture distribution and overall moisture con-
centration can be obtalned from the solution of ‘the Fick's
equatlon"

2 h a2 : : 82

Where c = concentratlon, t tlme, and'Di;fbé, Dj'areLthe
pr1n01pal d1ffus1on coefflclents T '
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A U51ng a f1n1te dlfference approach we have derlved a’
solution that describes the change of the principal diffusion
coefficients of the comp051te as a function of the fiber wvol-
ume fraction (V.) (see ‘Figure 4, reference 26). The derived
.curve is appllcgble for carbon fiber comp031tes where it was
- assumed that no'moisture transport goes through the carbon
fibers. Inc1dentally, the numerically derived curve is -
almost identical to a curve by Lord Rayleigh derived for an
~analog electrical conduct1v1ty problem (27). -It differs,
however, from the solution of Springer, et al. (28) who used
a simplified thermal model where the transport of moisture is
considered. essentially in straight paths parallel to the z-
direction of the composite plate without con31der1ng the'
least resistant flux around the fibers..

For the composite characterlzatlon, it is necessary to
determine the diffusion coefficient and its concentration ,
and temperature dependence either directly from the composite
or from the resin by carrying out sorption and/or desorption
measurements at various constant boundary conditions (differ-
ent moisture vapor concentrations and at least at two differ- .
ent temperatures). It might be advisable to combine these
measurements also’ with permeation experiments at different
pressures 'to ascertain whether or not the moisture transport
is governed by diffusion of m01sture through ‘the solid or
" through pores. Figure 5 ‘shows an example of the temperature
and moisture concentration ‘dependent diffusion coefficient _
of Hercules 3501-6 resin {(to be used for the F18 fighter air-
craft).  (These data were obtained from the total sorption’
.and desorptlon curves carried out with a Cahn electro balance
1noa closed system at varlous relatlve humldltles at 30 and
50 c). : : I v

It becomes obvious that w1th a concentration dependent
diffusion coefficient a numerical method (finite difference
method) is requlred to solve the dlffu51on equatlon. '

'B. Modellng of the Env1ronment :

‘ The»env1ronment of an aircraft will change; first:
simply due to hourly changes in temperature and humidity
which determine the boundary conditions of the exposed com—
posite; second: due to mission profiles (e.g., down time,
flight hours, supersonlc dashes, etc.). Weé can, of course,
do it' the hard way and obtain tapes of weather data with - ,
‘hourly changes in temperature and humldlty for a given loca-
tion and solve for each time step the dlfqulon equatlon
(which we have actually done) As ‘a consequence,there are daily

1219
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sorption and desorption cycles  at the immediate surface
layer. Considering, that one has to run the calculation
over several hundred thousand - time steps for most practi-
cal composites, the computer time may not be without concern.

This'brings up’the:follOWing questions:

~ 1. Can one use some averaging procedure that will
allow the use of monthly or ‘even yearly average temperatures
and humidities that can be found in encyclopedias or meteo-
rological maps and thus reduce the computational effort?

| 2. How does one-account for surface heating due to
sun radiation? R S o :

3. Is it possible to use some average ‘diffusivity
instead of the full concentration dependent diffusion coef-~
ficient? : . : : ‘ '

S 4. Is it worthwhile to search forvathrganic'coat-
- ing that will prevent moisture uptake in composites? '

. Wé‘haveidiscussed'these questions in some detail before
(29) and will give here only the results. '

We have shown that one can easily derive a "kinetic
average_temperature".(Tkav) and a "kinetic average relative
humidity" (RHkav)’which are different from their arithmeti-
cal averages) that would have the same effect as if the com-
posite 'would be exposed to these constant ‘boundary conditions
with the exception of a very thin surfacé layer. It should
be pointed out that this averaging procedure requires the
knowledge of the material sorption isotherm as shown in o
Figure 6 (a by-product of the sorption measurements) and some
representative seasonal daily excursions in temperature and
humidity. This averaging is, of course, not valid for a

very thin layer at the surface of the composite where an
instantaneous equilibrium with the actual surrounding rela-

tive humidity is assumed.

Figure 7 shows the difference between three hourly and
monthly average input data. The agreement is excellent. .
(It should be mentioned that the apparent three yearly oscil-
lation is due to the fact that we had tapes of weather infor-
mation only over a three year period which we repeated over
and over again.) : O L

S
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. Even yearly averaging compares quite well with the
hourly or monthly averaging as can be seen in Figure 8.
" This averaging procedure also gives excellent results as to
‘the internal moisture distribution . (see Figure 9) where we

compared monthly and yearly averages in a 36-ply composite
‘(only half of the symmetrical distribution is shown). . ~
‘Again one observes slight deviations only on a thin surface

o layer. One can thus derive simple diagrams such as Figure

10 that indicate the time required to obtain various per-
centages of the equilibrium concentration of moisture as a
function of composite thickness. = ‘ PR

© . If the environment of an aircraft (flight time standing
on a runway, etc) can be specified, the change in the aver-
age diffusivity due to radiation heating can be estimated
and the rate of moisture uptake can be corrected accordingly
(29, 30). LI ‘

The question, whether or not, one can use an average
rather than a concentration dependent diffusion coefficient
depends of course on the shape of the diffusion coefficient
curve and on the excursion in relative humidities over a
daily cycle. There is no simple procedure. However, sample
calculations with 3501-6 resin, where the diffusivity between
30% and 80% RH does not change very much, show that the ‘
differences in these calculations are small in both distri-
 bution and total moisture uptake. Therefore, the use of a
judiciously chosen average (=concentration independent)
diffusion coefficient for a given temperature seems quite
permissible. . (A forthcoming TR will discuss this subject in
- more detail.) _ S -

As we have shown previously (29) organic coatings will
not prevent moisture permeation into composites, at best
they will slow down the process. However, it might be that
very special fillers such as impermeable inorganic or metal-
lic plateletsvcould‘improve~the'barrier‘capability of paints.
A thin metal coating would obviously be a perfect barrier,

as we have shown on nylon plates coated with a 1 mil chemi-
cally deposited copper film (31). Ao R

'C.. Micromechanics

S - “There are various analytical, statistical, finite
difference and finite element approaches to micromechanics.
All have theé obvious shortcomings of having to use some- -
simplified, mathematically tractable models. Some of these
models use regular fiber arrangements (tetragonal-,

B R TS ' 7
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hexagonal-, diamond- arrangement, etc.), they assume 1dea1
interfacial bonding, ‘no voids, perfect alignment of the
fibers, no residual stress concentratlon, the matrix has
everywhere the same properties as the bulk resin, the .
fibers have the same diameter and are flawless and both-
resin and fiber behave linearly elastic. Though it should
be noted that the finite element technlque can take into
account voids, partial debonding between resin and fiber,
elastoplastic deformations, viscoelastic. phenomena, resid-
ual stresses due to cooling from cure temperature, thermal
stresses due to heating or cooling, stresses generated due
to moisture sorption, effect of mult1ax1a1 and multidirec-
tional stresses. Excellent papers on these subjects have
been published by Adams (17), Karlak (18), Branca (32),
Herakovich, et al (33), and Ebert, et al (34), among others.
However, 1mperfect10ns are usually taken into account, if
at all, one at a time, and, in dimensions ‘within a unit cell
(= fiber to fiber dlstance) Micromechanics appears. to give
some understanding of the various failure mechanisms, the o
‘cause and even the location of the initiation under specific
loading conditions. Yet, the macroscoplc quantitative
~results dlffer frequently more than one would like.

How then should mlcromechanlcs be of help to us for '
predlctlve purposes°_ S

“We belleve that thlS can be done by a normallzatlon to
real, uniaxial lamina data (standardized to Some uniform
moisture concentration, preferably dry lamina). If moisture
penetrates into such a composite, it would leave most imper-
fections unchanged with the posslble exceptlon of creatlon»'
of addltlonal debondlngs. :

Thus the only property change would be due to the
matrix. (There ‘is no change in fabrication, curing condi-
tion, fiber dlstrlbutlon, alignment, v01ds, etc.). If we
know the matrix changes i.e., the changes in the stress
'strain curves of the matrix as a function of temperature for
various uniform humidity loadings ‘then the changes in each
- A-layer can be’ predicted and therefore those of the total
composite. The elastic stress-strain response .of each
A- layer can then be glven by an expre381on (35 36)

[ (T, C H,0, t)JkA [Qu n o,t)_]kA[ ) + 2y (0)

(kA)T(z '£) -8, (kA)M(z t)] (1.3 = _1._2;6)
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Where‘oj, Qij,Aeg, kj are the stresses, stiffness components,
inplane and bending strains; a. and B, are the thermal and
hygroscopic expansion coefficiénts and T(z,t) and M(z,t) are
the temperature and moisture concentration distributions at

the time t. The subscript kA refers to the kth A-layer.
Because of the simplicity of the Halpin-Tsai equations we
have used them to calculate the A-layer properties. (It
"should be noted that Karlak and Crossman (18) have confirmed
" the validity of the Halpin-Tsai equations by a large number
‘of finite element calculations where they. obtained essenti-
ally the same results. Prediction of strength changes and
- nonlinear effects seem possible but are more involved since
there are no simple relations such as the Halpin-Tsai equa-
tions that would provide a quick computation of partial
fracture of a A-layer. . This part of our investigation is
"still in progress. Whatever the required computational
effort will be, it is obvious that we need the following
resin input data: Young's and shear moduli, ultimate
strengths and strains in tensile and compression all as a
function of temperature and moisture concentration (as shown
for example in Figures 11-14 for Hercules 3501-6), and pre-
ferably the total stress strain curves. This is not only
important . for estimating ply failures, but also for obtaining
information of where and under what loading conditions the
limit load exceeded on a microscale, thus giving rise to
irreversible deformations. Figure 15 shows the stress strain
curves of a brittle epoxy resin at different temperatures
and Figure 16 shows the effect of moisture on the same '
resins (at 150°C). . A ductile resin on the other hand may
behave strongly nonlinear (Figure 17). It is quite obvious
that each temperature and moisture loading condition has to
be treated accordingly. It is not surprising, ) '

therefore, that +45° composites (that are shear critical)
show a behavior ~as indicated.in Figure 18. The condition
is considerably more complex than in metal-matrix composites.
Thus, it appears a great deal more effort on a micromechani-
cal level (FEM) is required before one might hope to derive
relations for a simple prediction of failure in a specific
‘A-layer of the composite under stress. = o

D. TLaminate Theory

o " We have said that a composite exposed to the envi-
ronment will gradually absorb moisture, which, depending on
the thickness, may require several decades to reach equili-
brium. We also stated thet if we know the internal distri-
bution and the resin properties as a function of moisture
content we can describe tlle elastic behavior of the composite




by a relatively simple finite differeﬂée process of assuming
the composite built up of A-~layers (w‘ich are not to be con-
fused with the natural plies). These {A-layers are treated,
however, as if they were plies forming the laminate, and for
.each A-layer the elastic components of the stiffness matrix
are calculated and summed by the usual procedures of lami-
nate theory. .

_ As an example of such a calculation we have assumed an

eight ply (+45)g 5208/T300 composite exposed to Washington,
D.C. conditions. Since the shear-stiffness is matrix domi-
rated we expect to seg a strong change. The test temperature
was assumed to be 100 °C. ' Figure 19 shows the resulting
uptake of moisture with time, the change in the composite
shear stiffness (represented by the Agg matrix element) and
the correspondlng change in strain under the same test load
(note, thlS is not creep but instantaneous straln)

Frequently another questlon was asked-

'Is the change of elastic propertles dependent only on
the total m01sture ‘contént or also on the way the moisture
is distributed? In other words, is there a. difference
between a uniform and nonuniform moisture distribution with
the same overall concentration? Intuitively, one will expect
a difference depending on the kind of test. We were inter-
ested to see how significant this difference would be. To
answer this question we assumed several composites (see -
Flgure 20), symmetric and nonsymmetric, and we assumed
various symmetric and nonsymmetric arbitrary and naturally
(by diffusion) obtalned m01sture dlstrlbutlons.

It 1s not surprlslng that the . effect was strongest in
+45 composites, though even there, the difference between
a "natural" nonuniform and a uniform moisture content did
not exceed 1% durlng the entire assumed "exposure time" to
equilibrium. This is less than the experimental error. _
Thus, ohe can state that there is no significant difference
for the elastic behavior in comp031tes on the way the mois-
_ture is dlstrlbuted (whlch does not say that the same holds
for failure). ' . :

VSu ary

‘We believe that 1t is poss1ble to estimate comp051te
property changes in a real and service environment. We
have proposed that at least four concepts have to be simul-
taneously treated by various numerlcal methods' dlffus1on,
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’ modellng of the env1ronment, mlcromechanlcs, and lamlnate

theory.

A large effort is still requlred for predlctlng laml-
nate fallure in composites with nonuniform moisture distri-

- bution. Our effort thus far is not complete and at best a
, step ln a’ promlslng dlrectlon.
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APPENDIX A

‘Halpin-Tsai Equations

For design purposes and rapid computational procedures
Halpin and Tsai have proposed a set of equations which are:
simpler than most of the formulas derived from micromechan-
ical analyses, however, are good enough for estlmatlng w1tk

_reasonable accuracy the ply propertles-'

E = E.V, = Eme

11 = BV
Vig = VeVe vV
E _ (1+EﬂV )
Pm (1~nvf)

where -

n = [(pf/z.)mi-l]/[(pf./vpm) +c]

.p = composite moduli E22,%G12, o? G23;

Py = corresponding fiber modulus Eilf'Glzf

o]
il

= a measure of relnforcémant which depends on the boundary

conditions.

- fibers ¢
E
12

‘corresponding matrix-modulﬁs E ,’G y V3

m

L d

Approx1mate values are given by Zp

i . 22 . .
- 2(a/b) and by log gGlz ¥ 3 log (a/b), i.e., for round -

= 2 and C =1
G’ .

Vigge (OF Vozglit
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| : FIG 11 YOUNGS MODULUS OF HERCULES 3501 6 AS A FUNCTION OF

TEMPERATURE AND MOISTURE- (CORRESPONDING TO THE

" EQUILIBRIUM CONCENTRATION OF INDICATED RELATIVE HUMIDITIES) '.
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SHEAR MODULUS
(PSI X 10-5)

FIG. 12 su'EAfn MODULUS OF HERCULES 3501~ 6 AS A FUNCTION OF
~ TEMPERATURE AND MOISTURE (CORRESPONDING TO THE
" EQUILIBRIUM CONCENTRATION OF INDICATED RH)
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TENSILE STRENGTH (PSI X 10-3)

100

FIG. 14 TENSILE STRENGTH OF HERCULES 3501-6 (EOUII.IBRATED AT VARIOUS RELATIVE _
HUMIDlTIES) AS A FUNCTION OF TEMPERATURE ' :
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The mon1tor1ng of wear metaIs 1n aircraft engine oils is be1ng

: done on -all Air Force aircraft under the Spectrometric 0il Analys1s

 Program (SOAP). Unusual changes in concentrations of wear metals in
‘the 0i1 usually indicates that abnormal wear is occuring in the oil-
wetted system of the engine. The instrumental techniques employed by
SOAP are limited by the fact that their ability to analyze wear metal
particles is directly related to the size of the wear part1c1es '

. Preliminary results from an on-going study are presented, in which

- the analyzability of wear metals versus particle size is being

- determined for the two techniques present]y used by the Air Force,
as well ‘as for two plasma atomic emission techniques; inductively
coupled plasma and DC argon plasma. The purpose of the study is to

~ evaluate these instrumental techniques in order to determine the
capab111t1es of the two p]asma source spectrometers for 1mproved
engine cond1t1on monitoring.. : v -
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~Introduction
_ v ~f_s_’b,apér'_’_presehts,pré11minafiy{resu1t5'from-’a'_study'whose goal is

- to find an instrumental technique which can be best used for quantitatively
analyzing wear metal particles in used oils. - Four instrumental techniques
. are béing'eva10atedvjn”this.study, of which two are currently used for

.01l analysis (atomic absorption and rotating disk atomic emission) and:two
. are new plasma techniques (DC . Tasma atomic emission and inductively - -
- coupled p]asma‘atomicvemissiOny. gt T T e T
.~ The results of this study will provide important-infbrmation,,which :
will result in improved oil analysis procedures which can be used by the

Air Force Spectrometric 0i1 Analysis Program (SOAP) in monitoring gas - - . |

~turbine engine health. . Before going into a discussion of the study some" 
background on spectrometric oil analysis is needed. s

Spectrometric 0i1 Analysis Program (SOAP)
. Spectrometric 011 analysis is a preventive maintenance tool used

‘to determine the type and amount of wear metals in lubricating fluid
samples. “Engines and gearboxes .are the-types;of.gquipment”most L
frequently monitored. The presence of unusual concentrations, or e
changes in concentration of a metal in the oil-indicates abnormal wear .
of‘the‘equipment;7;0nce‘abﬁotma] wear is verified and pinpointed, the
equipment may be repaired or rémoved from service before a failure of . .-

the oil-wetted COmponent.ocgyrs,{*Thjs'procedure‘enhah;QSupersonnel -
safEty'and,equipment'readiness at -a minimum cost, ‘and serves as a'very
important tool in preventive maintenance.. - ‘ S S

- The Air Force SOAP monitors all aircraft énginés'iﬁ £he°invéntdry?7
through oil analysis, SOAP has set up guidelines such as in Plate 1~
- which spell out what concentration and changes in concentration ' of wear

metals are considered normal or abnormal. .The two tables give the
guidelines for a TF-34 engine for wear metal concentration data obtained
from the two instruments currently used by SOAP for oil analysis; the
atomic absorption spectrometer.(PE-305B) and the rotating-disk atomic
~spectrometer (A/E35U-3). - g S ‘

There are limitations in the ability of SOAP to monitor engine health.

Spectrometric oil analysis'is.effective in predicting only impending failures

which are characterized by an abnormal increase in the wear.metal content
of-the.lubricating”fluids;ﬂ'ExamﬁIES“of detectable and undetéctable failures
. are shown on Plates 2 and 3. Currently, SOAP detects more than 90% of the - -
cases, where abnormal wear of oil wetted parts is found. The Program is
very effective in reducing engine overhaul and maintenance costs. = -

Objective

The goal of this study is to’attemptAto.determiné-why"ome‘{mpéﬁdingii'-

failures are not detected bx the present SOAP instrumentation."we:-_
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pr1mar11y wanted to evaluate the capabilit1es of spectrometers to detect :
_‘the large partic]es generated by some- wear mechan1sms - -

.Exper1menta1

. The study was broken up 1nto three phases. ‘One phase involved pre-
_paring metal powder suspensions in0il in order to simulate wear particles
“of known composition and size, to define the Timit of each metal's ana-
lyzability relative to particle size. Another phase involved analyzing
~used 011 samples on all four instruments to see how they compare in ‘
analyz1ng actual used oil samples. The last phase involved determining
what size metal particles are actually present in used oil samples by
using a combination of f11ter1ng and m1croscopy '

V'Instrumentat1on DR

1. Atom1c Absorpt1on ‘Spectrometer (PE 3058)

One of the two instruments used by SOAP for oil ana]ys1s w1th’
the atomic absorption spectrometer a diluted oil sample is nebulized,and
the mist is vaporized in a flame (Plate - 4B). The amount of metal '

_present is determined by the amount of 11ght having a "characteristic"
wavelength absorbed by the atomized metal in the flame. This {nstrument
is slowly being phased out of the Program, but w111 stiII be used for
severa] more years o P SR : :

2 Rotat1ng D1sk Atom1c Em1ss1on Spectrometer (Ba1rd Atom1c A/EBSU-B)

: Th1s is “the other 1nstrument used by SOAP for 011 anaIys1s
With this instrument a. 'sample of undiluted oil is p1cked up by the rotating
disk and passed through a high voltage spark which vaporizes and excites
the metal(s) present, causing the metal atoms to emit light characteristic
of each metal. (PIate 4-A) The intensity of the emitted 1ight is directly:
proportional to the concentration of the metaI present 1n the 011 ' :

'3. Induct1ve1y Coup]ed PIasma Atom1c Em1ss1on Spectrometer
(Ba1rd Atom1c FAS -2PL) i ‘ v

Th1s instrument is similar to the A/E35U 3, except the rotat1ng
disk source is replaced by an inductively coupied p1asma source. The -
plasma torch (Plate 5) consists of three tubes; the outer tube supplies
cooling gas, the next inner tube supplies plasma gas, and the center
tube injects the nebulized diluted oil mist into the center of the plasma
where it is vaporized. The p]asma is susta1ned by the co11 send1ng in a ,

27 megahertz rad1o s1gna1 : ey e

1'4; DC Argon PIasma Atom1c Em1ss1on Spectrometer (Spectrametr1cs SMI III)
" The operatIng pr1nc1p1e of th1s 1nstrument is’ the same as the other

two emission spectrometers, except an echelle grating is employed in the
monochromator and a DC plasma is used as the source. The DC pIasma (P]ate 6)
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consists of the system of three e1éctrodes which are bathed in a stream
of argon and form an inverted Y-shaped plasma. The nebulized diluted oil
mist coming from the center tube is sent into the junction of the plasma
column. - The sample mist reaches a high enough temperature just below
the plasma for the metal to be atomized and emit light. TR

_ Plate 7 and 8 describe the experimental procedures used in this study
- The acid method described is a procedure which dissolves -all the wear
~metal particles;‘and.byfemponing;it, the total amount of metal'cah‘be

ana]yzed'qUantitatively;v‘
Results Ea

. Before discussing analytical results on-metal powder analyzabilities,
it is important to discuss some of the factors which affect particle
analyzability. The basic factors are the source, the temperature the
~ sample attains in thée source, type of metal, the sample introduction

- system, and standards used to calibrate the instrument. : :

. It is expected that metal particles will behave differently in the
three different types of sources (flame, argon plasma, and spark) because
~the environments differ drastically from each other. In order to accomplish
a quantitative analysis of metal particles they must be completely vaporized.
The source temperature becomes very important for metals with high boiling
points. Such metal particles in a cooler source, 1ike a flame, will be
very difficult to completely vaporize. Associated with the effect of
temperature on vaporizing the metal present is the further problem that
~only a small region of the source can be focused on the inlet slit of the
spectrometer, and calibration is usually accomplished by adjusting the '
source position for a maximum signal for the organometallic standard. The
problem is illustrated in Plate 9 which shows how the organometallic

- standard and an oil sample behave in an atomic absorption flame. The

used 0il samples behave differently from the standard. ' Consequently,
positioning of the flame is critical in obtaining meaningful results.
Similar situations occur with the argon plasma sources. -

Another major factor involved with particle analyzability is the
ability of the sample introduction system to deliver a representative
sample into the source. If the sample introduction system doesn't _
deliver the wear particles into the source they will not be analyzed.
Such a situation occurs after a sample is nebulized, because in the process
of transferring the sample mist to the source, the dense metal particles

tend to settle out before getting into the flame or plasma. .

Analyzability of Meta1‘Pdeer'Suspension§ in 0i1 =

v APiates 10-16 present the results obtained fbr'suspehdéd metal pbwder
samples when analyzed by the various instruments. In an attempt to get
a handle on analyzability of the particIes,.samp]es were ana]yZed after being
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filtered through various pore size filters. The acid method‘pr6v1ded an
1nd1cat1on of the tota] amount of meta1 present in the f11trate

For the SMI-III analysis the data was obtalned with the p]asma

. pos1t1oned for the optimization of metal powder emission, except for

titanium. For some metal suspension there were not enough small part1¢1es
present, which passed through the smaller size filter, to provide meaning-
full data SO some p1ots are abbreviated. ' .From the results it appears

- that all instruments in the{r present configuration are limited in their
- ability to quantitatively analyze large suspended metal particles.

Generally the SMI-III gave the best analysis followed by the A/E35U-3,

- FAS-2PL and PE305B. It is also apparent- that the type of metal being

ana]yzed has an affect on ana]yzab111ty

1t was ant1c1pated ‘that atom1c absorpt1on (AA) wou]d give the poorest
analyses since the flame temperature (~ 30000K) is the lowest of all
sources studied. Therefore, large particles will not be quantitatively
vaporized. In contrast the plasma sources possess a much higher effective
temperature (6000-10,0009K). At present the SMI-III is capab]e of :
analyzing larger particles than the PE305B or FAS-2PL, but it is not
equally effective for all metals, i.e. it does better for iron than copper.
The rotating disk A/E35U-3 seems to do a better job in analyzing particles
than atomic absorption, but it also is 11m1ted in capab111ty to ana]yze

larger metal part1c1es

n Ana]ys1s of Used 011 Samples

Through the 'support of several Air Force SOAP 1abs severa] hundred
oil1 samples were obtained.” The SOAP labs also prov1ded other information
with the oil samples, such as engine type, hours since overhaul on oil
change, etc. 'The samples were then categorized into four. groups: "Hits" -
where abnormal wear was detected. "High Concentration" - where the
concentration of a metal was high, but no abnormal wear seemed to be
occurring, "Failure" - where the failure was not detected in time,

"Routine" - where the amount of wear meta1 was Tow or within norma1 limits.

“The data presented in this sect1on deals so]e]y w1th the resu]ts from
the analysis .of the high metal concentration samples.. The values obtained,
for the amount of iron detected by various 1nstruments or methods were . -
plotted aga1nst each other for compar1son ; _ A

Plates 17 and 18 are plots of the iron concentrat1on in parts per’

‘million (ppm) obtained by using the acid method, (which gives ‘the total

concentration of iron present), against the resu]ts obtained by using the
SMI-III and the A/E35U-3. The SMI-III seems to be able to analyze most
of the wear metal present in the sample, but it seems to not do as well at
higher concentrations. (poss1b1y due to the presence of large particles).
The A/E35U-3 seems to give artificially higher results, and generally

~doesn't correlate very well with the results from the acid method. There

are no clear reasons why the resiilts from the A/E35U-3 are like th1s,'

“however it is suspected it may have to do with matr1x effects of the 0il
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(viscosity problems or interferences due to ¢i1 composition). When oil samples

are_run by the SOAP Labs, the A/E35U-3 normglly gives artificially higher -

results than the PE-305B.. This is because the standards used are more

viscous than the oils being analyzed. However in this study the standards

- were made up in the same type and viscosity oil as the samples. (Mil. 7808).
Consequently it was expected any viscosity effect would be minimized. '

 Plates 19 and 20 are the plots of the results from the SMI-III versus
the FAS-2PL and PE-305B. . The results indicate that FAS-2PL correlates
well  ‘with the SMI-III, which suggests the FAS-2PL is seeing most of the

 wear metal particles present in these samples. The results obtained by

the PE-305B generally agree with the SMI-III results, but apparently the -
.PE-3OSB_is not seeing all the metal particles present in some samples.

~ Plates 21 and 22 are the plots for the A/E35U-3 versus the PE-3058B
and the SMI-III. The results obtained from using the PE-305B and the
SMI-III generally don't correlate well with the A/E35U-3 results, and
again the A/E35U-3 gives higher values for the wear metal concentration.
We again suspect that matrix effects due to the oil cause the poor -
correlation and artificially higher results. We suspect this because .
the samples run on the SMI-III and PE-305B * were diluted so matrix effects

due to the o0il are minimized.

-Characterizing 0i1 Samples

In an effort to characterize the particle sizes of the metal present
in used oil, specimens, randomly selected from the four classes of o0il ‘
samples, were filtered through various pore size filters and the filtrates
were analyzed using the SMI-III. 'Along with the filtered samples, an .
unfiltered sample was analyzed by the acid method to determine the total

amount of iron present.

- Plate 23 contains the results obtained for the samples with lower
total concentrations of iron, and Plate 24 contains the results obtained
for the samples with higher total concentrations of iron. The vertical
lines at the end of some plots ‘indicate the concentrations obtained by
the acid method if it was different from that obtained using the SMI-III.
Iron was chosen for examination because it was the only metal which was
consistenly present in detectable concentrations. In a few cases the
actual particle sizes of the metal may not be effectively represented by
filtering, because some metal particles may form agglomerates, and be
caught by larger pore sized filters. ‘ : ' :

From these results it can be concluded that all samples are not alike,
since the particle size distributions don't fit a definite pattern. For -
most samples having low iron content, most of the mass is found in particles
~ below 5 microns in size. ' For samples with a high total concentration of
- ironthere usually are metal particles larger than 5 microns present. Not
all the metal in some samples is detected by the SMI-III, as'can be seen
by comparison with the acid values. The fact that the SMI-III, which
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' ana1yzes larger iron particles than the PE-3OSB, is not detecting all the
iron present in some samples means that the PEBOSB wou]d also not detect
some of the iron. : _ ,

A]so of interest is the fact d1scovered through mlcroscopic examination:
~of the filters after filtering the oil samples, that there are cons1derab1e
amounts of nonmeta111c part1c1es present in some used oils.

Conc1us1ons

c The research being performed provides an indication of the limitations
of various-spectrometerS»to provide a quantitative analysis for metal
particulates suspended in oil. All spectrometrlc techniques examined in
~‘this work have been found to be limited in capability to analyze larger -
metal particles. The plasma and atomic absorption techniques do not
detect all the wear metal present in some authentic samples when compared
against the results of the particle size ‘independent procedure. The
SMI-III with its present sampling system appears to possess a greater
capability to analyze larger metal part1c1es than the FAS-2PL.. Both
- plasma spectrometers should be super1or to AA when analyzing for wear
metals in used oil samples. It is difficult, at this point, to compare
the A/E35U-3 against the other instruments studied since it gives values
higher than those of the partlcle 1ndependent procedure ‘which ref]ects
the true metal content : ‘ ,

The oil ana]ys1s spectrometers used by the A1r Force are probab1y
- not detecting all the metal present in some samples These samples may
. include the most important samples, i.e. from engines nearing failure.

# It is felt that the capability of plasma spectrometers to analyze large

metal particles can be greatly increased through the 1ncorporat1on of
1mproved sample 1ntroduct1on systems. ’ L .
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> GUIDELINES‘FOR TF—34'",J

AIRCRAFT: (A-10) (S-3)

- AJE3SU-3
. Fe Ag AL | o Cu Mg Ni Ti
Abnormal Trend : -
‘| (PPM Increase 4 2 2 2 3 2 3
in 10 hrs) '
|Normal Range 0-15 | 0-3 | 0-3 | 0-3 | o-8 0-3 | 0-5
Marginal Range |16-18 | N/A | N/A | N/a | s-10 N/A | 6
High Range - |19-22 | 4 4 b | 11-12 m 7-8
o % ) =
| Abnormal - 23+ | s+ 5+ 5+ | 13+ 5+ 9+
"Average Concentration Other Elements: ' -
Pb=l © osi=in Sn=11 Mo=1
*Disregard high Ag for Navy Engines ’
Source of Ag: Spline wear on PTO shaft
_ATOMIC ABSORPTION
| Fe Ag A e | cu Mg | Ni | T
Abnormal Trend _
(PPM Increase 2 2 .9 2. 2 2
in 10 hrs) B .
| Normal Range 0-5 | 0-3 | 0-3 | 0-3 | 0-3 0-1 | o-2
Marginal Range 6 | N/A N/A N/A 4 N/A N/A
High Range 7 4 4 y 5 2 3
| Abnormal 8+ 5+ 5+ 5+ | 6+ 3+ u+
: "PLATE

- 1262




R |

¢ 3V

*S0VAUNS INILVWSIH 40 hzuzzu~4<m~z AL >4humz~oz~ 40

S3IVUNS wz~»<z zumZPum ONIGENY A ATLDFYIQ ¥IHLIT “WILSAS NOILVIINENT L

40" INJLNOD STVLIM dvaIM u:ﬁ 0L QUY HOIHM STUNTIVA JAISSTUI0Yd ATHOTS 'S

muu<mm=m ONTHYIE TUNINOP TI0JS YO NYOM th——n

"SUVI9 (FY0JS 40 “@IN9ITVSIW “NYOM ‘¢
mmuz~<hmm Ny woz~x<um zo_Hummm TINV-NDI0¥E 40 “Q3IN9ITVSIW “NYOM ‘¢
mmzchm wzhh<gczm_uum z~ JIVHYd mmcz~4>u 'T

wum=J_<m,_m4m<HuuPuc ATIHON

1263




§ 3V

| | | "(31931930 39 0L J¥N1Iv4 v Yod
;mmwwnwmwl\\\\awxwmmuth<m V3N QIZIS YITTIVWS zu:czm 3LVY3NI9 LON. AVW S1Yvd NIV W0S

.wmm=q~<m m:o~h<u 'l

- SISKTNV 1413W0¥LO3dS AZ GALOILAA 38 LONNYD HOTHA STUTTIVA

,wmquﬁhm<m,_<huz m<mz 43NV U0 mmazgshuupuo 10N “TIM SY3LIN0YLIIdS ‘¢

"NZI3S cz~z<um GNY 4lo<>m<hm aInid 0L Ina SNV ONIANTINI -
m~m>4<z< a4 >m cmhumhuc 14 0L >_nmm<m 001 m:uuo HOIHM SNV ‘2

1264




b AlVId

1265

WV NOLLJdOSEY OlWoy | 304008 XSIA SNILYLOY

ol wanaws | [ M*QA».P<om T e

¥

- NI TRERE
dIGWVHD | -~ ¥SIT ONILY10H

'S

(R INEYERERN




EXCITATION

- COoIL

COOLING
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PLASMA
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o |
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|

=

- PLASMA

EXCITAT ION
REGION

J— CONNECTED
TO RF GENERATOR
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- PLATE 5

INDUCTIVELY COUPLED'PLASMA TORCH
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CHARACTERIZATION OF STRUCTURAL POLYMERS
USING NUCLEAR MAGNETIC RESONANCE TECHNIQUES

Abstract

Nuclear magnetic resonance (NMR) spectroscopy provides
- a means for determining the structure of complex molecular
systems such as polymers. It has the following advantages:
First, it is structure specific; functional groups and de-
tailed molecular architecture may be deduced. Second,
because of the narrow widths of NMR lines, components in a
mixture can often be identified and quantified without the
need for physical separation procedures.  Third, the pres-
ence of molecules containing hydrogen, carbon, nitrogen,
boron, fluorine, silicon, or phosporus can readily be deter-
mined. '

In the Chemistry Division at NRL, NMR analysis techni-
ques are being developed and perfected for engineering
polymers such as the epoxies, polyimides, and polyphthalo-
~cyanines. Examples will be presented of pre-polymer qual-

ity control (resin to curing agent ratio, oligomer analysis,
structure determination) and :0f cured polymer analysis. '
The ability to obtain detailed structural information on
cured thermosets represents a significant advance. The
benefits of the new solid state technique, proton-enhanced
carbon-13 NMR with magic angle spinning, will be illustra-
ted. ' ' '
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Introduction

Structural adhesives and fiber-reinforced organic-
matrix composites are seeing increased use in aerospace
applications. Experience with these systems is growing,
but present design allowables incorporate large knockdown
factors for batch-to-batch variability in engineering prop-
erties. To the extent that improved quality control proce=
dures can reduce engineering variability, the high strength
‘to weight ratio, good fatigue properties, and fabrication
. advantages of structural composites and adhesives can be
‘more fully exploited. * ‘

Quality assurance must span the entire procurement and
production cycle in order to achieve the"desired improve-
ments. For polymeric materials, quality control factors
include the composition and purity of starting materials,
the ratios of resin to curing agents and additives, proper
blending, the curing cycle, and the integrity of the fabri-
cated component. ' ‘ ‘ :

With the aid of modern instrumental techniques, signi-
ficant progress is being made in establishing tolerances
and monitoring production. . These techniques include infra-
red and mass spectroscopy, dielectrometry, ultrasonics, '
radiography, thermal analysis, and various forms of chroma-
tography. Polymers, however, are extremely complex molecu-
lar systems, and additional technigues are needed to achieve
their more complete characterization.

In the following, we discuss nuclear magnetic resonance
(NMR) spectroscopy, an important addition to the instrumen-
tation for polymer analysis. Although there are several
nuclei which have.application in characterizing organic
polymers, by far the most generally applicable are hydrogen
and carbon-13. Following a brief description of NMR spec-
troscopy, some uses of hydrogen (proton) and carbon-13 NMR
in the structural polymer field will be illustrated.

General NMR Background -
The NMR Phenomenon

" The nuclei of many isotopes possess magnetic moments
and associated nuclear spins. In the simplest case, such a
nucleus might be thought of as a tiny spinning bar magnet.
When it is placed in a static magnetic field, -the nuclear
magnet will tend to align itself with the poles of the ex-
ternal magnet, and precess at a rate dependent on its
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particular magnetic properties. If energy at the preces-
sional frequency is coupled into the nucleus, a torgque is
exerted which causes the nucleus to "flip", absorbing a
specific amount of the incident energy in the process.
Nuclei are rather small "magnets", and the corresponding
frequencies are in the radiofrequency (rf) range for exter-
nal magnetic fields of a few thousand gauss. The frequen-
cies are quite distinct from nucleus to nucleus, as shown
in Table 1. Note that these are all stable isotopes -
radioactivity is not a factor in NMR spectroscopy.

TABLE I ,
Nuclei of Interest invPo1ymer Character;zation Via NMR'
. ' Natural NMR Freq. Relative Sig. Chemical
Nucleus Abundance 14 kGauss Strength Shift Range

Iy 99.98% 60 MHz 1.000 .10 ppm
11y 80.42 19 .165 150
Be 1 150 e 250
by . ,37;' 6 .00l 1000
Ygo 100 e .83 700
®si 470 12 . 008 150
31, 100 24  .066 700

The Chemical Shift

In the NMR experiment, the sample is placed in a mag-
netic field and irradiated with rf energy at the appropriate
frequency. Resonant absorption of the rf energy is detected
with a radio receiver. A nucleus in a molecule experiences
two magnetic fields: the external magnetic field and a local
field produced by circulating molecular electrons. Because
the local field varies with chemical structure, nuclei in
different chemical environments will have slightly shifted
NMR frequencies. These frequency variations are called
chemical shifts. Radio frequencies can be measured with
high precision, thus the chemical shift is a sensitive mea-
sure of chemical environment. '

Chemical shifts are expressed in dimensionless units in
order to provide an index which is independent of the magne-
tic field strength of the particular spectrometer. A pri-
mary reference standard (TMS, tetramethylsilane for protons
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and carbon-13) is assigned a c¢hemical shift of zero. The
chemical shifts of other spectral lines ‘are given as their
separation in parts per million ‘of the applied radio fre-
quency from the frequency of the reference standard. By
convention, NMR spectra are displayed with the zero of the
chemical shift scale at the right, w1th positive chemical
shifts 1ncrea51ng to the left. :

Comparlsons Among Nuclei

Proton NMR is widely used in the study of organic mol-
ecules, and yields a great deal of structural information.
The proton chemical shift range is rather small, however
(10 ppm) Consequently, for more complex molecules such as
organic polymers, the many lines overlap into broad: bands
and the extraction of detailed information from the proton
" NMR spectrum becomes difficult.

The chemical shift range of the heavier nuclei is some

15 to 100 times that of the proton, making them much more
attractive for polymer structural determinations (Table I).
Some sacrifice in signal strength has to be made with the
heavier nuclei, and until recently, this has impeded their

utilization. Boron-11, fluorine-19, and phosphorus-31 have
fairly strong signals and high natural abundances. - On the
other hand, the relative signal strengths of nuclei such as
carbon-13, nitrogen-15, and silicon-29 are small, as are
their natural abundances. Yet, modern pulsed Fourier trans-
form (FT) NMR and signal averaging techniques make possible
the use of natural abundance carbon-13, nitrogen-15, and
silicon-29 NMR in polymer characterization. The advent of
commercial pulsed FT NMR spectrometers incorporating low
cost minicomputers to perform the Fourier transform permits
the taking of spectra on a routine, semi-automated basis.
Thus, the spectrum of a complex molecule containing carbon-
.13 in natural abundance can be obtained in a few minutes.

Applications

General

~ The illustrations which follow are based on the use of
‘proton and carbon-13 NMR spectroscopy;: which are the most
useful for the ‘particular molecular systems involved. For
the study of fluorinated polymers, polysiloxanes, or bor=
anes, obviously fluorine-19, 5111con 29, or. boron ll NMR
would be most useful -
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The illustrations are divided into two classes - pre-
polymers and cured polymers. As will be discussed later,
modified NMR techniques are requlred if SOlld samples are to
be examlned .

Pre-polymers

Proton NMR Analysis of an Epoxy Resin System - An epoxy

resin system commonly used in graphite fiber reinforced com-
posites is a mixture of bis (N,N-di (2,3-epoxypropyl)-4-amino—
phenyl) methane, commonly knowh as tetraglycidyl methylene-
.dianiline or TGMDA, and the curing agent bis (4-aminophenyl)
'sulfone, also known as d1am1nod1phenylsulfone or DDS.

The ratio of curlng agent to resin affects the process—
ing and curing characteristics of the resin system, and so
its determination is a routine part of the quality control .
program in the aerospace industry.

The proton NMR spectrum of the ‘TGMDA/DDS re31n system
lends itself readlly to 'a simple, straightforward determina-
tion of the resin to curing agent ratio. (1) The method
centers on the aromatic region of the proton spectrum. As
shown in Figure 1, the spectra of TGMDA and DDS in the .
region are each composed of two multiplets.- Each half of
the multiplets represents one half of the aromatic protons.
Note that in the mixture (R 33),.one half of the DDS aroma-
tic proton signal remains in the clear. Because the NMR
peak areas are proportional to the number of protons in the
molecule, a simple electronic integration of the peak’ areas’
(shown superimposed on the spectrum of R 33) allows a deter-
mination of the number of molecules of DDS and TGMDA present
in the mixture. If the total height of the integral is
called a, and the height of the integral for the DDS 51gna1
in the clear is called b, then the ratio of DDS to TGMDA in
parts per hundred parts resin (phr) is:

hr _ 117.54
P Ta/b) =2

Figure 2 shows a plot of the results obtalned for a set of
synthetic TGMDA/DDS formulations. The dots and squares are
results obtained with two different kinds of proton NMR ,
spectrometers. The 45° line drawn in represents 100% accur-
acy. The NMR results track quite well, and ‘the data points
could be used to generate a calibration curve, from which
rather accurate determlnatlons of curlng agent ‘phr could be
made. . L
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Oligomer Analysis of Epoxy Resins - It is generally
recognized that epoxy resins of the DGEBA type ‘are mixtures

" of oligomers represented by the structure given in Figure 3.
‘Many of the processing and curing characteristics are deter-
mined by the proportion of ol;gomeriz?f various n's con-
tained in the mixture. Our results ~indicate that carbon-
13 NMR can be used to determine EEW (epoxy equivalent weight) .
which is one of the more 1mportant .processing parameters.
The carbon-13 NMR method for determining EEW :depends upon an
analys1s of the line intensities of the glycidyl type car-
bons in the 40-70 ppm region (Figure 3). The carbon-13
lines for carbons a and b of the terminal glyecidyl groups
are in a region of the spectrum unperturbed by changes in n.
-.The lines due to carbons e and e" grow near the line of the
" ether methylene carbon e' As n increases, the number of e
and e" carbons 1ncreases, but‘the number of ¢, 4, and e'
carbons remains the same--two each. For the Tidealized ™
structure shown in Figure 3, the ratio of e' to (e + e")
carbons for n-oligomer is 2/3n. An analytical expression
can be derived which -allows the n-value to be determined.

I, _ I wor
e' = [o] d
I +,I " ;‘170 —m{ or 4

Thus, the n-value can be calculated from the measured inten-
51t1es of the carbon—l3 lines at 70 ppm (= I e T Iov + I u)

and the 11nes at 50 (Id) or 44 (I ) Ppm.

The results on two commercial epoxy resins (Table 2)
show that the NMR results compare qulte well with the pub-
lished EEW values. - v .

TABLE IT

hCarbonf13 NMR determination of EEW
~of two commercial epoxy resin systems

Resin o Carbon-13 ‘EEW " Literature EEW
DER3321C | | 170 ~170-175
EPON 1002 N 800 : 600-700

Structural Analysis of an Acetylene—Termlnated Polymide
Oligomer - The acetylene-terminated polyimide oligomer
shown below was developed by Hughes Aircraft Company under
Air Force contract. Orlglnally known as HR-600, it is now
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marketed by Gulf Chemicals as Thermid-600. Upon curing, it
forms a high temperature, high strength structural polymer
useful in aerospace appllcatlons.

cch@U -

: The complex structure of the ollgomer makes its structural
determination by conventional means a difficult task. A car-
bon-13 ?MR analysis of the ollgomer has confirmed its struc- '
ture.

The carbon—l3 NMR analy51s was alded by the synthesis
of key model compounds. Their carbon-13 spectra were used
to determine the chemical shifts of structural groups in the
oligomer by means of substituent effects.

The substituent effect is the change in chemical shift
of a given carbon caused by the substitution of a functional
group at some point in a molecule. Substituent effects are
approximately additive for carbon-13 in the absence of

crowding or steric effects, and gOod predictions of carbon
chemical shifts can be made by summing the effects of all
substltuents. :

An example of a substltuent effect calculatlon ‘is given
in Figure 4 for the addition of phthalimide to phenylacety-
lene at the 3-position. The chemical shifts of phenylacety-
lene are shown (122.6 for C-1, 132.5 for C-2, etc.). The
phthalimide substituent constants are tabulated at the
bottom of the figure (a change of +3.8 ppm at the carbon
where the phthalimide adds, -1.4 at the ortho (adjacent)
carbon, etc.). Thus, the chemical shifts of phenylacetylene
are summed with the appropriate substituent constant to give
the predlcted chemical shifts of the new compound. The num-
ber in parentheses are the measured chemical shifts and show
agreement with the calculated values to within about one ppm
which is considered satisfactory. By working with substit-
uent effects in the model compounds in this way, predictions
for the chemical shifts of all the different carbons in the
oligomer are obtained. The ollgomer has a plane of symmetry
about the central aromatic ring, reducing the number of-
chemlcally different carbon atoms to 35. Some local symme-—
tries reduce the number of distinct -carbons, and some of the
lines are predicted to overlap. The carbon-13 NMR spectrum
of the ollgomer (Flgure 5) contains 24 resolved llnes. All
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of these are accounted for and assignable using the sub-
stituent effect results and the model compound shifts. This
verifies the structure of the oligomer.. :

Cured Polymers -

‘Solid-State High Resolution NMR - A limitation of the proce-
dures used in analyzing the pre-polymers is that unless a
substance is a liquid or can be melted or dissolved in a
solvent, the NMR lines are so broad that detailed structural
analyses are impossible. 1In liquids, the large dipole-dipole
interactions between nuclear spins and shift anisotropy are
averaged by rapid molecular tumbling. In solids, this aver-
aging does not occur, and the resulting NMR linewidths are
thousands of times those of liquids. Cross-linked thermo=
setting polymers such as the epoxies and polyimides do not
melt or dissolve in solvents.' Solvent swelling and heating
above the glass transition temperature sometimes produce
sufficient motion to yield useful spectra. We have been
successful in following the cure and establishing the curing
mechanism of an epoxy during the early stages. (4) In the
field of thermosetting polymers then, the conventional NMR
procedures so far discussed are limited to the pre-polymer
kstages.’ ' .

_ . However, special new solid-state NMR techniques are
capable of obtaining high resolution carbon-13 spectra of
materials such as thermosetting polymers. . The operation of
the techniques is illustrated in Figure 6. At the top is
shown the broad and featureless carbon-13 spectrum obtained
using conventional liquid state NMR.  No useful information:
is obtained. Stage one of the solid-state technique is
shown in the middle spectrum. Here, very high power proton
rf irradiates the sample and removes the broadening effects
of dipole-dipole interactions, leaving the chemical shift
anisotropybroadening. ‘ s » ' ‘

Additional improvement can be -obtained by rapidly ro-
tating the sample about an axis which makes an angle of
54.7° with the direction of the external magnetic field. At
this so-called "magic angle", the chemical shift anisotropy
disappears. Thus, with the combination of magic ‘angle spin-
ning and high power proton rf irradiation, the results shown
at the bottom of Figure 6 are obtained. This is a proton-

. enhanced high resolution solid-state carbon-13 spectrum of
DGEBA cured with piperidine. Note that all of the chemi-

cally different types of carbon atoms are distinguishable.
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Two examples will be given of the application of these
solid-state NMR techniques to the analysis of cured polymers.

Polymer Identification - Epoxides may be reacted with any of
a number of curing or cross- 11nk1ng agents, depending upon
the polymer properties required in the particular applica-
tion. The resulting cured polymers are difficult to analyze
because of their intractability and opaqueness. However,
high resolution solid-state carbon-13 NMR, be'hg a bulk -
technique, can characterize these materials. Figure 7
shows the spectra of cured polymers prepared by reacting
DGEBA with four different curing agents. The spectra were
obtained using hlgh power proton rf and with magic angle
spinning at 2 kHz. Superlmposed on each is the high resolu-
tion liquid state carbon-13 spectrum of the unreacted resin
and curing agent dissolved in' acetone. The arrow at 70 ppm
indicates the region of new signals which appear during the
curing process. Spectra a and b represent amine cures
(piperidine (PIP) and meta-phenylenediamine (MPDA), respec-
tively). These are readily distinguished from the anhydride
cures, ¢ and d (hexahydrophthalic anhydride (HHPA) and
Nadic methyl anhydrlde (NMA) , respectlvely) The carbonyl
carbon at. 175 ppm is very promlnent in anhydride cures; as
is the methyl peak at 15 ppm in the NMA cure. Differences
between the two amine cures are more subtle, but note the
broader character to the peaks at 115 and 128 ppm in the
MPDA cure. This presumably reflects the more rlgld nature
of the aromatlc amine cure.

Molecular Motion in Cured Polymers - Because of its ability
to distinguish individual carbon atoms in polymers, high
resolution solid-state carbon-13 NMR has application in the
study of the polymer chain dynamics. Polymer molecules are
known to undergo various kinds of motion in the solid, such
as segmental reorlentatlon, libration, side chain rotation,
etc. It is believed that mechanical properties are ulti-
mately relatable to the nature and extent of these motions.
Most techniques for their observation are not structure
specific, as is the carbon-13 NMR method. ‘

An example is the carbon-13 NMR spectrum of piperidine-
cured DGEBA as a function of temperature (Figure 8). It is
seen that as the temperature is lowered, the signal at 114
ppm broadens, eventually ‘'splitting into two peaks at —25°C.
This behavior means that a component of polymer chain motion
associated with the aromatic rings of the polymer is
"freezing out" at the 1low temperature. The two lines sig-
nify different environments for the aromatic carbon atoms on
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elther 51de of the oxygen of the glycidyl group. If a
matching mechanical relaxation in piperidine-cured DGEBA can
be identified, the carbon-13 NMR results consititute a dir-
ect molecular explanatlon. -
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Flgure Captions

1.

Proton NMR spectra of the aromatic region of DDS {(top)
TGMDA (middle), and a resin system based on them
(bottom). An 1ntegra1 of the resin system spectrum is
superlmposed

Experlmental values of phr DDS vs. "true" phr values for
a series of synthetic TGMDA/DDS. The 45° line corres-
ponds to 100% accuracy. The circles are values measured
with a continuous wave spectrometer; the squares, with a
Fourier transform spectrometer. : ‘

40-70 ppm region of the carbon-13 NMR spectra of three
commercial epoxy resins. The letters and the n numbers
refer to the idealized DGEBA .structure shown at the top.

Example of an aromatic substituent effect calculation
for the addition of phthalimide to the 3-position of

phenylacetylene.

Carbon—13 'NMR spectrum of HR-600 (Thermld 600) oligomer
in DMSO-d ‘The lines of the solvent appear as a multi-
plet centgred at 40. ppm.

Carbon-13 NMR spectra of a rlgld polymer (Plperldlne—
cured DGEBA). Top: Conventional procedure. Middle:
ngh power proton rf. Bottom: ngh power proton rf plus
magic angle spinning. All the major carbon function- -
alities are. resolved -

High resolutlon solid-state carbon-13 NMR spectra of
DGEBA cured with four different curing agents: (a) piper-
idine, (b) metaphenylenediamine, (c) hexahydrophthalic
anhydride, (d) Nadic methyl anhydride. -On each solid
state spectrum is superimposed the liquid state spectrum
of DGEBA and the curing agent in acetone solution.

Temperature dependence of the carbon-13 NMR spectrum of
p1per1d1ne~cured DGEBA. The line marked by the arrow
is narrow at 352°K (79°C) but broadens to two lines ‘as
the temperature is lowered to 247°K (-26°C); at 151°K
(-122°C) the two lines are well defined. ' This behavior
reflects a "freezlng out" of polymer motlons associated
w1th the aromatlc rings.
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'ON THE VARIATION OF FATIGUE CRACK OPENING LOAD
WITH MEASUREMENT LOCATION .

ABSTRACT

The opening load as originally defined by Elber for

fatigue cracks exhibiting crack closure has been determined
using three different experimental techniques. Displacement-
" load behavior was investigated for a fatigue cracked modified
compact specimen of a nickel base superalloy. Displacements
were determined at the notch mouth using a standard clip-on
gage, along the crack surface using a laser intérferometric
displacement gage, and in the plastic zone ahead of the crack
using an optical interferometry technique. Acoustic emission -
monitoring was employed as a means to detect crack extension
during measurement load cycles and to detect physical crack
closure. ' '

The maghitude of. the opening load, as determined from
these measurements, is dependent on the distance from the v
crack tip at which the measurement is made. The crack opening
load is found to be highest at the crack tip. At sufficient ,
distances from the crack tip the opening load becomes constant.
As an additional means of evaluating opening load, crack surface
profiles are constructed from the displacement load measure-
ments made behind the crack tip. A discussion is given
concerning the significance of these results in evaluating
the classical opening load as defined by Elber as a useful

'parameter’to guantify crack closure.
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INTRODUCTION

The use of Linear Elastic Fracture Mechanics (LEFM)
approaches for the design of advanced aerospace structures
has rapidly expanded in the past decade. Using LEFM, one
is able to describe the fatigue crack growth rate of a ‘
propagating fatigue crack as a function of the stress intensity
experienced at the crack tip. The stress intensity factor,
K, is the LEFM parameter that characterizes crack behavior
in many materials. The stress intensity factor, combines .
the effects of remotely applied load, crack length and structure .
geometry into a single parameter., In general, the use of
LEFM methodology has resulted in more durable structures because
of its ability to incorporate the influence of pre-existing
defects on the life of the structure. This has changed the
basic design philosophy from crack 1n1t1at10n to crack
propagatlon.

Several problems may emerge when one attempts to use
LEFM to predict fatigue crack growth in engineering structures.
Some of these problems arise from the fact that a basic
assumptlon in the application of LEFM methodology is that
the material of interest exhibit linear elastic deformation
at the crack tip. It is recognized that few engineering
materials of interest exhibit linear elastic behavior, but
rather that the material near the tip of a propagatlnc
fatigue crack undergoes plastic deformation prior to fracture.
It has become a common practice in applying LEFM to engineering
materials to make the assumption that if the amount of plastic
deformation experienced at the crack t1p 1s small, the basic
pr1nc1ples fo LEFM are not v1olated :

A great ‘amount of research has been conducted to devise
methods that will" allow a more- w1despread use of fracture
- mechanics methods. to engineering materlals.‘ These efforts
have resulted in the emergence of various new parameters
to be ‘'used to correlate the fatigue crack growth rate in
engineering materials. Some of these parameters are simply
variationsof the llnear elastic stress intehsity parameter,
K, while others aré new parameters that actually allow the
plastlc deformatlon that is experlenced at the crack tip.

At the Air Force Materlals Laboratory, research is belng
conducted in-house to evaluate various proposed ‘crack propaga-
tion models for application to gas turbine engine components
operating at elevated temperatures. As an initial effort, a
review of many empirically based crack propagation models used
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for airframe applications has been conducted. It was found

that a common approach to model the effect of crack tip plastic
deformation on fatigue crack growth behavior is to derive an
empirically based crack growth model that alters the conven-
tional linear elastic stress intensity parameter, K, to create
an effective stress intensity experienced locally at the «crack
tip. One such approach that has received considerable attention,
and is the subject of this paper, is the crack closure theory
developed by Elber. (1,2) , : v

From his early work, Elber concluded that the crack
closure phenomenon is a direct consequence of the permanent
tensile deformations left in the wake of a propagating fatigue
crack. - Further, because of the residual deformations, a
crack in a fatigue specimen is fully open for only a part of
the load cycle, even when the loading cycle is fully in
tension. Thus, since the crack tip is closed during a portion
of the remotely applied load cycle, the cyclic stress intensity
range experienced locally at ‘the crack tip is a value less
than that which would be calculated based on the remotely
applied load cycle.. In other words, because of the fatigue
crack closure phenomenon, the rrack tip experiences an
effective stress intensity range that is less than the remotely
applied stress intensity range. = o '

An important aspect of the fatigue crack closure phenomenon
is to be able to experimentally evaluate the load at which the
fatigue crack becomes fully open. This is required if the
effective stress intensity range at the crack tip is to be
determined experimentally. Elber proposed an experimental
technique to determine the load at which a fatigue crack
becomes completely open. He developed a small displacement
transducer that was placed on the specimen surface such that
the contact points straddle the crack near the crack tip.

As the specimen is loaded and the crack faces separate, the .
displacement occurring across the crack on the specimen surface
is recorded as a function of applied load. A schematic of a
typical displacement-load plot of this type is shown in figure
1. In relating the observed displacement-load behavior to the
crack closure phenomenon, Elber offered the following explanation.
As the specimen is loaded, a linear displacement-load response
" is initially exhibited (between points A & B). This initial
elastic response is due to the crack being closed and thus is
the elastic response one would measure in an uncracked specimen
of the same configuration. As the load continues to .
increase (between points B & C) a non-linear displacement-load
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relationship is exhibited. During this increment of loading
the fatigue crack surfaces are separating. As the load is
increased the surfaces essentially unzip towards the actual
crack tip. At point C the displacement-load relationship:
again becomes linear. It is at this point of linearity
(point C) that the crack surfaces have completely separated.
As the load is further increased, the crack tip remains'open
and damage is incurred at the crack tip resulting in crack
extension. Elber defined the p01nt of linearity on the dis- .
placement load curve (point C in Figure 1) as the load at
which the crack tip is open. (P )

" Elber demonstrated the occurrence of crack tlp closure

and the utility of the concept of an effective stress intensity - -

range in predicting the dependence of fatigue crack growth
rate on the stress ratio, R. This apparent success of the
crack closure concept led to considerable effort to refine

the experimental techniques for measuring the magnitude of
crack tip closure. These techniques are generally divided
into two Categories: techniques which measure bulk spec1men
response and those which measure dlsplacements on the specimen
surface. Bulk measurements have béen made using electrical
potential methods (3), ultrasonics (4) , acoustic emission (5),
and, for transparent materials, optical interferometry (6).
Spec1men surface dlsplacement measurements have been made )
with strain gages bonded across the crack line (7), displacement
transducers attached across the crack line or ahead of the crack
tip (2,8), optical interferometry techniques (9-11), and
.clip-on dlsplacement gages at the notch mouth (12).

The majority of opening load determinations, regardless
of the experimental technique used, are based on the assumptions
concerning displacement-load behav1or as stated by Elber.
However, ‘despite the numerous Sophisticated techniques utlllzed
a considerable amount of .conflicting crack closure data exists
in the llterature.‘ Conflicting results on the dependence
of Pop on maximum stress 1nten51ty, Kpaxr and' R (2,3) question
the validity of crack closure for incorporation into crack
propagatlon models. It has also been observed that bulk
méasurements often yield a hlgher Pop than do measurements
of displacements on the specimen surface (12, 13). Some
efforts have been made to match bulk results with surface
results by various schemes of extrapolating the bulk measure-
ment data (4, 14). - such technlques assume a priori the unigue-
ness of Pg as determined by specimen surface displacement
measuremen s.  Several investigations (6,9,12,15) have indicated
that the validity of this assumption is,questionable.
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. In an effort to resolve this apparent conflict, a rigorous
evaluation of the crack opening behavior of a modified compact
specimen was conducted. A fatigue crack was incrementally :
grown at a constant Kpay and R. -The crack opehing behavior
was evaluated at six different crack lengths.  The displacement-
load behavior was evaluated both in front of and behind the
crack tip using two optical interferometry techniques and the
bulk behavior was evaluated using acoustic emission and clip-
on displacement gage techniques.

EXPERIMENTAL TECHNIQUE

In the experimental‘work'deécribed’here,.displaCement
measurements were made at room temperature on a modified
compact specimen (H/W = .486) as shown in Figure 2. The
equation used to calculate the stress intensity factor (X)
for this specimen geometry is taken from Reference 16 as:

| _PVA Y ~ '

k=257 (1)
where P is the applied load, a the crack length as measured on
the specimen surface, B and W the specimen thickness and width
respectively, and Y, the calibration factor defined as:

Y = 30.96 - 195.8(a/W) + 730.6(a/W)2 - 1186.3(a/W)> + 754.6(a/W) "

The material evaluated was GatOrizedTM IN-100, a nickel-
base superalloy, with oy = 1.12 x 103 MN/m2 and E = 2.14 x 105
- MN/m2. Fatigue crack growth was conducted in a cldosed loop ,
servo-hydraulic testing machine operating at a cyclic frequency
of 20 Hz. The maximum stress intensity, Kmax, was held
constant at 38.5 MN/m3/2 by perodically reducing the cyclic
load as the crack extended. The crack length was measured on
both specimen surfaces using Gaertner traveling microscopes.
The average of the crack lengths measured on the two specimen
surfaces was used to calculate the desired test load. This
average surface crack length is reported here. The stress
ratio, R,was maintained at 0.1. At six selected crack .
lengths (Table 1) crack growth was interrupted and the specimen
was removed to a screw driven testing machine to make the
displacement measurements. While making displacement measure- -
ments, care was taken to ensure the specimen was not loaded to
greater than 91 percent of the maximum load (P ) used to
extend the crack under cyclic loading. Displaceément-load -
profiles were simultaneously obtained in three distinct regions
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(Figure 2) of the specimen: along the crack line behind
the crack tip using the interferometric displacement gage
(IDG) (17,18), at the specimen notch mouth using clip-<on
displacement gage, and in front of the crack tip using an
' optlcal interferometry technique (19). In addition, acoustic
emission (AE) monitoring was performed durlng each loading
cycle. The purpose of the AE measurements in this effort was
to: (1) determine the magnitude of acoustic emission in
IN-100 on a cycle-by-cycle basis, (2) monitor for crack exten-
- sion, especially on the interior of the specimen during the
test loading cycles, and (3) evaluate the utility of acoustic
emission as a method for detecting crack closure. A detailed
description of the use of each measurement technique follows.

‘Crack Opening Displacement (COD) Measurements

The principles of the IDG are described in detail in
‘References 17 and 18. In this study the IDG is used to
measure the displacement that occurs between two indentations
straddling the crack on the specimen surface. The indentations
were applied 0.10 mm above and below the crack to give an
operating gage- length of 0.20 mm. With the indentations
placed close to the crack surfaces, it is -assumed that the
measured’ dlsplacement occurring between the indentations is
also that. occurrlng between the crack surfaces at the specimen
surface. .

Upon extendlng the fatlgue crack to the flrst test length
indentations were placed at distances of 0. 050, 0.50, 1.25,
2.5, and 3.75 mm behind the crack tip. COD measurements were
,made, in turn, at each pos1tlon during successive load cycles.
This procedure was repeated at subsequent crack lengths using
all available sets of indentations. Table 1 gives a listing
of the series of new indentations applied at each crack length
evaluated.

‘During each load cycle at the respective crack lengths,
displacements at the notch mouth were measured with a clip-on
displacement gage of standard configuration (ASTM E 399-74).
In contrast to the IDG measurements which were made at various
locations relative to the crack tip during successive load
cycles, the displacement gage at the notch mouth gave the
displacement-load relationship at a flxed p01nt relatlve to
the crack tip (see Table 1)

The analog displacement-load data attained from both the

IDG and clip-on displacement gage was reduced using a computer
digitizing code that yielded digital displacement-load data
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suitable for analysis. A linear regression analysis was used
to determine the load at which the'displacement—load curve
became linear (Pop) upon loading the specimen. Use of the
regression analysis minimized the subjectivity in evaluating
the data and ensured a con51stent determlnatlon of Pop-

A second analy51s was conducted to determine the COD at
all measurement locations for discrete load values. This
program used a linear 1nterpolatlon to determine the displace-
ment associated with each load value. Crack surface profiles

" were then constructed at 10, 30, 50 and 90 percent of Ppax for
each crack length tested.

Displacements in Front of Crack Tip

In the region immediately ahead of the crack tip an
optical interferometry technique was used to measure the
transverse displacements occurring during the fatigue cycle.
This technique has been used to determine deformation zones
(10,20-22) and average through-thickness strains (21,22) in
the crack tip region. In the present experiment a collimated
beam of monochromatic light was directed through an optically
flat quartz plate positioned dlrectly on the polished specimen
surface. During loading of the specimen the separation between
the specimen surface and quartz flat, resulting from contraction
at the crack tip, produces an optical interference pattern.
For normal incidence the change in separation, d, is given
for destriuctive interference as: ’ ‘
: ni .
4=7 (3)
where ) is the wavelength of the monochromatic light and n is
the order of the interference fringe. For the sodium vapor
light used A = 0.5893 um and the transverse displacement change
between adjacent frlnges is 0.2946 uym. .

Video taplng through a low power mlcroscope permltted
recording of the optical interference pattern during each test
load cycle. Small diamond pyramid indentations placed along .
the projected crack plane allowed determinations of real time
dlsplacement behavior at selected locations ahead of the crack
tip. These data, when combined with the load time trace,
produced the desired dlsplacement load record. Figure 3 shows
a typical frlnge pattern in the vicinity of the crack tip.-

Near the specimen surface the shear lip causes the intersection
of the crack plane with the surface to differ from the location
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of the interior crack plane. Note that!the placement of the

- indentations is along the line of symmetry of the displacement
field and not along the projected crack path on the surface.
'For consistency, all measurements were made along the line

of symmetry.'

Acoustic Emission Measurements

The AE technique has been used in recent years to study
the fatigue crack growth process (5). Although there is not
a complete understanding of the exact mechanisms which are
uniquely related to various acoustic emission sources, it is
accepted that acoustic emissions occur upon crack extension.
In some insStances, it has been observed that acoustic emission
occurs during the unloading portion of the fatigue crack
propagation cycle (23).

‘The acoustic emission measurements reported herein were
made with a Duhegan 3000 system including a Model 301 totalizer,
Model 801 preamplifier, and a Model D92dB differential transducer;
The transducer was coupled to the spec1men with silicone
vacuum grease in the pOSlthh shown in Figure 2. All measure-
ments were made with a system gain of 89dB and a 0.3 - 1.0
MHz bandpass filter. These settlngs were chosen to maximize
system sen51t1v1ty for emissions from the crack tip while
minimizing extraneous noises from the test machine. Data were
recorded on a dual channel strip chart recorder in the form
of load versus time and acoustic emission counts versus time.

Results and Discussion

The displacement lodd behavior measured at 0.5, 2.5,
‘and 6.55 mm behind the crack tip, using the IDG and at the
notch mouth (54.59 mm behind ¢rack tip) using the clip-on
displacement gage, is shown in Figure 4. It is evident that
as the measurement location approaches the crack tip the value
of load at which the relationship becomes linear (Pop) increases.
As ‘discussed earlier, when diSplacement measurements were
‘being made, the specimen was loaded to 91 percent of Ppgx for
cyclic growth. This precaution was’ taken to circumvent the
introduction’ of new crack tip plasticity as well as to minimize
the chance for crack extension during rhe measurement cycles.
As seen in Figure 4, the displacement-load curves exhibit a
s1gn1f1cant linear range above the p01nt of llnearlty.

The variation of the change in transverse displacement
with load and distance in front of the crack: tlp as measured
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with the optical interferometry method is shown in Figure 5.
Three features of the data merit consideration: (1) the
displacement-load behavior measured near the crack tip exhibits
hysteretic behavior; (2) the dlsplacement is maximum at the
crack tip and decreases as diStance in front of the crack

tip increases; (3) each displacement-load record shows a
transition from nonlinear to linear displacement-load behavior.’
The load at this transition point was interpreted as the opening
load, and 'was found to be sensitive to the distance from
the cracE tip at which the measurement was made. ‘ '

The hysteres1s in the dlsplacement -load behavior occurred
at each crack length investigated. The magnitude of this
behavior was found to decrease with increasing distance from
the crack tip. The nature and extent of this hysteretic
behavior and its use in determining the cyclic plastic zone
size is currently uidder investigation and will be the subject
of a future paper.

In Flgure 6 the normalized P,, values (Pop/Pmax),for all
measurements made in front of and gehlnd the crack tip are
plotted as a function of the measurement location relative to
the crack tip. Near the crack tip, the value of Py, is

strongly dependent upon measurement locatlon. At a location
0.05 mm behind the crack tip a normallzed Po value of 0.64

was measured. The value$s of P_,. decrease continuously as the
distance behind the crack tip increases. At distances greater
- than approximately 5.0 mm P becomes independent of measure-
ment location stabilizing ag an- average value near 0.23. From
the results shown, the value of normalized Pdp appears to be
independent of a/W for this constant K condition.

Although there is considerable test to test varlatlon,
for measurements made ahead of the crack tip, those made within
1.0 mm of the crack tip also yield Pop values that are highly
sensitive to measurement location. At distances greater
than 1.0 mm P,, values are approximately constant at 0.2.

Based upon the behavior of P , discussed above, one of
two positions may be accepted concgrning the use of the point
of linearity to quantify the crack tip opening load. First,
since P, as measured here is dependent on measurement location,
it does not quantify the unique load at which total crack
surface separatlon occurs. The second position assumes that
Qp does quantlfy the unique opening load but the determination
of Pop must be made at an approprlate location relative to the
crack tip. The position of the appropriate measurement location
is not clear based on the results shown thus far. 1In an attempt
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to further define when the crack surfaces have completely
separated, crack surface profiles measured as a function of
applied load were constructéd for each crack length.

' In evaluating the crack surface profiles, a criterion
based upon the elastic crack tip displacement equation (24)
is used to determine when the crack is completely open. The
elastic displacement equation yields a parabolic crack surface
profile with zero displacement at the crack tip. For the
criterion established here, it is required that the parabdlic
‘relationship extrapolates to the known crack tip on the specimen
surface. Profiles constructed in the near crack tip region :
at 10, 30, 50 and 90 percent of Pmax are shown in Figure 7.
The profiles at 50 and 90 percent of Ppax meet the above
criterion whereas at 30 percent of Pmax the parabolic relation-~
ship extrapolates to a crack tip at a location less than the
known position of the crack tip on the specimen surface.
Therefore, it is determined that the cracks are not open at
30 percent of Pypax. A detailed evaluation of crack surface
profiles obtained at 5 percent load intervals up to 90 percent
of Py, was conducted. An average value of approximately

43 percent of P ., is derived from these profiles as a
representative Vatue of the opening load.” In Figure 8 the

far field crack surface profiles are shown at 10, 30, 50 and

90 percent of Pp... The clip-on gage measurements are consistent
with those made using the IDG. If the crack surface profile

is used to evaluate the load at which the crack becomes fully
open, it is evident that the value determined here does not
correlate with either the far field value (approximately 0.23
Pmax) or near crack tip value (greater than 0.63 Pnax) of Pop
shown earlier. , » .

. ‘The results of the acoustic emission measurements are
presented in Figure 9. It is noted that the number of AE
counts per cycle is highly variable. Although the load cycles
only go to 91 percent of Kpyax, there are some significant
emissions associated with some cycles. The primary cause

of the acoustic emission is considered to be crack extension
since the emissions generally occurred during the loading
portion of the test cycles. Based on average crack growth
rate data, for this material (25), 24 test load cycles would
produce less than 6. um of crack growth. These results indicate
the sensitivity of the AE technique for detecting small incre-
ments of crack growth; however, the variability of the count
rate illustrates the statistical nature of the crack propaga-
tion process.’ This highlights the necessity of averaging

AE data over large.cycle blocks if a quantitative relationship
is to be developed between AE results and fracture mechanics
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parameters.

Acoustic emission upon unloading, which has been reported
to be related to crack closure (23), was not generally observed
. in this effort. Vary and Klima (5) observed that the magnitude
of acoustic emissions in steel, aluminum and titanium alloys
during unloading appears to be related to the crack surface
-roughness. The fatigue crack surfaces of IN-100 are extremely
smooth. Therefore, the lack of acoustic emissions during
unloading appear to agree with the observations of Vary and
Klima. ~The one notable exception, when emissions were observed
during unloading, followed a seven percent overload ,
during cycle five at a = 27.92 mm. The IDG and clip-on
displacement gage records showed no changes in displacement-
load response after the overload. However, during the over-
load portion of the cycle, 2200 AE counts were recorded. These
counts are not shown in Figure 9 because they occurred at
loads greater than the normal test load range. This acoustic
emission activity during loading is indicative of crack tip
deformation. Another indication of increased crack tip deforma-
tion was the occurrence of acoustic emission activity during
the unloading portions of subsequent test cycles. Thirty-
five percent of the counts illustrated for the load cycles at
‘this crack length after the overload were recorded during the
unloading portion- of the cycle. It is significant that only
after this slight load perturbation were acoustic emissions
observed durlng unloadlng that could be attributed to crack
closure. :

CONCLUSIONS

The objectlve of the work presented here was to evaluate
the uniqueness of Pop as defined by Elber (2) as the parameter
to quantify the_load at which a crack is completely open as
in the crack closure theory. The results of the data presented
indicate that P is not a unique value but a variable®
dependernt .on meagurement location. Unless a rational physical
mechanlsm is shown to account for the observed variability in

op’ it is suggested that P,y does not characterize the load
at which the crack is comple%ely open and it is not suitable
for quantifying an effective stress intensity range experienced
at the crack tip. Based on the crack surface profiles con-
structed from the dlsplacement -load data, it appears that an
opening ‘load based on a crack surface opening criterion may
be more approprlate for quantlfylng complete crack surface
separatlon. :
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A large variability in acoustic emission counts was
experienced for cracks grown under indentical stress intensity
‘histories. A well defined relationship does not exist between
acoustic emission counts’ and crack closure for the conditions

studied here.
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Environmentally Induced Catastrophic
Damage Phenomena and Control

Abstract

Sophisticated aircraft utilize alloys that provide high strengths
for performance demands but are only marginally forgiving in wmilitary
‘environments conducive to such catastrophic damage phenomena as- stress
corrosion cracking, corrosion fatigue, and environmental embrittlement
" including hydrogen. The mechanisms and susceptibilities character-
istic of current steel, titanium and aluminum alloys are discussed
. with respect to each damage phenomenon. Intrinsic mitigation such as
" alloy composition and heat treatment, as well as extrinsic mitigation
 such as inhibition are discussed. The introduction of a new hydrogen
measuring device, barnacle electrode; the use of corrosion preventive
and crack arrestment compounds; and the approach of process control
such as electroplating in a magnetic field are discussed as _
possibilities for minimizing envirommental embrittlement failures in
the future.
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Introdhction

Modern alrcraft utilize alloys and other mater1als of construc-
tion that provide high strengths for performance demands but are only
marginally forgiving in military enviromments ¢onducive to catastrophic
damage phenomena. These phenomena such as stress corrosion cracking,
corrosion fatigue, and environmental embrittlement including hydrogen
are classed under the heading of conjoint action.  Conjoint action is
the combined and'mutually.reinforping effect of the environment and
stress to produce rapid deterioration of metals; i.e., catastrophic
failure. Figure 1l is a schematic representat1on of conj01nt action
during cracking. -

In the case of stress corrosion cracking, the combined chemical
and mechanical effects occur simultaneously so that failures are
caused by the metal experiencing a corrosive environment and an
enduring, static tensile stress. Neither stress nor corrodent acting
separately would cause such rapid failure. The corrodent involved in
stress corrosion cracking is usually specific to the alloy.

;-Whereas stress corrosion requires an enduring static tensile
stress, metallic failure due to corrosion fatigue is caused by

.cyclic stressing in mildly corrosive environments. - In general a

metal can withstand an infinite number of stress cycles if the stress
does not exceed a certain value called the fatigue or endurance limit,
1f the same metal is subjected to alternating or cyclic stresses, in
a corrosive environment, fatigue will occur in a fewer number of
cycles and a fatigue or endurance limit will no longer be observed.

In contrast to stress cOrrosion cracklno,,corr051on fatigue may occur
in a wide variety of environments for any given metal. A typical
stress - number of cycles curve is shown in Figure 2 for fatigue w1th
and without corrosion.

The phenomenon of environmental embrittlement can encompass a
host of catastrophic conjoint action failures. The definition can be
broadened to include stress corrosion cracking but the phenomenon is
most often invoked when a specific embrittling species such as hydrogen
is involved. Whereas stress corrosion cracking involves an electro-
chemical step, cracking by environmental embrittlement may proceed by

- the mere adsorption of the embrittling species on a pre-existing crack

or pit or the internal diffusion of the speciés'to high stress points.
Since hydrogen is ubiquitous and often occurs as a by- product of
corrosion, the demarcation: between stress c¢orrosion cracking and
h/drogen embrlttlement is not ‘always clear. :
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Each of the described damage phenomena occur on military aircraft
often with disquleting regularity. Stress corrosion cracking and
“corrosion fatigue occur on high strength aluminum alloys of the 2000
and 7000 series in forgings, plates, and sheets on such parts as
landing gear, spars, brackets, ribs, wingfold hinges, and skin.
Failures of these types are even more critical for naval aircraft
forced to perform in the insidious marine environment., High strength
steel parts on military aircraft hre particularly prone to hydrogen
embrittlement cracking. As previously mentioned hydrogen can be a
product of the electrochemical (corrosion) reaction at the cathode
or it may get into the steel part such as landing gear, arresting
- hooks, bomb hooks and shackles, through processing. The processes of
electroplating, pickling, etching, and chemical milling can inadver-
tently introduce the embrittling species, hydrogen, into the part.

Thus today's modern military aircraft has many "Achilles heels"
which can and must be dealt with from design, through procurement to
operational maintenance. It is the purpose of this paper to discuss
the highlights of what is known about these damage phenomena and to
record how they are be1ng combated and how they might be dealt with in
the future. .

FAILURE MODES

Stress Corrosion Cracking/derogén Embrittlement

The phenomenon of stress corrosion cracking as it applies to
high strength aerospace alloys is less clearly defined than that which
occurs on lower strength.alloys. In such alloys as austenitic stain-
less steels, and copper base alloys, stress corrosion cracking clearly
involves an electrochemical dissolution step acting in concert with a
static stress to cause failure. 'In high strength steels, and titanium
alloys, the corrosion or electrochemical step is less well defined. ’
The environmental and stress interactions are more subtle and it is
thought that hydrogen may play a role in the cracking process. Con-
siderable work has therefore been done on the influence of anodic and
cathodic polarization on cracking susceptibllity . Figures 3(a) and
(b) are plots of time to failure vs. cathodic and anodic polarization
currents. Figure 3(a) is an idealization of an alloy system showing a
clear distinction between hydrogen embrittlement failures and anodic
stress corrosion failures; i.e., a "no failure" gate exists between
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. the hydrogen and anodic stress corrosion failures. More often than

not the situation for high strength steels is more accurately described
by the idealization depicted in Figure 3(b). In Figure 3(b), there is

a mechanism overlap that may account for the uncertainty as to whether

the cracklng is hydrogen related.

It is realized that the subject of stress corrosion cracking
could be divided into two general categories' i.e., Type I, environ-
mental cracking, usually 1nv01ving high strength alloys and titanium,
and Type 1I, anodic stress corrosion cracking. The differences
' between Type I and Type II cracking behavior can be seen in Figure 4.
In general, we note that Type 1 failures occur in high strength, low
ductility materials whereas Type II failure is characteristic of
lower strength, more ductile alloys. - Further differences between
these two types of failures are: cracking is less environmentally
specific with Type I; Type 1II has a slower crack velocity that is
independent of the plastic zone size; preexisting cracks or flaws are
needed for Type I; and highly constrained locally stressed region is not
needed for Type II but is for Type I. These differences point to a
relatively new approach to the subject of stress corrosion cracking;
i.e., fracture mechanics. 'We can describe fracture mechanics as the
use of proper stress analysis of cracks to develop flaw oriented
strqugh properties of materials. - Thus the use of fracture mechanics
. in the study of stress 8§ corrosion cracking acknowledges the existence
' of preexisting flaws in the metal, There are in general two principal
reasons for including pre-cracked specimens for characterizing stress
corrosion cracking of many materialss - (a) Certain alloys, particularly
those of titanium, do not pit in fresh or salt water at ambient tem-
peratures so that smooth specimens of such alloys do not experience
'stress corrosion cracking in these environments. In 1965, it was
found that a notched or pre-cracked specimen of the same titanium
alloy which re51sted pittin§ dlsplayed a spectacular susceptibility to
stress corrosion cracklng (b) Most of the important high strength
structural alloys show some degree of susceptlbility to stress corro-
sion cracking in such mild environments as fresh’ ‘water, moist air, sea
water and other non-specific mild environments. It has been shown that
only the use of pre-cracked specimens will enable the quantification
of susceptibility in these alloys. These alloys invariably contain
flaws. If the flaws are above a critical size, failure occurs. If
the material is under load in a "corrosive » albeit mild, environment,
fallure occurs more readily. ' . '

The use of fracturefmechanics in treating the stress factor of
stress corrosion cracking in the presence of a crack or flaw involves
the stress 1nten51ty at the tip of the crack. Figure 5 depicts two
methods of stress corros1on testing using pre-cracked specimens.  The
1nten51ty of stress at the tip of the crack is deflned as: '
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KF= G'V§1f

~where § = tensile stress, and a = crack or flaw size., K, the stress
intensity factor, can be used as a design criterion by performing a
series of experiments with varying K to ascertain that K below which
stress corrosion cracking will not occur. Figure 6 depicts the data
accumulation of such experiments. It is noted that as the imposed
stress intensity decreases the time for failure in the corrosive
environment increases until a limit in stress intensity is reached
below which stress corrosion cracking does not occur. This newly
defined parameter KISCC prov1des a powerful tool in assessing a mate-

~rial's susceptlbillty to stress corrosion cracking. It enables the
designer to know what critical flaw size his structure can tolerate
before failure occurs in a given environment,

With the application of fracture mechanics to stress corro-
sion/hydrogen embrittlement studies, new thoughts are emerging with
regard to failure mechanisms of aluminum alloys. Stress corrosion of
aluminum alloys, particularly the age hardenable, aerospace varieties
undergo intergranular cracking in’' aqueous environments containing
chloride or other halide ions. Preferential dissolution at the grain
boundaries was thought to play the key role. More recently, it has
been shown that hydrogen is a factor in the stress corrosion cracking
. high strength, 7075-T6, aluminum alloys. To further demonstrate this
effect, the dry crack growth of DCB specimens was monitored as hydro-
gen - was cathodically charged below the crack front. The crack
was observed to grow presumably by the diffusion of hydrogen through
the aluminum to the crack front. The threshold stress intensity
value was materially lowered by the charging as is shown in Figure 7.
A more usual way of assessing the aqueous stress corrosion phenomenon
- is to plot the crack growth rate versus the stress intensity factor,
When this is done three stages of cracking are usually delineated
with a threshold stress intensity for stress corrosion cracking being
defined.

Figure 8 shows an outer cylinder of a landing gear of 7079-T6
aluminum on an Air Force aircraft that failed on the alert pad.
Examination of the cyllnder revealed a stress corrosion crack that

~occurred 90° from the parting plane. Figure 9 shows another landing
gear failure, this time on a 7079-T6 cylinder from a Navy he11copter.
This fallure was also attrlbutable to stre&icorrosion.

The study of environmental embrittlement of alrcraft titanium
alloys is also much concerned with hydrogen's role. Although titanium
and its alloys ‘are “known to experience envirommental degradatlon in a
wide var1ety of env1ronments, hydrogen from either a primary or
derivative source has been 1mplicated in a causative sense with almos
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all of them. Some of the environments that have been known to' cause
environmental cracking of titanium alloys are: red fuming HNO3, N304,
methanolic fluids, aqueous salt solutions, gaseous hydrogen, and
electrolytic (aqueous) cathodic charging. In a thermodynamic sense,
titanium is a very reactive metal, Yet the actual anodic dissolution
of titanium in non-oxidizing aqueous solutions occurs with great
difficulty. Indeed it has been regorted that titanium is virtually
‘immune to corrosion in sea water. The fact that dissolution does
not occur until a driving force of about one volt has been applied
implies that the anodic process is strongly inhibited, most probably
by the stable oxide film, Titanium alloys are not free of stress
corrosion cracking in aqueous halide ion environments, especially in
the presence of notches or preexisting cracks.

" Titanium when stressed in salt water is ordinarily kept passive
by reaction with the water to form a tight adherent layer of TiO2,
which insulates the underlying metal from the environment. Inside a
crack, however, the reactions of titanium with water to produce TiOp
also produces excess hydrogen ions which cause local acidity; i.e.,

Ti 4 2H0 —>Ti0p +4H Y

This acidity bu11ds up to a point where the oxide becomes unstable.
Thus the crack tip does not remain passive but " continues to react to
form hydrogen, some of which undoubtedly enters the metal

It has been tecently shown that conditions under which the
.protective oxide film on a beta titanium alloy can be removed leads
to catastrophic damage in hydrogen bearing environments. Severe
embrittlement and in some cases, spontaneous cracking, occurred in
beta III titanium specimens whose surfaces were rendered oxide free
by the vacuum techniques of ion bombardment and palladium vapor
deposition. An example of the phenomenon is shown in Figure 10. The
oxide free, albeit palladium coated, surface allows hydrogen atoms to
be absorbed virtually unimpeded upon cathodic charging. 1In this beta
alloy, hydrogen damage is not caused by the formation of hydrides,
but in the more classical diffusional sense similar to steel. “Spon-
taneous lattice swelling and cracking of a surface treated beta III
titanium foil that was cathodically charged for forty-eight hours is
shown in Figure 11 :

Corrosion Fatigue

The mechanism of corrosion fatigue is believed to 1nvolve the
preferential dissolution of microscopic extrusions and intrusions.
These are minute areas on the surface where the metal has undergone

1341




\

|

plastic deformation (even if thefapplied stress is well below the yield
strength). It is believed that'the corrosion process serves to sharpen
the microscopic crevices so that they become stress risers. The areas
of high stress accentuated by the corrosive environment, serve as sites
for the initiation and propagation of a brittle, transgranular crack.
The distinguishing features between a corrosion fatigue failure and one
caused by stress corrosion is that corrosion fatigue almost always
manifests itself in transgranular cracking whereas stress corrosion
cracking may be either transgranular or intergranular depending on the
alloy and environment, and with corrosion fatigue, the corrosive
action merely serves to trigger the brittle failure, whereas in stress
~ corrosion cracking, the corrosive action not only serves to initiate
the failure but is requlred for 1ts further prOpagatlon.

Corr031on fatigue is a ‘common cause of failure in metals sub-
jected to vibratory loads. In contrast to stress corrosion cracking,
corrosion fatigue may occur in a wide variety of environments for a
given metal, Because of the presence of a growing flaw and the time
delay before failure, fatigue and corrosion fatigue can be studied
using fracture mechanics. This approach is most often used for high
strength aerospace alloys. Figure 12 depicts the three stages of
fatigue or corrosion fatigue that is prevalent when the fracture

mechanics (pre~cracked specimens) are used. The crack growth rate,
’ a/d » is plotted against the stress intensity range of the fatigue

cycle, ABK. ‘Stages I and III crack growth rates show a dependency
on stress intensity, whereas stage II does not. It should be empha-
sized that the subject of corrosion fatigue is complex and the use
of fracture mechanics precludes the pitting or initiation step and
hence the subject becomes more manageable.. A further complicating
factor for aerospace alloys is that in-service fatigue or corrosion
fatigue rarely, if ever, occurs with a constant stress amplitude.
Rather, -irregular cyclic loading with large overload excursions is
usually the rule, With these factors taken into consideration it is
found that the demarcation between stress corrosion cracking and
corrosion fatigue, especially of aerospace aluminum alloys, is unclear.
In general, it was demonstrated that stress corrosion cracking may
occur under cyclic loading of these alloys especially at low frequen-
cies, and that stress corrosion and fatigue can interact under
certain conditions to produce failures in shorter times and fewer
cycles than for e1ther phenomenon occurring by itself.

A particularly c1a581c example of a mlxed mode faxlure ‘
mechanism is that of a Navy A-6 fighter-bomber catapult socket lug:
which broke during test after 617 simulated launches. The lug was
made of AISI 4330 Si steel heat treated to the 180 ksi yield strength
level. :The fracture, Figure 13, bisected a threaded lube fitting hole
which was filled with grease during testing. The cracking mechanism
was intergranular at the origin, indicative of a corrosion or hydrogen
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step. At the transition zone between the brittle or1gin and ductile
final cracking, fatigue striations with both ductile and brittle
characteristics were observed., These observations were made with the
scanning electron microscope and replica transmission electron micros-
copy. Thus on this one failure, the possibility of the interaction of
‘all of the following mechanisms exists: stress corrosion, hydrogen

" embrittlement (due to Cd plating), corrosion fatigue and fatigue.

 MEANS OF MITIGATION

. Cla551cal corrosion control involves attacking the problem from
an internal (metal selection); external (inhibited enviromment); or
interfacial (coatings) standpoints. In controlling environmentally
‘induced catastrophic damage phenomena the internal approach; i.e.,
alloy and heat treatment development is almost exclusively used.,

-Alloy Selection and Heat Treatment

The advent of the heat treatable 7000 series aluminum alloys
provided a boon to aircraft designers. The high modulus, high strength,
~and low weight of these alloys made them ideal for the high performance

of advanced aircraft. Their susceptibilities to intergranular corro-
sion,; exfoliation, and stress corrosion cracking made them less than
desirable in marine environments. It was discovered that if these
alloys were systematically overaged, their susceptibilities to these
forms of attack would be materially lessened if not totally eliminated.
Thus the T73 temper was born. As is usually the case with most
"fixes," a price had to be paid. ~There is an approximate 10% strength
loss accompanying the T73 overaging treatment. The T73 temper
- replaced the standard T6 temper om many military aircraft where
designs could be altered or the strength loss tolerated,

 More recently newer 7000 series alloys have been developed with

spec1f1c resistance to intergranular attack and environmental
embrittlement. Most of these new alloys such as 7050 and 7010 owe
their lessened susceptibility to the presence of zirconium. Professor
. DiRusso in Italy first ideni&fled the beneficial effects of this

element in Al- Zn-Mg alloys. These newer alloys also pay partic- -
ular attention to the '"cleanliness" of the microstructure., It contains
lower concentrations of the tramp elements, iron and silicon, and
therefore has a greater fracture toughness. Aluminum alloy 7050 was
develo%ed under the guidance of the Naval Air Systems Command by
Alcoa. In the T7X temper, it provides the best stress corrosion
resistance with the highest strength of any commerc1a1 aerospace
aluminum alloy. S : '

Some very recent work at an Israeli aerospace company indicates

that a pre-aging treatment of 7075 alloy renders immunity to stress
corrosion crack1ng (KISCC‘ is raised by a factor of three) without
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any sacrifice in strength. This effortxwhich is called retrogression/
re-aging bears watching. '

With regard to titanium, the Navy's deep sea rescue vehicle that
was being designed in the early‘slxties was found to be too susceptible
to environmental cracking in the presence of a flaw and sea water.

As a consequence, steel was hastily substituted as a materlal of
construction for the Ti-8A1-1MO-1V. This ‘
titanium alloy has optimum strength to weight properties for both
hydrospace and aerospace. This alloy, however, also has the greatest
susceptibility to environmental embrittlement. It was discovered that
lesser aluminum contents lessened:the susceptibility to envirounmental
‘embrittlement. Another alpha + beta alloy that contains six percent
aluminum and four percent vanadium was introduced for aerospace use,
both in airframes and engines. This alloy is still the mainstay for
titanium aerospace applications although it is not totally immune to
environmental embrittlement. Two newer alloys of lesser embrittlement
sensitivities for use in propulsion systems are: titanium, 6% aluminum,
. 2% tin, 4% zirconium, 2% molybdenium and Ti-17 (titanium, 5% aluminum,
4% molybdenum, 4% chromium, 2% tin, 2% zirconium). New, all beta,
titanium alloys of high toughness are being used for aerospace
- fasteners., .

In-situ and Process Control

-The practical use of chem1ca1 1nhib1tors in controlling stress

corrosion cracking is admittedly limited, given the infinite volume
of environment that would require inhibition. Nevertheless it has
been shown that oxidizing inhibitors, such as the chromate ion,
retard crack propation for high strength, low alloy steels in aqueous
media, (10 "An alternative method, and one that acknowledges the
presence of structural cracks (fracture mechanics) would be the
development of crack arrestment compounds that could conceivably be
applied in-situ. The properties of such compounds would include all

or a combination of the following: moisture displacement at the crack
~ tip, the modification of the surface chemistry to minimize corrosion
and hydrogen entry at the crack tip, and a passive film (barrier
effect) at the crack surface., The following is a description of some
of the work that is going on at the Naval Air Development Center on
crack arrestment under an independent reséarch and development program.

Static Testing (Stress Corrosion Crack1ng)

Pre11m1nary ‘indications show AMLGUARD, (%IL -C- 85054(AS)) a
water displacing corrosion preventive compound developed at the Naval
Air Development Center, to be effective as a crack arrestor on a
statically loaded pre- cracked titanium 6A1-4V specimen in methanol.

In the methanol solution, the limiting sustained stress 1ntensit1es
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for AMLGUARD pretreated titanium specimens were roughly equivalent to
_those experienced in ambient air. This titanium alloy will otherwise
fail within a few hours in methanol at stress intensities about half
of that of the AMLGUARD pretreated specimens. : :

Dynamic Testing (Corrosion Fatigue):

Evaluations of various corrosion and crack arresting compounds
were made on low cycle corrosion fatigue life of pre-cracked notched
bend bar specimens of high strength (260-280 ksi) AISI 4340 steel.

The fatigue pre-cracked specimens were mounted on an Instron testing
machine enclosed in a humidity controlled chamber, and cycled between
loads of 1500 to 150 pounds at a frequency of 10 cycles per minute.
These conditions yield a minimum Ky value of 26 ksi \/ﬁig'for dry air
( ~~ 15% relative humidity). The remaining experiments were performed
“in moist air of 90% relative humidity. In an accompanying program at
the laboratory, a method was developed by which metal anions could be
solubilized in organic media using phase transfer catalysts. This
method was found significant for the present study to evaluate some
‘ candidate corrosion inhibiting ions (crack arrestors) without the
complication of introducing water into the crack propagating system.
This approach eliminates questions concerning hydration shells of
1nh1biting ions at the 1nterface.

. Phase transfer catalysis is carried out in a two phase aqueous -
organic solvent: system. The aqueous phase usually contains the anion
to be transferred, The organic phase contains the phase transfer
catalyst usually dissolved in methylene chloride. ‘The phase transfer
catalysts (PIC) in use are usually quaternary ammonium salts. Due to
their slight solubilities in water a small amount of the PTIC diffuses

" into the aqueous phase where it is able to exchange its existing anion
for the anion to be transferred. The PTC with its new anion is then -
able to diffuse back into the organic medium.  In this. manner, the
powerful corrosion 1nh1biting chromate ion has been taken into solu-
tion of such organic materials as paints, oils, solvents, and
corrosion preventive compounds. In the crack arrestment study,

-yarious corrosion inhibiting anions are being dissolved in mineral =
spirits to provide a combination of wettability and moisture displace-
ment with both dissolved anodic and cathodic inhibiting ions. -

Figure 14 shows the effect of candidate crack arrestment compounds on the
crack growth rate of AISI 4340 steel in 90% relative humidity . (moist
air) at room temperatuge. The crack growth rate measured in crack
extension per cycle, (a_) ‘'versus stress intensity factor (Ky) curves

determined for various environmmental conditions are shown in Figure 14.
A comparative evaluatlon of the various candidate compounds showed a
marked decrease in crack growth rate of 4340 steel for all of them.
Awmong them, the combination of chromate + nitrite + borate showed best
results with the crack growth rate reduced to 28 micro in./cycle as’
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- compared to 110 micro in./cycle in moist air alone. Thus, the crack
growth rate was retarded by a factor of 4, Other compounds although
beneficial were less effective. AMLGUARD which worked well with
statically loaded tests, failed to perform in the fatigue tests for
reason of inadequate transport to the tip of the propagating crack
during cycling. However, an initial retardation effect on crack
growth was observed .

- Chromate is known to be an excellent oxidizer and inhibitor of
anodic dissolution of transition metals through formation of a passive
film, Borate acts as a corrosion inhibitor through its property of
modifying the pH of the corrosive media (raises pH to neutral levels).
Formation of an acid (H+ ions) in crevices and crack areas is a factor
for many corrosion initiated and assisted failures. Nitrites act as
oxygen scavengers thus minlmizing corrosion. It was for these
reasons that a combination of the two properties; i.e., the chromate
ion passivation, and borate and nitrite as buffer and 09 scavenger

worked so well in retarding the crack growth rate,

Process'Control'

Perhaps the most neglected approach to curblng embr1ttlement is
process control. An example would be the alteration of electroplating
conditions to minimize hydrogen entry during plating. In order to
assess the amount of hydrogen introduced during plating or any other
process, a non-destructive electrochemical measuring device has been
developed at the Naval Air Development Center. The device which can
be used in-situ is called the barnacle electrode. The barnacle
electrode is an electrochemical cell in which the hydrogen-conta1ning
part is the anode, and a nickel - nickel oxide electrode is the
cathode. The internal hydrogen diffuses to the surface where it is
oxidized, and the oxidation current is an. indlcation of the concen-
tration of hydrogen in the metal.. A schematic of the measuring
process is shown in Figure 15. An instantaneous current density
measurement can be converted to a hydrogen concentration by use of
the solution to the diffusion equation characterized by the extraction
transient, This simple, rugged device, coupled with standard electronic
circuitry, can accurately measure hydrogen contents as low as one part
per ten million (comparable to one drop in about 180 gallons). By
correlating the results of these measurements to the failure rates of
notched specimens established through laboratory testing, it can be
determined whether or not ‘the part has been embrittled to the danger
point. :

The barnacle electrode method will replace other techniques that
require complex, expensive equipment, and yet will furnish more
precise and sensitive measurements.. In addition to the in-place
testing of parts, it can replace the destructive testing technlques
currently used to determlne embrlttlement during processing.
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The first of three prototypes of the apparatus is being evaluated by
Cleveland Pneumatic Corporation, a subcontractor to McDonnell’

Douglas Corporation. The unit will be tested as part of the quality
control process during production of the F-18 fighter aircraft
"landing gear to determine the hydrogen concentration after cadmium
plating.

Magnefic Effects:

‘The barnacle electrode is also being used to assess the effects
of high magnetic fields on the entry of electrolytic hydrogen into
high strength steels. Recent experiments show that hydrogen entry
is significantly retarded when electrolytic charging is performed in
a high (66 K gauss) magnetic field, The experiment consisted of
assessing the amount of hydrogen entry to a high strength 4340 steel
coupon cathodically charged against a platinum electrode in a 0.25 N
NaOH solution containing cyanide ions while in a magnetic field. The
‘level of hydrogen measured by the barnacle electrode after the experi-
ment for the steel charged within the magnetic field was two times
less than that charged under identical conditions outside the magnetic
field, A schematic of the experiment is shown in Figure 16.

SUMMARY -

The foregoxng provides a brief exposure to the problem of environ-
mentally induced catastrophic cracking of high strength aircraft alloys
and gives an introduction and update on what the air arm of the Navy
is doing, from a research and development standpoint, to combat the
problem. Some of the more important in-house efforts and ongoing
research at the Naval Air Development Center's Aeronautical Materials
Laboratory are highlighted The introduction of a new hydrogen . .
measuring device, ‘barnacle electrode; the use of corrosion preventive
and crack arrestment ‘compounds; and the approach of process control
such as electroplatlng in a magnetic field, all appear to be within

the realm of possibility for minimizing env1ronmentally induced
catastrophic damage of aircraft materials in ‘the future.
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Figure 8. 7079-T6 Aluminum Alloy Landing Gear Failure, U.S. Air Force Aircraft
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Improved ngh Temperature Cépablllty of Tltanlum Alloys

‘Abstract'

In an effort to increase the high temperature
capability of o+g titanium alloy in jet engine applica-
tions, noble metals were ion implanted/plated on several
high temperature titanium alloys. The creep strength and
the oxidation resistance of the ion plated materials were
substantially increased. In addition, unlike other methods
of coating, the ion plating caused an increase of the high
temperature fatigue strength. Microstructural investiga-
tion indicated that an oxygen diffusion barrier 'is respon-.
sible for improving the creep resistance, and the ion im-

- plantation surface hardening effect is responsible for the

fatigue strength increase. As a result of the increased
high temperature performance:of the tested alloys, several
Pt ion plated titanium alloy components are currently
evaluated in the aircraft 1ndustry for high temperature
applications. Relatively large size components with com-
plex configuration can be effectively coated in this
method by using a modification of existing equipment.

The present technique has potential for extending the
application of Ti alloys to a higher service temperature,
as well as to higher stresses at current temperatures,
thus improving engine performance. Furthermore, adapta-
tion of the present technique to other metallic systems’

by proper selection of coating materials and 1mplantat10n
conditions offers excellent. opportunltles to improve other
properties such as corrosion, erosion, and wear and
fretting resistance of these materials.. '
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Introduction

Slnce the mid-1960's, exten51ve efforts to 1mprove
the high temperature capability of Ti alloys for use in
gas turbine engines have been undertaken by the aerospace

~industries .and the U. S. Air Force. As a result, a number
of high temperature Ti alloys including Ti-6246, Ti-6242,
Ti-17, Ti-11, Ti-5522, and Ti~5524 have been developed.
Some of these are currently ueed in gas turbine engines
but the service temperatures are limited to approximately
800°F (430°C) for extended service times (500 hours or
more). This limitation is due mainly to the inherent
vulnerability of Ti to ox1datlon at thlS temperature and
above.

The propertles requlred to quallfy a Ti alloy for
high temperature appllcatlons include high modulus to
density ratio, high tensile and fatigue strengths, creep
‘resistance, and metallurgical and chemical stability’ at
the working temperature and environment. Severe oxidation
of Ti alloys causes deterioration of the mechanical proper-
ties, such as post-creep ductility and fatigue strength.

As a result, a number of research programs have been conduct-
ed in an effort to improve the oxidation resistance by means
of coatings applied by electrochemical plating or a thermal/
plasma spray. These coatings have included such materials
as Al, Cr, Ni and their alloys or slurries. The major
drawback of such coatings, however, is a severe loss of
‘the high cycle fatigue strength of the Ti alloys(1)(2).
Consequently,‘a Ti alloy component coated with one of
these materials cannot be used in fatigue sensitive hot
sections of a gas turbine englne.-

The present work demonstrates that a very thin layer
of ion plated noble metal can protect the alloy from
oxidation and, in addltlon,‘lmproves both the high temper-
ature fatigue and creep strengths. Advantages of using
ion implantation/plating over conventional coating tech-
nigques are two-fold. First, the implanted elements become
an integrated part of the substrate alloy over which a.
coherent plating can subsequently be built up. Secondly,
ion bombardment by the coating materials produces compres-
sive stresses at the surface which 1mproves fatlgue ‘
strength of the substrate.
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The use of this coating!wéé first investigated by

‘the authors(3)in an effort to increase the high temper-

ature creep resistance of Ti alloys. The lower creep rates
which'Yefe observed in an argon atmosphere(4)and in .
vacuum(>) led to the investigation of ductile oxidation
resistant coatings which were impregnated in the alloy

"surface. -

',IOn'plating‘of noble metals was selected for this

' study because it forms a sound and effective coating with-

out the risks of hydrogen contamination and formation of
brittle intermetallic compounds. The negligibly small
solubility of platinum in titanium(6)up to 1100°F (590°C)

“allows the use of this coating to that temperature.

EXPERTMENTAL PROCEDURES AND RESULTS

Material

, Ti-6Al-2Sn-4Zr-2Mo (Ti-6242) alloy bar was
solutionized at 1750°F (950°C) and annealed at 1100°F

"~ {590°C) for 8 hours. The resulting microstructure (Fig. 1)

consisted of 60 volume pct. equiaxed primary alpha grains
uniformly distributed in a matrix of transformed beta phase.

Coating

The coating was applied using a 7 kV ion plat-
ing apparatus. The bias potential between the specimens
and the molten metal source was initially set at 4 kV to
obtain a deeper ion implantation and later reduced to 3 kV
for effective“plating.'*The'ionlbeam current was a maximum
of 90 mA for 5 minutes. The thickness of the coating was
found to be approximately 1 um. - ' ' : .

Oxidation Resistance

In'applying the oxidation-proteétive coating to Ti
alloys, the thermal stability of the coating/substrate

*The details of the process are described in patent appli- =
cation Serial No. 825,005. .The nomenclature "ion plating”
used in this paper refers to ion plating preceded by ion
implantation. : : o '

. 1369

e -




_1nvolv1ng many coating materials testéd in contact with
T1-6242 "Au and Pt were found to he stable up to 900°F
(480°¢C) and 1100°F (590°¢) ,- respectlvely, for at least

500 hours with no spalling. When : diffusion barrier such
~as tungsten was ion plated as a primary, the subsequent

Pt coating was sustained intact to temperatures as high as
1300°F (700°C) for 500 hours.| Table I summarizes the
weight gain due to ox1dation of Ti- 6242 alloy with various
coatlngs. ‘ :

interface is of prlme 1mportapce.\ In the prellmlnary work

Creep Strength

: Creep tests of the coated and uncoated materlal
were performed in air on a constant load testing machine.

The elongations were contlnuqusly monitored by a LVDT trans-
ducer. Vacuum creep tests were performed on a servohydraulic
testing machine equipped with a strain gage extensometer.
Specimens were heated by a radiant heater in vacuum better
than 3 x 1073 torr. All creep tests reported here were
conducted at 1050°F (570°C) w1th an applied stress of 35 KSI
(241 MN/m ) on specimens w1th gage dimensions of 4 mm
diameter by 25 mm long. Thelcreep strain vs. time plots of
the uncoated and Pt coated materlal in air and the uncoated
mater1al in vacuum are shown in Fig. 2. :

. Post—Creep Ductlllty

: Post—creep ductlllty of Ti alloys is a signifi-
cant selection criterion for thigh temperature applications.
The room temperature tensile properties of coated and un-
coated sp3c1mens creep exposed at 850CF (450°C) and 35 KSI
(241 MN/m#) for 500 hours ‘are compared with those of un-
coated unexposed spe01mens 1n Table II. ,

Fatlgue

Smooth bar fatlgue life tests were conducted
on 6 mm diameter by 25 mm gage 1ength specimens at room
temperature -and 850°F (450°C) using an axial load control-
led 6 ton fatlgue machine at 2000 cpm and a stress ratio
value of R = +0.1. 1In order to reduce the scatter of data
due to surface conditions, the gage section was progres-
31ve1y hand polished after machlnlng with 5 micron and
3 micron metallographlc diamond paste. The fatigue life
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: data, demonstratlng the effect of Pt coatlng on the fatlgue
i ~ life, is listed 1n Table ITI. ;

DISCUSSION OF RESULTS

Test Results ;
: The oxidation results in Table I indicate excel-
lent ox1dat10n resistance and high thermal stability of the
thln Pt ion plating. The ﬁegrlty of the coating after
runou% fatigue cycles a '850°F (450°C) and 85 KSI
f ' (586 MN/m“) maximum stress is demonstrated in Fig. 3a. The
SEM image of the creep exposed Ti-6242 specimen with Pt
coating (Fig. 3b) shows good icoherence with no signs of
spalling even after 2 pct. straln. :

~The Pt coatlng prov1ded an effective barrier for

oxygen diffusion and resulted in improved creep strength

) , (Fig. 2). The even higher creep strength in vacuum indi- .

! , cates that oxygen diffusion is one of the controlling _

factors in the creep behavior of o+g titanium alloys. In

a previous work which examined both Ti~6242 and Ti-11

; alloys, the accelerated creep behavior of uncoated specimens

: tested in air was interpreted on the basis of an oxygen -
induced phase transformation of the metastable g and the
concurrent increase of the mobile dislocation density. 1In
this study, no loss in post-creep ductility was detected
in the Pt coated material when compared to uncoated creep
spec1mens ‘in the exposed and. unexposed condltlon (Table I1).

It is apparent from Table III that Pt ion platlng
improved the fatigue endurance limits of the alloy by at
least 15 pct. at room temperature and 850°F (450°C).
Inferior fatigue properties of the uncoated specimens at
elevated temperatures can be .explained by two mechanisms;
one is the degradatlon of the surface caused by oxidation
and the other is the thermal relief of surface compressive
stresses at elevated temperatures. When delamination of
the oxide layer of the uncoated material occurs as shown
in Fig. 4, the resulting rough surface becomes more suscep-
tible to crack initiation. The ion platlng may be -causing
surface hardening by generatlng ccmpre551ve stresses
similar to those generated by shot peening. The increased
smooth fatigue strength at elevated temperatures is there-
fore attrlbuted to the oxygen 1mped1ng effect of the coat—
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ing as well as the surfdice hardening resultlng from Pt ion
bombardment. ﬁ

Potentlal Appllcatlg\s-

So far it was- démonstrated that the Pt ion
1mplantat10n/plat1ng 1ncreaseB the high temperature oxida-
tion resistance and creep and high cycle fatigue strengths
of Ti alloys. The coherent surface protection may also be
valuable in improving wear frbttlng fatigue and reducing
corrosion related failures. All of these observations
suggest the following potentlal applications of this
technology to gas turbine englnes containing tltanlum
components. operatlng at elevated temperatures.

1. ngh,temperature Tifalloy compressor blades are
creep and fatigue limited in the hot sections of
gas turbine engines. They are also subject to
erosion, corrosion, stress corrosion cracking,

"and oxidation under the severe operational

" environment. Pt ion implantation/plating of
these blades has the potential of overcoming
these problems. Fig. 5 exhibits the high surface
quality of a Pt'coated Ti-6246 blade after long
term thermal exposure. The weight gain due to
oxidation of the coated blade wag negllglble
‘after 500 hours exposure at 1000 F (540 C),
whereas the weight of a comparable uncoated blade
increased by several pct. Pratt & Whitney
Aircraft/Government Product Division is_currently
conducting a test program on noble metal: ion
plated 7th stage compressor blades of F 100
englnes. : Vo

2. Improvement of frettlng fatigue of Ti alloys is

another area where :ion plating can be applied.

It is well known that conventional anti-fretting
lubricant deteriorates above 650°F (340°C). ' Ion
plated soft noble metals could be considered as
a possible candidate for an anti-fretting dry
lubricant at the hlgher temperatures.

*Under U.S.A.F. Contract F33615-78-C-5179

1372




3. Rockwell Internatlonal of Columbus, Ohio is
‘ - currently evaluatlng the use of Pt ion plated

- Ti-6242 components in the hot duct section:of
'V/STOL aircraft de51gnated XFV-12A being built
‘under contract to‘the U. S. Navy. The exhaust
‘gas temperature is expected to reach as highu:as
1300°F (700°C). ‘Preliminary data from a compres-
- sion creep study ‘on Ti-6242 'square tubing indi-
cates that the tlme for 0.8 pct. creep strain
(threshhold creeg straln) at '1000°F (540°C) and
30 KSI (207 MN/m g Ancreased by more than a
factor of three(7),. 'Fig. 6 exhibits a Pt ion
plated support bracket which is planned to be
‘incorporated in the duct section of the .second
prototype for an operatlonal test.

Engineering Fea51b111tyjand Economlcs

The cost of the coatlng materials for the afore-
mentioned Pratt & Whitney- program is nominal. 'One ounce
of Pt can theoretically provide 2250 square inches (1.45m2)
-of coating 1 um thick. In-practice, .2 oz. Pt will actually
bé needed to'coat 88 blades of the 7th stage. After coat-
ing, however, 1 oz. ‘can be ‘recovered .from the chamber. With
-all costs factored together, ©the totdl cost of coating 88
such blades is estlmated to not exceed $850 at the labora--
tory scale. i : :

A commerc1al system currently in use for ion platlng
has the capability to generate a 7 kV‘'bias potential:with
a maximum current of 100.mA. $Such.a power source is ade-
gquate to unlformly ‘ion ‘plate:an area:of approximately 500
square ‘inches from a singlesevaporant source. In order to
produce a_coatingjlyumfthiék;aonly»aifew minutes of evap-
oration time are needed. “This:irate iis much faster than
conventional.sputtering "or: vaporgdep031tlon processes.
Compressor blades '‘mounted. on :a | ‘jig:are -slowly rotated to
obtain a uniform-coating. The‘varlatlon of the coatlng
thickness from the* 1ead1ng ‘gdge ! ‘tapproxiately 0.1 mm:in
radius) to:the ‘dovetail ‘is:typicdlly ‘less than 20 pct.

'In the production scale'sthe 'vacuum chamber size and

‘the power supply capac1ty are ;. practlcally unlimited and
can be made ‘to accept any geometry -and :size: of components
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by de51gn1ng a sultable jig. Slﬁce the process is a non
line-of-sight process, complex shape configurations can be
uniformly coated. McDonnell Dougias Corporation, under
contract to the U.. S. Air Forde lately constructed a large
vacuum chamber 6 feet (2 m) 1n ‘diameter and 12 feet long
(4 m) long for ion vapor deposition of Al on landing
gears(8). This system could §a51ly be converted to an ion
plating apparatus by equipping it with a higher voltage
power supply and a water cooled copper crucible to hold
the molten evaporants. Such modification would facilitate

“ion plating of any s1ze components of existing gas turbine

englnes.

SUMMARY . -

The present study demonstrates that Pt ion implanta-
tion/plating significantly improves oxidation resistance
and creep and fatigue properties of Ti alloys at elevated
temperatures. It appears that the engineering application
of such a technique to gas turbine engines is not only
technlcally feasible but econétmically affordable. The
authors are strongly convinced that implementing the pres-
ent approach to any alloy system, e.g. by exploring a
high voltage ion 1mplantat10n for increased fatigue
strength and proper selection of 1mp1ant1ng and coating
materials for improving corrosion, erosion, and wear resis-
tance, would be fruitful in meeting the future material
needs and requirements of the U. S. Alr Force.
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TABLE I

WEIGHT GAINS OF Ti-6242 ALLOY IN AIR

ION-PLATING TEMPERATURE - WEIGHT GAIN

MATERIALS (oc) (W/A-t (mg/cm2-hr)
No Coating | 590 | 6.9 x 1072
Au 430 . . 2.2x107t
: * , B v . -3
Au 480° . 2.6 x 10
Pt 590" 1.2 x 10
W/Pt 650 3.3 x 107%
: : I *. - -3
W/Pt 700t 1.7 x 10

* ' -
Highest temperatures under which no spalling
the coating was detected after 500 hours.

or loss of
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 TABLE II

'PRE AND POST CREEP TENSILE PROPERTIES OF Ti-6242

1
' i

CONDITION ~ Y¥S _. | UTS

MN/m2  MN/m2

i

Uncoated,'pridr‘“ R P
to creep . - 1151 :1207

Pt coated, post '
creep _ ‘ 1145 1200

Uncoated, post . f _
creep : - 1172 1220

ELONGATION

" (4D) PCT
8.0

8.6

RA

. PCT

43.5

41.5

35.8
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TABLE III
| o .
FATIGUE LIFE OF UVCOATED AND Pt COAﬁED Tl 6242 ALLOY

AT ROOM TEMPERATURE AND 450 C

SPECIMEN NO. ~ SURFACE ' MAXIMUM  NO. OF CYCLES

' CONDITION ! STRESS  TO FAILURE
, e . L MN/m2 -

Room Temperature ) _
#4 Uncoated | 951 6.3 x 107
#$1 Uncoated = 703 2.6 x 10°
#9 . Uncoated 689 Run out

$20 - Pt coated | 951 1.9 x 10°
#26 Pt Coated = 827 1.3 x 10’
#21 o Pt Coa_ﬁed ‘ 800 Run out
450°C | | ,
#39 : Uncoated B '730- ' 2.9 xlloé
#38 Uncoated 703 2.6 x 10°
#13 RS -Uhcoateﬁ 621 6.0 X 10°
#3-3 Uncoeted ‘ '>517 Run oﬁt
#36 Pt Coated 730 4.0 x 104
#31 Pt Coated 703 3.2 x 10°
$30 Pt Coated 621 9.1 x 10°
$22 | Pf. Coated 586 : Run out’

1378




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figﬁre

3a. -

3b.

5a.

5b.

-The SEM of Pt coatlng of T1—6242 after 10,
~runout fatigue cycles at 450C and 586 MN/m

 LIST OF FIGURES

‘The microstructure of Ti-6242 alloy used in

this study. Heat treatment was 950C for

-1 hour and water quenched, followed by 590C
“for 8 hours and:air cooled

Creep behavior of Ti-6242 in air and»vacuum,

and in air with'Pt plating.
7

max1mum stress. '

The cross—sectlon of Pt coated Ti-6242 creep
"8pecimen, subje?ted to 2 pct creep strain at

570C showing sound coherency of Pt coat to

- the substrate. .

The SEM of uncoated Ti-6242, fatigue tested

" at 450C, indicating a delamination and

cracking of ox1de layers prior to fatlgue
fallure.(, . :

. Uncoated T1—6246'alloy compressor blade

after oxidation test.at 540C for 500 hours.

Pt coated Pi- 6246 alloy compressor blade
after oxidation test at 540C for 500 hours.
The blade retained its original metalllc‘
luster after the test. .

Pt ion plated Ti-6242 duct bracket for
XFV/12A V/STOL alrcraft. ,
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FIGURE 5

FIGURE 6
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. MEASUREMENTS OF THE PHYSICAL PROPERTIES AND RE-
COMBINATION PROCESS IN BULK SILICON MATERTIALS -

i N
ABSTRACT

Recent advances in the growth aJ'xd processing of silicon materials
have provided physicists with the opportunity to study materials which
are of remarkably high quality. Dislocation free, ultra-pure crys}@,ls
_are now %vailable which exhibit a residual Boron content of 1 X 10
‘atoms/cm’, and long minority carrier lifetimes. ®Silicon crystals doped
‘with gallium or indium are also available which display similar charac-
teristics. Such crystalsvapproach.hhe theoretical limits of perfection
and thus are useful in this research effort to quantify basic silicon
parameters such as lifetime, resistlvity, trapping and recombination
rates.. A thorough uncderstanding of these basic parameters is vital to
the development of a silicon based low cost, modular forward looking
infrared (FLIR) system which can be adapted to high performance airborne
reconnaissance systems, to Remotely Pilotted Vehicles (RPV), and expend-
able type missile seeker systems such as Maverick. In addition the ad-
vanced technology supported by this basic research will be readily '
transferable to the low background ‘case for satellite systems, where
focal plane arrays consisting of a multitude of silicon detectors re-
quire the ultimate in packaging techniques and cornector technology.
These conditions meke an integrated monolithic detector module an abso-
lute necessity to reduce size, weight, power, and cost. '
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INTRODUCTION

Recent advances in the growth and processing of silicon
materials have provided physicists with the opporutnity to
study materials which are of remarkably high quality. Dis-
location free, ultra-pure crystals are now %vailable which
exhibit a residual Boron content of 1 X 101 ‘atoms/cm3, and
long minority carrier lifetimes. Silicon crystals‘doped
with gallium or indium are also available which display
similar ‘characteristics. Such crystals approach the theo-
retical limits of perfection and thus are useful in the AFML
research effort to quantify basic silicon parameters such as
lifetime, resistivity, trapping and recombination rates. A
thorough understanding of ‘these basic parameters is vital to
the development of a silicon based low cost, modular for-
warding looking infrared (FLIR) system which can be adapted
to high performance airborne reconnaissance systems, to
Remotely Pilotted (RPV), and expendable type missile seeker
systems such as Maverick. In addition the advanced techno-
logy supported by this basic research will be readily trans-
ferable to the low background case for satellite systems,
where focal plane arrays consisting of a multitude of sil-
icon detectors require the ultimate in packaging techniques
and connector technology. These conditions make an inte-
grated monolithic detector module an absolute necessity to
reduce size, wieght, power, and cost. o

As one might expect, the silicon material evaluations
undertaken at AFML serve to reduce the cost factor by allow-
ing one to categorize silicon crystals as to their overall
quality. Thus it is less likely that flawed or seriously
damaged crystal would be used during monolithic focal plane

array (MFPA) fabrication. |

This point 1s better illustrated by the process flow
chart of Figure I. Notice that to date the bulk of the cost
for fabricating an MFPA is the growth and processing of the
silicon wafers. Each wafer weighs roughly one (1) gram and
the cost can range from thirty to fifty dollars per wafer.
This initial material cost is misleading. Failure rates in
some experimental monolithic focal plane arrays have been as
high as ninety percent; and most of these failures can be
attributed to materials problems, such as low lifetimes,
dislocations or oxygen vacancy clusters. It i1s obvious that
a screening technique is needed; one that would allow a sil-
icon crystal to be evaluated prior to purchase and process-—
ing. In this study such a screening system was evaluated
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utlllZlng the hlgh quality s1llcon avallable to AFML through ‘
research contracts _ , v

The main problem in the development of a practical
screening process is that most tests are destructive, re-
quiring consumption of large quantltles of the crystal in .
the characterization process. There exist techniques (1,2)
which would allow adequate nondestructive testing, such as
spectral photoconductivity, and photo luminescence, but at
“their eurrent stage of .evolution these techniques require

small samples and can easily contaminate the sample with
- unwanted impurities. (A single fingerprint or accumulation
of heavy metallic ions can ruin the entire slice).  What is
needed is a system which allows the evaluation of the entire
boule, without the aid of ohmiec contacts, while the crystal
is still within its protective polyethylene covering. : The
boule cannot be touched directly, ‘exposed to laboratory
ambient atmosphere, or subjected to high energy radiation.

PHOTOCONDUCTIVE DECAY SYSTEM (PCD)

The ba51c principle employed is essentially that :sug-
gested by Wolfgang Keller (3) Ffor the evaluation of mlnorlty
carrier lifetime. Figure II is a schematic representation
‘of the instrument in its simplest configuration. The rings
around the specimen are capa01t1vely coupled to the boule,
but not to each other, the result is that a radio frequency
signal is transmitted through the boule w1th very little
attenuation. The light 'source, either a Xenon lamp or
Gallium Arsenide Laser, is used ‘to. stimulate ‘excess charge
carriers  within the bulk of the crystal.  The photoresponse
of the silicon actually amplitude modulates the RF carrier
in much the sdme way -as a- common AM radio system. Ultimate-
ly, the photorésponse information is extracted and recorded
accuratelJ with the aid -of a signal averaglng 1nstrument
such as a ‘box car 1nteprator.

It was found that when the galllum arsenide laser was i
utlllzed as a 1light source the wvery narrow light pulse (80ns
or less) was an excellent .approximation to an impulse func-
tion, 6. Further it was found ‘that ‘high quality silicon
responds to such optical impulses in :a fashion ‘similar to a
linear system. - More précisely if an exc1tatlon §1 is char—
acterized by a photoresponse el(t) and an excitation 6§, 1
characterized by a photoresponse 52(t) ‘then the excitation
§,+8, 1is characterlzed by the response (e +€2)(t) This con-
dition of 11near1ty is valld for the photo exc1tat10n of sil-
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icon up to the point where the carricr generation rate is
approximately equal:to,thevnumber of recombination centers
available, hence silicon can be modeled as a casual, linear,

- fixed system as long as high level carrier generation is

avoided. The advantage of this type of approximation "is
that the theory of linear systems is sufficiently developed

-(4) to resolve € versus t curve into components which theo-

retically characterize the various modes of recombination
inherent to the silicon system. The experimentalist utiliz-
ing such a system to analyze such factors as lifetime versus

-generation rage, trapping time, and dominant recombination

modes gains a better view of the relative perfection of the
crystal and its potential as a detector substrate.

A less obvious advantage of utilizing a photoconductive
system in conjunction with linear analysis is that quite
simple models can be derived for the behavior of the bulk .
material. These models, containing passive circuit elements
can be utilized in the calculation of basic parameters such
as resistivity, permeablllty, and permitivity. (It is also
possible to perform the inverse, i.e. calculate the photo-
response of a given material know1ng its bulk constants such
as resistivity.) A simple model is shown 'in Figure III.
Notice that in this model ‘the geometry of the sample must be
accounted for to obtain accurate values.

The effectlveness of this screenlng approach and the
associated models  and theory were tested by analyzing crys-
tals which had been previously characterized by the manufac-
furer. Table I is a compilation of data taken for. ultra-
pure silicon crystals. As was hoped for, the agreement
between the AFML values and the manufacturer's data is quite
close. The manufacturers measured p by the well known four
point probe method and the lifetime, t, was determined by a

- contacting photoconduction system. Data other than p and T

can be derived from Table I. Obviously, samples 1 through 7
are of excellent quality and can be used in most approprlate
detector application but crystals 8 and 9 are not.. For
sample number 8 the range of T values was found to vary
along the length of the boule making it dlfflcult 1f not
impossible, to fabricate detectors reprodu01bly from the
boule. - Crystal number 9 has a low lifetime and high trap
density. Trap densitieés this high indicate a high disloca-
tion density (subsequent OtLthFS confirmed this conclusion).

Figure IV 111ustrates an atyplcal photoresponse curve
and demonstrates the value of the PCD based ana1y51s This
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~crystal has a small diameter, hlgh're51st1vity-but apparent-
ly a very low lifetime (its cost ~$5000). ‘This fact is dis—
appointing not only because of cost factors but because a
high resistivity should yield a high lifetime.  With the aid
of the PCD system the discrepancy is explained. Notice that
in Figure IV the plateau region; A. At this point, the GaAs
laser has been turned off for approximately 10 microseconds
‘but the conductivity of the boule remains high. The plateau
- 1s evident ‘for 100 microseconds after the light source is
off and the curve then decays very rapidly. This curve
reveals that the crystal does not have a short bulk lifetime
but on the contrary the lifetime of a carrier is so long
that most electrons have time to diffuse to the surface
(about 100 microseconds “transit time) and recombined by the
surface recombination mode. .In short the crystal of Figure
IV is detector grade material but this fact 1s only obvious
when the PCD technlque is applied.

CONCLUSION

To conclude this discussion, consider the advantages
illustrated by this study. The PCD based screening concept
allows the measurement of basic silicon parameters without
the benefit of electrical connections thus avoiding contam-
ination. Boules can be evaluated by this technique while
still within their protectlve coverings. The true signifi-
cance is better understood if one considers the cost factors.
For the spacé surveillance application an array may have
10,000 MFPAs and each MFPA may have 10,000 elements all of
which must be identical. If the cost per element could be
reduced to one cent, the cost to build such an array would
still exceed one million dollars. This total cost may not
be an unreasonable value for space. applications but consider
the total that might arise if orly ten percent of the ele-
ments were functional as a result of poor starting materials
or mlshandllng of those materials. This problem could raise
the cost to ten million dollars. It should be obvious that
screening and all forms of process optimization are essen-
tial in making the MFPA concept an affordable reality. Fab-
rication yields must exceed ninety percent and this yield
cannot be achleved with a sound method for pre—process eval—
uation. : :
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F[TABLE I p AND T DATA AVERAGED

SAMPLE ~ p(MANUFACT)  p(AFML) T(MANUFACT) T (AFML)
. KR-CcM KQ-CM LSEC LSEC
T 12 11s 100 1350
2 .6 5 980 950
3 10 ~10.0 b60 460
oy 3 a6 1060 990
5 14 | 14.3 1230 1240
6 5 4.7 1960 1780
7 5.5 5.0 500 - koo
8 3.5-7.0 5.0 300-700 1300
o R hos
oo
9 DOPED, MANY TRAPS ~ 13 ' 43
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ABSTRACT

The deuterium kinetic isotope effect was employed as a means of dramatically
improving the oxidation resistance and bearing performance 1ife of a synthetic
hydrocarbon lubricating grease. A greater than fivefold increase in bearing
 performance was obtained at 400 F (204 ¢) for a 97 atom percent deuterated
synthetic hydrocarbon grease compared to the nondeuterated grease. It is
anticipated that these research findings will be translated into the develop-

" ment of more oxidatively stable long-life lubricants for weapons systems appli-
cations thus minimizing down-time and costly overhaul procedures. T
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INTRODUCTION

Tn the early 1960's a new generation of lubricants were developed based
on synthetic hydrocarbon (SH) fluids in order to meet the need for a broader
temperature range lubricant with extended service life (1). SH fluids are
essentially branched chain paraffinic hydrocarbons which are synthesized from
low molecular weight olefins derived from petroleum. This type of molecule, '
one of many kinds of hydrocarbons found in petroleum oils, has the widest
_ temperature range over which it remains liquid before congealing at low tem-—
peratures or evaporating rapidly at high temperature. Because of this
property, SH fluids were selected for use as base fluids for lubricating
greases. The greases prepared from the SH fluid were shown to possess such
broad application capabilities that the requirements of several military air-
craft lubricating grease specifications .could be consolidated into one new

speéificatibn (MIL-G-81322).

In 1967, the first successful laboratory preparation of fully deuterated
hydrocarbons containing 10 to 36 carbon atoms was reported (2). The technique
utilized permits the use of unsaturated and saturated, cyclic and acyclic
' materials and results in the perdeuterated saturated equivalent of the starting
- material. Deuterium exchange was found to occur between a hydrocarbon liquid
and deuterium gas over carbon-supported, fixed-bed catalysts of Rh, Pt and Pd
~at 370-395 F. In addition, mno cracking or isomerization of the hydrocarbon

liquid occurred under these conditions. . o

~ Based on the previous information, a program was established at the Naval
© Air Devélopment Center under an independent'fesearch progfam to investigate
the effect on the lubricating properties of a SH grease which was formulated
from a deuterium modified SH fluid. ‘Research on the mechanism of oxidation
of pure hydrocarbon fluids has shown the following sequence of chemical
reactions can occur: ' S «

‘3Initiétioﬁ of Free Radicals

'RH.——————+U$faZtc , Re+E
RH + oé - R-J— HOO - 2y
f19nqgﬁiion of Ffoe‘Rddicd]s'
K- + 0.2'-» ROO- L (3)
ROO- + RH > ROCH + R- (4)
‘ROOH - RO++ HO: sy

The substitution ofldeuterium for hydrogen in a chemical bond has been
used for many years as ‘a means of -studying mechanisms of organic chemical re-
actions. It has also been known that the rates of chemical reactions are
substantially reduced for the C-D vs the C-H bond, if scission of the bond is
the rate controlling step in the reaction.  In the oxidation of lubricating
oils, the rate controlling step involves the cleavage of C-H bonds thus it
was of great interest to investigate the effect of deuterium exchange on in—
creasing oxidation resistance and improving bearing performance life.
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AEXPERIMENTAL '

l. The exchange of hvdrogen in the SH fluid with deuterium was performed
via a process which is proprietary in nature and differs in some respects to
. the laboratory preparatlon detailed in reference (2).

‘~2; The SH f1u1d used is designated RL—714 and contalned no add1t1ves
This fluid has an average molecular welght of 515.

'3.‘ Grease samples were formulated under laboratory conditions and con-
" tained additives required to meet the requirements of Military Spec1f1cat10n'
MIL-G-81322. The difference in specific gravity between the nondeuterated
and deuterated SH fluids was taken into account when formulating.
4. Bearing performance tests were conducted in accordance w1th Federa1
Test Method Standard No. 791B Method 333. -

5. Bomb oxidation tests on fluids were performed in accordance with ASTM
Method D-942 for grease samples. Two grams of fluid were substituted for the
4 grams of grease required in this method. ‘ :

6. The spec1f1c grav1ty of flulds ‘was determlned u51ng a Weld type
pycnometer. R :

7. Infrared spectra were obtained u51ng a prism grating instrument. A
polvstyrene film was used to callbrate absorptlon peaks. ‘

RESULTS
Spcc1f1c ClaVItV '

Varlous quantltleq ‘of part1allv deuterated SH f1u1d were svnthe31zcd
durlng this investigation. These included 51, 73, 88, 94 and '97 atom percent
deuteration levels. Figure 1 shows that the specific gravity increases
linearly w1th respect to 1ncreaqed deuterlum content in accordance with Eaq.

6).
sG ét1i27o,x 1072 o + 0.8264  (6)
= Atom Percent Deuterated

Thus the extent of deuterium exchange could be followed bv 51mp1e spec1f1c
gravity measurements in addition to the more aophlstncated technlques such as
NMR, etc. ‘ »

Infrared Analvsis

nyuro 2 shows a tyvpical TR spectrum obtained on the dvuLerated and non-
-~ deuterated form of the SH fluid in the 1,900 to 3,600 em V' region. In this
reeion, there are three characteristics nbsorptnon peaks associated with C-H
_vibrational stretching frequencies; namely 2,960, 2,930, and 2,850 cm™ 1. The
corresponding C-D stretching frequenc1es are observed to be shifted to 2,220,
2,200, and 2,080 cm "1, respectively. The observes shift of approximately

750 em 1 is due to the greater mass of the deuterium’ atom relative to
hydrogen (a ‘twofold increase). ~A closer look at the IR spectrum for the
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deuterated fluid 1ndicates that this sample is not completely deuterated since
‘low intensity peaks are observed in the C-H stretching frequency range. The
relative amount of C-H present compared to C-D can be approximated by measuring
the ratio of band intensities.

Bearing Performance Life

‘The partially deuterated and nondeuterated fluids were formulated into a
MIL-G~81322 specification type grease and examined as a lubricant for anti-
friction bearings. Figure 3 shows the results of this investigation carried
out at 400 F (204 C). No increase in bearing performance life over the non-
deuterated grease was found at 51 atom percent deuteration. -Beyond this level,
modest increases in performance life were observed at 73 and 88 atom percent
deuterium content. The most striking increase in performance life occurs at
deuterium concentrations of 94 atom percent and higher with a greater than -
fivefold increase occurring at 97 atom percent deuterium content. These re-
sults are attributed to the greater oxidation resistance of the C-D bond vs.
the C-H bond

It was con51dered that the effects being observed might not be due to
deuterium exchange but possibly some sort of contamination or molecular
rearrangement in the SH fluid brought about by exposure to heat and catalvtic
materials. In order to investigate this possibility, a series of experiments
were performed in which the SH fluid was processed in an identical manmer as
for deuterium exchange, except that hydrogen gas was passed through the fluid
instead of deuterium gas. The same catalysts and temperatures used for
accomplishing the déuterium exchange were also.employed. The fluid resulting
from this éxperiment was formulated into a grease and investigated in the '
bearing performance test at 400 F (204 C).  The results showed that no in-
crease performance life was obtalned when compared to the standard grease
formulation. Thus, it is concluded that deuterium exchange is prov1d1ng the
improvéd endurance 11fe noted for the 97 atom percent deuterium modlfled f]u1d.

Oxidation Characterlstlcs

Oxidation studies were performed on deuterated and nondeuterated fluids

-with and without antioxidant additives at 250 F (121 C). Bomb oxidation -
results are shown in Figures 4 and 5. In both instances, the deuterated fluid
exhibits increased oxidation resistance when compared to the nondeuterated SH
fluid. For the fluids w1thout antioxidants, the induction period for the '
deuterated fluid is about four times longer than that of the undeuterated fluid.
Once the auto-oxidation begins, however, the rates of reaction for the two
fluids do not appear to differ substantially from each other at the 250 F

(121 ©) test ‘temperature. :

WJth oqual amounts of antioxidants added to the two fluids, an éeven-
greater difference in inducation. time is evident for the deuterated f1u1d At
temperatures above 250 F (121 C), this difference in "induction time" is less,
whl]e, at ]ower temp<ratures, the dlfference is greater. ‘

ADDITTIONAL STUDIES

Ox1dat10n studies on the partnally deuterated f1u1ds indicated that even
at the 51 atom percent deuterium level, significant improvements in oxidation
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resistance are obtained (Table 1), yet the bearing performance results showed
no significant improvement in life until ‘deuterium concentrations greater than
90 atom percent were achieved. It was, therefore, of interest to further in-
vestigate the significance of these findings. In order to explain the lack of
response at the 51 atom percent deuterium level, in spite of its improved
oxidation resistance, it was postulated that the increase in bearing performance
life is dependent on the amount of completely or nearly complete deuterated
synthetic hydrocarbon oligomers present. From a probabilistic standpoint, the
97 atom percent deuterium fluid should possess a number of molecular units
which are completely deuterated. If the average oligomer is a C3gHyy molecular
unit, then the 97 atom percent deuterium level average molecular formula would
correspond to C3gD7oHy, thus molecular units of C3¢Dy4 and Cg3gDypH, are
‘theoretically and probabilistically possible. In contrast, at the 51 atom
percent deuterium level, the average molecular unit would correspond to
C3gD3gH3g. Significant concentrations of CggDy4 and Cq¢DoHyo would then be
unlikely. ' ' ' '

In order to experimentally verify this hypothesis, mass spectral analysis
was performed on the 51 and 97 atom percent deuterium fluids as well as the
nondeuterated fluid. Although it :.as not possible to determine the actual
detree of completely or nearly complete deuterated molecules in each sample
because of lack of parent peak information (high fragmentation), the spectra
‘are consistent with the proposed hypothesis for explaining the lack of
response in bearing performance at the 51 atom percent deuterium level.

. If the hypothesis is indeed operative, then one would expect to observe
an increase in ‘bearing performance 1life in the neighborhood of 50 atom percent
deuteration if a high degree of completely deuterated or nearly complete deu-
terated molecules are present in a grease formulation. An approach toward
providing such a grease is simply to admix two greases, one of which is highly
deuterated, the other being completely nondeuterated. For example, if equal
volumes of 100 atom percent deuterium grease and nondeuterated grease -are mixed,
‘the resultant grease would have a deuterium concentration of 50 atom percent.
The 50 atom percent deuterium grease differs from the 50 atom percent deuterium-
admixed grease in the molecular distribution of deuterium atoms. The unblended
grease has deuterium atoms distributed over every molecule, while, in the
admixed grease, 50 pércent of the molecules are highly deuterated with the
balance cdntaining_ohly'hydrbgen atoms. - ' L :

An admixed grease containing 48.5 atom percent deuterium was prepared and
bearing performénce life tests were performed. It was found that the bearing
performance life for the 48,5 atom percent deuterium admixed grease was 2.5
times greater than bearing performance life for the 51 atom percent deuterium
grease. Thus, greases with similar deuterium contents have been found to
exhibit marked differences in bearing performance life. The result lends
support to the hypothesis that the bearing performance life of deuterated
greases is also a function of the degree of completely or mearly complete deu-
terated molecules present in the synthetic hydrocarbon oligomer.

SUMMARY

In’spjte of the high cost involved in material and processing of deuterium
substituted SH fluid, the result of this modification is considered to be
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potentially cost effective. The limited)life of many aircraft instruments is
directly related to bearing lubricant d#gradation and deterioration. Typically,
instrument bearings often require sparse lubrication to provide low and more
stable torque, less noise, jog-free operation, etc. As a result of the minute
quantities required, lubricant cost becomes almost insignificant, even at 500
dollars per pound, when considering extended life versus cost of maintenance’
and/or replacement of bearings or compoments.. It is interesting to note that
one pound of grease will theoretically lubricate :65,000 typical R-3 spin motor

* bearings. This would correspond to about 0.75 cents per bearing.

' It has been estimated that rework facilities use about 100 pounds of
grease per year for instrument bearing applications. This small amount of
“yearly material usage limits private industrial incentives for providing an
improved product because of low scale volume. Thus, this program has demon- -
strated the need and importance of performing research of this type by in-house
government laboratories. '
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| TABLE 1

: OXIDATION RESISTANCE ON SYNTHETIC HYDROCARBON FLUIDS .
AT 99 c (210 F)

lDeuterium Content - Pressure Loss kPa (PSI)*

*Bombs charged to 758.3 kPa (110 PSI)

(Atom Percent) 168 hrs. 504 hrs.
0o 665.3 (96.5) -
51 31.0 (4.5) -
73 ' 17.2 (2.5) -
88 o -
97 a | 0 (0) : 27.6 (4.0)
48.5 (Admixea) B :162.0:(23.5) - ]
' |
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THE CORDELL PLOT: KEY TO A BETTER UNDERSTANDING OF
THE BEHAVIOR OF FIBER-REINFORCED COMPOSITES

BY

Tobey M. Cordell

Manufacturing Technology Division

.Air Force Materials Laboratory
Wright-Patterson AFB, Ohio
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The Cordell Plot: Key to a Better Understanding of
“the Behavior of Fiber-Reinforced Composites

' Abstract

Fiber-reinforced composite materials are being used
to an ever-increasing extent in all types of aerospace

" .systems, from high performance aircraft to satellite

structures. The Cordell Plot offers for the first time

a direct, easily grasped, technique to understanding and

predicting the behavior of these vital new materials.
The technique may be applied to virtually any combina-
tions of materials and will work across the entire spec-
trum of materials application, from basic research to
actual hardware structures in the field. The Cordell
Plot allows one to select individual laminate composi-
tions for sophisticated testing to verify the design of
advanced aerospace systems. -For the first time one may

“directly compare the effects of changing laminate compo-

sition on a variety of key properties. This may even
allow the elimination of costly computer modelling in
the preliminary design of new systems. Both academic
and 1ndustry acceptance to date has been virtually
unanimous in the affirmative, to the extent that this
Cordell Plot will probably become the new basic format .
for the DoD/NASA Advanced Comp051tes De51gn Gulde.v.
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. Introduction

‘There has been an inherent reluctance to utilize
“fiber-reinforced composites almost since the very first
time they were proposed for use in aerospace structural
applications. < This reluctance is still very apparent in
the seemingly slow progress being made toward widespread
‘use of these materials. This reluctance may be traced to
a lack of understanding of the fundamental advantages
available through the use of fiber-reinforced composites
(FRC) .. This lack of understanding arises from the funda-
mental anisotropic nature of FRC, one that dictates that
they have the potential for very large variation in prop-
erties. An improved method of visualizing and portraying
the behavior of these materials was needed so that one
‘could more easily visualize, grasp, and thereby more
-effectively utilize this highly anisotropic behavior.

If most aerospace engineers were asked for the
modulus of elasticity of aluminum and titanium they would
readily respond 68 gigapascals (GPa) (10 million psi)
and 110 GPa (16 million psi), respectively. In a similar
fashion, one could readily obtain a quick, fairly accu-
rate response to a similar guestion relating to the
tensile strengths of these materials.. The reason for the
ease of recalling this type of data is that most struc-
tural metals are generally isotropic, with a very narrow
range of property variations. A similar behavior charac-
teristic does not exist for FRC. The basic reason for
this is that these composites are composed of oriented
layérs of highly anisotropic laminae, each with longi-
tudinal to transverse property ratios as high as 50 to 1.
This means that it is currently virtually impossible for
a person to quote, from memory, a quick, accurate
estimate of the tensile strength of anything but the
simplest multiple layer laminates. But the ability to
do this quickly and simply is essential to developing a
"feel" for what happens when one modifies the design of
a composite structural component. Today the technigue
most commonly used to attempt to portray this wide range
of properties possible is called a "carpet plot".
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‘ThefCarpet Plot .

A sample carpet plot for the allowable tensile modulus of
graphlte/epoxy (Gr/Ep) '0/+45/90 set of laminates is
shown in Figure 1. The point marked "A" represents the
longitudinal modulus of a 100% 0° laminate and is 127 GPa
(18.5 million psi). 'The point marked "B" represents a
100% +45° laminate and has a modulus of 17 GPa (2.5 _
million psi). The point marked "C" represents a 100% 90°
laminate with a modulus allowable of zero GPa (0 million
psi). (A zero modulus allowable is used to be conserva-
tive in structural design.) These three points represent
the extremes available from a "family" of laminates com-
posed of 0's, +45's, and 90's. Various other combina-
tions of 0, +45, and 90 laminae are represented by points
"inside" the plot boundaries. The use of carpet plots
has been dlscussed in a variety of other places.
(1,2, 3 4) .

: Trylng to explain how the carpet plot can be used
to show the properties available from a certain type of
laminate is one of its major drawbacks--it does not
directly give one a feeling for the behavior of the
~laminates that it is representlng. Another key drawback
with the use of the carpet plot is that the plot assumes
a different shape for every laminate parameter plotted.
For instance, the shape of the carpet plot for the Major
'Poisson's Ratio of the same set of Gr/Ep laminates is
dramatically" different, as shown in Figure 2. These
shape changes make difficult the process of finding and
comparing the various mechanical properties of a lamlnate
of interest, because the point that represents the
laminate on one carpet plot will almost always be in a
different position on the next plot. :

The Basic Cordell Plot

Currently the 0/+45/90 laminate "family" is being used
very widely. This means that all laminates in this
family are ‘composed of various percentages of 0's, +45's,
and 90's. The use of this set of three basic orienta-
tions caused me to try and adapt the laminate composi-
.tions; but all have in common the basic chatracteristic
that the ‘combinations being plotted are ‘composed of
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exactly three constituents and that the total of the per-
centages of the three constituents always equals 100%.
:Metallurgists and ceramists will be familiar with the
ternary phase diagram uged to represent alloys containing
three separate phases. The ternary plot format, with
some modification, prov1des the foundation for the Ba51c
Cordell ‘Plot, as shown in Flgure 3. : :

' The vertices onvthe'Plot represent laminates that
are composed of 100% 0's, +45's, or 90's, as marked.
Other laminate compositions may be found by simply cross
‘plotting the percentage composition of 0's, +45's, and
90's. Note that the Plot is designed to enhance one's
~ability to determine what compositions are being plotted.
For example, the percentages of 0° plies are represented
by the lines that run horizontally across the plot, with
the apex being 100% and then lines of decreasing per-
centage being shown by the numbers along the right hand
edge of the Plot, with these numbers being parallel with
the vertex designation they represent. . Similarly, for
the *45° vertex the lines of percentage composition are
represented by the numbers along the bottom of the Plot,
those that read the same way as the +45° vertex designa-
tion.  This same behavior holds: for the 90° vertex, with
“the decrea51ng percentages being along the left edge of
the plot, again oriented in the same direction as the 90°
“vertex designation.. Also note the small arrows at the
40% composition level for each orientation. These are
designed to enhance the user's ability to quickly cross’
plot any given laminate comp051tlon.

To locate a glven 0/+45/90 lamlnate, one 51mply
calculates the percent- comp051tlon and plots the 1nter—

- section of two of the orientation percentages. As an
example, a common laminate, (0/+45/90)_. has been plotted
with the dotted lines on Figure 3. iy the 25% 0° and

'25% 90° lines are used, but note that,the point of inter-

-section falls directly on the 50% +45° lines. The inter-
section of the two linés designates the laminate of
interest. One simply plots any given laminate by cross
plottlng its percentage comp051t10n. ‘Note that each edge
represents laminates that are only. composed of the two
orientations’ represented by vertices at each end of the
edge. For 1nstance, the bottom edge represents all
lamlnates that contaln 0° 0° lamlna, or all 145/90
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laminate combinations. There are otherﬁuseful_Symmetry

" characteristics of the Basic Plot, such as where ortho-

tropic laminates may be found, however that is not the
subject of this paper.  Suffice it to say that the Basic
Cordell Plot allows one to have a plot upon which may be
found ANY laminate composed of a set of three laminate
orientations (this same technique would work equally well

- for 0/+60/90, +10/t30/+89, or other laminates).

Once hav1ng established the Basic Plot as a two
dimensional surface which could represent any laminate
composition, the Basic Plot was then used to establish
a method of portraying the properties associated with
each of those combinations. This 1led to the Extended
Cordell Plot.

The Extended Cordell Plot

Format. Figure 4 shows the Basic Plot in an 1sometrlc
View, with the 0° vertex being the back corner as viewed
and with "sides" extended upward from each "back" edge
of the Basic Plot. This format forms the basis for the
Extended Cordell Plot. To create an Extended Plot, one
simply plots property values for each laminate combina-

~tion by projecting the values: "up" from the approprlate

point on the Basic Plot that forms the bottom surface of
the Extended Plot. The same Gr/Ep laminate that was
earlier shown on the carpet plots for ease of comparison
of the property values as shown by these two presentation
methods. Figure 5 shows the longitudinal modulus of
elasticity propertles of the three vertex orientations
extended “"up" into the Extended Plot. - Figure 6 continues
the plotting of the modulus values related to essentially
each of the laminate combinations represented on the
Basic Plot. Notice that a surface has been formed by

the locus of points that represent the properties of the
respective laminate orientations. Figure 5 now illus-
trates the behavior of the entire “family" of 0/+£45/90
laminates:. The surface formed can be clearly visualized
and retalned in one S memory. :
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Gr/Ep vs Aluminum. The use of the Extended Plot format
also allows one, for the first time, to clearly portray
the relationship between two different materials such as
aluminum and graphite/epoxy. The plotting of Gr/Ep has
already been illustrated, but plotting the aluminum poses
‘a slightly different problem. Since the aluminum may be
treated as isotropic for the example that is belng il-
lustrated, let's assume that aluminum's modulus is 69 GPa
(10 million psi). The behavior of an isotropic material
in the Extended Plot format is simply represented by a
plane with the given isotropic property value being the
points of intersection with the "z" axes extending upward
from each vertex. Since these values are all equal in
value, it is obvious that the plane formed is parallel-

to the Basic Plot surface which is the bottom face of the
Extended Plot. This plane, and its intersection with the
Gr/Ep "surface" are shown in Figure 7. It becomes intui-
tively obvious that all those Gr/Ep laminates represented
by points that are above the aluminum "plane" will have
an absolute modulus that exceeds that of aluminum.
Specific properties could have been plotted just as
easily, providing an even more graphic example of the
advantages avallable through the use of flber relnforced
compos1tes. ’

The locus of p01nts along the intersection of the
two surfaces represent those laminates that have a modu-
lus of 69 GPa (10 million psi). These laminates may
also be shown on the Basic Plot by utilizing simple pro-
jection geometry and projecting the intersection line
"down" onto the Basic Plot surface. This projection is
the thin line on theé bottom surface of the Plot 'in.
Flgure 7. This: same 1ocus of points is shown on Figure 8
and is shown with ‘a 69 (10) designation at its end :
p01nts,.s1gn1fy1ng that any laminate falling on this llne
will have a“ 10ng1tud1na1 modulus of elast1c1ty of 69 GPa
(10 million psi). :

Isoproperty Lines/Modulus of Elasticity. = In order to
make effective use of the Basic Plot, one must be able
to gquickly and easily determine the property values
available from any given laminate composition. This is.
done by simply "slicing" the Extended Plot at several
levels and then projecting the intersections of these
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slices "down" onto the Basic Plot. This process is
directly analogous to the familiar method used in the
creation of topographic contours commonly used on geo—
graphic maps. These lines of equal property or "isopro-
 perty" lines allow one to interpolate on the Basic Plot
_to find the desired property of any laminate in question.
The result of this process is Figure 9, which is now the
- replacement for the original carpet plot shown in Figure
1. Note how easily one could determine those laminates |
which match or exceed the longitudinal modulus of alu-
minum or titanium [any laminate combinations which fall
on or above the 69 GPa (10 million psi) line or the 110
GPa (16 million psi) line, respectively]. '

Poisson's Ratio. Figure 10 is the Extended Cordell Plot
for the Major Poisson's Ratio of our 0/+45/90 Gr/Ep
family of laminates. The shape of the surface formed is
dramatically different from that for modulus of elas-
ticity. The value at 100% 0° is essentially a weighted
average (Rule of Mixtures). combination of the moduli of
the -epoxy matrix and the graphite fiber. The value at
100% +45° is so high because the "scissoring" effect of
this orientation causes almost as much lateral contrac-
tion as the longitudinal strain imposed. The very low
value at 90° is due to the very stiff fibers essentially
preventing lateral contraction given an imposed longi-
tudinal strain field. The comparable Basic Plot with
isoproperty lines for the 0/+45/90 Gr/Ep Major Poisson's

Ratio is Figure 11.

" Note that the Extended Plot for Poisson's Ratio,
Figure 10, is quite steep along the 0/t45 edge. This
clearly indicates that minor changes in the percent of

90° plies in this region may cause major changes in the
Poisson's Ratio of the resultant laminate, potentially
leading to design problems. As an example, the laminate
represented by point A in Figure 11 contains 10% 90°
plies. As one moves to. point B the resultant coémbination
has 0% 90° plies, or a 10% reduction from point A. How-
ever, the Poisson's Ratio had gone from about .48 at A
to almost. .68 at B, or about a 40% increase. Clearly,
the ability to understand, visualize, and control this
type of behavior quantitatively should be a major asset
to the designer. : :
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Comparing Properties. One advantage of the Basic Plot
with isoproperty lines is that one may quickly and simply
find a variety of properties for any given laminate,
because the laminate composition is represented by a
point that is always in the same position in every Basic
Plot for that material. One simply finds the laminate
combination of interest on the Basic Plot for the pro-
‘perty desired, such as Poisson's Ratio, and then inter-
polates between isoproperty lines to find the property
value. ' The solid squares marked on Figures 9 and 11 rep-
resent the intersection of the isoproperty lines for the
modulus and Poisson's Ratio's (of the example Gr/Ep . ‘
laminate family) that match those of titanium. The point
of intersection was found by simply superimposing the two
Basic Plots and noting the point of intersection. This
is possible because every laminate composition occupies
the same location on each Basic Plot, even though their

_ respective property values are different for each plot.
This characteristic will make it easy to use computer
_graphics to store and recall Basic Plots of interest and
superimpose bands of desired properties from other Basic
Plots. . ‘ :

Note that one does not have to create an Extended
‘Plot to get the location of the isoproperty lines for the
Basic Plot. They may be determined directly from ana-
lytical or experimental data. In fact, the principal use
of the Extended Plot will probably be in training new
personnel. However, the Extended Plot offers an excel-.
~lent format to illustrate the difference between various
reinforcing systems and also allows one to more clearly
illustrate the degrading effects of environmental expo-
sure and/or structural fatigue. Different material sys-
tems would be shown by simply plotting the competing
systems on the same Extended Plot. The effects of aging,
etc, would be illustrated by plotting the "after" proper-
ties on the same Plot along with the original properties.

Othef Uses/ApplicatibnS'of the Plots

Extended Cordell Plot Uses. I have chosen to limit this
paper to the fundamentals related to the development and
use of the Plots. To this point I have only shown their.
use for material properties. These properties may be ,
determined either empirically or analytically, and may
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even include other types of data, such as structural
behavior parameters for a given family of composrte
plates. A wide variety of other uses may also be made of
the Plots. They may be used to complement the commonly
used tabular format for presenting laminate data in
‘reports. Whereas a table may force you to try to grasp
the behavior of the laminate being studied, a simple :

- Extended Cordell Plot of the same data p01nts may ‘be able
to show all the data in a convenient summary format '

A tabular format provides specific detailed information,
and the Extended Plot provides compllmentary overall
‘trends. In addition, presenting the data in the- Extended
Plot format may allow the experimenter to determine where
" additional data is needed to model the behavior of the
range of laminates under study. The Extended Plot may
also be used in the design of experiments, by allowing
one to choose a selected number of experimental laminates
that will enclose the region in question.

Basic Cordell Plot Uses. Another potentially powerful
application of the Basic Plot is to use it to . model or
"map" actual structures. This may be done by plotting
the laminate orientation percentages from one point on
the structure to another spot on ‘the structure and at
several intervening points. By careful selection of the
points chosen for modelling, one may show changes in the
design as the constraints on the 'structure change. 1In a
similar fashion, one ctould show tthe differences between
competing approaches to similar ‘or identical structures,
including the differences caused by different design
phllOSOphleS. Another use ‘would be to :show the changes - -
in failure modes of laminates in different- regions of
the Basic Plot: fiber dominated ‘toward the 0° apex,
matrix dominated toward the 90° apex, and some form of
mixed mode in ‘the #45° region. Tt even appears possible
to show laminate family behavior in & biaxial strain/
stress field, offering the potential for reducing the
amount of computer analysis requ1red to support Prelimi-
nary De51gn efforts.
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Summarz

In reV1ew, let'me ask the reader to close this
paper and see if he can sketch a Basic Cordell Plot for
‘the longitudinal modulus of elasticity of the 0/+45/90
Gr/Ep laminate family and show approximately the locus
‘'of laminates that would have a longitudinal modulus of
elast1c1ty that would equal that of aluminum. I daresay'
that the majority of readers will be able to do so
rather readily, 1nd1cat1ng the potent1a1 to visualize
laminate family behavior in one's mind. In summary, the
Basic and Extended Cordell Plots offer a new approach to
understandlng and visualizing the behavior of fiber-
reinforced composites. If the Plots' potentlal is to be
brought to bear on the problem of increasing acceptance
and use of these materials, it is vital that a broad
-segment of the composites industry, both producers and
users, evaluate their effectiveness. As the DoD/NASA
- Advanced Composites Design is updated, it should be : |
modified to allow the users to make their own selection
-as to which techniques they W1Sh to use in laminate
selection.  Future ‘government and 1ndustry programs
should request presentatlon of data in the formats shown
here to allow easier and more rapid interpretation of
results and implications of the data. .Interested parties
may address questions or requests for information to:
Tobey M. Cordell, AFML/LTN WPAFB, OH- 45433; or call
(513) 255 2871. .
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