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PREFACE

NEW:Update 93 was held November 3 - 5, 1993, at the National Aeronautics and Space
Administration, Langley Research Center, Hampton, Virginia. As with previous workshops, the
theme was strengthening materials education. Participants witnessed demonstrations of
experiments, discussed issues of materials science and engineering (MS&E) with people from
education, industry, government, and technical societies, heard about new MS&E developments,
and attended mini workshops in state-of-the-art NASA LaRC materials laboratories. Concurrent
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recognition of the invaluable contribution to the NEW:Update activities by Diana LaClaire,
Assistant Director. Ms. LaClaire has provided invaluable support to the project. The Materials
Education Council of the United States was represented again and will publish selected
experiments in the Journal of Materials Education.

NEW:Update 93, and the '86, '87, '88, '89, '90, '91 and '92 workshops are, to our
knowledge, the only national workshops or gatherings for materials educators that have a focus on
the full range of issues on strategies for better teaching about the full complement of materials.
Recognizing the problem of motivating young people to pursue careers in MSE, we have included
exemplary pre-university activities such as Adventures in Science, ASM International Education
Foundation's Career Outreach Program, Engineers for Education, and several programs run
through high schools.

Through the workshops we have learned about ORNL Out Reach Programs, an NSF funded
project to develop modules for pre-college materials education, and the Materials Science
Technology (MST) Project at Richland High School (Richland, Washington) that has received
support from Battelle PNL (Pacific Northwest Laboratory). An experiment was presented from
the Richland High School's MST program. NEW:Update 93, with its diversity of faculty,
industry, and government MSE participants, served as a forum for both formal and informal issues
facing MSE education that ranged from the challenges of keeping faculty and students abreast of
new technology to ideas to insure that materials scientists, engineers, and technicians maintain the
proper respect for the environment in the pursuit of their objectives.

NEW:Update 93 resulted from considerable cooperative efforts by individuals in government,
education, and industry. The workshop's goal is to maintain the network of participants and to
continue to collect these ideas and resources to bring them together in a comprehensive manual of
standard experiments in materials science, engineering and technology.

We hope that the experiments presented in this publication will assist you in teaching about
materials science, engineering and technology. We would like to have your comments on their
value and means of improving them. Please send comments to James A. Jacobs, School of
Technology, Norfolk State University, Norfolk, Virginia 23504.

We express our appreciation to all those who helped to keep this series of workshops viable.

The use of trademarks or manufacturers’ names in this publication does not constitute
endorsement, either expressed or implied, by the National Aeronautics and Space
Administration.
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NASA Mini Workshops

Half-day workshops for small groups that provided participants in-depth view of materials science
and engineering research at NASA-LaRC. Provides excellent technology transfer of NASA’s
research.

¢ High Performance Composites - Resin Synthesis, Fabrication, Evaluation - Building
1293A Norman J. Johnston, Manager, Composites Technology, Materials Division
Steven P. Wilkinson, Polymeric Materials Branch

Chemistry Lab, prepregging lab, composite fabrication, nondestructive evaluation, and composite
evaluation.

4 Non Destructive Evaluation Applications to Integrity - Building 1230B
Joseph S. Heyman, Head, Non Destructive Evaluation, Science Branch IRD

Thermal NDE of bonds and corrosion in aircraft, ultrasonic scanning of defects in composites,
micro-NDE of advanced composites, radiography-realtime and X-ray cat scans for integrity and
design verification.

¢ Advanced Fabrication Technology - Building 1232A
John D. Buckley, Technical Assistant, Fabrication Division

Fabricating superconductors, resin transfer molding, no draft slip casting of high
temperature ceramic structures, fabricating active structures of intelligent materials, and quality
assurance techniques.

¢ Materials Characterization for Durability and Damage Tolerance - Building 1205
Charles E. Harris, Head - Mechanics of Materials Branch, Materials Division

Corrosion fatigue of aluminum and aluminum lithium, thermo mechanical fatigue of metal matrix
composite for NASA, impact damage in composites, durability of composites for an SST.

¢ Advanced Metals - Buildings 1148 and 1205
W. Barry Lisagor, Head - Metallic Materials Branch, Materials Division

Advanced light metals and metal matrix composites, light weight, high strength structural alloys
and composites to achieve thermal/mechanical performance, synthesis of new or improved ingot
and powder metallurgy alloys, joining and forming processes for light-alloy material systems,
near net shape processing, and advanced metallographic and test methods.

4 Superconductors - Building 1222
Robert A. Hawsey and Richard Kerchner - Super Conducting
Technology Program, Oak Ridge National Laboratory
Robert W. Dull, Largo High School

Use new demonstration tools to show the Meissner effect, critical current and temperature,
resistivity, and an operating electric motor. Review new instructional material and resources for
teachers.
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ORDERING INFORMATION FOR ADDITIONAL RESOURCES

Twenty copies of the NATIONAL EDUCATORS’ WORKSHOP PUBLICATIONS
(NASA-CPs from 1988 - 1993) are available on a first come, first served basis from

Dr. James A. Jacobs
Department of Technology
Norfolk State University
2401 Corprew Avenue
Norfolk, VA 23504

NASA publications may be ordered from

National Technical Information Center (NTIS)
Attention: Document Sales
5285 Port Royal Road
Springfield, VA 22161

or
National Center for Aerospace Information (CASI)

P.O. Box 8757
Baltimore, MD 21240-0757

BOB POND’S “FUN IN METALS” TAPE - AVAILABLE FROM

Johns Hopkins University
Maryland Hall 210
3400 N. Charles Street
Baltimore, MD 21218

Cost = $30.00



JOURNAL OF MATERIALS EDUCATION SUBSCRIPTIONS:

JME has two categories of subscription: Institutional and Secondary. The institutional
subscription -- for university departments, libraries, government laboratories, industrial, or other
multiple-reader agencies is $245.00 (US$) per year. Institutional two-year subscriptions are
$398.00 (US$). When the institution is already a subscriber, secondary subscriptions for
individuals and subdivisions are $40.00 (USS$). (Secondary subscriptions may be advantageous
where it is the desire to preserve one copy for reference and cut up the second copy for ease of
duplication.) Two-year subscriptions for secondary for individual or subdivision are $70.00
(US$). Back issues of JME are $35 (USS$).

Other Materials Education Council Publications available :

Classic Crystals: A Book of Models - Hands-on Morphology. Twenty-Four Common Crystal
models to assemble and study. Aids in learning symmetry and Miller indices. $17.00.

A Set of Four Hardbound Volumes of Wood Modules - The Clark C. Heritage Memorial
Series. Published by MEC in cooperation with the U.S.Forest Products Laboratory, Madison,
Wisconsin. A compilation of nine modules entitled Wood: Its Structure and Properties (1),
edited by Frederick F. Wangaard. A compilation of eight modules especially developed for
architects and civil engineers entitled Wood As A Structural Material (II). Also, Adhesive
Bonding of Wood and Other Structural Materials III and Wood: Engineering Design Concepts
(IV). Each of the first three wood volumes costs $27.00; the fourth volume costs $37.00. The
entire four-volume set is only $ 115.00 plus $3.50 shipping ($4.50 overseas).

The Crystallography Course - MEC’s popular nine-unit course on crystallography. $37.00.

Instructional Modules in Cement Science - Five units prepared for civil engineering and
ceramic materials science students and professionals. $19.00.

Laboratory Experiments in Polymer Synthesis and Characterization - A collection of fifteen
peer-reviewed, student-tested, competency-based modules. $21.00. Topics include: bulk
polycondensation and end-group analysis, interfacial polycondensation, gel permeation
chromatography, x-ray diffraction and others.

Metallographic Atlas - Royal Swedish of Technology. $28.00. A brief introduction to the
microstructures of metallic materials - how they appear and how they can be modified.

Please add $2.00 per book shipping charge.
Checks payable to The Pennsylvania State University

Managing Editor, JME
110 Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802
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Objectives :

L Introduce ASTM Organization and Activities
e Offer ASTM as a Resource

e  Recruit New, Active Members



American Society for Testing and Materials

Definition :

A not-for-profit, voluntary, full-consensus
Standards Development Organization.

ASTM publishes standards for Materials, Products,
Systems and Services

Activities encompass Metals, Composites,
Adhesives, Plastics, Textiles, paints, petroleum,
construction, energy, the environment, consumer
products, medical services and devices, computer
systems, electronics, and many others.



American Society for Testing and Materials

Purpose :

"the Development of Standards . .. and the Promotion
of Related Knowledge."

Promotion of Related Knowledge Accomplished through:
e Symposia and Workshops

° Technical Publications



American Society for Testing and Materials

ASTM produces six principal types of Standards. They are:

Standard Test Methods - a definitive procedure for the
identification, measurement, and evaluation of one or more
qualities, characteristics, or properties of a material,
product, system, or service that produces a test result.

Standard Specification - a precise statement of a set of
requirements to be satisfied by a material, product, system,
or service that also indicates the procedures for
determining whether each of the requirements is satisfied.

Standard Practice - a definitive procedure for performing
one or more specific operations or functions that does not
produce a test result.

Standard Terminology - a document comprised of terms,
definitions, descriptions of terms, explanations of symbols,
abbreviations, or acronyms.

Standard Guide - a series of options or instructions that
do not recommend a specific course of action.

Standard Classification - a systematic arrangement or
division of materials, products, systems, or services into
groups based on similar characteristics such as origin,
composition, properties, or use.



American Society for Testing and Materials

Technical Publications :

ASTM publishes a variety of technical documents other
than standards. They include:

Special Technical Publications (STPs) - collections of
peer-reviewed technical papers. Most STPs are based on
symposia sponsored by ASTM Technical Committees.

Manuals, Monographs, and Data Series -

Technical Journals:

e  Journal of Composites Technology and Research
e  Journal of Testing and Evaluation

o Cement, Concrete, and Aggregates

o Geotechnical Testing Journal

° Journal of Forensic Sciences

Note: Papers presented in all publications are peer
reviewed.



American Society for Testing and Materials

Facts and Figures :

e Organized In 1898.

e Membership Totals 34,000 Worldwide.

e 132 Standards-Writing Committees.

e Publishes 9000 ASTM Standards In The
69 Volume Annual Book Of ASTM Standards.

e Conducts Approximately 40 Symposia Annually.

e Publishes 40 To 50 Standard Technical Publications
(STPs) Annually.



10

American Society for Testing and Materials

Information :

American Society for Testing and Materials
1916 Race Street

Philadelphia, Pa

19103-1187

Telephone: (215) 299-5400
FAX: (215) 977-9679



ASTM Committee D-30,
on High Modulus Fibers and Their Composites

Roster of Officers and Subcommittee Chairmen :

Chairman: Vice Chairman:
Dale W. Wilson John E. Masters
ASHRAE Lockheed Eng. and Science
1791 Tullie Circle 144 Research Drive
Atlanta, Ga 30329 Hampton, Va 23666
Tel. (404) 636-8400 Tel. (804) 766-9474

Subcommittees and their Chairmien:
Subcommittee D30.01 - Editorial

Elizabeth C. Goeke

U. S. Army Materials Technology Lab.
Attn. SLCMT-MRM

Watertown, Massachusetts 02172-0001
Tel. (617) 923-5466

Subcommittee D30.02 - Research and Mechanics

Roderick H. Martin

Analytical Services and Materials, Inc.
107 Research Drive

Hampton, Va 23666

Tel. (804) 865-7093

Subcommittee D30.03 - Constituent Properties

Christopher J. Spragg

Amoco Performance Products
4500 McGinnis Ferry Road
Alpharetta, Georgia 30202-3944
Tel. (404) 772-8349

Subcommittee D30.04 - Lamina/Laminate Properties

Richard E. Fields
Martin Marietta
P. O. Box 628007
Mail Point 1404
Orlando, Florida 32862-8007
Tel. (407) 356-5842
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ASTM Committee D-30,
on High Modulus Fibers and Their Composites

Roster of Officers and Subcommittee Chairmen (Cont.) :

Subcommittee D30.05 - Structural Properties

Ronald F. Zabora

Boeing Commercial Airplanes

P. O. Box 3707

Mail Stop 48-02

Seattle, Washington 98124-2207
Tel. (206) 662-2655

Subcommittee D30.06 - Interlaminar Properties

T. Kevin O'Brien

U. S. Army Aeronautical Directorate
NASA Langley Research Center
Mail Stop 188E

Hampton, Virginia 23665-5225

Tel. (804) 864-3465

Subcommittee D30.07 - Metal Matrix Composites

W. Steven Johnson

NASA Langley Research Center
Mail Stop 188E

Hampton, Virginia 23665-5225
Tel. (804) 864-3463

Subcommittee D30.08 - Thermomechanical Properties

Thomas S. Gates

NASA Langley Research Center
Mail Stop 188E

Hampton, Virginia 23665-5225
Tel. (804) 864-3400

ASTM Staff Manager

Kathie Schaaf

ASTM

1916 Race Street
Philadelphia, Pennsylvania
19103

Tel. (215) 299-5529



ASTM Committee D-30,
on High Modulus Fibers and Their Composites

Test Methods, Practices, Guides, and Terminology Documents:

High Modulus Fibers and Their Composite Materials
Test Methods:

D2344 - 84 (1989)  Apparent Interlaminar Shear Strength of Parallel Fiber Composites
by Short-Beam Method

D2290 - 87 Apparent Tensile Strength of Ring or Tubular Plastics and
Reinforced Plastics by Split Disk Method

D3410 - 87 Compressive Properties of Unidirectional or Crossply Fiber-Resin
Composites

D3171-76 (1990)  Fiber Content of Resin-Matrix Composites by Matrix Digestion

D3553 -76 (1989)  Fiber Content by Digestion of Reinforced Metal Matrix
Composites

D3532-76 (1989)  Gel Time of Carbon Fiber-Epoxy Prepreg

D2586 - 68 (1990)  Hydrostatic Compressive Strength of Glass-Reinforced Plastic
Cylinders

D2585 - 68 (1990)  Preparation and Tension Testing of Filament-Wound Pressure
Vessels

C613 - 67 (1990) Resin Content of Carbon and Graphite Prepregs by Solvent
Extraction

D3531-76(1989)  Resin Flow of Carbon Fiber-Epoxy Prepreg

D3529/3529M - 90  Resin Solids Content of Carbon Fiber-Epoxy Prepreg
D3552-77(1989)  Tensile Properties of Fiber Reinforced Metal Matrix Composites
D3039 - 76 (1989)  Tensile Properties of Fiber-Resin Composites

D3479 - 76 (1990)  Tension-Tension Fatigue of Oriented Fiber Resin Matrix
Composites

D4108 - 87 Thermal Protective-Performance of Materials for Clothing by
Open-Flame Method

D3530/D3530M-90 Volatiles Content of Epoxy-Matrix Prepreg by Matrix Dissolution
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ASTM Committee D-30,
on High Modulus Fibers and Their Composites

Test Methods, Practices, Guides, and Terminology Documents (Cont.) :

Practices:
D2291 - 83 (1989)  Fabrication of Ring Test Specimens for Glass-Resin Composites

D3518 -91 Inplane Shear Stress-Strain Response of Unidirectional Reinforced
Plastics

Terminology Relating:

D3878 - 87 High-Modulus Reinforcing Fibers and Their Composites
Guides:

D4762 - 88 Automotive/Industrial Composite Materials, Testing of
D4255 - 83 Inplane Shear Properties of Composite Laminates, Testing

High Modulus Fibers
Test Methods:
D3800 - 79 (1990)  Density of High-Modulus Fibers

DA4018 - 81 Tensile Properties of Continuous Filament Carbon and Graphite
Yarns, Strands, Rovings, and Tows

D3379 -75(1989)  Tensile Strength and Young's Modulus for High-Modulus Single-
Filament Materials

D4102 - 82 (1987)  Thermal Oxidative Resistance of Carbon Fibers

Terminology Relating:
D3878 - 87 High-Modulus Reinforcing Fibers and Their Composites
Guides:

D3544 - 76 (1989)  Reporting Test Methods and Results on High Modulus Fibers



ASTM Committee D-30,
on High Modulus Fibers and Their Composites

Recent Special Technical Publications:

STP 1059 : Composite Materials: Test and Design (Ninth Volume)
S. P. Garbo, Ed. - 1990

STP 1080 : Thermal and Mechanical Behavior of Metal Matrix and Ceramic
Matrix Composite Materials

J. M. Kennedy, H. H. Moeller, and W. S. Johnson, Eds. - 1990

STP 1110 : Composite Materials: Fatigue and Fracture (Third Volume)
T. K. O'Brien, Ed. - 1991

STP 1120 : Composite Materials: Testing and Design (Tenth Volume)
Q. C. Grimes, Ed. - 1992

STP 1128 : Damage Detection in Composite Materials
J. E. Masters, Ed. - 1992

STP 1156 : Composite Materials: Fatigue and Fracture (Fourth Volume)
W. W. Stinchcomb and N. E. Ashbaugh, Eds. - 1993

STP 1174 : High Temperature and Environmental Effects on Polymeric Composites
C. E. Harris and T. S. Gates, Eds. - 1993

STP 1203 : Fractography of Modern Engineering Materials: Metals and
Composites, Second Volume

J. E. Masters and L. N. Gilbertson, Eds. - 1993

STP 1206 : Composite Materials: Testing and Design (Eleventh Volume)
E. T. Camponeschi, Ed. - 1993
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Composite Material :
Characterization and Evaluation

A Survey Of Major Aircraft Manufacturers Indicates that:

o Procedures Are Designed to Minimize the Risk of
Spending A Large Amount Of Funds On*Materials
Which Do Not Meet Structural or Processing
Requirements.

o Materials Evaluation Conducted in Three Stages:
Material Screening, Material Characterization,
and Development of Design Allowables.

e  Although The Tests Employed Were Not Identical, The
Properties Measured At Each Level Of Investigation
Were Similar From Company To Company.

o Majority Of Tests Focus On Obtaining The Mechanical
Properties Which Are Most Useful To The Designer
And The Structural Analyst But Which May Not Be
Of Great Interest To The Material Scientist.

e  Three Major Design Factors that Control the Weight of
an Aircraft: Stiffness, Damage Tolerance, and
Stress Concentrations at Cut-Outs and Loaded
Bolt Holes.



Composite Material :
Characterization and Evaluation

Screening Evaluation :

o First Step In the Material Characterization and
Evaluation Process.

o Objective: Determine Material Acceptability for
Aircraft Structural Applications.

o Compared Candidate Material To A Baseline Material To
Determine if a More Extensive Evaluation Program is
Warranted.

o 50 to 60 Tests Typically Performed.

17



Composite Material :
Characterization and Evaluation

Screening Evaluation Tests :

A list of test methods commonly employed in screening evaluations is contained
in the following table.

Properties Environmental

Test Type Measured Condition

0° Tension Strength, Modulus RTA

0° Compression Strength, Modulus RTA, ETW

+/-45° Tension Strength, Modulus CTA, RTA, ETW

Interlaminar Shear |Strength RTA

Laminate Strength RTA

Compression

Open Hole Tension |Strength CTA, RTA, ETW

Open Hole Strength CTA, RTA, ETW

Compression

Compression after |Strength RTA

Impact

Bolt Bearing Strength RTA

Tension

Note: CTA indicates -65 ° F/ Ambient Moisture Conditions
RTA indicates Room Temperature/ Ambient Moisture Conditions
ETW indicates Elevated Temperature/ Saturated Moisture Conditions



Composite Material :
Characterization and Evaluation

Material Characterization :

o Objective: Establish Preliminary Design Properties
for Design and Analysis of Test Components for Design
Trade Studies.

o Measure Lamina Properties Required to Support
Laminated Plate Theory and Failure Criteria.

o Measure Laminate Properties to Support Analysis and
Design.

e 200 to 250 Tests Typically Performed.
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Composite Material :

Characterization and Evaluation

Materials Characterization Tests :

A list of test methods commonly employed in materials characterization tests is

contained in the following table.

Test Type

Properties Measured

Environmental
Condition

0° Tension

90° Tension

0° Compression

90° Compression

+/- 45° Tension

In-Plane Shear
Interlaminar Shear
Interlaminar Tension
Laminate Compression
Open Hole Tension

Open Hole Tension (Fatigue)
Filled Hole Tension

Open Hole Compression
Filled Hole Compression
Compression after Impact
Bolt Bearing Tension

Mode I Delamination Resistance

Mode I Delamination Resistance

Note:  Bold Type indicates tests performed in Screening Evaluation

Strength, Modulus, Poisson's

Ratio

Strength, Modulus, Poisson's

Ratio

Strength, Modulus
Strength, Modulus
Modulus

Strength

Strength

Strength

Strength, Modulus
Strength

S - N Data
Strength

Strength

Strength

Strength

Strength

GIC

Gic

CTA indicates -65 ° F/ Ambient Moisture Conditions

RTA indicates Room Temperature/ Ambient Moisture Conditions
ETW indicates Elevated Temperature/ Saturated Moisture Conditions

CTA,RTA,ETW

CTA,RTA,ETW

CTA,RTA,ETW
CTA,RTA,ETW
CTA,RTA,ETW

RTA

RTA

RTA
CTA,RTA,ETW
CTA,RTA,ETW

RTA

RTA
CTA,RTA,ETW

RTA

RTA

RTA

RTA

RTA



Composite Material :
Characterization and Evaluation

Development Of Design Allowables :

o Objective: Develop Complete Database for Final
Design and Certification.

e  Same Types of Tests Used in Materials Screening and
Characterization Evaluations.

J Test Matrix Expanded to Include Additional Laminate
Configurations, Alternate Specimen Geometries (e.g.
Width/Diam. Ratios), Additional Environmental
Conditions, More Replicate Tests on Samples taken from
Several Batches of Material.

e  Could Total Thousands of Tests Depending on
Certification Requirements.
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Composite Material :
Characterization and Evaluation

Tests Applied to Laminated Tape Composites :

JEST TYPE TEST METHOD
» TENSION:
Unnotched ASTM D3039, D3518
MISC. COMPANY METHODS
Notched SACMA SRM 5

NASA 1142- B9

+ COMPRESSION:

Unnotched ASTM 3410
SACMA SRM1
NASA SHORT BLOCK
MISC. COMPANY METHODS
Notched SACMA SRM 3
NASA 1092 ST-4
MISC. COMPANY METHODS
« COMPRESSION SACMA SRM 2
AFTER IMPACT NASA 1142 B11
« BOLT BEARING MISC. COMPANY METHODS
« INTERLAMINAR TENSION FLATWISE TENSION

CURVED BEAM

» INTERLAMINAR SHEAR ASTM D2344
« MODE | DELAMINATION DOUBLE CANTILEVER BEAM
- MODE |l DELAMINATION END NOTCHED FLEXURE

Note: SACMA Indicates Test Methods Developed by the Suppliers of Advanced Composite
Materials Association



Composite Material :
Characterization and Evaluation

Physical Properties Measured :

Prepreg Tape:

Resin Content
Fiber Content
Volatile Content

Cured Laminates:

Resin Content

Fiber Content

Void Content

Density/Specific Gravity

Glass Transition Temperature (Dry and Wet)
Equilibrium Moisture Content

Thermal Conductivity

Heat Capacity

Coefs. of Thermal Expansion

Thermal Oxidative Stability



Development of Test Methods for
Textile Composites

Program Obijective :

As indicated below, the objective of this on-going effort, simply stated, is to
develop a set of test methods and guidelines to be used to measure the mechanical and
physical properties of composite materials reinforced with fibrous textile preforms.
Investigations conducted to date have indicated that existing methods, which were
developed largely to evaluate laminated tape type composites, may not adequately
address the subtleties of these new material forms.

Develop And Verify Recommended Mechanical
Test Procedures And Instrumentation
Techniques For Textile Composites



Development of Test Methods for
Textile Composites

Statement of Problem :

The problem to be addressed is summarized in the two bullet statements given
below. Simply stated, the test methods listed in the previous figures were developed to
evaluate composite materials formed by laminating layers of pre-impregnated fiber-
reinforced tape. The microstructure of these laminated composite materials differs
significantly from the braided, woven, and stitched materials to be evaluated in this
program. The fiber architecture will play a prime roll in determining the mechanical
response of these textile composite materials. Will existing methods and practices

accurately reflect the material response of these materials?

>» TEST METHODS DEVELOPED FOR
LAMINATED TAPE COMPOSITES

» TEXTILE ARCHITECTURE CONTROLS
MATERIAL RESPONSE
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Development of Test Methods for
Textile Composites

Textile Composites Testing Issues :

It is not difficult to identify a number of specific testing issues relative to textile
composites. Several of these concerns, which are applicable to virtually all of the test
methods listed on the previous page, are listed below.

The first two reflect the unique size effects these materials may present. A unit
cell is defined as the smallest unit of repeated fiber architecture. It may be considered the
building block of the material. The size of the unit cell is dependent on a number of
factors including the size of the yarns, the angle at which they are intertwined or
interwoven, and the intricacy of the braid or weave pattern. A representative volume of
material must be tested and monitored to accurately reflect true material response.
Specimen geometry and strain gage sizes must be reexamined in terms of unit cell size.
The effect of the sizes of the yarn bundles must also be considered since they may also
affect the performance and the measurements. This is expressed in the third statement.

The final three items on the list reflect concerns over specimen geometry. Test
specimen dimensions established for tape type composites may not be applicable to
textile composites. The degree of heterogeneity present in the latter materials is quite
different than that encountered in the former. The potential effects of these differences
must be also quantified.

A limited amount of relevant data has been developed for 2-D triaxially braided
textile composites. These results will be reviewed in the following section. They include
Moiré interferometry and strength and modulus measurements.

»  EFFECT OF UNIT CELL SIZE ON
MECHANICAL PERFORMANCE

> EFFECT OF UNIT CELL SIZE ON STRAIN
GAGE AND DISPLACEMENT MEASUREMENTS

»  EFFECT OF TOW SIZE AND FIBER ARCHITECTURE
ON MECHANICAL PERFORMANCE

»  EFFECT OF FINITE WIDTH ON UNNOTCHED AND
OPEN-HOLE SPECIMENS

» EFFECT OF EDGE CONDITIONS ON MECHANICAL
PERFORMANCE

»  EFFECT OF TEXTILE THICKNESS ON MECHANICAL
PERFORMANCE



Development of Test Methods for
Textile Composites

Program Approach :

A straightforward approach has been adopted to meet the objective outlined in the
previous figure. An extensive test program will be conducted to gather data addressing
the concerns listed earlier. The program, which will include a wide variety of woven,

braided, and stitched preform architectures, will consider several loading conditions.

The general approach is outlined below. Details of material tested and test
methods are supplied in the following pages.

> IDENTIFY AND/OR DESIGN AND DEVELOP SPECIMEN
CONFIGURATIONS AND TEXT FIXTURES

» CONDUCT MECHANICAL TEST PROGRAM
« Variety of Test Methods
« Variety of Instrumentation Techniques
« Full Field Strain Measurements

» Analytical Support
> IDENTIFY SMALLEST LEVEL OF HOMOGENEITY

> IDENTIFY APPROPRIATE TEST METHODS AND
INSTRUMENTATION GUIDELINES
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Development of Test Methods for
Textile Composites

Description of Material Tested :
Preforms and Textile Parameters Studied

Fifteen woven, braided, and stitched preforms will be evaluated in the program.
The preform types are listed below in the table; the number of each type to be tested is
indicated in parentheses. The table also lists the braid parameter that will be varied for
each preform type. The list of materials reflects the material forms that are being
evaluated by the aircraft manufacturers in the ACT program.

TEXTILE PREFORM TYPES :

> 2-D TRIAXIAL BRAIDS - (4)
« Tow Size

+ % Longitudinal Tows

« Braid Angle

>» 3-D INTERLOCK WEAVE - (6)
+ Weave Type - (3)

« Warp, Weft, and Weaver Tow Size

> STITCHED UNIWEAVE - (5)
« Stitch Material

« Stitch Spacing
« Stitch Yarn Size

MATERIALS :
FIBER: HERCULES AS4
RESIN: SHELL 1895
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Development of Test Methods for
Textile Composites

Description of Material Tested :
Triaxial Braid Pattern

The specimens studied in this investigation featured 2-D triaxially braided AS4
graphite fiber preforms impregnated with Shell 1895 epoxy resin. In a triaxially braided
preform three yarns are intertwined to form a single layer of 0°/% ©° material. In this
case, the braided yarns are intertwined in a 2 x 2 pattern. Each + © yarn crosses
alternatively over and under two - © yarns and vice versa. The 0° yamns were inserted
between the braided yarns. This yields a two dimensional material. The figure below
schematically illustrates the fiber architecture and establishes the nomenclature used in
the paper.

The yarns were braided over a cylindrical mandrel to a nominal thickness of 0.125
in. The desired preform thickness was achieved by overbraiding layers; there are no
through-the-thickness fibers. After braiding, the preforms were removed from the
mandrel, slit along the 0° fiber direction, flattened, and border stitched to minimize fiber
shifting. The resin was introduced via a resin transfer molding process.

N

Resin
Braider transfer
yarns

Axial
loading
direction

$

) Transverse
Axial  <—Joading —=
yarns direction
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Development of Test Methods for
Textile Composites

Triaxial Braid Configurations Tested :

Three preform parameters, braid angle, yarn size, and 0° yarn content, were varied
in this study. The last parameter listed is typically expressed as a percentage of 0° yarns.
It is the volumetric proportion of longitudinal yamns to total yarn content and is a function
of braid angle and yarn size. Yamn size is expressed in terms of the number of filaments
per yarn. The AS4 fibers used in these materials have a nominal diameter of 7 microns.
The longitudinal yarns were larger than the braided yarns in all cases. The B1 and B2
architectures had the same yamn sizes; they differed in braid angle and 0° yamn content.
The preform parameters are listed in the table.

The fabrics were formed with a 144 carrier New England Butt triaxial braider,
incorporating 72 longitudinal yarns. The mandrel diameters varied for each architecture.
Since the number of carriers was constant, this had the effect of changing the yarn
spacing. These parameters are also listed in the table.

MATERIAL| BRAID BRAIDER 0°YARN 0°YARN (0°YARN BRAID
PATTERN YARN SIZE CONTENT SPACING YARN
SIZE (%) (Yarn/In.) SPACING
(Yarn/In.)
Al 0/+ 63° 12K 24K 315 4.17 9.16
B1 0/£66.5° 6K 18K 37.6 4.77 11.98
B2 0/+£70° 6K 18K 340 4.37 12.74

Note: K indicates thousands. For the AS-4 yarns, each filament is 7
microns in diameter



Development of Test Methods for
Textile Composites

Unit Cell Definition :

A convenient way to describe textile preforms is to identify a unit cell of material
- a repeatable unit of fabric geometry. The unit cell represents the complete yamn
intertwinement pattern. The unit cell approach has become the foundation of textile
analysis and serves as a convenient framework in which to interpret experimental data.

The rhombic frame show in the figure defines a unit cell for the 2-D triaxially
braided material studied in this program. For computational purposes, it is desirable to
define the smallest unit cell possible. In some analyses, rectangular unit cells are also
required. The rectangular section shown in the figure represents the smallest unit cell
identified.

The table shown below contains the dimensions of the unit cells for the three
architectures tested. The unit cell width is dependent on the mandrel diameter and the
number of yarns braided. The height of the unit cell is dependent on the cell width and
the braid angle. Even though a conservative definition of the unit cell was applied in this
case, the data in the table indicate that the unit cells can be quite large compared to
typical specimen and strain gage dimensions.

UNIT CELL DIMENSIONS

MATERIAL WIDTH (in.) _ HEIGHT (in.)
Al 048 0.12
B1 0.42 0.09
B2 0.46 0.08
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MOIRE INTERFEROMETRY
Axial Load - Vertical Displacement Field

As indicated earlier, Moiré interferometry was used to define the full field strain
distribution in these braided specimens. The technique defines deformation patterns in
both the vertical and horizontal directions. The technique was applied to specimens
subjected to longitudinal and transverse loading. These results are shown in this and the’
following figures.

The figure below illustrates the specimen geometry and highlights the section
studied. The vertical displacement field that resulted when a specimen was loaded to
1200 micro-strain along the 0° fiber direction is also shown in the figure.

The vertical displacement fields (V fields) consist of basically horizontal fringes;
this indicates specimen extension where points along one fringe have been displaced
vertically with respect to points along a neighboring fringe. For a uniform extension the
fringes should be evenly spaced and straight. The fringes for the specimens tested,
however, are wavy and the spacing between them varies. The variation is cyclic and
coincides with the repeated unit of the textile architecture.

~—»— 1,50 in.

A 0° Fiber

Direction

Vertical Displacement Field




MOIRE INTERFEROMETRY
Axial Load - Horizontal Displacement Field

The horizontal displacement patterns (U fields) consist of zigzag vertcal
fringes that display the Poisson's effect. For uniform contraction the fringes should be
straight and the spacing constant. The fringes however display a variation which is
cyclic, and matches that of the braid geometry. The sharp kinks in the U field fringes
reveal the presence of shear strains between the fiber bundles.

t——— 1.50 in.

)

S;‘] 0° Fiber

. Direction
{

{ [

¢ 1.50 in.

5(’1 O

Horizontal Displacement Field
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ENLARGED VIEW OF TWO UNIT CELLS OF SPECIMEN
(Axial Loading)

The figure shows the V and U fields of a highly magnified region of specimen
that consists of two unit cells. The boundaries between adjacent fiber bundles and the
outline of the cells are marked. It was revealed that the shear deformation at interfaces
between the fiber bundles occurred over a finite width. This width is illustrated in the
patterns as the distance berween the closely spaced lines. This is consistent with the
presence of the resin rich areas between the fiber bundles, which was on the order of one
fifth of the width of the fiber bundle itself. The U field shows that the shear strain yxy in
the resin rich zones was on the order of 0.5 times that of the average applied normal strain
gy. Additdonally, the U field shows that the Poisson effect was nearly constant across the
unit cell. The V displacement pattern clearly shows that the strain €y varies significantly
within each unit cell as can be seen by the nonuniform fringe spacing. The rado of
maximum sirain €y to minimum strain was about 2 to 1. The normal strain varies on top

of the fiber bundles and is nearly constant throughout all of the resin rich zones.

Bl -
——ep e ————
ey s S, — g
™ — /LV —
e
= S
—
— et
. o
r— —~———y — o —
i e
—— P entl
E_ ,_b z
-
-~ ———
pU— "

Horizontal Displacement Field



SPECIMEN SECTION COINCIDING WITH
MOIRE FRINGE PATTERNS
(Transverse Loading)

Interferometry was also performed on specimens loaded in the transverse
direction (i.e. at 90° to the axial direction). This figure shows the region investigated in
these specimens. The pattern of the surface braided yarns is shown schematically in the
figure. The deformation fields that developed in these coupons are shown in the next two

figures.

___’
0° Fiber
Direction

O
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MOIRE INTERFEROMETRY
Transverse Load - Vertical Displacement Field

In general, the interferometry results indicate that greater variations in normal and
shear strains existed in specimens loaded in the transverse direction than in the axial
directon.

This figure displays the vertical displacement field for a coupon loaded in the
transverse direction. The location of the yarns is evident in the vertcal displacement
fringe patterns, where sudden jogs in the fringes represent strong shear strains in the resin
rich regions between the yarns. From the V displacement pattern, the spacing of the
fringes in the verdcal direction displays a cyclic variation. The strains are highest over
the region where there are 90° fibers under the braider yarns. They are lowest over the
regions where the braider yarns cross. The difference between the average strains in
these areas is on the order of 3 times.

Unlike the axial loading case, the cyclic variaton is not confined to the
dimensions of the unit cell. The variation breaches the unit cell to form a global material
response that covers the entire specimen. This is illustrated by the horizontal bands seen
in the figure. They span several unit celis and extend across the specimen width.

;W\’/-/Q\//E 0° Fiber
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QM Direction
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Development of Test Methods for
Textile Composites

Effect of Strain Gage Size on Modulus :

The inhomogeneity in the strain fields demonstrated in the Moiré interferometric
results discussed in the previous slides has significant implications with regard to
specimen instrumentation. The large strain gradients seen within the unit cell graphically
illustrate the need to measure strain over a truly representative volume of material to get
an accurate determination of the global material response. Local strain readings can be
misleading and confusing.

The data shown in the figure below demonstrate these points. The figure plots the
measured transverse modulus of several B1 laminates vs. the size of the gages used to
measure the strain. The gages ranged in length from 0.062 in. to 1.0/in.; the preform’s
unit cell measures 0.42 in. in this direction. The average modulus and the standard
deviation of the data are shown in the figure. As the figure indicates, significant scatter
was evident in the results obtained using the small gages. These effects are reduced as
the length of the gage increased. The results also indicate that average value also
decreased as strain gage size increased.

The results illustrate the need to consider the textile architecture when choosing
instrumentation for a specimen.

Transverse Modulus vs Strain Gage Size
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Development of Test Methods for
Textile Composites

Effect of Strain Gage Size on Modulus :

The figure shown below presents results of a second evaluation of the effect of
strain gage size on modulus measurements. The figure plots the coefficient of variation
in the computed modulus measurements versus strain gage size (normalized to the
dimension of the unit cell in the direction of loading). Six strain gage types were
examined in these measurements. Their dimensions are indicated in the legend in the
figure. A line indicating the point where the strain gage length equals the unit cell
dimension has been added to the figure to aid in interpreting the data. Similarly, a line
marking the point where the coefficient of variation equals 5% has also been added to the
figure.

The figure again illustrates the need to consider the textile architecture when
choosing instrumentation for a specimen.

Effect of Strain Gage Length on Modulus Measurements
(2-D Triaxial Braided Laminates)

25.00 .----'J-n-lnLulu- B Gage: 125 BZ (.125 x .062)
1 Gage Length = O Gage: 125 AD (.125 x .125)
o N :
= 4 Unit Cell Height A  Gage: 250 UN (.250 x .120)
£ 2000 ] O _
c . & Gage: 250 AE (.250 x .250)
2 d @® Gage: 500 UW (.500 x .180)
(3] L
= - © Gage: 500 AE (.500 x .500
§ 1500 lm g 0) |
- 1 »# f
o 1 L
- -' O [
§ 1000 7 Hu a i
o .
< < UD .D A [
g .J A Cosfficlent of Variation = § % .
O 500 a4 L o
o ‘ .
L a D ‘ A o ‘ b
d * o
- A 8 9
0.00 LB S S B S 5N B AN A BR An A Sm ey ononme o on en o o o
0 100 200 300 400 500 600 700

Ratlo of Gage Length to Unit Cell Length (%)



MATERIAL ARCHITECTURE AND
TEST COUPON GEOMETRY

The preform architecture must also be considered when designing test specimens.
The figure below contains a photograph of a tensile test coupon. The specimen, which is
typical of those commonly used in screening and evaluation test programs, is 1.5 in. wide
and 10 in. long. Superposed on the photograph are the B2 architecture's unit cell
dimensions. As the figure illustrates, when oriented in this direction, the specimen is
only three unit cells wide. This again raises the question of whether a representative
volume of material is being sampled in the test.

Specimen width and thickness must be considered when designing test specimens
to attain true measures of modulus and strength. Unfortunately, design criteria have not
yet been established for these materials.

1.50 in.

UNIT CELL 0.08 in.
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Development of Test Methods for
Textile Composites

Effect of Specimen Width on Strength :

A series of longitudinal tensile tests were conducted to judge cursorily the effect
of specimen width on strength of the B2 type 2-D triaxially braided laminates defined in
an earlier figure. In these tests specimen width was varied from 1.0 in. (2 unit cells wide)
to 4.0 in. (8 unit cells wide).

The results of these tests are shown in the figure below. The data, which have
been normalized to 55% fiber volume to simplify the comparison, indicate that specimen
width had no apparent effect on the test results for this architecture. The average
strengths and the standard deviations of the results (indicated by the bars in the figure)
were comparable for each group of tests (note: the 4.0 in. data represents the average of
two tests; the standard deviation was not computed).

A larger, more complete, examination of the interaction of textile architecture and

test laminate geometry is underway as a part of an effort to develop test methods for
textile composites. This effort will be outlined in the following pages.
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Development of Test Methods for
Textile Composites

Summary Investigation of 2-D Braids:

A brief summary of the technical results reviewed in the presentation is given
below. The experimental investigation conducted on 2-D braided materials indicated that
significant strain gradients existed within the materials unit cell as a result of the braid
architecture. This inhomogeneity in the strain field is an important factor that must be
considered when choosing instrumentation for a test specimen. Although the 2-D braided
laminates tested did not demonstrate a width effect, the size of the unit cell must also be
considered when designing a test specimen.

Finally, the concerns discussed above and others listed in an earlier figure will be
addressed in an on-going test method development effort.

> MOIRE INTERFEROMETRY IDENTIFIED LARGE STRAIN
GRADIENTS WITHIN THE UNIT CELL

> INHOMOGENEITY IN STRAIN FIELD EFFECTS
INSTRUMENTATION

> UNIT CELL SIZE MAY AFFECT TEST RESULTS

> ON-GOING INVESTIGATION TO DEFINE TEXTILE TEST METHODS
UNDERWAY
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CONTINUOUS UNIDIRECTIONAL FIBER REINFORCED COMPOSITES:
FABRICATION AND TESTING *

M.D. Weber, F.X. Spiegel, H.A. West **
Loyola College, Baltimore, Maryland
**North Carolina State University, Raleigh, NC
*Hauber Fellowship Funded

ABSTRACT: The study of the anisotropic mechanical
properties of an inexpensively fabricated composite with
continuous unidirectional fibers and a clear matrix was
investigated. A method has been developed to fabricate these
composites with aluminum fibers and a polymer matrix. These
composites clearly demonstrate the properties of unidirectional
composites and cost less than five dollars each to fabricate.

KEY WORDS: anisotropy, composite, fibers, matrix,
reinforcement, strain, stress.

INTRODUCTION: A process was developed to make fiber
composites with continuous fibers spanning the composite and
aligned in one direction (Fig. 1). H.A. West and A.F. Sprecher
have been studying the mechanical properties of this type of
composite with samples of rubber reinforced with nylon cord.!
These samples, however, are not readily available and require a
hot press for consolidation and curing. It would be desirable to
develop a system which sufficiently demonstrates the effect of
fiber orientation, yet is easily fabricated from available
materials. In addition to studying the parameters of this type
of composite, a clear matrix was desired in order to view the
fibers.

While developing this process to demonstrate anisotropic
mechanical properties, it was very important to limit costs and
to develop educational opportunities for composites in the
laboratory and classroom. Composites are widely used in our
society today; fiberglass, plywood, and concrete are just a few
examples.?

PREREQUISITE KNOWLEDGE: The previous ,or concurrent study of
composites, specifically continuous unidirectional composites,
and their mechanical properties would be beneficial. The effect
of fiber orientation on elastic modulus, Poisson’s ratio, and
state of strain can be investigated.

OBJECTIVE: An inexpensive fabrication process was developed
for continuous unidirectional fiber reinforced composites with
clear matrices in order to study material properties such as
elastic anisotropy.

EQUIPMENT AND SUPPLIES: (1) Six 3" x 5 1/8" pieces of
aluminum screening; (2) Utility knife; (3) Cutting board;
(4) transparent or masking tape; (5) Manicure scissors or small
wire cutters; (6) Three 200 mL plastic containers; (7) Plastic
container 1" x 3" x 5" ; (8) Ferris see thru; (9) Por-a-mold;
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(10) Release agent (Synair 1711); (11) Vacuum pump; (12) Oven
(350 F); (13) Ferris jig (see Fig.3); (14) Two 4" x 6" x 1/8"
glass plates; (15) Two clamps; (16) Isopropyl rubbing alcohol to
clean containers.

PROCEDURE: Composite fabrication began with the preparation
of either plain or anodized aluminum screening, the fibers, which
were then set up for the matrix addition of either Por-a-mold or
Ferris see thru. After the composite cured completely, its
mechanical properties were tested.

Fibers

After cutting the screening with the fibers at the desired
angle and affixing a 1/2" border of tape to all sides (to hold
the screen together), a utility knife and a pair of manicuring
scissors were used to cut out the unwanted fibers. By cutting
the columns between every two desired fibers, the unwanted fibers
slip away and leave the desired fibers intact (Fig. 2).

While preparing several layers, usually three or five, it
was beneficial to leave three of the unwanted fibers intact near
the center (support wires) and place the layer under a book while
working on the others. Finally, the tape and support wires were
removed; the preparation time ranged from 20-60 minutes per
layer.

Matrix: Por-A-Mold

In the plastic container sprayed with the release agent,
three layers of identical fibers were stacked flat. Then, the
por—a-mold matrix was prepared by:

(1) stirring the curative thoroughly and measuring 75 mL in
a plastic container

(2) stirring the prepolymer thoroughly and measuring 75 mL
in a plastic container

(3) noting the time when adding the curative to the
prepolymer (9-12 minutes working time)

(4) mixing it to a clear consistency (< 2 minutes)

(5) vacuuming it for 4 minutes

(6) pouring it evenly over the fibers

(7) spraying the release agent on the surface to remove
additional air bubbles.

Finally, after allowing the matrix to cure at room
temperature for 16 to 24 hours,® the composite was removed from
the container and trimmed for testing.

Ferris See Thru
When a matrix of Ferris see thru was desired, three or five
identical layers of fibers were fit into the grooves of the

ferris jig before clamping a glass plate to each side (Fig. 3).
Then, a small amount of the white ferris see thru liquid was
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dripped along the edges between the glass and jig to be heat
cured at 350 degrees Fahrenheit until it turned clear (5-10
minutes). After a good seal was made, 175 mL of the ferris see
thru was poured into the jig and vacuumed for five minutes. The
Ferris see thru was then heat cured at 350 degrees Fahrenheit.
After 50-60 minutes, the matrix became a clear solid with a
slight medium yellow tint. The new composite was removed from
the jig after it cooled.

Testing

Several composites were made using the two matrices, two
types of fiber, and angles of 0, 15, 30, 45, 60, 75, and 90
degrees. Also, a few support wires were left in many of the
first composites. Before testing, the supporting border of
fibers was trimmed off to yield the continuous unidirectional
fiber reinforced composite.

One purpose of combining two (or more) distinct materials to
create a composite was clearly demonstrated by the first two
samples tested under tension. A sample of solid por—-a-mold
elongated 7.5 inches with only 0.19 inches of plastic deformation
and broke under merely 9.5 pounds. However, the por-a-mold and
anodized Al fiber composite maintained its length up to 50 pounds
and did not break under 110 pounds.

The most interesting tests depict elastic anisotropy. After
a 90 degree angle is marked in the center of the sample, it is
placed under tension while recording any angle change and the
tension (Fig.4). The original 90 degree angle may or may not
change, depending on the fiber orientation.

SAMPLE DATA: For a composite of por-a-mold and three layers

of anodized Al:
30 degree fibers @ 40 1lbs. 90 degrees became 97
45 degree fibers 40 1lbs. 90 degrees stayed 90

INSTRUCTOR’S NOTES: These composites can be used to
demonstrate and study the Rule of Mixtures and Poisson’s ratio?
in addition to calculating percent fiber content by volume and
observing deviations due to slight alterations. For example, if
a 90 degree fiber composite is trimmed to leave only a few
unwanted (0 degree) fibers along the length of one edge, it will
torque under tension. However, once the 0 degree fibers are
removed, it does not torque. At high forces, slippage and fiber
pullout may occur. Also, the kinks in the fibers from being
woven might want to be considered.

REFERENCES:

(1) West, H.A.; and Sprecher, A.F.: "Fiber Reinforced
Composite Materials," National Educators Workshop:
Update 90, NIST Special Publication 822, 1991.

(2) Askeland, Donald R.: The Science and Engineering of
Materials, PWS-Kent,Boston, 1970.
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(3) Product Bulletin Number CC-91-02, "Basic Techniques For
Using Por-A-Mold, Clear-Cut," Synair Corporation.

(4) Agarwal, Bhagwan D.; and Broutman, Lawrence J.: Analysis
and Performance of Fiber Composites, Second ed.,
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SOURCES of SUPPLY: While the aluminum screening can be
easily purchased at a hardware store (less than $0.15 sq. ft.),
the Ferris see thru can be obtained through a jewelry dealer
(approximately $55 per gallon). Unfortunately, por-a-mold is no
longer on the market.
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Figure 1. Continuous unidirectional fiber-reinforced composite
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Foreword

Materials testing has been an important part of engineering in America for over one
hundred years. In 1832, the Franklin Institute began a systematic investigation into the cause of
steam boiler explosions. This study was broken down into two parts. The first part was
concerned with the operation of the boilers. The second part of the study, however, was
concerned with the material used to construct the boilers. At the time, manufacturers of iron
knew that their product was strong, but had no idea of how strong it was. The manufacture of
iron was guided by rule of thumb and virtually nothing was measured. This ignorance
concerning the production of iron did not have tremendous consequences until the arrival of the
steam engine. Boilers proved the inadequacy of some irons by exploding violently. Asa result,
a method for testing materials was developed and initially executed by Walter R. Johnson.
Professor of Mechanics and Natural Philosophy at The Franklin Institute in Philadelphia. This
marked the first time that quantitative data on "proving tenacity" was gathered in America.'

Materials testing has grown considerably since Johnson's work and is now a major part of
engineering. The material strength requirements for a steam engine pale in comparison to the
requirements for the machines of today. From high speed electronic switches to space flight, the
"boiler explosions” of today are much more costly, both in money and potential loss of life, than
they were in Johnson's day. The explosion of the space shuttle Challenger is an example of the
potential hazards waiting to happen. A single O-ring, cooled below an acceptable temperature,
caused the loss of seven lives and billions of dollars. As a result, the strength and characteristics
of a material must be fully understood before that material may be used in the manufacture of a

product.
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The following is a design for a tensile tester which will be used to test the tensile strength
and anisotropic properties of simple composites. These simple composites are suspected to be
anisotropic primarily in a single plane. When the composites undergo a tensile force, they will
undergo deformation, causing movement either to the left or right. The composites are suspect
due to their method of construction. Each sample has a single layer of unidirectional continuous
fibers embedded in a rubbery resin. It has been well established that a serious limitation of
unidirectional fiber composites is the very large in-plane anisotropy.*

The design presented here incorporates a single degree of freedom such that distortion (to
the left or right) due to anisotropic tendencies may be measured. The device will spend the vast
majority of its time in an undergraduate materials lab. As a result, ease of use and durability are
valued more highly than research grade accuracy. Additional concerns focus on the fact that this
machine will be built as a student project.

Issues which are dealt with during this design include:

Specimen configuration or shape.

Method of applying consistent, linear tension force.

Method of gripping specimen without affecting its overall properties.
Method of collecting data.

Repeatability of data.

Ease of use.

Ease of construction.

Cost.

WO NN LN =

After the device has been constructed, it will be used to test the simple composites which
were fabricated in house. A comparison will be made between composites manufactured using

aluminum screening as the strengthening fibers and those manufactured using fiberglass

screening.
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Design

Application of Force

The first matter which will be taken up is the application of force. A device is needed
which can provide a consistent, linearly applied force, but still allow for lateral movement of the
sample so that anisotropic properties as well as the modulus of elasticity and yield strength may
be observed and measured. [n addition, the machine must provide for an easy method by which

several characteristics can be measured. These characteristics include:

1. Elongation
2. Lateral displacement as a result of anisotropic behavior.
3. Force applied.

A hand operated screw mechanism was chosen for the application of force. This
provides a simple means of applying force in a single direction. In addition, the amount of force
applied may be increased in a linear fashion with infinitesimal changes. The screw chosen was
an Acme® threaded screw, one inch in diameter with a pitch of ten threads per inch. The
Acme® thread is a square cut thread and is designed to support large amounts of force. This
thread is commonly used in such high pressure applications as vices and large clamps. For each
rotation of the screw, the sample will be elongated by one tenth of an inch. This provides a
convenient point at which to take a reading of the force. As a result, measurements of force are
taken every one tenth of an inch and the number of readings taken prove an accurate guide for
the total elongation.

The screw is operated by means of a large hand wheel. The large wheel will provide
leverage so that an adequate amount of torque may be easily applied to the screw which in turn

will impart a large tensile force to the specimen which may be easily controlled by the operator.
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In addition to being able to impart a tensile force to the sample, the screw must be able to
support itself. This was accomplished by using a twenty inch long section of screw and turning
down a one inch section on each end to 0.627" so that it would fit into two, flanged bushings.
Figure 1 shows the hand wheel. Tensile force will be applied when the knob 1s turned

clockwise. Most people associate a clockwise rotation of threaded objects with an application of
force and hence operation of the wheel will be of second nature. The Acme® threaded rod
appears in figure 2. Figure 3 shows the assembled screw mechanism. The screw and hand

wheel are attached by means of a roll pin. A hole was drilled through the hand wheel and rod
and the pin was then inserted.

Support and Load Transfer

Next to be considered is the frame of the machine. This is an important part since the
frame not only supports the machine but facilitates the transfer of the load from the screw
mechanism to the sample. In addition, it allows for lateral movement of the sample during
testing. The frame is also the heart of the information gathering process. A load cell is mounted
on the frame to allow for the measurement of the force being applied to the sample. The output
from the load cell is read from a Fluke digital multimeter in milli-volts. Through information
provided by the manufacturer as well as use of a standard, the relationship between the load
cell's output in milli-volts to the actual pounds of force delivered was determined.

The support part of the frame was constructed from 1"x3" sections of maple (Note:
These are mill dimensions.). Maple was chosen because of its high strength and its beauty. The
drive beam was constructed from oak. Maple would have been preferred, but a large enough

piece was not available. The properties of these two woods appear in table 1 (all figures
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refer to forces applied parallel to the grain). Poplar is included in the table since it 1s of
sufficient strength to use in the construction of the frame and drive beam. In addition, relatively
large poplar beams (4"x4") are readily available and poplar is less expensive than maple or oak.
Unfortunately, poplar has a yellowish green tint that renders it much less pleasing to the eye than

either oak or maple. One should never neglect the aesthetics of a design.

Wood Specific Modulus of | Modulus of | Compressive
Gravity Elasticity Rupture Strength
{Ib/in® x 10°} [Ib/in?] [Ib/in?]
Maple, sugar 0.676 1,830 15,500 7.800
Oak, white 0.710 1,770 15,100 7,440
Poplar, yellow 0.427 1,500 9,200 5,540

Table 1: Properties of selected hard woods.*

The frame was constructed by using carpenter's glue to laminate five pieces of maple
together to form four beams. The sections were offset such that finger joints were formed at the
corners. These beams were clamped tightly and the glue was allowed to dry. After the glue had
dried, holes were drilled as required using a drill press and the appropriate bits. Figure 4 shows
the construction of the support beams. The drive beam appears in figure 5. All parts must be
assembled within the frame before any final gluing can take place. This includes two steel rods,
as well as the drive beam itself and the Acme® rod with hand wheel in place. Once assembled,
the frame was measured to check for squareness. It was racked into shape by use of large wood
working clamps which mount on standard one inch diameter black pipe. Once the frame was

squared, four 1/2" holes were drilled at each corner and four 1/2" hardwood dowels which had
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been coated with glue were driven in place using a hammer. The resultant appears in figure 6
along with the two drive rods, rail assembly and mounted load cell.

The force from the drive beam is delivered to the sample by means of two, 36" long steel
rods, 1" diameter. These drive rods support a rail and shuttle system which actually allows for the
single degree of freedom. The rods have holes drilled in them such that the rail and shuttle
system may be placed at different heights, thereby allowing for different length samples or grips
(Figure 7).

A section of rail that was used appears in figure 8. The guide rail was commercially
available in 6'-6" lengths. The rails were cut into four, 1'-3" sections and doubled as
reinforcement to prevent any deformation during loading. The rails must remain straight if any
anisotropic behavior is to be observed. If the rails bow, the shuttle system will remain in the

trough of the bow. Figures 9 and 10 show how the rail assembly is constructed.

Grips and Shuttle system.

The grips were machined from aluminum and are straightforward in design. Each grip
basically consists of a center, mounting plate and two gripping plates. The two gripping plates
are fastened to either side of this center plate by means of four, knurled nuts. These nuts have
four small holes on the knurled surface that allow for the insertion of a taper pin. This provides
additional leverage in tightening the grips. The gripping plates were designed to be the exact
same dimension as the sample to be tested. As a result, the plates alone are unabie to grip the
sample. This was done in order to minimize sample deformation from metal to composite

clamping as this might affect the test. A thin sheet of rubber (obtained from the plumbing
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section of a hardware store) was attached to the face of the gripping plates using Duro® contact
cement. This allowed the clamping surface to conform somewhat to the sample as opposed to
pinching it. To provide additional gripping ability, pieces of 3M's Press'n Sand® "Sticky back”
sanding sheets were cut to size and affixed to the rubber faces. The gripping plates are the same
for the top and bottom (Figure 11). The bottom grip (Figure 12) screws into the load cell
(Figure 13).

The top grip consists of two gripping plates identical to those on the lower grip. These
plates mount on a shuttle system. The shuttle system consists of a center plate and four guide
wheels. The guide wheels were obtained from the same company which supplied the guide rail.
The unassembled shuttle system appears in figure 14.

Some comments concerning the machine's operation might prove helpful in improving on
the design. The grips were insufficient in holding the samples without the sandpaper faces, and
even then loads peaked at a maximum of just over 100 pounds before the samples began to pull
free from the grips. Also, the sandpaper faces slipped during tests and had to be replaced
periodically. A better idea might be to alter the design to accept commercial grips. This may
not alleviate all the problems. It was noticed that when a series of samples 1" wide were tested
(to match the 1" wide samples being run on the Chatillon LDX tensile tester since its grips could
accommodate nothing larger) anisotropic tendencies did not appear consistently. The 2.5" wide
samples, however, displayed excellent anisotropic tendencies. Still, the commercial grips might
be capable of delivering enough of a load to a 1" sample such that its anisotropic characteristics

are revealed.

59



Calibration and Verification of Devices Functioning

The load cell was connected to a Fluke digital multimeter as per manufacturer's
instructions. Using the load cell's specifications sheet, a relationship was determined between
the load cell's output in milli-volts and the corresponding force in pounds. The relationship

between the load cell's output in milli-volts and the tensile force applied was calculated to be:

Lbf=998.842% x v Equation |

Lbf = pounds force
v = volts

The first problem was that of collecting the data. After each full turn of the hand wheel
(equivalent to an elongation of one tenth of an inch) the reading was taken from the multimeter
and written down. In the time taken to write down the data, however, the sample had relaxed
substantially. To prevent this, a small tape recorder was used to record data while the hand
wheel was turned in a slow, constant fashion. This eliminated the problem of relaxation during
data collection. Two people working together, as in an undergraduate lab, could also overcome
the problem with one student turning the hand wheel and calling out the readings while the other
student jots down the data.

The next problem encountered was the inaccuracy of the machine's output. Like samples
of Ferris See-thru® (Neat, 0.3"x1"x5-3/4") were tested on the hand operated device and on a
Chatillon LDX 500 pound capacity tensile tester. The data was off by an amount considered
unacceptable (Figure 15). Two things are readily apparent in viewing figure 15. The first is that

the hand operated device is reading ten pounds high (assuming the just purchased Chatillon was
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correct). The second is that the slopes, or moduli of elasticity, are similar. It was suspected that

since the samples were being subjected to less than 100 pounds force, that the S000 pound

capacity load cell simply was not in its most effective range. A small, 50 pound capacity hand

held spring scale (similar to a "fish scale") was used to check this. First, the scale was checked

for accuracy using the Chatillon. While the scale's readings fluctuated high and low with respect

to the Chatillon's output, a series of ten trials running from zero to forty-four pounds yielded an

average that was reasonably accurate (Figure 16). The scale was then attached to the hand

operated device. Ten sets of readings were taken ranging from zero to forty-four pounds. The

data was averaged, zeroed and plotted (Figure 17). The relationship between the load cell's

output in milli-volts and pounds force was determined to be:

Lbf=

ml—mi’y

0.963 Equation 2

Figure 18 shows the comparison of the data from figure 15 using Equation 2. The fit is

still not perfect, but it is closer. In addition, the two plots in figure 18 are closer to being parallel

at values above 3/4 pounds. The modulus of elasticity was determined by determining the slope

of a hand fitted line. The results are as follows:

Chatillon:

Hand Operated:

Difference:

(4.62-0)Lbf 12 3]ﬂ

(2-Oinches inch

(29.69-1040)Lbf _ 4 gry LES

(2-0.5)inches inch

(1282-1231)

61

L



It is suspected that this small amount of error could be eradicated if a 500 pound load cell were
used in the construction of the hand operated tensile tester. Unfortunately, none were available

during the course of this project.

Samples

Many samples were tried during the course of working with this device. One inch wide
samples were attractive at first because six were obtained from a single mold. Also, the
Chatillon LDX's grips accepted nothing larger than a 1" sample. Unfortunately, 1" samples were
very difficult to hold, slipping from the grips with as little as 40 pounds force. Also, the narrow
span of fibers made the viewing of anisotropic properties difficult. Lateral displacement in
samples which were obviously anisotropic was hit and miss. Data obtained from 1" samples
will be ignored for the most part since like samples failed to respond in a consistent fashion.

Finally, 2.5" wide samples were used. The grips had originally been designed to hold
samples of this size. The additional gripping surface proved invaluable, though slippage
remained a problem throughout the tests. In addition, anisotropic properties were much more
pronounced with the larger span of fibers. The bulk of data obtained from the 2.5" samples

appears in the following brief discussion of tests.

Tests
The following is a series of eleven tests which were run on the completed and calibrated
device. The composites which were tested were developed by M. D. Wampler and F. X. Spiegel

of Loyola College, Maryland.* The original concept was modified by constructing a divider
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which allowed for two, 0.3"x2.5"x5.75" samples to be constructed at a time. Aluminum and
fiberglass screening were used for the strengthening fibers. Strands of screen were selectively
removed to produce composites with continuous unidirectional fibers at different angles to the
horizontal (0°, 30°, 45°, 60° and 90°). The bits of screen were removed using either a fine pair
of scissors or a modeling knife. A single layer of fibers was used for each sample.

Sample test numbers consist of the date and the order in which the tests were performed
on that date. The samples used were 0.3"x2.5"x5.75". Two plots accompany each test. The first
plot is of pounds force versus elongation. The modulus of elasticity was calculated from these.
The second plot is of lateral displacement versus elongation. If a sample is anisotropic, a shear
strain will be produced when a tensile stress is applied.” The shuttle system used in supporting

the top grip allows this shear stress to be expressed in movement either to the left or right.

Test #0716931 - Ferris See-thru® Neat (Figures 19 & 20).

Test #0716932 - Ferris See-thru® with aluminum fibers at 0° (horizontal) (Figures
21&22)

Test #0716933 - Ferris See-thru® with aluminum fibers at 30° (Figures 23 & 24).

Test #0716934 - Ferris See-thru® with aluminum fibers at 45° (Figures 25 & 26).

Test #0716935 - Ferris See-thru® with aluminum fibers at 60° (Figures 27 & 28).

Test #0716936 - Ferris See-thru® with aluminum fibers at 90° (vertical) (Figures 29 &
30).

Test #0716937 - Ferris See-thru® with fiberglass fibers at 0° (horizontal) (Figures 31 &
32).

Test #0716938 - Ferris See-thru® with fiberglass fibers at 30° (Figures 33 & 34).

Test #0716939 - Ferris See-thru® with fiberglass fibers at 45° (Figures 35 & 36).

Test #07169310 - Ferris See-thru® with fiberglass fibers at 60° (Figures 37 & 38).

Test #071693 11 - Ferris See-thru® with fiberglass fibers at 90° (vertical) (Figures 39 &

40)

None of the samples tested were brought to failure. In the force versus elongation plots,

the drop off is due to the sample slipping from the grips. While the force existing as the sample



slips from the grips is not important, what is important is the lateral displacement. Figures 26,
28, 30, 34, 36 and 38 clearly show the samples being laterally displaced as tension is applied. As
the samples slipped from the grip, the lateral displacement reversed itself, with the samples
moving back towards their original position. This data was retained since it further

demonstrated the anisotropic properties of these composites.

Results

0716931 - Neat.

(48.22-20)Lhf ~28 _[ﬁf_

Modulus of Elasticity = o0 et —

The neat sample showed no surprises. [t did not experience any permanent deformation,
returning to its original dimensions after having slipped from the grips. The results appear in

figures 19 and 20.

Aluminum
0716932 - Al fibers at 0° (Horizontal):

(58.57-O0M.bf
(1.6-0inch = 36. 60mch

Modulus of Elasticity=

The sample experienced some permanent deformation. Its final dimensions were
0.30"x2.42"x5.8". The aluminum wires were protruding from the sides of the sample as a result
of the samples necking while under tension. It is believed that an uneven slippage rate of the

aluminum wires caused the minimal amount of lateral displacement that was witnessed. The

results appear in figures 21 and 22.



0716933 - Al fibers at 30°:

(62.57-0Lbf Lhf
Q2-O¥inch ]'29mch

Modulus of Elasticity =

The sample experienced some permanent deformation. Its final dimensions were
0.30"x2.48"x5.73". The aluminum wires were protruding from the sides of the sample as a result
of the necking that occurred. In addition, the sample retained the shape of a parallelogram with
an offset angle of 1°. The sample was originally 90° at the corner but has deviated to 89°. The

results appear in figures 23 and 24.

0716934 - Al fibers at 45:

(59.43-0)Lhf _ Lbf
(1.6-inch — 37 I 4inch

Modulus of Elasticity =

The sample experienced permanent deformation. Its final dimensions were
0.30"x2.42"x5.80". The aluminum wires were protruding from the sides of the sample due to the
necking which occurred while the sample was under tension. In addition, the sample
overcompensated, returning slightly past its zero lateral displacement and retaining the shape of
a parallelogram with an offset angle of 2.5° (87.5 at the corner). The results appear in figures

25 and 26.

0716935 - Al fibers at 60°:

L (4286-O)Af Lbf
Modulus of Elasticity = © 5 omeh = 715"

The sample experienced severe permanent deformation. Its final dimensions were
0.30"x2.40"x60". The aluminum wires were not protruding from the sides of the sample but
there was a substantial amount of pull-out visible through the clear resin. In addition, the sample

severely over compensated. As it slipped from the grips, it moved towards zero lateral
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displacement. It overshot, however, and came to rest -0.200" away from zero deviation. Its

offset angle was 11° (79° at corner). The results appear in figures 27 and 28.

0716936 - Al fibers at 90° (Vertical):

(94.55-0)Lbf
(0.2—0)inch

Modulus of Elasticity = 4712.732%

The sample experienced severe permanent deformation. Its final dimensions were
0.30"x2.40"x6.00". The aluminum wires had suffered pull-out and were protruding from the
broad flats of the sample. The lateral movement was caused by slack in the wires. This slack
arose during fiber orientation during flow.? When the liquid Ferris See-thru® was poured over

the fibers, they shifted position and took on a bowed shape. As the curve was pulled out of the

bow, the sample shifted laterally. The results appear in figures 29 and 30.

Analysis

In measuring the modulus of elasticity, a line was hand fitted to each plot. An attempt
was made to include only points which were measured before any slippage occurred. The
modulus of elasticity is directly related to the stiffness of a material.® A high modulus of
elasticity indicates that a large amount of force is required to elongate a specimen. The results
obtained here showed that the sample with vertical fibers (90°) had the highest modulus of

elasticity. This was expected since the aluminum fibers receive the entire load. It would have
been expected that the composite with horizontal fibers (0°) would have had the lowest modulus

of elasticity. This was not the case, according to the results. The sample with fibers at 30° had

the lowest at 31.29 Lbf'inch as compared to 36.60 Lbf inch. The validity of this result is in
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question, but the percent error which was calculated during calibration does not account for it.
The tendency of the samples to slip, however, would account for it.

The neat sample had the lowest modulus of elasticity of all. This was expected, since the
chore of fibers within a composite is to provide strength while the resin's job is to support and
protect the fibers.

It is suspected that the overcompensation displayed by the 45° and 60° aluminum was
due to pull-out. Pull-out occurs when the fibers pull loose from the matrix.> Since the
aluminum fibers are held in place by mechanical adhesion (mechanical interlocking of two
surfaces) the bond between fiber and matrix is a weak one.” The hole left due to the pull-out of a
fiber would neck down under tension, thus increasing the mechanical adhesion of the fiber. As
the tension is released, the fiber does not slide entirely back into the hole from which it came. If
this were the case, the array of aluminum fibers would now push the matrix in the opposite
direction. This would explain the over compensation and the deformation which was so
prominent in the 60° sample. Figure 41 shows a schematic of the distortion which took place in

the aluminum fiber samples.

Fiberglass

0716937 - Fiberglass fibers at 0° (Horizontal):

. 53.43-8 86)Lh b
Modulus of Elasticity = guToz)T)chf = 31.841—,’76{-

The sample experienced no permanent deformation. The fiberglass appears to have
formed a more secure bond with the Ferris See-thru®. This was demonstrated by a lack of

protrusion of fibers which was prevalent in the 0° with aluminum. The results appear in figures

31 and 32.
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0716938 -Fiberglass fibers at 30°:

(55.43-10.86)Lbf 44 57%

Modulus of Elasticity = 2 2meh —

The sample experienced some permanent deformation. Its dimensions remained the
same, but it was offset by 1° (89° at the corner). Again, the fiberglass appears to have a more’
secure bond with the Ferris See-thru®. There was virtually no protrusion of fibers from the

resin. The results appear in figures 33 and 34.

0716939 - Fiberglass fibers at 45°

(49.86-28.12)Lbf
(0.8-0.4)inch

Modulus of Elasticity = 54.35%

The sample experienced some permanent deformation. Its dimensions remained the
same, but it was offset by 3° (87° at corner) due to over compensation. Again, the fiberglass
appears to have a more secure bond with the Ferris See-thru®. This is demonstrated by a lack of
protrusion of fibers which was more pronounced in the 45° with aluminum. The results appear

in figures 35 and 36.

07169310 - Fiberglass fibers at 60°

(60-13.14)L6f Lbf

Modulus of Elasticity = 050 Tmen = 18-107-

The sample expertenced some permanent deformation. Its dimensions changed to
0.30"x2.42"x5.78". There was not as much offset due to over compensation as might be
expected, only 2° (88° at corner). This is probably due to the comparably tenacious bond that

the fiberglass fibers seem to have with the resin. The results appear in figures 37 and 38.



07169311 - Fiberglass fibers at 90°

Lbf

Modulus of Elasticity = £-0ef = 42174,

The sample experienced no permanent deformation, despite having experienced stresses
in excess of one hundred pounds (by far the heaviest). The sample's dimensions remained the
same and the fiberglass fibers showed no signs of pull-out. As with the aluminum at 90°, the
lateral movement here is a result of fiber orientation during flow. The results appear in figures

39 and 40.

Analysis

The modulus of elasticity for the fiberglass composites behaved as expected with the 0°
having the lowest modulus and the 90° having the highest. The composites whose fibers had
higher angles of orientation had correspondingly higher moduli. This is as expected.

The fiberglass fibers form a bond with the resin that is far superior to the bond formed
between the resin and aluminum fibers. The bond is still due to mechanical adhesion, but the
fiberglass fibers have more surface rigosity. In addition, there are small "tabs” that remain on
either side of the unidirectional fibers after the superfluous middle fibers are snipped free. This
superior bond results in less sample deformation. Pull-out was virtually eliminated.

Overall, the fiberglass fibers proved superior to the aluminum fibers. Both pull-out and
sample deformation were minimized with the use of fiberglass fibers. The aluminum was the
stronger fiber, as evidenced by the modulus of elasticity for aluminum fibers arranged vertically.
At 472.73 Lbf inch, it was 12% higher than the modulus of elasticity for the corresponding
fiberglass sample. The aluminum sample, however, emerged from the test severely deformed

while the fiberglass sample appeared unscathed.

69



70

Closing Comments

While the device designed and constructed during this course 1s useful, many
improvements could be made to increase its usefulness as an educational instrument. Below are

several suggestions.

1) The addition of two LVDT's, one to measure lateral displacement and one to
measure necking.

2) The addition of a device which could collect data from the load cell, convert it
to pounds force and store it.

3) A redesigned grip, based on the commercial grips used by Chatillon, but
capable of holding 2.5" wide samples.

4) Replace the 5000 pound capacity load cell with a 500 pound capacity load
cell.

These are only suggested modifications. In its current state, the device is simple to learn and
provides reasonable results. The best results are obtained when people work in teams of two or
three. This is especially the case when lateral displacement readings are being made. One
person operates the hand wheel, reading off the voltages to a note taker. As each reading is
taken, a third student can make measurements of the lateral displacement by means of a small
ruler clipped on the rail assembly.
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List of materials used in the construction of this device.

Machinist's Labor (approximately 40 hours) $1000

2. Guide Rail A7C15-3065, one 6.5 section at $55.60
from Stock Drive Products

3. Guide Wheel A7Q16-2, four at $25.51
from Stock Drive Products

5. Flanged Bushing - 0.627" inner diameter, O.D. 0.878", Length 1",
two at $2.04 from Stock Drive Products, A 7B 4-SF202808

6. Alloy Steel Fully threaded rods, 1/2" -13, one at $4.78
McMaster-Carr, 98957A636

7. Alloy Steel Fully threaded rods, 1/2"-20, one at $8.75
McMaster-Carr, 92580A111

8. Round Drill Rod, 1/4", 3' long, one at $2.29
McMaster-Carr, 8893K36.

9 Steel Rod, 3/8" dia., 12" length, one at $5.95
McMaster-Carr, 6061K32

10. Guide Rod - 1" diameter, 20" length, two at $8.00
from McMaster-Carr

11. Load Rod - 1" diameter, 36" length, two at $12.00
from McMaster-Carr

12. Acme® threaded rod - 1" - 10 threads, 6' length, one at $55.00

from McMaster-Carr, 98935A219
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13.  Acme® Carbon Steel Flange - 1" -flange dia. 2.760", mounting hole dia.
0.266", from McMaster-Carr, 95082A644, $28.00

14. Acme® Bronze round nut, 1" - 10 threads, outer dia. 1.5", length 1.5"
McMaster-Carr, 95072A116, $28.00

15. Knurled nut, 1/2"-13, four at $3.58
McMaster-Carr, 94775A033

16. Cast Iron Hand Wheel - 10" outer dia., 2-1/4" tall, 2-1/4" dia. cntr.
1" dia. grip, McMaster-Carr, 6025K 14, $29.38

17. Lumber and other materials obtained from hardware stores, $100.00

Total cost of construction = $1478.19

Suppliers:

McMaster-Carr Supply Company
Dayton, New Jersey

TEL. (908) 329-6666

FAX. (908) 329-3772

Stock Drive Products

Box 5416

New Hyde Park NY 11042-5416
(516) 328-3300
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Figure 1. Hand wheel with through holes for Acme rod and roll pin.
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Figure 2. Acme threaded rod with ends turned down.
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Figure 3. Acme threaded rod with hand wheel.
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Figure 4. Construction of laminated maple beams.
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M fact s S ifications
Sensotec Model 41 Load Cell
Serial No. 296393
I Part No. 572-05
] Capacity: 0-5000 Lbs
Excitation Voltage: 10.0
(=i f " T.C. Range: 80-160 degrees F.
Shunt Resistor Value: 59 kohms
Matching cable and connector (AA113)

174°

With Amplifier: %Capacity Output
i ’:1—_::3 0 0 volls
P e o0 2.5004 volts
Jd kT 100 4.9996 volls
0.82 50 2.5027
0 0 volls

¢ clearance holes equally spaced on
2625 diometer B.C, 0.34" diameter

thiru,
Figure 13. Sensotec load cell with manufacturer’s specifications.
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Figure 14. Shuttle assembly for upper grip.
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Figure 15. Neat samples of Ferris See-thru tested on Chatillon {Pounds}
and hand operated device {lbs} using load cell manufacturer’s
specifications.
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Force applied by Chatillon Tensile Tester

Figure 16. Average reading of hand scale (Chatillon Model IN-50)
for ten trials, 0 - 44 pounds on Chatillon Tensile Tester.



50 T T T T T T T T

Force (pounds) -

obtained from 4, |- - —
Load cell /

using calibration /
uation.
eq ol / _

mVy, 9373 -

0.963 s

B 0} d _

Force measured by Hand scale (pounds)

Figure 17. Calibration of load cell using Chatillon Model IN-50 Hand Scale.
The load cell’s average output in millivolts for ten trials is plotted
against the hand scale’s reading in pounds. The relationship
between the load cell’s output in millivolts to the force applied was

determined to be. . .

mV = reading in milli-volts
mv, = initial reading [millivolts}]

Lbf = Pounds force
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Figure 18. Neat samples of Ferris See-thru tested on Chatillon {pounds}
hand operated device (Lbf) using calibration data.
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Figure 19. Force vs. elongation for Ferris See-thru Neat (0716931).
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Figure 20. Lateral displacement vs. elongation for Ferris See-thru
Neat (0716931).
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Figure 21. Force vs. elongation for Ferris See-thru Al 0° (0716932).
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Figure 22. Lateral displacement vs. elongation for Ferris See-thru
Al 0° (0716932).
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Figure 23. Force vs. elongation for Ferris See-thru Al 30° (0716933).
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Figure 24. Lateral displacement vs. elongation for Ferris See-thru

Al 30° (0716933).
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Figure 25. Force vs. elongation for Ferris See-thru Al 45° (0716934).
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Figure 26. Lateral displacement vs. elongation for Ferris See-thru

Al 45° (0716934).
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Figure 27. Force vs. elongation for Ferris See-thru Al 60° (0716935).
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Figure 28. Lateral displacement vs. elongation for Ferris See-thru
Al 60° (0716935).
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Force vs. elongation for Ferris See-thru Al 90° (0716936).
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Figure 30. Lateral displacement vs. elongation for Ferris See-thru Al 90°

(0716936).
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Figure 31. Force vs. elongation for Ferris See-thru Fiberglass 0° (0716937).
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Figure 32. Lateral displacement vs. elongation for Ferris See-thru Fiberglass 0°
(0716937).
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Figure 33. Force vs. elongation for Ferris See-thru Fiberglass 30° (0716938).
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Figure 34. Lateral displacement vs. elongation for Ferris See-thru Fiberglass
30° (0716938).
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Figure 35. Force vs. elongation for Ferris See-thru Fiberglass 45° (0716939).
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Figure 36. Lateral displacement vs. elongation for Ferris See-thru Fiberglass 45°
(0716939).
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Figure 37. Force vs. elongation for Ferris See-thru Fiberglass 60° (07169310).
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Figure 38. Lateral displacement vs. elongation for Ferris See-thru Fiberglass 60°
(07169310).
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Figure 39. Force vs. elongation for Ferris See-thru Fiberglass 90° (07169311).
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Figure 40. Lateral displacement vs. elongation for Ferris See-thru Fiberglass 90°
(07169311).
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Application of Materials Database (MAT. DB.) to Materials Education

Ping Liu and Tommy L. Waskom
School of Technology
Eastern Illinois University
Charleston, IL 61920

KEY WORDS: material properties, strength, ductility, material data base,
environment and working conditions.

PREREQUISITE KNOWLEDGE: The student should understand the
fundamentals of materials behavior such as tensile strength, percent elongation, area
reduction, manufacturability and formability. Some understanding of change in material
behavior with different environments and loading conditions is expected. Knowledge
of the basic application of a microcomputer and DOS commands are essential.

OBJECTIVES: To use the materials database MAT. DB. to search for useful
data on materials behavior related to specific applications. With the materials database,
design analysis, materials selection and manufacturing of products can be more efficient.

EQUIPMENT AND SUPPLIES:
1. IBM compatible 286 or higher microcomputer.
a. 640 K RAM
b. At least 15 M free hard disk
c. Graphics card of CGA, Hercules, EGA, and VGA
d. 4.25" or 3.5" floppy disk drive
d. DOS 3.0 or higher.
2. MAT. DB and database files from ASM International.
3. Printer is optional for output.

INTRODUCTION:

Finding the right material for the job is an important aspect of engineering.
Sometimes the choice is as fundamental as selecting between steel and aluminum.
Other times, the choice may be between different compositions in an alloy. Discovering
and compiling materials data is a demanding task, but it leads to accurate models for
analysis and successful materials application.

Mat. DB is a database management system designed for maintaining information
on the properties and processing of engineered materials, including metals, plastics,
composites and ceramics. It was developed by the Center for Materials Data of
American Society for Metals (ASM) International. The ASM Center for Materials Data
collects and reviews material property data for publication in books, reports, and
electronic database. Mat. DB was developed to aid the data management and material
applications.

Mat. DB can provide the following functions to manage database for materials:

1. View information on specific material:

The material data are organized in material records, which include material
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designations, specifications, composition, product forms, classes, ranking, properties,
graphs and notes. Once entering the database, the user can navigate among the nine
categories of information for a specific material.

2. Searching:

One of the most powerful features of Mat. DB is its ability to search through
megabytes of information to locate needed material data. The user begins a search
session by creating a "folder", which contains all related results. The searched folder can
be viewed in the same manner as above.

3. Editing:
Users can build their own database with the tools provided by Mat. DB.
Sophisticated databases can be established to suit various applications for users.

4. Reports:
Mat. DB is capable of viewing and printing the results of a search in formats that
help analyze search results.

PROCEDURE:
1. Start the Mat. DB and load the desired database file for the material of
interest. A main manual will be prompted for each database file.

2. View data for a specific material:

After choosing "VIEW FOLDER" from the main manual, a material record
manual will be shown on the screen. Mat. DB’s basic building block is the Material
Record, the file in which information on materials is organized. A separate record is
devoted to each materials designation, e.g. AISI 1020, Ti-6Al-4V, etc. These records are
then stored in Mat. DB databases. Each record can contain the following information
for a given material:

Designation: The designations screen contains necessary information to identify
the material and source of the data. It includes Accession Number (an identifying
number unique to a material record), UNS Number (a cross-referencing number
standardized by American Society for Testing and Materials (ASTM) and Society of
Automotive Engineers (SAE)), Material Group, Designation, Common Name,
Manufacturer, Country and User.

Specifications: Each material can be cross-referenced to a maximum of 50
alternate specifications. Each specification can be annotated with a short note.

Composition: Minimum and maximum percentages can be maintained for up to
20 elements. Additional comments on compositions can also be stored for display along
with the element percentages.

Product Forms: The user may index the material by up to 50 different product
forms.



Classes: The user may index each material condition by up to 50 application
classes such as heat resistant, high strength, etc.

Ranking: Each material condition can be ranked for processing characteristics
such as formability, weldability, machinability, hardenability, processing cost, and
availability. The user can define up to 6 ranking categories.

Properties: Properties can be reported for up to 20 different conditions per
material. For each condition up to 100 properties can be reported at as many as 20
temperatures. The properties are displayed on a screen that looks like a spreadsheet.

Graphs: Up to 20 graphs can be maintained and displayed for each material.
Graphs can also be saved to a DOS file or printed directly to a laser or dot matrix
printer.

Notes: Mat. DB can maintain up to 200 lines of comments for each material.
The Notes section offers many standard word-processing features, making it extremely
easy to add new comments to a record or edit existing comments.

3. Search information with "SIFT FOLDER" feature of Mat. DB.

Material information can be searched according to various combinations of
material data on designation, specifications, composition, forms, classes, rankings,
properties and so on. For example, in the folder of STARTER.DB (database supplied
with Mat. DB), "sift folder" with the following conditions

CLASSES = CORROSION RESISTANT and

FORMS = BARS
results in the following three materials

316 STAINLESS STEEL
410 STAINLESS STEEL and
A3003 WROUGHT ALUMINUM.

All the material data on these three corrosion resistant bars can be found using the
"VIEW FOLDER".

4. Build your own database with "editing" feature of Mat. DB.

If the database was opened in the read-write mode, a new material record can be
created by moving the highlight to "new" at the bottom of the List Screen and pressing
enter. This will open an empty material record.

The new material record will begin with "DESIGNATION" and data will be
entered in the edit boxes. When finished, press the F10 function key and the editing will
be saved.

S. Output the results:
The results can be printed with a dot matrix printer.
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SAMPLE DATA SHEETS:
The following are two examples for the property data of AISI 4140 steel and high
density polyethylene, respectively.

A, AIST 4140 Steel
Database: STARTER.DB
Folders: Metal Alloys (11)
View Folder: 4140 G41400 Alloy Steel
1. Designation
Accession Number 281189015
UNS Number G41400
Material Group Alloy Steel
Designation AISI 4140
Common Name 4140
Manufacturer
Country USA
User ASM
2. Specifications
Organization Specification
AMS 6381 (*Aerospace Material
Specification)
AMS 6382
AMS 6390
AMS 6395
ASTM A322
ASTM A331
ASTM AS05
ASTM AS19
ASTM AS47
ASTM A646
MIL S-16974
SAE J404
SAE J412
SAE J770
DIN 1.7225
3. Composition
Element Min.% Max. %
C 38 43
Cr 8 1.1
Mn 75 1.
Mo A5 25
P . 035
S . 04

Si 15 3



4. Notes

High-hardenability, medium-carbon steels; popular grades
DESCRIPTION: Grades 4140, 4140H, 4142 and 4142H are combined for
discussion purpose because they are so similar in compositions and
characteristics. Actually, they are so close that the composition could be
either 4140 or 4142,

S. Properties

4140 Typical Properties
100 °C 200 °C 400 °C
ElResis n{o}*m 262. 326. 475.
ThCoefExp {u}m/m*K 12.2 12.6 13.7
ThConduct W/m*K 42.6 422 37.7
ThSpcHeat J/kg*K . 473. 519.

6. Graphs: One example is shown below.

AISI 4146: CRSTIR, Creep strength
0.601 ___ 0.61 TS S | 10 100

T T ™ MRS | T T T Ty

100 {100

- 16« 4

. i

-~

u- -

7]

£

P 2 52

10 PP | NPT | NI | T | — . ....010

9.601 8.601 6.1 1 16 100

Time, h
Sheet, 0.650 in., anncaled at 1550 F, and tested at 1660 F.
Struct. Alloys Handbook, D.J.Maykuth, Ed., Vol 1 & 2,
n 1h. Battelle, 1981
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B. High Density Polyethylene (HDPE

Database: THERPLAS.DB
Folders: Polyethylene (A-M) (63)
View Folder: Marlex HXM 50100
1. Designation
Accession Number 81789333
Code Number 190100
Material Group Polyolefin
Designation Polyethylene
Common Name Marlex HXM 50100
Manufacturer Philips Chemical Co.
Country USA
User Engineering Thermoplastic
2. Notes

High-density polyethylene, use with food and drugs.
Uses: Large formed parts, cattle feeders, pallets, boats

FOOTNOTES
A Condition 190/2.16
B Type 1V specimen, 2 per min.

3. Process: Thermoforming

4. Properties
Typical Properties

239C
Density, kg/m3 950
FlexModul, GPA 2.08
StrElgYld, % 600
TenY1dSt, MPa 26
5. Features:
Impact resistance
Food/drug use
6. Rankings

Chemical Resist.
Creep Resist.
Fatigue Resist.
Heat Resist.
Processability
Cost



INSTRUCTOR NOTES:

1. It is always a good idea for students to start with "Read-Only" mode for
materials database folder. In the "Read-Only" mode, no change in any material record
will be saved. This will prevent any useful information from being lost.

2. When searching materials with "SIFT FOLDER", students need to make sure
to use "NEW" in the folder list. Otherwise, the existing folders will be replaced by the
new folder. Some information could be lost.

3. Basic knowledge of DOS for microcomputer will be essential to the operation.

REFERENCES:
1. Puttre, Michael: Materials Data Bases are Key to Design Analysis, Mechanical
Engineering, vol. 115 (5), 1993, pp 69-71.

2. ASM International, Materials Properties Database System: Mat. DB,
ASM/Center for Materials Data, Materials Park, OH 44073, 1992.

SOURCES OF SUPPLIES: This is basically a computer software project.
Microcomputers are readily available. However, the software is relatively expensive.
The Mat. DB costs approximately $556-695, and material database files cost from
$295.20 to 526 for each major category of materials. But, the software and database files
can be purchased separately, which makes the cost planning a little easier.

ACKNOWLEDGMENT: Financial support for this project from the Council for
Faculty Research (CFR) at Eastern Illinois University is greatly appreciated.
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Laminated Thermoplastic Composite Material from
Recycled High Density Polyethylene

Ping Liu and Tommy L. Waskom
School of Technology
Eastern Illinois University
Charleston, IL 61920

KEY WORDS: thermoplastic composite, high density polyethylene, laminate, glass
fiber fabric, ASTM standards, tensile test, ultimate tensile strength.

PREREQUISITE KNOWLEDGE: The student should understand the
fundamentals of polymer processing and mechanical property testing of materials. The
ability to use ASTM standards is also necessary for designing material test specimens
and testing procedures.

OBJECTIVES: To understand the concept of laminated composite materials,
processing, testing and quality assurance of thermoplastic composites; to observe an
application example of recycled plastics.

EQUIPMENT AND SUPPLIES:

1. Recycled one-gallon milk containers

2. One glass fiber fabric of 127 x 127 mm

3. Steel rules and compass (or a specimen template)
4. Scissors

5. Thermoforming or compression machine for plastics
5. Tensile test machine.

PROCEDURE:

1. Collect and clean recycled milk containers.

2. Cut four (4) flat sheets of high density polyethylene from the milk containers.
The sheet size is approximately 130 x 130 mm.

3. Cut a piece of glass fiber fabric of 127 x 127 mm.

4. Place two sheets of high density polyethylene on both sides of the glass fiber
fabric, as shown in Figure 1.

5. Compress the above combination of sheets under a normal load of 2/9 tons
and a temperature of 135 °C for 5 minutes.

6. Turn off the heater of the mold, turn on the circulation pump and maintain the
same normal load until room temperature.

7. Remove the laminated composite from the mold.

8. Cut the tensile test specimen from the laminate according to dimensions
specified by ASTM standards [1], as shown in Figure 2.

9. Test the tensile strength of the laminated composite.

PREBCEBOWNG PAGE BLANK NOT FI.MED - &(} . N 113



High Density
Polyethylene (4)

Glass Fiber
Fabric

Load = 2/9 ton

!

Figure 1. Configuration of laminated composites: two layers of HDPE on both
sides of glass fiber.
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Figure 2. Dimensions of the tensile test specimen per ASTM standard D 638M-

89.

25 mm

SAMPLE DATA SHEETS

Students can record the experimental results using the following table. The data

in the table are examples.

Sample | Forming Temperature | Specimen | Specimen Max. Tensile
# Load (t) °C) Thickness | Width Load (N) | Strength
(mm) (mm) (MPa)
1 2/9 135 1.44 6.46 2379 25.6
2 2/9 135 1.28 6.43 1919 233
3 2/9 135 1.30 6.62 284.7 33.1
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INSTRUCTOR NOTES:

Students can perform investigative studies on the effects of forming temperature
on the strength of the laminated composite [2,3]. Figure 3 shows a typical relationship
between the compression temperature and ultimate tensile strength. As the temperature
increases, the strength of laminated composite increases. This increase may be due to
several reasons. One of the reasons is that as the temperature increases, better bonding
may take place between the glass fibers and the plastic sheets. Another possible reason
is that as the temperature increases, the thickness of the laminate decreases, which
actually increases the percentage of glass fiber relative to the polymer. Glass fiber is
stronger than high density polyethylene matrix. Therefore, material strength increases
with increasing temperature.

The reinforcing effect of glass fiber is seen in Figure 3. The strength of recycled
mgh density polyethylene is improved by laminating it with glass fiber. With the
improved mechanical properties, the application of recycled plastics could be expanded,
and therefore the amount of solid waste going to landfills can be reduced.
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Figure 3. The relationship between the compression temperature and the tensile

strength of recycled high density polyethylene laminated with glass fiber and
recycled high density polyethylene without reinforcement.



It is also noted that the strength of the laminate increased with increasing

temperature. To further investigate the reason, Figure 4 was created to show the
relationship between the thermocompression temperature, specimen thickness and
strength. It is believed that with increasing temperature the bonding between the fiber
As the thickness decreased with the increased
temperature, the actual percentage of load-bearing glass fiber in the composite was
increased. Therefore, the tensile strength increases with the thermocompression

and the plastic was improved.

temperature.
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Figure 4. Variation of laminate strength and specimen thickness with
thermocompression temperature.

In summary, this experiment provides an understanding of the reinforcing role of
continuous fibers in thermoplastic composites. It also illustrates a possible application
of recycled plastic, and increases the student awareness of the importance of materials
recycling for solving solid waste crisis in the nation.
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REFERENCES:
1. ASTM: 1989 Annual Book of ASTM Standards, Vol. 8.01 Plastics (I),
American Society for Testing and Materials, Philadelphia, 1989.

2. Carlsson, Leif A.: Thermoplastic Composite Materials, Elsevier Science
Publishers, 1991.

3. Agarwal, B.D.; and Broutman, LJ.: Analysis and Performance of Fiber
Composites (2nd edition), John Wiley & Sons, Inc., 1990.

SOURCES OF SUPPLIES:

The high density polyethylene is obtained from milk containers which can be
recycled by faculty and students without any cost. The cost of glass fiber fabric is the
lowest among all engineering fibers, which is $2.65 - $6.25/ m? (Fibre Glast, 1-800-821-
3283).
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INEXPENSIVE MATERIALS SCIENCE DEMONSTRATIONS
F. Xavier Spiegel
Department of Electrical Engineering and Engineering Science
Loyola College, Baltimore, Maryland

ABSTRACT: Readily available materials can be used to
demonstrate such properties as anisotropy, stress concentration
effects and composite behavior.

REQUISITE KNOWLEDGE: Curiosity.

KEY WORDS: Composite, Bi-metallic, Filament Tape,
Anisotropy.

OBJECTIVES: The purpose of these demonstrations is to
illustrate some interesting properties of composites. The
following demonstrations have been performed by the author many
timesliy% have been received enthusiastically by audiences of all
ages, 1“3

EQUIPMENT AND SUPPLIES:
1) Filament Tape
2) Sheet of Paper
3) Index Card
4) Bi-metallic Disk *

FILAMENT TAPE: Filament tape is an excellent example of the
anisotropy of a composite material. Filament tape consists of
aligned parallel threads embedded in a polymer film. One side of
this composite is coated with an adhesive. If you try to tear the
composite in the direction of the threads the tape will separate
very easily; however, if you try to tear the tape in any other
direction you will find that it is almost impossible. This is an
example of anisotropy or the directional dependence of a property
of a material. In other words in this instance the mechanical
property of tearing is different according to which direction you
try to tear the tape. If you cut several pieces of the tape about
5cm long and stack them together so that different layers have
their threads running in different directions, you will find that
the anisotropic properties change. This technique is often used
in industry to provide a more isotropic material. One major
weakness of this type of composite is de-layering or de-
lamination of the stacked layers.l’

* Available from: Edmund Scientific Company
101 E. Gloucester Pike
Barrington, N.J. 08007-1380
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SHEET OF PAPER: A sheet of paper can be used to demonstrate
the action of an airfoil and also the effect of folding paper.

If the sheet of paper is held in front of the mouth and you blow
across the top of the paper the paper will rise demonstrating the
way that faster moving air on the top of a wing surface than on
the bottom of the wing surface causes the wing to experience
l1ift.

Another interesting demonstration with a piece of paper (any
size!) is that if you try to continually fold a piece of paper in
half, eventually you will not be able to fold it again. You just
are not strong enough. Ten folds cannot be done! This
demonstrates how mechanical strength can be affected by composite
folds.

INDEX CARD: A 3"x5" index card can be used to demonstrate
crack deflection in a material. Crack deflection can be
engineered into most materials and is not peculiar to composites.
If two one inch slits are cut parallel to the 3 inch sides about
one inch from either end and then a hole is punched at the bottom
of one of the slits, the index card can then be pulled at the 3
inch sides and the index card will invariably fail not where the
hole was punched but where the slit alone was made. This is an
example of crack deflection. The energy supplied to fracture the
card was deflected around the hole and was diminished whereas the
same ener?y supplied to the slit alone was unimpeded and caused a
fracture.ls?

BI-METALLIC DISK: Some composites are formed by joining two
materials either mechanically or by some other means. The bi-
metallic disk is a composite formed by joining stainless steel
and Invar. THe composite behavior of this combination arises from
the fact that stainless steel and Invar have different
coefficients of expansion. When the disk is received it is
concave on one side and convex on the other. If the convex side
is rubbed with the thumb and then pressed, the convex side will
become concave and vice-versa. If the disk is then placed concave
side down on a surface after a short time it will jump off of the
surface as it returns to its original state. Some thermostats
take advantage of this property to accurately determine small
temperature changes. Of course, nothing in a thermostat jumps
since the metals joined are strips, are not discs, and one end is
fixed.

CONCLUSIONS: The author has had enthusiastic response from
audiences of all ages, with each of these demonstrations.
Quantitative results can be measured and each demonstration can
be expanded and/or altered. You are only limited by your
imagination and curiosity.
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RECYCLING OF AUTOMOBILES
AN OVERVIEW

S. S. LABANA
FORD MOTOR COMPANY
DEARBORN, MICHIGAN

SCOPE

TOTAL SOLID WASTE: 326 Billion Pounds In 1988

PLASTICS: 7% By Weight
30% By Volume

Plastics Projected To Increase 10-11% By Weight By The
Year 2000.

80-85% Of Solid Waste Is Landfill.

Household Plastic Waste Is Six Times The Automotive
Plastics Waste.

PLASTICS WASTE
USA 1990

TOTAL PLASTICS WASTE 12.0 MILLION TONS
WEIGHT % OF TOTAL 7.5

VOLUME % OF TOTAL 19.0

POLYMER PRODUCTION 30.0 MILLION TONS

YEAR 2000 PROJECTION
PLASTICS WEIGHT 11%
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LAND FILLS IN USA

YEAR
1979
1989
1995

NUMBER

18000
6300
3800

LANDFILL TIPPING FEES

$/TON BY REGION

AVERAGE MAXIMUM
120.00

REGION
NORTHEAST
MID-ATLANTIC
SOUTH

MIDWEST

WEST CENTRAL
SOUTH CENTRAL
WEST

NATIONAL

SOURCE: NSWMA
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64.76
40.75
16.92
23.15
11.06
12.50
25.63
26.56

89.00
40.00
50.00
13.50
26.25
55.00

120.00



DISPOSAL COSTS
$/TON
ANDFILL 12 -~ 120

RECYCLING: 100 - 300

RECYCLING RATES
USA 1992

MATERIAL RECYCLED. %
ALUMINUM 33
IRON & STEEL 39
PAPER 22
- GLASS 8
PLASTICS 1

129



MAGNITUDE
AUTOMOTIVE RECYCLING

NO. of Cars Shredded 10 Million
Ferrous Metals 11.2 Million Tons
Non Ferrous Metals 0.8 Million Tons
Shredder Residue 3.8 Million Tons
6.7 Million Cu. Yds.
Landfill Cost $20 — 100 Per Ton
Heating Value 5000 — 7000 btu/lb

COMPOSITION OF US BUILT CAR

Ibs/car

1990 1980

Steel
Conventional 1246 1697
High Strength 233 169
Stainless 32 28
Other 53 54
lron 398 480
Aluminum 158 123
Copper 46 37
Zinc Die Cast 19 21
Powder Metal 23 17
Rubber 128 130
Plastics/Composites 222 196
Fluids 167 181
Other Materials 88 90

Source: Wards Reports
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AUTOMOTIVE POLYMER USE
USA (KG PER VEHICLE)

1989 1995
THERMOSETS
POLYURETHANE 34.5 44.0
SMC AND OTHERS 13.0 14.8
RUBBER 50.0 47.0
OTHERS 9.1 9.7
THERMOPLASTICS
POLYPROPYLENE 20.2 21.4
STYRENICS, ABS 13.3 15.5
POLYVINYL CHLORIDE 12.7 13.0
NYLON 9.6 10.8
POLYETHYLENE 8.8 9.6

U. S. VEHICLE DISPOSAL
SCHEMATIC

VEHICLE =) WRECKER g USEABLE PARTS $280
1610 Kg (3000 IN U.S.)

} |

HULL  mmmjp SHREDDER gy METAL $125
1200 Kg (190 IN U.S.) (900 Kg)

WASTE mumjp LANDFILL mmp (300 Kg) ($13)
300 Kg (? INUS)

1988 TOTAL VEHICLES DISPOSED: 12 MILLION
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DISMANTLING TIMES

COMPONENT WT. kg TIME, SEC.
SIDE MOLDING 0.5 18
DOOR INNER 0.6 32
BUMPER 12.2 90
SEAT 19.5 100
INSTRUMENT PANEL 4800

VEHICLE DISPOSAL

PARTS TAKEN OFF BY DISMANTLERS

Radiator

Battery

Gas Tank

Tires

Catalytic Converter
Usable Parts
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FLUID DRAINAGE

ENGINE OIL

BRAKE FLUID
RADIATOR COOLANT
WASHER

FUEL

VEHICLE DISPOSAL
SHREDDER FRACTIONS

Ferrous Metals
Non-Ferrous Metals
Fluff

Dirt
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VALUE OF CAR HULK

Material Wt. Ibs Value $
Steel 2250 135.00
Nonferrous Metals 150 18.00
Fluff 750 (47.00)
Freight (10.00)
Processing (47.00)
Net Value 3150 49.00

Source Waxman Metals Group

SHREDDER RESIDUE

PLASTICS 34 %
ELU 17%
RUBRBER 12%,
GLASS 16%,

OTHER 21%,

134



TIRE RECYCLING

RETREAD

MISC.

EXPORT

RECLAIM

JAPAN USA

Tire Recycling

NO. of Scrap Tires per yr. 234 Million
Scrap Tires in Environment 3 Billion

Fraction Recycled 20 Percent
Retread
Reclaim
Crumb Rubber
Misc. Products
Asphalt Paving

Tire Recycle Incentive Act S.2462 / HR 4147
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COST BALANCE

RAW MAT'L COLLECTION

SEPARATION
VIRGIN MAT'L PROCESSING
FABRICATION FABRICATION
USE

USE
\‘ DISPOSAL ‘/
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Support new recycling efforts
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4, 8 sh am Lag in Plastics Récycling
O Ch s Sparks Heated Debate
2 /, LASTICS recycling is going
’7210,. Pstrong, according to the Part-
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e a tradz group.
Qsr,: (l{s- Hogwash, counter environmental
22 a
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DANIEL MEARS/The Detroit News
Charles Grimmer, 70, his house visible in the background, walks by the ever-growing
mountain of tires dumped in his east side neighborhood near Van Dyke and Mt. Olivet.

T R b




139



Is pyrolysis breaking down coalition?

Wt "L $
HAT'LL BE %12.99 FoR THE GROCERIES, AND A COUPLE GAZILLION Fo
THE COST OF RECYCLING.-.” F

A\
Ak
\““ Here's the inside story oh
g our automobiles

ALBANY TIMES-UNION 8/6/92 and other materials
=\ veryones heatrd of recyclina fom 1< many plants and offices across

recyclin

At Ford, papef
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Automakers Auto-part recycling is a

want to top industry priority
recycle all

of the car

Environmental pressures
tictate recycling more
auto materials, but costs
make total disassembly
unlikely anytime soon.

By BRYAN BERRY
Automotive Editor

n Carb"de

UmO
AUTOMOTIVE PLASTICS

AUTOMOTIVE PLASTICS:
TAKING APART THE PUZLLE

The automotive and plastics industries, jontly and mdividually, seek greater
wcyclabz ity of plastic automotive components. The challenge: getting the
material out of the car and into the recycling loop.

Recyclers Add Capacity | Ny 93 GON
Throughout the Country (\ SN“-" n 7 e

N wing 1049
cyclil “N\ S o

Chemical ydﬂlES ac
count for sevelal maJOI efforts New
recycling plants owned by Union
Carbide, Quantum Chemical and
Phillips Petroleum add significant
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VEHICLE RECYCLING PARTNERSHIP
PARTNERS

CHRYSLER MOTOR COMPANY
FORD MOTOR COMPANY
GENERAL MOTORS CORPORATION

VRP Obijectives

 Understand Issues Involved with Vehicle Recycling

* Interact with Other Entities Involved in Recycling
Research

» Conduct Research and Development to Recycle
Materials and Components from Scrap Vehicles

 Develop Guidelines for Design and Material
Selection to Facilitate Recycling
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NEEDED FOR RECYCLING

RECYCLABLE MATERIALS

RECYCLING TECHNOLOGY

DISMANTLING OR SEPARATION

DESIGN FOR DISASSEMBLY

MATERIALS IDENTIFICATION CODES
DEVELOPMENT OF RECYCLING BUSINESS

RECYCLING
THERMOPLASTICS

® Reuse

e Compatiblize

e Reactive Processing
® Incinerate

® Pyrolyse

e Depolymerize
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RECYCLING THERMOSETS

e INCINERATION
PYROLYSIS

GRIND, USE AS FILLER
CHEMICAL CONVERSION



AN INTRODUCTION TO STRENGTH OF MATERIALS
FOR MIDDLE SCHOOL AND BEYOND

Nancy L. Denton
and
Vernon S. Hillsman
Mechanical Engineering Technology Department
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1417 Knoy Hall, Room 137
West Lafayette, Indiana 47907-1417

Telephone 317-494-7517 or 8486
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An Introduction to Strength of Materials For Middle School and Beyond

Nancy L. Denton and Vernon S. Hillsman
Mechanical Engineering Technology Department
Purdue University, West Lafayette, Indiana 47907-1417

KEY WORDS: stress, strain, stability, bend, crush, shear, buckle, axial force, shearing
force, bending moment, torque.

PREREQUISITE KNOWLEDGE: The students should be able to follow directions
regarding safety of themselves and of those around them. No technical knowledge is required.

OBJECTIVES: To gain familiarity with the basic concepts of strength of materials;
strength, stiffness and stability. To observe how materials respond to various types of loading.
To promote a better understanding of technical professions.

EQUIPMENT AND SUPPLIES:
For specimens and demonstrations:
1 Craft ("popsicle") sticks - 50 or more per student
2 Circular cross-section plastic straws - up to 50
3 Fishing line - approximately 0.5 m per student of two or more strengths. All should be
of a single material.

4 Wood model glue - at least one tube per student team
5 Small hex head bolts - preferably of several materials
6 Foam bar with "stress element" - rectangular cross-section length of foam at least S0mm
x 60mm x 250mm
@) Tbongue depressors - at least 4; with pairs glued lengthwise to form double-thickness
"beams”

8; Ultility knife - for the instructor's use only!
9 Flat plastic scale

10) Safety glasses - one pair per person

For testing:

gl; Digital torque wrench with maximum value storage
2 Small vise

In the materials/mechanical testing laboratory)

3 Universal test machine fixtured with flat plates (about 250 mm x 500 mm)

4 Metal rods - 3 of same diameter and material, about 175 mm long

S Instrumentation to measure test machine loading (such as load cell and strain indicator)

At any other location)

Lightweight bucket with round metal handle

Metal rods - 2 of diameter similar to the bucket handle
Loading material such as sand or water

Small amount of clay, putty, beeswax, or similar material
Weight scale

O\ W

INTRODUCTION: Strength of materials is a subject that affects all walks of life, and
even children have some inherent qualitative understanding of strength, stiffness, and stability.
In a faculty-led workshop, precollegiate students consider how common items withstand loads
due to axial forces, shear forces, bending moments, and torques. The effects of geometry and
material properties are investigated while students crush, shear, buckle, bend, stretch and twist
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various items. For students who have studied basic algebra, the simlglest equations governing
the resulting stresses and deflections (or strains) can be presented. For all students, the
general concepts of strength, stiffness, and stability are demonstrated and engineering concerns
related to design, testing, and manufacturing are discussed throughout. Experiential learning
is emphasized 1n all activities of the workshop.!

PROCEDURE: Note that the foam bar is used to illustrate each of the following
concepts as it is presented, and thus, should be near the instructor at all times.

Axial Force and Deflection: Pull on the foam bar to show how tensile axial loads cause
it to deflect. For older students, show the following equations:

Axial Stress = P/A
Axial Deflection = PL/AE

whc:ire P is axial force, L is specimen length, A is cross-sectional area, and E is Young's
modulus.

Next, show the students the lengths of fishing line and point out that the only difference
is in cross-sectional area. Have the students slowly pull each line until it snaps. Discuss how
the line lengthens before breaking. Have them compare the force needed to break each line.
This test demonstrates both strength and stiffness (deflection) for axial loading. (Ideally, there
will be a sufficient number of lengths of fishing line for each student to break a pair of lines).

Ask the students for examples of materials that stretch only a little or a lot. Discuss
how some of them are used, and exFlain that designers usually consider both elasticity and
strength when selecting a material for a product.

Stability/Buckling: Apply a longitudinal compressive axial load to the foam bar and
show that it bows out (buckles) in the center of its length. Aﬂply a similar load to the center of
a transverse side to show that the bar crushes when the length and cross section proportions
are reversed. Note that the buckling occurs at a much lower load than would be required to
crush the material in compression. Provide and discuss Euler's equation for buckling of
pinned-end columns:

Critical Buckling Load = x2 EI/(Lg)?

where E is Young's modulus (material stiffness), I is the area moment of inertia of the cross-
section (shape stiffness); and L is the effective length of the column.

To illustrate the concept of area moment of inertia (I), apply a similar compressive load
to a scale (ruler) of rectangular cross-section, and note that it buckles in the direction with
material occurring closer to its center, its weak direction. Show the equation:

Rectangle's area moment of inertia: I = bh3/12

where b is the base of the rectangular cross-section and h is the height. Based on the Euler
equation, the scale will buckle in the direction of the lowest area moment of inertia, which is
calculated using the smallest side dimension of the rectangular cross-section as the height, h.
Take a single full-length straw; install it between the flat plates on the pre-instrumented
universal test machine; and have a pair (or team) of students measure the straw's bucklinﬁg
load. Next, cut a straw in two. Have the students guess if the buckling load should be higher
or lower. Have another pair of students measure the load to determine who is correct.
Finally, bundle two or more straws together; ask the students how much load should be needed
for buckling; and have a third pair measure the buckling load.
The straws typically vary noticeably in geometry and stability. This provides an
opportunity to discuss manufacturing issues such as quality control and reasonable tolerances
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for an item based on its expected use. For example, for some straws, the side may collapse
before the length buckles due to variations in material thickness.

Torsion: Start by slowly and carefully twisting the foam bar about its longitudinal axis.
Show that the center of the bar does not move, while the corners rotate through a significant
angle. While holding one end in place, again twist the bar to demonstrate that the corners at
the fixed end of the bar do not move, but the corners at the bar's free end can experience a
great deal of deflection. Explain that in addition to motion, the bar is experiencing torsional
shear stress, or stress due to slipping between "slices” of bar. At the center of the bar, because
no motion occurs, there is no slipping, and therefore, no shear stress. At the corners, the
opposite is true, so there can be a large amount of torsional shear stress. The related
equations (for a circular cross section rod) are:

Torsional Shear Stress = TR/J
Torsional Deflection = TL/JG

where T is torque, R is the radial distance from center, J is the area polar moment of inertia
shape stiffness), L is the length being twisted, and G is the shear modulus of the material
material stiffness which resists twisting).

Next, move to the vise and tighten about the threads of one bolt. Have a pair of
students use the torque wrench to SLOWLY twist the bolthead off while measuring the torque
applied. (Note that the torque required will generally be low, so that torque measurement is
difficult without the peak hold option on the torque wrench). Use other students to remove
the bolt and install one made of another materi:ﬁ. Have another pair of students twist the
second bolthead. Repeat additional times with bolts of different materials. Compare the
torques rec}uired for tailure, and discuss the benefits and limitations for use of each (i.e., nylon
versus steel).

Bending: Begin by showing how the shape of the stress element on the foam bar
changes when subjected to three point bending. Bend the foam beam so that its shape appears
concave up, and have the students note the changes to the lengths of the lines at the to?,
bottom and center of the stress element. The top line will appear shorter, so the top of the
beam is in compression. The bottom line will appear longer, which is evidence of tension on
the bottom of the beam. The line in the center of the stress element will remain unchanged,
which relates to zero stress.

The equations used to quantify three point bending are as follows:

Flexural Stress at center = PLy/4I
Deflection at center = PL3/48EI

where P is the load applied at the center of the beam, L is the beam length, y is the distance
from the neutral axis to the top or bottom surface of the beam, E is the modulus of elasticity
and I is the area moment of inertia of the beam cross-section.

For workshops conducted in the mechanical/materials testing laboratory, explain that
the students will be building a structure of their choosing during the next fifteen minutes, then
bending it until it breaks. The size of the structure is limited by the size of the flat plates used
for loading. The load required to break each structure will be recorded, with recognition given
to the stugent(s) who build the strongest structure. Then distribute about S0 craft sticks (and

lue) to each student, or team, and let them build their structures. Assist them as needed with
ideas, cutting the sticks, etc. While the structures dry (about S minutes), proceed with other

bending tests.
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Two rectangular cross-section beams, each made of a pair of glued tongue depressors,
are tested in three point bending to show the effect of the orientation of the cross-section on
beam deflection and load carrying capability. Bend each to failure using three point bending
on the universal test machine, fixtured to obtain a concave up shape as shown with the foam
beam. Measure the load required to bend about the weak axis and about the strong axis.
Discuss the concept of area moment of inertia (shape stiffness) again and point out how
structures are designed to take advantage of this property.

When the g%\lxle on the students' craftstick structures is dry and "cured," have each install
their structure in the universal testing machine for three point bending (or crushing, if more
appropriate for the structure). Assist them in slowly loading the structures until failure occurs.
Record the peak load each structure withstands, and recognize the student(s) who designed
and built the strongest structure. Discuss how construction techniques affected the structures'
ability to withstand load, just as they can affect the many structures used in daily life.

For workshops held outside of the mechanical/materials testing laboratory, it may not
be possible to test student-built structures. As an alternate method of illustrating three-point
bending, tongue depressor "beams" can be mounted across two metal rods, with an empty
bucket across the center of each "beam.” Load can be applied by slowly adding water or sand
to the bucket until the "beam" fails. The bucket can then be wcitghed to determine the load
required to break beams of various cross-sections. Preparation for this variation includes
setting up a test frame and gluing tongue depressor "beams” of several thicknesses. The test
frame can be set up many ways. A simple method is to move tables close together, lay one
metal rod on each, and ayc?)ly a small amount of clay or putty to prevent rolling. Sufficient
beams should be prepared to facilitate a discussion of shape stiftness, demonstrate how shape
stiffness affects the amount of load required for failure, and to permit small teams of students
to each test at least one "beam."

Conclusion: Summarize the basic concepts of strength of materials: strength, stiffness,
and stability. Review the types of loading applied, and how items responded to each.
Encourage the students to provide examples of each, and to think about how the work of
engineers and technologists affects them every day. Experiences like these illustrate the
practical applications of mathematics and the physical sciences while helping students

understand why "to engineer is human."

INSTRUCTOR NOTES: Students are more interested, and retain more of what they
are taught when they are actively participating in the learning process. If possible, students
should do the setup and testing themselves. In order to facilitate that type of participation, the
group size needs to be limited to about 8 students per instructor. If two instructors lead the
workshop, a maximum of 15 students is recommended.

Safety must always be a top priority, and students should be warned about:

(1)  Continued inhalation of fumes from the glue can cause a variety of physical problems
including dizziness and difficulty breathing.
(2)  The typical universal testing machine is capable of applying great force onto fingers or

whatever gets in its path.
(3)  When twisting the bolts, it is possible that the bolthead and/or torque wrench could fly
loose.
(4)  Safety glasses should be worn during all tests.
REFERENCES:
1. National Council of Teachers of Mathematics. (1989). Curriculum and
i matics. The National Council of
Teachers of Mathematics, Incorporated, Reston, VA.
2. Petroski, H. Engi i man: The Role of Failure in

St. Martin's Press.
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3. Resnick, L. B. (1987). Education and Learning to Think, Washington, D.C,,
National Academy Press, 1987.

SOURCES OF SUPPLY: The local hardware store or craft store will stock most
items required for the workshop. It may be necessary to obtain tongue depressors from a
pharmacy, and straws from a supermarket.

ACKNOWLEDGEMENT: The thoughtful and timely assistance of James D. Osborne,
department mechanician, in the development of this workshop is gratefully acknowledged.
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PREREQUISITE KNOWLEDGE: The students should understand the concepts
associated with the oxidation of silicon as applied to integrated circuit fabrication. In addition,
the students should be familiar with the operating system of the computer, which will be
executing the software.

OBJECTIVES: The objectives of this experiment are the following:

1. Introduce the general topic of simulation of materials processing as it

relates to the fabrication of microelectronic circuits,

2. Familiarize the students with the use of the specific process simulation
tool, which they will be required to use during subsequent
semiconductor experiments, and

3. Introduce three independent measurement techniques which are used to

characterize oxide thickness and to verify computer simulations.

EQUIPMENT AND SUPPLIES: The equipment required to implement this
experiment is listed in Table I. The oxidation furnace is used to oxidize the silicon wafers.
The reflectance spectrophotometer, ellipsometer and profilometer are required to measure the
thickness of the resulting oxides.

The TSUPREM-4 (Technology Modeling Associates, Inc., Pale Alto, CA) simulation
software’ is required. The students will use this software to simulate the various oxidation
furace conditions utilized during the oxidation process.

L A\SY
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The required processing supplies are those commonly found in a silicon-based
semiconductor research laboratory. These supplies are listed in Table II. All of the chemical
supplies should be standard electronics grade. The specific silicon wafers utilized in this
experiment are prime grade, (100)-oriented, p-type (boron doped) with a nominal resistivity of
6-18 Q-cm.

PROCEDURE: The general procedure of this experiment consists of four steps:
1) simulation of the oxidation process, 2) thermal oxidation of silicon wafers, 3) measurement
of the resulting oxide thickness, and 4) comparison of the simulation to the actual results of the

oxidation.

1. Simulation of Oxidation Process.

To accomplish the computer simulations, the students are provided a user's guide2 and
an introduction to the use of the TSUPREM-4 software. The user's guide briefly describes the
fundamental processes which can be simulated with the software. Practical information
concerning the trade-offs between accuracy and simulation time, as well as the basic structure
of the simulation input files, is presented. The introduction is accomplished by executing a
simple example with the students observing the flow of the simulation process. A commentary
is provided during the simulation process.

After familiarizing themselves with the software, the students simulate the thermal
oxidation of silicon for various process conditions. The various oxidation conditions are listed
in Table III. The wet oxygen ambient consists of atmospheric-pressure oxygen bubbled
through water containing 2% (by volume) HCL. In addition, the furnace pressure is maintained
at one atmosphere during all oxidation conditions. A sample simulation file is presented in
Figure 1, and portions of the generated output are depicted in Figures 2 and 3.

2. Thermal Oxidation of Silicon Wafers.
The students implement the thermal oxidation which they previously simulated. To
accomplish this process, the students must clean the wafers and expose them to the appropriate

oxidation conditions.

(A) Cleaning:
Since undetectable traces of contaminants can be catastrophic to both the wafer and the
oxidation furnace, proper cleaning is essential before exposing the wafers to the elevated

temperatures in the oxidation furnace.



(1) The wafers should be immersed in a modified piranha solution
(HSO4 : HyO», 3:2). The wafers should be cleaned for 20 minutes and rinsed thoroughly
with deionized (DI) water to at least a 10 MQ-cm standard.

(2) Then, after blowing the wafers dry with Np, they should be transported to

the oxidation furnace in a covered container.

(B) Oxidation:

Two types of oxygen ambients (dry and wet) will be used by the students. The wet
ambient should be realized by flowing the dry oxygen through a 2% (by volume) solution of
HCl and DI water, which is heated to 95°C.

(1) The wafers should be loaded into a quartz oxidation boat.

(2) A furnace setting of 900°C and an oxygen flow of one liter per minute
(Ipm) should be verified.

(3) The wafer boat should then be slowly pushed (1 inch per minute) into the
furnace’s center hot-zone. If a wet oxidation is to be done, the wafers should be exposed to
the dry oxygen for 5 minutes prior to flowing the wet oxygen through the furnace. This brief
dry oxidation will produce an initial thin oxide. This initial oxide will prevent the introduction
of defects in the silicon wafer which may be caused by the exposure to HCI.

(4) Upon completion of the oxidation, the wafer boat should be withdrawn
from the furnace at the rate of 1 inch per minute. The wafers should be removed from the boat
and placed in a covered container.

(5) The oxidation process is repeated for each of the process conditions.

3. Measurement of Oxide Thickness.

After completing the oxidation, the students measure the oxide thickness which was
produced during the various processing conditions. The thickness of the oxides is determined
by using a reflectance spectrophotometer, an ellipsometer and a profilometer. The reflectance
spectrophotometer and ellipsometer introduce the students to two types of non-contact,
nondestructive measurement techniques, whereas the profilometer introduces the students to
a destructive measurement technique.

While reflectance spectrophotometric and ellipsometric measurements do not require
specific post-processing of the oxidized wafers, profilometry requires the fabrication of mesas
within the oxide layer to be measured. This requirement makes profilometry destructive. To
fabricate the mesas, a simple multistep process is used. Portions of the oxide are selectively
etched. The remaining oxide forms mesas of silicon dioxide upon the silicon wafer's surface.
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These mesas are subsequently measured with the profilometer to determine the oxide thickness.
The mesa fabrication consists of the following steps:

(A) Masking:

(1) Waycoat HR200 negative photoresist is dabbed onto the oxidized wafer's
surface. A sterile cotton Q-tip is used to apply the photoresist. The diameter of the dots or
speckles of photoresist should be less than 5 mm.

(2) The patterned wafers are placed in an oven at 135°C for 20 minutes to
evaporate the solvents from the photoresist and harden it. If an oven is not available, a hot
plate can be substituted.

(B) Etching:

(1) After allowing the wafers to cool, the wafers are etched using a buffered
HF (NH4F : HF, 4:1) solution. Fresh etchant should be mixed sufficiently early to let it
stabilize (2 hours) before it is used. Nevertheless, it must be used within 6 hours after mixing.
The wafers are etched until the exposed portions of the wafer become hydrophobic and all
unmasked portions of the oxide are completely etched away. Students can anticipate an etch
rate of 110-150 nm/min.

(2) The etched wafers are rinsed in DI water for 2 minutes after etching.

(C) Stripping:
After etching, the remaining photoresist must be stripped from the wafers' surface.
(1) The wafers are immersed in a modified piranha solution (H,SOy4 : HyO,,
3:2). The wafers should be cleaned for 20 minutes and rinsed thoroughly with DI water.
(2) Then, after blowing the wafers dry with N, the resulting mesas of silicon
dioxide can be characterized by profilometry.

The results of reflectance spectrophotometer, ellipsometer, and profilometer
measurements of a typical experimental trial are depicted in Table IV. The reflectance
spectrophotometer results are the average of ten measurements of two similarly oxidized
wafers. Likewise, the ellipsometer results are the average values of two similarly oxidized
wafers. The profilometer results are the average of multiple mesas on one of the two wafers,

which were previously characterized during ellipsometry.



4. Analysis of the Results.

The students compare the measured oxide thickness to the simuiations of the actual
fabrication process. In their analysis, the students use estimated oxide thicknesses from the
TSUPREM-4 results and oxidation charts from textbooks. As part of their analysis, the
students need to consider ease of use, accuracy, and precision of the computer simulations.

The students should "discover” the utility of CAD tools designed to model
technological processes. For example, the wet oxidation is not readily determined from simple
oxidation charts. Table V depicts the information which can be found in most oxidation charts.
While the use of HCl in the steam yields oxides with superior electrical properties, the HCI
modifies the oxidation rate of silicon. Also, the initial dry oxidation for 5 minutes (before
introducing the steam) produces an initial thin oxide which is not accounted for in most charts.

Hence, multi-step processes are more easily handled with CAD tools. Without CAD,
the students must compute the expected oxide thickness by consulting numerous tables of
parameters, such as linear and parabolic rate constants. This process can be tedious, repetitive,
and prone to errors; thus, the students realize the value of CAD.

In addition, the use of charts and other graphics requires interpolation of parameters to
account for the actual process conditions. Small deviations can affect the accuracy of the
process. For example, a deviation of 5 minutes and 10°C may yield an error of more than
10 nm. This error can be significant when working with typical microelectronic devices which
have critical oxide thicknesses of about 20 nm. These small deviations are easily entered into
CAD tools, whereas the interpolation errors in simple charts can be as large as the process
deviations. These errors can affect accuracy and precision.

The accuracy and precision of a calibrated simulation are readily obvious to the students
after they compile figures or tables comparing simulations to measurements. Examples of
typical results are depicted in Figures 4-7 and Table VI. The dry oxidation results are depicted
in Figures 4 and 5. Additionally, the wet oxidation results are illustrated in Figures 6 and 7.
Within each figure, the simulation results are compared to the measured reflectance
spectrophotometric results. The mean measured value is depicted with a bar, while the
maximum and minimum measured values are depicted with unconnected cross symbols. The
corresponding simulated values are depicted with a connected line.

The typical magnitudes of the deviation among the simulations and measured results are
depicted in Table VL. As depicted in Table VI, the deviations among the simulations and the
nondestructive techniques of measurement are consistently less than four percent. From simple
analyses, such as these, it should be readily apparent to the students that a great deal of
variability exists. However, it should also be evident to the students that CAD produces a

result comparable to the measured values with relative ease of use.
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SAMPLE DATA SHEETS: Self-Evident.

INSTRUCTOR NOTES: This experiment introduces students to the application of
computer-aided design (CAD) and analysis of materials processing in the context of integrated
circuit (IC) fabrication. The fabrication of modern ICs is a complex process which consists of
several sequential steps. These steps involve the precise control of processing variables such
as temperature, humidity, and ambient gas composition. In essence, the particular process
employed during the fabrication becomes a "recipe.” Due to economic and other
considerations, CAD is becoming an indispensable part of the development of new recipes for
IC fabrication.

In particular, this experiment permits the students to explore the CAD of the thermal
oxidation of silicon. After the students simulate dry and wet oxidation processes, they
implement the simulated processes and measure the thickness of the oxide actually realized with
their recipes. The students conclude the experiment by reconciling the differences between the
simulated and real oxide.

The students should be divided into at least four groups. The groups are represented in
Table III. By assigning each group a particular oxidation condition, the individual groups of
students can complete the time consuming oxidations relatively quickly (during a single
laboratory period of three to four hours). Another laboratory period is required to complete the
measurements of the oxidation thickness. Upon completing the oxidations in the laboratory,
the four groups can share their measured results. Another laboratory period is required to
complete the simulations. The entire experiment can be easily incorporated within a lecture
course on integrated circuit technology. The integration of the experiment within a technology
course can provide a hands-on realistic appraisal of the utility of CAD tools in materials
processing.

The students should be cautioned about the hazards. When working with the acids, the
students should wear eye protection and gloves. Particular care should be exercised while
working with HF. When working with the ellipsometer, the students should be warned not to
stare into the laser.

Upon completion of the experiment, the students gain an insight into the role of CAD in
material processing. Hence, they can begin to discern when CAD may be intelligently applied
to processing so as not to obfuscate, but to enlighten. That is, the student will be able to
distinguish between the fantasies and the realities associated with semiconductor-material
process simulation. In addition, the student will be prepared to apply tiie specific process

simulator in other academic studies.
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Inc., 5 Garret Mountain Plaza, West Paterson, New Jersey. The silicon wafers can be
obtained from Ziti, Inc., 14755 Preston Road, Suite 421, Dallas, Texas.
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Table I. Laboratory Equipment

Diffusion/Oxidation Furnace
Model 4100, Thermco Products Corp., Orange, CA

Ellipsometer
Model L117, Gaertner Scientific Corp., Chicago, IL

Oven
Model Imperial IV 3450M, Lab-Line Instruments, Melrose park, IL

Profilometer
Model Dektak IIA, Sloan Technology Corp., Santa Barbara, CA

Reflectance Spectrophotometer
Model LTS-M/SP, Leica Inc., Deerfield, IL

Table II. Laboratory Supplies

Ammonium Fluoride NHyF 40% (mixed with H,O)
Hydrochloric Acid HCI 37% (mixed with HyO)
Hydrofluoric Acid HF 49.2% (mixed with H,O)
Hydrogen Peroxide H,0, 30% (mixed with HyO)
Sulfuric Acid H,S04 96% (mixed with H,0)

Waycoat HR200 Negative Photoresist

Table III. Conditions of Thermal Oxidation

Time (min)  Temperature &) Oxygen Ambient
Group A

45 900 dry

60 900 dry

120 900 dry
Group B

45 1100 dry

60 1100 dry

120 1100 dry
Group C

45 900 wet

60 500 wet

120 900 wet
Group D

45 1100 wet

60 1100 wet

120 1100 wet




Table IV. Typical Measurements

Time (min) Thickness (nm)
Dry Oxidation: Reflectance Ellipsometer Profilometer

900°C 45 23 23 30
60 29 29 26
120 43 42 64

1100°C 45 103 103 147
60 137 141 186
123 212 214 253

Wet Oxidation:

900°C 45 104 102 139
60 135 134 177
120 235 235 298

1100°C 46 485 490 578
63 591 594 733
124 839 846 990

Table V. Oxide Thickness Estimated From Oxidation Charts®

Time 900°C Dry  900°C Wet  1100°C Dry  1100°C Wet
45 min 29 nm 150 nm 110 nm 550 nm

60 31 200 130 650

120 50 300 190 900

Table V1. Deviations Among Simulated and Measured Results

Time (min) Deviation (%)
Dry Oxidation: Reflectance Ellipsometer Profilometer Chart
900°C 45 2.1 2.1 28 23
60 1.0 1.0 9.4 8.0
120 1.2 34 47 15
1100°C 45 0.0 0.0 43 6.8
60 0.29 2.6 35 54
123 1.9 29 22 8.6
Wet Oxidation:
900°C 45 0.19 1.7 34 45
60 1.7 0.98 33 51
120 0.56 0.56 28 28
1100°C 46 0.16 0.86 19 13
63 2.2 27 27 12
124 0.12 0.71 18 7.1
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§ TMA TSUPREM-4 -- Oxidation Simulations for NEW 93
option device=x

$ Define the simulation grid and initialize

line x loc=0.0 spac=0.5

line x loc=1.0 spac=1

line y loc=0 spac=0.01
line y loc=0.5 spac=0.1
line y loc=1.0 spac=0.1
line loc=2.0 spac=1.0

< <

line loc=10.0 spac=5.0

initialize <100> boron=3E15

$ Plot the initial grid

select title="Initial Grid"

plot.2D grid y.max=10

pause

$ Select oxidation model

method vertical grid.oxi=4.0

$ thermal oxidation

diffusion temp=630 time=15 t.final=930 dryo2
diffusion continue temp=930 time=120 pressure=1.0 dryo2
diffusion continue temp=930 time=15 t.final=630 dryo2
$plot oxide-mask thickness

select z=1

print layers x.v=0

pause

select title="Oxidation Results"

plot.2d y.max=1

color oxide color=4

color silicon color=2

stop

Figure 1. TSUPREM-4 sample input file to simulate thermal oxidation.

Num  Material Top Bottom Thickness Integral
1 oxide -0.0251 0.0184 0.0435 4.35¢-06
2 silicon 0.0184 200.0000 199.9816 1.9998e-02

Figure 2. Portion of simulation output: printing oxidation thickness.
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Figure 3. Portion of simulation output: two-dimensional view of oxidized wafer.
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Figure 4. Dry thermal oxidation of silicon at 900°C.
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Using Experimental Design Modules for
Process Characterization in Manufacturing/Materials Processes Laboratories

Bruce Ankenman*, Donald Ermer** and James Clum***
*Center for Quality and Productivity Improvement
**Department of Industrial and Mechanical Engineering
University of Wisconsin - Madison
***Mechanical & Industrial Engineering Department
State University of New York at Binghamton

Abstract:  Modules dealing with statistical experimental design(SED), process
modelling and improvement, and response surface methods have been developed and tested
in two laboratory courses. One course was a manufacturing processes course in
Mechanical Engineering and the other course was a materials processing course in Materials
Science and Engineering. Each module is used as an ‘experiment’ in the course with the
intent that subsequent course experiments will use SED methods for analysis and
interpretation of data. Evaluation of the modules’ effectiveness has been done by both
survey questionnaires and inclusion of the module methodology in course examination
questions. Results of the evaluation have been very positive. Those evaluation results and
details of the modules’ content and implementation are presented. The modules represent
an important component for updating laboratory instruction and to provide training in
quality for improved engineering practice.

Introduction (history): What follows is a brief discussion of the history of the
development of the SED and related topics modules in ME310 and MS&E370. The actual
ME310 module on SED is then presented in its format as one lab experiment followed by
an example of the SED applications from one of five subsequent experiments which rely on
the module for data analysis. A discussion of the comparison of the ME310 and
MS&E370 modules is given next. Finally, the results of the evaluation of the effectiveness
of the ME310 and MS&E370 modules are presented which are based on measurements of
student skills (ME310) and student opinion surveys (ME310 and MS&E370).

ME31Q0Lab: The ME310 course (Manufacturing Processes I) has been a
requirement in the ME curriculum for decades. Industrial Engineering students also may
take the course as an option and many usually do so. Itis a three credit per semester course
with the course grading scheme effectively making for a division of student effort into two-
thirds lecture and one-third lab. The labs in the current version of the course are very
practice oriented with emphasis placed on principles and practices of machining operations
and deformation processing, e.g., extrusion and sheetmetal forming. The SED module
occupies one lab period near the beginning of the course.

ME31 re: Although the focus of the module development and
applications has been the ME310 laboratory the lecture portion has also been a source of
information on SED methods and related quality improvement tools. During 1991-92, for
example, Visiting Professor John Corbett used the lecture to introduce quality function
deployment (QFD) as a component of the broader topic, “design for competitive
manufacturing”. In 1992-93, one of the authors (JAC) added presentations on fractional
factorial designs, Taguchi methods, and exploratory data analysis tools (check sheets,
cause-and-effect diagrams, flow charts, etc.) to the lectures.

MS&E370 Lecture:  The module for this course was developed in 1992-93 with
the intent of being more comprehensive than the ME310 SED module. The reason for the
change of focus and format was two-fold: (1) MS&E370 was undergoing revision and the
applications of SED in the course’s laboratories would be undertaken as a second stage of
the course revision; (2) unlike students in ME310 those in MS&E370 would not likely
have completed an introductory statistics or quality engineering course prior to the 370
course.
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Historically, the course MS&E370 (Materials Processin g-Unit Operations) has been
a four credit per semester course with division of effort making the lab count effectively as
one credit. In the 1992-93 academic year the course was being revised to make it fit, as an
approved option, into the Mechanical Engineering curriculum. Thus, there was an
increased interest to incorporate topics such as SED and process characterization and
improvement tools in the revision of MS&E370 arose to make it similar to ME310.

Lab Module(s):  The actual ME310 Lab module on Statistical Experimental Design is
given in Appendix I. Also in that Appendix is an SED Project exercise which is the basis
of the student reports for the SED lab session. Subsequent to the SED lab session there are
five (5) SED-based lab sessions: Extrusion, and Forces and Power in Metal Cutting I and
II (drilling; grinding; milling; turning). The five applications of SED along with the SED
module itself comprise approximately 40%, or 110 points out of 250, of the value allocated
to ME310 Lab reports. A copy of the ME310 Lab data sheet used in the SED application
for the Extrusion experiment is included in Appendix I. That data sheet is typical of the
forms used in the five SED applications labs.

The module on Process Characterization Tools prepared for MS&E370 is excerpted
in Appendix II. Shown there are: (i) the cover page for the module which outlines the
module’s intent, and (ii) a summary figure from the module, “PROCESS
IMPROVEMENT TOOL BOX”. As the cover page “Abstract” indicates the MS&E370
module covers a wider range of topics than the ME310 SED module. Its future application
in the revised MS&E370 was the basis for such a range of topics being introduced. An

exercise was included in the MS&E370 module which is similar to the 23 design analysis
of the ME310 SED module. However, in the first semester of its use none of the other lab
experiments in MS&E370, e.g., casting, heat treating and joining, were modified to take
advantage of the new process characterization/improvement module.

Evaluation of Effectiveness: Two methods of evaiuation were used to determine
the effectiveness of the ME310 module on SED. These methods were: (1) evaluation of

each student’s skill level in designing, analyzing and interpreting a standard 23 factorial
experiment during an exam; (2) surveying each student to gain information about their
attitudes towards the perceived general usefulness and possible future career applications of
SED methods. Only the survey method was used with the students in MS&E370 since
they did not have the opportunities for practice of the skills afforded in ME310.

Skill Level - ME310: As a part of one of the ME310 lecture examinations a
problem was given which asked the students to compare their actual lab experiment on
sheetmetal forming (done in sequence prior to their SED lab, and also done without regard
to balancing the pattern of investigation of the three test factors of: alloy type, sheet

thickness and lubrication) to data from a standard 23 factorial desi gn of the same
experiment. Of the sixty-five (65) students taking the exam 62 got the problem completely
correct, except for some math errors in calculating the predictive model residuals. The
three remaining students' error was in writing the standard design in reverse order, after
which the rest of their calculations were correct except for the wrong signs in the
calculations of the predictive models. The exam was closed book and closed notes. They,
as a group, had clearly developed the skill of being able to design and analyze simple
factorial designs. Of equal importance, they were able to recognize the “bad” design of the
original sheetmetal forming experiment.

i - ME31 E370: Atthe end of Spring Semester 1993
the 65 students in ME310 and 6 in MS&E370 were surveyed to determine how effective
they felt SED was as an experimental tool. The summary results from three questions
relating to usefulness of SED are presented below. The percentages are based on the total
number of responses who either agree, or strongly agree with the statement.



Statement ME310 MS&E370
I would recommend that SED methods be
incorporated in all lab courses. 82.5% 66.7%

I think SED is a tool that I will find useful in
future applications. 95.2% 100%

I would like to gain more experience in SED
methods 88.9% 83.3%

The survey results provide a strong signal for those of us developing laboratory
courses and experiments. It is worth adding at this point that several students in both
courses were co-op students. Their comments on the surveys were that they had already
been introduced to these experimental planning and analysis tools during their co-op.
Unfortunately, except for these instances (ME310 and MS&E370) they were not being
given regular access to such modern laboratory analysis methods in their engineering
education. (We should note here that the University of Wisconsin - Madison’s Plasma
Processing Laboratory offers SED instruction as part of the plasma lab course at the
graduate level. An SED module was written by Prof. Soren Bisgaard for that course.)

Summary: We have outlined an example of an instructional plan for incorporating
statistical experimental design methods into existing laboratory courses. The incorporation
of these techniques has been shown to be effectively accomplished in terms of both student
skill development and attitudes regarding experimentation. Furthermore, this procedure of
making the SED topic an integral part of the overall lab operation strengthens the entire
course with minimal effect on the curricular focus of the lab course.

Instructor Notes: The major impediment to using SED methods in existing laboratory
courses is lack of instructor familiarity with the concepts. We offer two recommendations
for overcoming that barrier. The first suggestion is to enlist the aid of a colleague at your
institution who has a background in statistical methods to help you write your own
module(s) using this module as a guide. In this approach you will find a willing support
person with statistics as a background and you will 'learn by doing' as you develop the
module to fit your specific circumstances. A second way to modify your course(s) to
include the SED techniques is to attend formal workshops or short courses offered by a
variety of organizations. We will not list any of those offerings here, but can provide you
with suggestions if you contact us.

Acknowledgements: There have been many individuals responsible for the
successful development of the ME310 SED modules. Particular mention should be made
of the Teaching Assistants who have taught the lab course and specifically contributed to
the lab's success. They are, in alphabetical order: John Bashel, Dan Bee, Dave De Haan,
Bill Durkin, Pat Galecki, Bob Gustafson, Jim Rink, Russ Tilsner, Dave Van Zuest, and Jim
Witte. The encouragement of several faculty also was essential to implementing these
changes. The faculty to be acknowledged include, in alphabetical order: Prof. Soren
Bisgaard (IE and Associate Director of the Center for Quality and Productivity
Improvement), Prof. Marvin DeVries (Chairman of ME and a long time proponent of use
of SED in manufacturing processes), and Prof. Slawomir Spiewak (ME and faculty in charge
of ME310 during these changes). Two of the authors (BA and JC) also wish to recognize
the support to CQPI by a grant from the Alfred P. Sloan Foundation during 1992-93 when
this report was prepared.
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(Appendix I)

ME310 Lab
STATISTICAL EXPERIMENTAL DESIGN
Key Words: Statistical Experimental Design; Factorial designs;

Randomization; Interaction Effects; Predictive models; Process characterization;
Continuous Improvement; Response surfaces; Exploratory data analysis.

Prerequisite Knowledge: You are expected to have taken an
introductory materials science/engineering course and math through differential equations.
No prior course work in statistics is required.

Purpose and Learning Objectives: The Purpose of this instructional
module is to introduce you to an effective method of planning, conducting, analyzing and
interpreting experiments. This module will be followed by a series of laboratory modules
where practice of the methods will help to develop skills The methodology of statistical
experimental design (SED) is especially useful for the initial characterization and
continuous improvement of processes, particularly industrial processes.

] ecti After completion of this module you should have
accomplished the following knowledge, skill and attitude objectives:
Knowledge Qbjectives Know about the use of: Factorial SED techniques and their
capability to determine the effects of major process control parameters and interactions
between parameters; randomization,replication, blocking, and confounding in conducting
and analyzing experiments; Exploratory data analysis tools;

Be able to: Plan, and properly conduct a full 2" factorial design,
Calculate contrasts and effects from standard results; Determine significant effects;
Construct empirical predictive model of behavior based on significant effects; Construct
contour diagram (preliminary response surface) from predictive behavior model; To aid in
problem solving: Construct check sheets, Pareto diagrams, histograms, flow charts,
cause-and-effect diagrams, scatter diagrams for a given data set,
Antitude Objectives  Actively promote the application of: Designed experiments in the
determination of major process effects for quality improvement and optimization; Simple
graphical methods of data analysis;

Equipment and Supplies: The SED modules require only data from real
experiments or industrial operations. Access to a computer software package with
capability to do graphics manipulations such as cube plots, normal probability plots, flow
chart construction, etc. is desirable. Such software is best presented as a demonstration
(needing appropriate hardware for overhead projection from computer screen) initially with
subsequent student access to the software for report calculations.



Introduction to Statistical Experimental Design

Statistical Experimental Design is a method of experimentation which provides the
experimenter with tools to accurately and efficiently collect and analyze data. A factorial
experiment usually involves several factors which are varied by the experimenter and one
or more responses which are to be optimized. In the past, engineers and scientists have
relied on one-factor-at-a-time experiments. These are experiments in which each factor in
the experiment is varied independently while the other factors are kept constant. However,
this type of experimentation has been found to be inadequate to produce the speed and
accuracy needed to develop new products and processes. The most notable short coming
of the one-factor-at-a-time approach is that the interaction that factors often have with each
other cannot be estimated. For example, in a sheetmetal forming operation, it may be found
that at one thickness of material, lubrication has a large effect on the formability of the
material, but at another thickness level the lubrication has almost no effect. A one-factor-at-
a-time experiment will not provide any information about this interaction. However, a
factorial experiment based on modern, statistical principles of experimental design will be
able to detect such interaction effects.

Two-Level Factorials

Although there are many types of statistically designed experiments, some of the
most useful are called two level factorials. For a two level factorial design each factor is set
at a high and low level (usually a small amount above and below what is currently
considered the best setting of that factor). Each possible combination of settings of the
factors is then run. Due to the properties of the experiment, the experimenter can determine
which factors have the most effect on the response, which factors interact, and build an
approximate model relating the factors to the response. This information can then be used
to optimize the response. Unreplicated two-level, three factor experiments, called 23
factorials, are especially useful for efficiently investigating a process about which very little
is known. These experiments only require 23 or 8 experimental trial runs and the results
can be used to get ideas about the underlying relationships of the factors with the response
during the exploratory phase of an investigation. To confirm these results for publication
or other such purposes, replications would be needed.

As an example, a 23 factorial mill experiment will be designed and analyzed. The
three factors will be the Speed of the cutter (RPM), the Feed rate (in./min.), and the Depth
Of Cut or D.O.C. (in.).

Coding of the Factor Levels
For ease of analysis, it is convenient to code the factors into high and low levels as

follows:
Factor Low Level High Level Units
(-1) (+1)
Speed (S) 50 75 RPM
Feed (F) 2.5 3.5 in/min
D.O.C. (D) .1 2 in.
— —
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Using the codes “~1” and “+1” all the possible combinations of levels must now be
listed. For simplicity we will use “~ to show the “~1” level and “+” to show the “+1”
level. The order listed below is called the standard order and you can quickly see that the
pattern of the standard order makes it easy to detect whether all 23 possible combinations of
low and high factor levels are present.

Standard Order

n

CENTORC I AF
+ 1+ 1+ 0+

Randomization

It is unwise to run the actual experiment in the standard order. For example, if the
experiment were run in standard order and the calibration or any other uncontrolled factor
changed halfway through the experiment, it would be impossible to tell the difference
between the effect of the uncontrolled change and the effect of depth of cut (D) since this
factor changes only once at the midpoint of the experiment. This leads to the idea of
Randomization. Randomization is a principle which states that if the experimental trials are
run in random order, it is very unlikely that any uncontrolled factor change will exactly
correspond to any of the controlled factor changes and therefore the effect of the
uncontrolled factors should not significantly bias the experimental results. For this reason,
the trials in this experiment will be run in a random order. To determine the random order,
the numbers 1 through 8 should be written on small pieces of paper and drawn from a hat
or a bowl.

Cube Plots

A cube plot is a method of plotting the data from a 23 factorial. The plot consists
of a cube with a response value located at each corner. Each dimension of the cube
represents the coded scale of one of the factors from the low level (-) to the high level (+).
An example is given below using metal removal rate (Q) of the mill as the response plotted
versus the factors; Speed (S), Feed (F), and D.O.C.(D).

This plot is useful because one can easily compare the four responses with low F
on the left side of the cube (.031, .031, .063, .063) with those with high F in the
corresponding location on the right side of the cube (.044, .044, .088, .088) to see the
effect of F on metal removal rate,(Q).

In the figure below you will notice that there are four separate comparisons which
can be made and in each comparison the only factor changed is F. These separate
comparisons are called hidden replications and are the reason that, even when unreplicated,
23 factorials can be relied upon to convey a great deal of information. Similarly one can
compare the front and back of the cube to see the effect of D on Q or the top and bottom of
the cube to see the effect of S on Q. In the cube shown, one can see that the responses on
the top of the cube are identical to those in the corresponding position on the bottom of the
cube, which shows that Speed has no effect on Q. This confirms the already known
relationship, Q = (D.O.C.)*(Feed)*(Width of Cut), in which Speed is not a factor.



Metal Removal Rate of the Mill
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Calculation and Meaning of the Effects

To this point, the effect of each factor has been spoken of in a qualitative way.
However, the specific quantitative definition of the main effect of a given factor on a given
response can now be defined as the average difference between the responses at the high
level of the factor and the responses at the low level of that factor. Thus, the effect of Feed
on Q is the average of the differences (.044 — .031), (.044 — .031), (.088 —.063), and
(.088 — .063). Therefore, for the ranges used in this experiment the effect of Feed (F) on
Qs .019, the effect of D.O.C. (D) on Q is .038, and the effect of Speed (S) on Q is zero.

The interaction effect between two factors is the average amount that the effect of a
factor changes when another factor is varied. For example, the effect of F on Q at the low
level of D is the average of (.044 — .031) and (.044 —.031) or .013, but at the high level of
D the effect of F on Q is .025. The interaction effect then is (.025 —.013)/2 or .006.
These interaction effects are most easily calculated using the table shown below, where the
interaction effect between Feed (F) and D.O.C.(D) is called FD and the other interaction
effects are similarly called SF and SD. SFD is the three way interaction effect. The
contrast for each column is the sum of the data when the data is given the signs of that
column as shown in the example column for FD. All effects, including the main effects,
are calculated as shown by dividing the contrast for each column by 4*. In this case the
only interaction effect is the interaction between the Feed and the D.O.C. (FD); all other
interactions show values of zero.

177



178

Interaction Effects=

—' “Main Effects

Trial # .S F D FD |[(example FD)
1 - - - + + + (+.031) -
2 + - - - - + (+.031) +
3 - + - - + - (-.044) +
4 + + - + - - (-.044) -
5 - - + + - - (-.063) +
6 + - + - + - (-.063) -
7 - + + - - + (+.088) -
8 + 4+ + + +
Contrast]| 0 .076].152

+ (+ 088) + 088
mﬂﬂ‘mﬁ 024/4- 006) ‘

*4 equals the number of differences being averaged, and can be easily determined
by the number of + and — pairs in the column.

Model Building
Once the important effects have been identified, a model can be created which will
estimate the response, in this case Metal Removal Rate, at locations in or on the cube which
were not specifically run in the experiment. The model uses the coded scale —1 to +1 for
each of the factors and includes only the strong effects. The coefficients for the polynomial
model are exactly one half of the effects previously calculated, so the model we will use is:
Q = (.0095)F + (.019)D + .0565 (Model 1)

where .0565 is the average value of the Metal Removal Rate data. If we consider the FD

interaction to be important, the model would then be:
Q = (.0095)F + (.019)D + (.003)FD + .0565 (Model 2)

Based on Model 1, we would predict a Q of .07075 for F=.5 and D=.5.

Model 2 would predict a Q of .070825, which shows that the interaction term is indeed

quite a small effect. Using the cube plot and the model we can see that if Q is to be

increased, Feed and D.O.C. must be increased and Speed has no influence on Q.
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ME 310 Project II

Given the data in the standard order table below, perform the following
analysis: (Note: This experiment was performed in random order.)

1. Calculate the contrasts and main effects of speed (S), feed (F), and depth of
cut (D). Note: Show all calculations, no spread sheet analysis is allowed.

2 . Calculate the contrasts and interaction effects of all control factors. Note:
Show all calculations, no spread sheet analysis is allowed.

Main Effects Tnteraction Effects
D SF D | ED SED Hpu
— + + + — 29.5
————
- — — + + 40.7
— — + - + 28.6

+ — 40.2

+ - — + | 21.3
_—

- 34.1

— — + - 21.6

+ —_—

Draw the cube plot with the appropriate response at the corners of the cube.
On your cube plot, circle the four (4) hidden replications of feed (F).

Rank effects in ascending order, or lowest to highest, and calculate the
cumulative probabilities for each effect given by the equation:

PG)=100(i-.5)/n

oW

where:

i = ascending order number associated with each piece of data.

n = size of the sample or number of effects.
Plot the cumulative probabilities on the normal probability plot provided.
Determine which main effects and/or interaction effects are significant from
the above analysis.
Develop the coded model for Hpy using the significant effects.
From the coded equation, determine the actual value for speed if it is desired
to maximize depth of cut and have a Hpu value of 30.2. You will need to use
the table for coded factors on page 2 of the SED Lab Notes.

O o0 ~N AN

NOTE: For further examples of the graphical methods of using cube plots to
analyse factorial designed experiments please refer to the following
References. To see how an additional problem is analyzed see the Box
and Bisgaard 1988 article in Mechanical Engineering. For a more
complete, but very readable description of cube plots refer to the textbook
by Box, Hunter and Hunter (1978).
Copies of the ME310 Lab Manual may be requested from Prof. Donald Ermer at the
Mechanical Engineering Department, Univ. of Wisconsin-Madison, 1513 University Ave,
Madison, WI 53706. New copies will, however, not be printed after Fall Semester 1993
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Extrusion Summary Sheet

S.0. 1*[S.0.2 |S.0.3 |S.0.4 |S.0.5 [S.0.6 [S.0.7 [S.0.8

Random
Order

Direction |Forward| Reverse |Forward| Reverse | Forward| Reverse | Forward| Reverse

Die Square | Square | Round | Round | Square Square | Round | Round
Geometry
Lubrication No No No No Yes Yes Yes Yes
Break
Through

Force (lbs)

SQR= - FWD=-  N/L=-
RND= + REV= + LUB=+

* 5.0. represents "standard order"

Main Effects Interaction Effects
S.0. # D G L DG | DL | GL DGL B.T. Force ‘
1 — - — + + | + —
2 + - — - - | + +
3 - + - - + - +
4 + + - + - - -
5 - - + + - - +
o6 + — + — + - - 7
7 ~ + + - — + —
8 + + + + + + +
Contrast
Effects
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(Name) p- &6

Sheet Metal Forming Exi)erimental Design

l\éa;n ﬁffects Interaction Effects

Std. order Axt | AxL | txL | Axtx Bulge
— 34.0
+ 21.3
+ 34.3

Coding of the Factor Levels
For ease of analysis, it is convenient to code the factors into high and low levels as

follows:

Factor Low Level High Level Units
(1) (+1)
Alloy (A) 2024-0 2024-T3 treatment
thickness(t) 0.05 0.125 in.
Lube (L) No lube Lube lubricant

NOTE: This page is from ME310 Exam #2.
about how to reevaluate the Sheet Metal Formability Lab if a statistically designed
In addition to completing the data table a cube plot

experiment had been conducted.
and process model equation was required as part of the exam question.

It is the data sheet for a question
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Process Design and Control Toolbox: 1
Exploratory Data Analysis Tools and Statistically Designed Experiments

Key Words: Statistical Experimental Design; Factorial designs;
Randomization; Interaction Effects; Predictive models; Process characterization;
Continuous Improvement; Response surfaces; Exploratory data analysis.

Prerequisite Knowledge: You are expected to have taken an
introductory materials science/engineering course and math through differential equations.
No prior course work in statistics is required.

Purpose and Learning Objectives: The Purpose of this instructional
module is to introduce you to an effective method of planning, conductihg, analyzing and
interpreting experiments. This module will be followed by a series of laboratory modules
where practice of the methods will help to develop skills. The methodology of statistical
experimental design (SED) is especially useful for the initial characterization and
continuous improvement of processes, particularly industrial processes.

Learning Objectives: After completion of this module you should have
accomplished the following knowledge, skill and attitude objectives.
jecti Know about the use of:
Factorially Designed experiments; Blocking, confounding and randomization in conducting
and analyzing experiments; Exploratory data analysis tools;

Skill Objectives Be able to: Plan, and properly
conduct a full 2" factorial design; Calculate contrasts and effects from standard results;
Determine significant effects; Construct empirical predictive model of behavior based on
significant effects; Construct contour diagram (preliminary response surface) from
predictive behavior model; Construct check sheets, Pareto diagrams, histograms, flow
charts, cause-and-effect diagrams, scatter diagrams for a given data set;

At jectiv Promote the application of: Simple
graphical methods of data analysis; Using designed experiments in the determination of
major process effects for improvement and optimization.

Equipment and Supplies: The SED modules require only data from real
experiments or industrial operations. Access to a computer software package with
capability to do graphics manipulations such as cube plots, normal probability plots, flow
chart construction, etc. is desirable.

Abstract: Traditional methods of designing and improving processes have been based
on one-factor-at-a-time (I-faat) procedures for obtaining information about the processes.
Such methods are known to be inefficient and often misleading with regard to the way
process variables are determined to affect the output. In this module we will describe and
illustrate the use of a variety of tools, or techniques, which are especially easy to use for
exploring existing data, and for obtaining and interpreting new data. The tools which will
be introduced are: flow diagrams, check sheets; Pareto charts; histograms, control charts,
cause-and-effect diagrams, designed experiments, response surfaces. These tools place
strong emphasis on visualization of data rather than on numerical descriptions of a system.
They can, consequently, be effectively used by a wide range of personnel involved with
design and monitoring of processes. Special emphasis will be given to factorial methods of
experimental design since those methods provide one of the best techniques for acquiring
data and converting it into useful information.



PROCESS IMPROVEMENT TOOL BOX
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PROCESS CAPABILITY DETERMINATION OF NEW AND EXISTING EQUIPMENT

H.T. McClelland
Technology Department
University of Wisconsin-Stout
Menomonie, WI 54751

Penwen Su
Manufacturing and Industrial Technology
Arizona State University
Tempe, AZ 85287-6806

KEY WORDS: Process capability, statistical process control,
statistics, equipment characterization.

PREREQUISITE KNOWLEDGE: Introductory statistics, some knowledge
of manufacturing processes and equipment. This will generally be
an experiment for an advanced class.

OBJECTIVES: To illustrate a technique for determining the
process capability of new equipment, existing equipment, or
testing laboratories. To illustrate a method of objectively
determining wear and other changes in equipment used for small
quantity production over a period of time. To present an example
of the application of the technique. '

INTRODUCTION

The objective of this paper is to illustrate a method of
determining the process capability of new or existing equipment.
The method may also be modified to apply to testing laboratories.
Long term changes in the system may be determined by periodically
making new test parts or submitting samples from the original set
to the testing laboratory.

The technique described has been developed through a series
of projects in special topics manufacturing courses and graduate
student projects. It will be implemented as a standard
experiment in an advanced manufacturing course in a new
Manufacturing Engineering program at the University of Wisconsin-
Stout canmpus.

Before starting a project of this nature, it is important to
decide on the exact question to be answered. In this case, it is
desired to know what variation can be reasonably expected in the
next part, feature, or test result produced. Generally, this
question is answered by providing the process capability or the
average value of a measured characteristic of the part or process
+ three standard deviations. There are two general cases to be

considered: (1) the part or test is made in large gquantities
with little change or (2) the process is flexible and makes a
large variety of parts. Both cases can be accommodated; however,

the emphasis in this report is on short run situations.
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GENERAL PROCEDURE

The first step in any investigation is to clearly define
what is desired. Specifically, what measurements will give the
most information about the process, can be measured with relative
ease, will continue to be made for the foreseeable future, and
relate directly to the quality of the part. Quite often, this
step is done too quickly and the results do not give the desired
information. It is suggested that extra time be taken to clearly
define the specific problem.

Selecting the proper sample is the next step. For large
runs of production parts or routine tests, the normally measured
features of the part or the standard test samples can be used. A
special part may have to be developed for short run, flexible
machinery. This part should include a variety of features which
incorporate as many of the functions of the machine as possible.
One such part is illustrated later. For short run situations, a
method can be used which focuses on the process, not the
product.' One technique is to use the deviation from the nominal
dimension as the measured characteristic rather than the actual
dimension.? This allows measurements of various depth holes or
different diameter rounds, etc. to be used to generate sufficient
numbers for reasonable process capability estimates. These
comparison procedures (comparing deviations from nominal
dimensions for similar features) can be used to give a running
process capability. Periodically, an original test sample can be
produced to evaluate any undetected changes with time in the
machine performance.

When testing laboratories are to be evaluated, a large
number of identical samples are obtained from well characterized
material. If more than one type of material is tested routinely,
then representative samples of each should be included. About
one-fourth of these are used initially and the rest are submitted
over a period of time.

Each part produced may be measured but often a sample of the
production lot is measured. In the latter case, it is important
to randomize the part selection so the Laws of Chance will apply
and the results will be valid. All of the testing laboratory
specimens should be numbered sequentially (include all different
materials) and a random sample selected comprising the initial
one-fourth or so of the specimens. These should be submitted to
the laboratory with instructions to run the specimens in the
order listed. 1If the materials are sufficiently different, such
as those requiring different load cells on a tensile machine, a
stratified random sample may be required. The data from the
initial measurements or test results can be used to determine the
current, initial process capability. The process capability can
be updated as new measurements are obtained.

For testing laboratories, a small number of original
"standard" specimens can be blended into the normal production
tests and the variation of test lab results with time evaluated.
These results can be combined with the results for the normal
production specimens to give a continuously updated process
capability. It is suggested that test laboratory evaluations be
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discussed with the lab manager after the initial results are
obtained before being generally distributed. Quite often there
are explanations for unexpected results of which the investigator
may be unaware. This also helps keep political peace within the
company.

APPLICATION TO A MACHINE TOOL
Objective:

The Manufacturing and Industrial Technology Department of
Arizona State University recently obtained a Fadal VMC-20
vertical machining center. Mr. Su was assigned to determine
baseline measurements of the dimensional reproducibility of this
machine as part of his Master of Technology project. Sample
materials were two alloys commonly used in the department: 1018
cold rolled steel and 6061-T6 aluminum. The objective was to
determine the initial dimensional reproducibility of the new
machine, to determine if a difference exists between the two
materials, and to quantify such a difference if one exists.

Procedure:

The machining center was obtained as a flexible component of
a manufacturing cell and is not part of a line producing many of
the same component. For this reason, a special part was designed
to give a measure of the various machine capabilities and this
part is shown in Figure 1. The overall nominal dimensions are
102 mm x 102 mm x 44.5 mm (4 inches x 4 inches x 1.75 inches).
Each feature is dimensioned with respect to the center line or
top surface but the numbers are not shown because of the clutter.
The parts were machined to the same programmed nominal dimensions
and these dimensions were then measured on a coordinate measuring
machine. The deviations from the nominal dimensions were the

characteristics of interest. 1In this way, the various linear
dimensions could be combined with each other and likewise with
the various circular dimensions. Each part is therefore capable

of giving numerous samples for the calculation of the process
capabilities.
Six machining processes were evaluated using the designed

part:

1. End milling of the steps to preset depths.

2. End milling of steps to preset peripheral
dimensions.

3. End milling circular interpolation clockwise in to
preset outside diameters of cylinders and round corners.

4. End milling circular interpolation clockwise out
for circular pockets and round corners.

5. Reaming the holes to preset diameters after center
hole and pilot hole drilling.

6. The relative positions of the holes from the center

lines of the part after reaming.
Two materials were used: 1018 cold rolled steel and 6061-T6

aluminum. The same basic program was used for each with
variations based on published optimum machining conditions for
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each material.’ These conditions were modified somewhat for the
steel as a result of chatter problems with the initial part. The
Fadal machining center was capable of holding the complete tool
sets needed for both parts and, thus, loading tooling into the
machine was not a factor in the results.

The initial experiment was designed to determine if there
was a difference in dimensional reproducibility between the
aluminum and steel at the 95% confidence level. A difference of
0.0076mm (0.0003 inches) was considered to be of practical
significance and an initial standard deviation of 0.0051 mm

(0.0002 inches) was used for the initial calculations.

values were estimated from experience and guessing.

These
The standard

deviations were checked after the first parts were machined and
found to be higher for these parts, to vary with the process in

question, and with the material.
required was then recalculated.

The number of test parts
The calculations considered the

number of features to be combined on each part and showed that

six parts of each material were required to determi
difference exists between the steel and aluminum.
order for two materials was determined by randomization.

part blank was placed into the machine by hand.

Results:
The results of the machining tests are summarized in Table
I.

TABLE 1

Ssummary of Machining Results
values are Variations from Nominal Dimensions mm (inches)

Aluminum--6061-T6:

ne if a
The machining
Each

Process Average std Dev Initial PC #meas
(0) (x 30)

1 ~-0.0061 0.0053 + 0.015 36
(-0.00024) (0.00021) (+ 0.0006)

2 0.0322 0.0990 + 0.0305 36
(0.00125) (0.00039) (+ 0.0012)

3 0.0236 0.0104 + 0.0305 36
(0.00093) (0.00041) (+ 0.0012)

4 0.0142 0.0127 + 0.0381 36
(0.00056) (0.00050) (+ 0.0015)

5 -0.0338 0.0142 + 0.0457 24
(-0.00133) (0.00056) (+ 0.0018)

S5* 0.0310 0.0051 + 0.0152 23
(0.00122) (0.00020) (+ 0.0006)

6 -0.0079 0.0135 + 0.0419 48
(-0.00031) (0.00053) (+ 0.0017)

*One hole in one part had a very high variation in process 5 and

no assignable cause was found for this variation.

The data for 5

were calculated using all results and 5* dropped the questionable

reading.
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Steel~-1018 cold rolled

Process Average Std Dev Initial PC #meas
(o) (+ 30)
0.0117 0.0117 + 0.0356 36
(0.00046) (0.00046) (+ 0.0014)
-0.1540 0.0991 + 0.2970 36
(-0.00607) (0.00390) (+ 0.0117)
-0.0478 0.0937 + 0.282 36
(-0.00188) (0.00369) (+ 0.0111)
0.1460 0.1430 + 0.4270 36
(0.00573) (0.00562) (+ 0.0168)
-0.0277 0.0610 + 0.0152 24
(-0.00109) (0.00024) (+ 0.0006)
-0.0157 0.0236 + 0.0419 48
(-0.00062) (0.00093) (+ 0.0017)

Each average is calculated from 24, 36, or 48 individual
readings depending on the type of measurement. For example,
there are six steps (one inside and five outside on each of the
six parts) which were measured for Process 1 so 36 measurements
were averaged. There are four holes in each part so Process 5 is
the average of 24 readings. Two measurements were made for the
position of each hole (x and y) with respect to the center of the
part so 48 measurements were averaged for process 6.

The data were compared using the "z Test for Measurements"
and the "Student’s t Test" % and it was found that a significant
difference existed between the aluminum and steel at the 95%
confidence level for all processes measured except for processes
5 and 6. It should be noted that process 5 was the process with
the one unexplained high reading and the comparison statistic was
very close to the decision point. This would normally indicate
that another one or two parts should be run but, at the time of
writing this experiment, no free machine time was available to
run these parts.

Thus, except for processes 5 and 6, the two populations
cannot be combined and the process capability must be determined
for each material. These data are listed in Table I.

Discussion:

It should be emphasized that the process capability of the
machine in making a specific part will be greatly influenced by
the cutting conditions used. This machine will be used for a
variety of parts under a variety of cutting conditions as a class
room teaching tool and it is difficult to derive process
capability values for each situation. The cutting conditions
used in this study were arbitrarily chosen using handbook data
and may not represent the best conditions for precision cutting
of a particular part for a specific application. These data do
give a baseline to use for determining changes in the machine due
to wear or other factors as the machine is used. The programs
generated in this study can be used with the same, readily
available materials at various future times and the process
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capabilities compared to the initial data presented above. Any
wear should manifest itself as increases in the + 30 values.

Because no assignable cause could pe found for the high
reading in process 5 for the aluminum, the data point was
included in the comparison between the steel and aluminum for
this process.

Many authors consider a minimum of 50 readings to be
necessary for an accurate process capability determination.’ For
the situation in this study, 24 to 48 readings were considered
sufficient for initial process capability values. Additional
readings will be obtained from the parts made in the classes
which can be measured using the same techniques described here
and the data combined with the appropriate process category.
This will give a running process capability with the test parts
being machined at regular intervals of machining ‘time to spot

check for wear or other changes in the equipment.

CONCLUSIONS

A method has been presented by which the process capability
of machine tools, manufacturing processes, OrI testing
laboratories can be evaluated. The method allows the continuous
monitoring of the process capability over an extended time period
by running similar standard parts periodically mixed in with
normal production.

An example was presented for a Fadal VMC-20 vertical
machining center. Initial process capabilities for six
individual machining processes were determined using 6061-T6
aluminum and 1018 cold rolled steel and a specially designed
part. It was also determined that 1018 cold rolled steel test
parts had a statistically higher variation in machined dimensions
than 6061-T6 aluminum at the 95% confidence level when each were
machined using handbook values to establish the cutting
conditions. The data generated can be used as a baseline to
check for later wear or other machine changes by periodically
machining similar parts from similar materials using the same NC
program. Short run statistical techniques were used because this
machine was purchased as a flexible tool for making a variety of
parts in a classroom situation.

The process capabilities determined apply only to the test
parts manufactured but additional data can be obtained from class
projects and combined to give running process capability
measurements for each individual function of the machine.
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SAMPLE DATA SHEETS: Data should be gathered in a manner
compatible to analysis using a computer spread sheet or database
program. One suggestion is as follows:

Material Process Nominal Actual Difference
meas meas

SAFETY CONSIDERATIONS: There are no special safety
considerations for this experiment but all safety practices
common to the equipment or processes studied should be followed.

REFERENCES:

1. Keats, J.B. & Montgomery, D.C.; Statistical Process Control
in Manufacturing; Marcel Dekker, New York, 1991.

2. Pyzdek, T; "Process Control for Short and Small Runs";
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3. Machinability Data Center; Machinery Data Handbook; 3rd Ed.,
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Engineering, 3rd Ed. ;Prentice-Hall, 1985.

5. Besterfield, D.; Quality Control, 2nd Ed.; Prentice-Hall,
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Figure 1: Top and side views of the specially designed part for
the machining study.
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INTRODUCTION TO USABLE STATISTICAL METHODS

H. T. McClelland
Technology Department
University of Wisconsin--Stout Campus
Menomonie, WI

KEY WORDS: Statistics, Process analysis, Statistics courses.

PREREQUISITE KNOWLEDGE: College algebra, Introductory
manufacturing course helpful but not mandatory.

OBJECTIVES: Provide an introduction to statistics, experimental
design, and data analysis for engineering and engineering '
technology students who do not have a full statistics course in
their curriculum or who are not exposed to experimental design.

INTRODUCTION

The purpose of this paper is to present a description of a
short course on usable statistical methods for students who are
not exposed to a full statistical course. The course is designed
to take approximately one fourth to one third of a semester (10 -
16 class hours) as part of a more general technical course such
as a selected topics course in manufacturing. The need for a
course of this nature is apparent when it is realized that many
engineering programs do not require a statistics course and those
courses which are required often do not include experimental
design. Often, both students and faculty are not aware of basic
statistical principles.

There are many introductory statistics courses offered by
various departments with some campuses having four to seven
seemingly similar courses.'? A nonscientific, personal poll of
students at two universities taking a variety of the introductory
statistics courses of which I was aware all described the same
course syllabi. A considerable amount of time is spent on basic
number theory (mostly manipulating numbers which is not the same as
understanding what the numbers mean) and more time on
permutations and combinations. These are all good subjects but
no time remained for discussing the basics of experimental
design, random sampling, or the statistical evaluation of
experimental data.

Personal experience in industry has shown that most
manufacturing applications of statistics involve determining
baseline process information (process capabilities) or comparing
baseline information with the process performance after a
controlled change. Generally, the results of the desired changes
must be fairly large to be justified economically, particularly
where new equipment must be purchased. Thus, techniques aimed at
finding subtle differences among the data are usually not
required.

.

PRAECEVING BASE BUANK NOT FimMeD lMP -

R TGN I



The course described in this paper covers only the basics of
probability and emphasizes experimental design and analysis.
GENERAL COURSE DESCRIPTION

Practical Statistics, Simply Explained by Langley® is the
recommended text. This is a basic text which covers the
fundamentals very well while the examples are easily updated,
where necessary, by incorporating items from current news
sources. Following the text, the course covers how to understand
and interpret numerical data, basic probability theory, sampling,
averages and scatter, experimental design, and significance
tests.

This is a course in which items from current events add a
generality to the topics which helps the students understand that
the basic concepts of interpreting numbers are widely applicable.
Occasionally some major events such as the o0il crises of the
seventies and eighties lead to many years of examples of media
misuse of numbers on an almost daily basis. Currently, the
debates over mandatory AIDS testing, gun control, and the
President’s budget offer regularly occurring topics. Sometimes
it requires a bit more searching for appropriate examples. If
you are teaching this course on a regular basis, you may pull
examples from the news media as they appear over the year and
save them for the class.

The concepts discussed in the early portion of the course
are those which, in my experience, students have not understood
during their earlier education. Students often become quite
adept at manipulating numbers and equations without gaining any
insight into what the numbers mean. The basic approach of the
Langley text is how to avoid being misled by numbers.
students often find the other side of this topic to also be of
interest, i.e. how to mislead others by the misuse of numbers.
Either approach can be used to get the concepts across.

SPECIFIC TOPICS
Each of these topics can be covered in one or two 1 hour
lectures.

Numbers:

The first chapter deals with being misled by arithmetical
errors, false percentages, fictitious precision, misleading
presentations, incomplete data, and faulty comparisons. Each of
these topics can be related to other courses which the students
are taking, particularly those with laboratory components such as
physics or chemistry. For example, excessive significant digits
resulting from students copying the answer directly from their
calculators can be used as a prime example of fictitious
precision. Generalizing mundane laboratory data to earth
shaking, socially significant conclusions can be used to explain
incomplete data or misleading presentations. Misleading
presentations can also be illustrated by reference to the "low

fat" competition going on in the grocery stores.
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Langley states that these are all important causes of being
misled by numbers but that the usual causes are biased samples
and not considering the effect of chance on the numbers.

Probability:

Probability is introduced by a discussion of the Laws of
Chance. This leads into the Binomial and Poisson’s probability
formula for describing the proportions of occurrence of two
classes of events, i.e. on/off, go/no-go, yes/no, happens/doesn’t
happen. The normal probability formula is introduced to deal
with continuous data. A brief discussion at this point covers
the mean of the probability distributions and the scatter or
variation about the mean. The main objectives for this topic are
to introduce the probability distributions and the reasoning
behind them rather than memorizing a formula.

Experimental Planning and Sampling:

I spend a considerable amount of time discussing the
statement of the problem, planning the experiment, and devising
an appropriate sampling plan. The problem statement is extremely
important and is often made with little thought. A proper
problem statement prevents wasted time and effort finding an
possibly elegant solution to a non-problem or solving only a part
of the problem. It also allows the proper generalization of the
results. The importance of phrasing the problem in terms such as
"...to determine the effect of.." rather than "...to prove the
effect of..." is emphasized. This allows negative results (i.e.
no difference with the treatments) to still be valid. Another
important point is to state the problem so a path to the solution
is apparent. If no path to the solution is apparent, restating
the problem in different forms until a solution path is obvious
is discussed. This also allows a better definition of what is

sought.
The next step is to select the method of data analysis
before the data are taken. 1In this manner, the data can be

obtained in a form which fits the analysis method. An example of
a lack of agreement would be to assume that the analysis will
involve the binomial distribution but the experiment measures a
continuously changing series of events which requires a normal
distribution based analysis. The result of this would be an
extra amount of data manipulation and less than satisfactory
conclusions.

Sampling is a big area of misunderstanding. I have often
seen situations where the student is simply told to go and take
an appropriate sample with no further instructions. The major
objective in this section is to emphasize the importance of a
properly designed sampling procedure.

If the whole population is measured, there is little need
for a formal sampling procedure. In many cases, however, the
population is very large and conclusions regarding this
population are desired using a minimum of measurements (and time
and cost). Considerable time is spent discussing the need for a
random sample if the Laws of Chance are to be satisfied and the
reliance of the various statistical analysis procedures on the
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Laws of Chance is emphasized. The definition of a random sample
is that each possible outcome of an event has an equal chance of
being measured. This can only be achieved by using a random
number generator of some sort which covers the entire population.

One further point discussed on the Experimental Planning
topic is the personal recommendation of keeping the studies
simple. Many small studies concerning two or three factors are
easier for the student to comprehend than trying to measure
everything in one big study. Computer programs exist which can
analyze large amounts of experimental data but the human mind is
much more limited in trying to fully understand and document the
results of these studies.

The importance of documenting and communicating the results
is discussed in terms of what the student will be expected to do
upon graduation. Someone can be hired at minimum wage who cannot
tell the manager what the results mean in a clear manner; why pay
someone engineering wages for the same lack of information. This
leads naturally into a plug for the writing and speaking courses
which most students dislike.

I generally spend about half the course on the topics of
this section.

Analysis of the Results:

Once the data are obtained, the previously determined
procedure is used for analysis. I generally spend time
discussing the general features of the various common procedures
with a brief worked example of one or two. Computer usage is
encouraged in the planning and analysis stages if the programs
are available, with an understanding of the procedure determined
through a separate in-class test.

The Langley text is very good in this regard. The last half
of the text contains a brief description of many common analysis
procedures with the required tables and worked examples. This
text was pre-computer so the mathematical manipulation is
simplified. These descriptions can be used to guide the student
in a project.

Project:

The experimental project is key to illustrating the
important points of the course. The general ground rules are
that the student states a problem which involves a one-on-one
comparison, designs an appropriate experiment, and analyzes the
results using a standard, preselected technique. A simple one-
on-one comparison allows the student to complete the project in a
reasonably short time of two to three weeks.

Topics for the comparison are selected by the student with
the problem statement reviewed by the instructor prior to any
data collection. The review is to insure that the problem
statement is to the point and does not involve too much work.
Most students greatly underestimate the amount of time involved
in properly gathering data and trying to solve a problem of this
nature. A discussion of the amount of generalization which can
derive from the completed project based on the problem statement
is included in the review. Allowing the students to choose their



topics leads to many similar topics such as how many red versus
green M&M’s are there in a package but also leads to useful
information such as which brand of popcorn gives the most old
maids or which bartender at the local hangout fills the glasses
the fullest. One or two times through the course will give you
great insights on which local store has the best price on beer or
which hunting ammunition gives the most accurate and precise
patterns.

The project is documented in a formal engineering technical
report and I normally grade on content, spelling, and English
usage.

SUMMARY

An outline for an introductory statistics course has been
presented which is designed for students who do not take a full
semester statistics course. The course is designed to be taught
in 10 - 16 class hours and covers topics of most use to working
engineers and engineering technologists. The understanding of
numerical information is presented followed by an introduction to
probability and probability distributions. Considerable time is
spent on the statement of the problem and designing a proper data
collection method. Statistical analysis techniques are discussed
and a final project using student selected topics reinforces the
main points of the course.

REFERENCES:

1. 1987-88 Catalog, Montana State University, Bozeman, MT

2. 1990-91 catalog, Arizona State University, Tempe, AZ

3. Langley, R, Practical Statistics, Simply Explained, Dover,
1971.

The above represents views based on my experience. I

am very interested to hear from others as to their experiences
and welcome suggestions on course improvements. Please contact
me at:

Tom McClelland

Associate Professor

Technology Department

University of Wisconsin--Stout

Menomonie, WI 54751
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Measurement of Surface Heat Flux and Temperature

R. M. Davis, G. J. Antoine, T. E. Diller, and A. L. Wicks
Department of Mechanical Engineering
Virginia Tech
Blacksburg, VA 24060-0238

KEY WORDS: heat flux, temperature, computer data acquisition, experimental statistics,
microsensor, combustion flame

PREREQUISITE KNOWLEDGE

Students should have an undergraduate course in heat transfer to understand the
fundamentals of conduction, convection, and radiation heat transfer. An understanding of transient
conduction is important and a background including semi-infinite conduction solutions is helpful.
An introduction to elementary experimental statistics is necessary.

OBJECTIVES

The experiment demonstrates a new sensor technology. The students use the sensor to
observe details of a combustion flame and allows them to experience the application of modern
research. The data processing clearly demonstrates the different effects of integrating versus
differentiating data.

EQUIPMENT AND SUPPLIES

1. Heat Flux Microsensor and associated amplifier
2. Self-igniting propane torch

3. TEGAM thermocouple read out

4. DC power supply

5. Elenco Precision Bread board

6. Texas Instruments 741 OP-AMP

7. Voltmeter

8. Macintosh Quadra 700 computer

9. LabVIEW software

10. Leather gloves

INTRODUCTION

The Heat Flux Microsensor is a new sensor which was recently patented [1] by Virginia
Tech and is just starting to be marketed by Vatell Corp. The sensor is made using thin-film
microfabrication techniques directly on the material that is to be measured. It consists of several
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thin-film layers forming a differential thermopile across a thermal resistance layer. As illustrated
in Fig. 1, the measured heat flux q is proportional to the temperature difference across the
resistance layer [2]

~

q = -2(T,-Tp) 1
58

where k, is the thermal conductivity and &, is the thickness of the thermal resistance layer.
Because the gages are sputter coated direcﬁy onto the surface, their total thickness is less than 2
pm, which is two orders of magnitude thinner than previous gages. The resulting temperature
difference across the thermal resistance layer (6 < 1 um) is very small even at high heat fluxes.
To generate a measurable signal many thermocouple pairs are put in series to form a differential
thermopile [2], as illustrated in Fig. 2.

The combination of series thermocouple junctions and thin-film design creates a gage with
very attractive characteristics. It is not only physically non-intrusive to the flow, but also causes
minimal disruption of the surface temperature. Because it is so thin, the response time is less than
20 psec [3]. Consequently, the frequency response is flat from O to over 50 kHz. Moreover, the
signal of the Heat Flux Microsensor is directly proportional to the heat flux. Therefore, it can
easily be used in both steady and transient flows, and it measures both the steady and unsteady
components of the surface heat flux. ~

A version of the Heat Flux Microsensor has been developed to meet the harsh demands of
combustion environments. These gages use platinum and platinum-10% rhodium as the
thermoelectric materials. The thermal resistance layer is silicon monoxide and a protective
coating of Al,05 is deposited on top of the sensor. The thin-film pattern of all six layers is
superimposed in Fig. 3. The large pads are for connection with pins used to bring the signal out
the back of the ceramic. In addition to the heat flux measurement, the surface temperature is
measured with a platinum resistance layer (RTS). The resistance of this layer increases with
increasing temperature. Therefore, these gages simultaneously measure the surface temperature
and heat flux. The demonstrated applications include rocket nozzles, SCRAM jet engines, gas
turbine engines, boiling heat transfer, flame experiments, basic fluid heat transfer, hypersonic
flight, and shock tube testing. The laboratory involves using one of these sensors in a small
combustion flame. The sensor is made on a 2.5 cm diameter piece of aluminum nitride ceramic.

Heat Transfer

The fast time response of the temperature and heat flux sensors allows the comparison of
time-resolved measurements. The temperature rise of the ceramic substrate is caused by the heat
transfer from the flame to the surface. Modeling of the heat transfer allows prediction of the
temperature rise for the measured heat flux. Alternatively, the temperature measurement can
provide an independent measure of the surface heat flux. If the ceramic piece is considered to be a

one-dimensional semi-infinite solid as sketched in Fig. 4, the temperature history is

T -T. _ 2aqit @)

s ]_\/;r—-—kpc
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for a constant surface heat flux starting at time t=0. The values of the thermal conductivity (k),
the density (p), and the specific heat (C) of the ceramic substrate are listed below.

k = 165 W/m-K

p = 3290 kg/m3

C = 713 J/kg-K

a = 7.03 x 10 m%/s

The surface temperature predicted by the semi-infinite solution is correct to within 1.0% for times
less than [4]

2
t=03L" 3)

(4 4

where « is the thermal diffusivity and L the thickness of the substrate, which is 6.35 mm for the
given substrate. For times longer than given by eq. (3) the analytical solution loses accuracy.
Experimentally the temperature will rise faster than the semi-infinite solution predicts. For the
present case the effect should be small for times less than 1 second. A good additional assumption
is that the presence of the gage itself does not affect the substrate response of eq. (2).

The sensitivity of the Heat Flux Microsensor, S, is used to convert the voltage signal, E, to
heat flux.

E
B 4)
173

Calibrations give a gage sensitivity of $=23.2 mV/(W/cm?) for the signal from the amplifier box
(at 1000X amplification). The equation to convert the RTS signal (at the 500X setting of the
amplifier box) to temperature is

(]

CVE - 286.06°C )

T, = (132.33

Data Processing

Equation (2) relates the temperature change of the surface of a material to a single step
change of the surface heat flux. Manipulation of this type of equation gives the temperature
response to a varying heat flux signal as a series solution [5]. This can be in the form of a series
of impulse functions as shown in Fig. 5. The solution for the temperature response to a varying
heat flux input is

Ts(tn)_Ti = _‘/——2“ 2(:) qj[‘/tﬂ_tj - \/tﬂ_tj*l ] (6)

Note that this is similar to integrating the heat flux measurements.
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In similar fashion the solution for determining the heat flux from a given set of surface
temperatures is [4]

f n T.-T.
Q(tn)=2 kPCE j j-1 (7)
o B -t

Note that this is similar to differentiating the surface temperature measurements.

Both of these expressions are in the form needed for digital signal processing. They have
been programmed on a computer disc for subsequent processing of the data. A listing of the
FORTRAN code is attached. By calculating the corresponding surface temperature response to the
measured heat flux and comparing with the experimental temperatures, additional confidence in the
measurements can be established. The data processing task is to do this and to quantify the
results.

As an additional check of the program for data processing, a manual comparison can be
performed using eq. (2). Simply input an average heat flux over the time of the heated portion of
the test and compare the surface temperature rise with that calculated with the program. It should
be reasonably close.

Data Acquisition

The LabVIEW software (a product of National Instruments) allows the student to formulate
an instrument in software. This instrument, referred to as a virtual instrument, incorporates the
data acquisition with drivers to support high speed A/D boards, preprocessing algorithms, such as
digital filters, and post processing capability. The post processing for this experiment may include
the differentiation, or integration of the digital data. This software also provides data formats for
storage. Although the LabVIEW software is not required to perform this experiment, the iconified
format and the flexibility permit numerous variations in the experiment without extensive software
revision. This software is used extensively throughout the laboratory experience to promote the

concept of integrated data acquisition, signal conditioning, post-processing and graphical displays.
PROCEDURE

The flame is provided by a propane torch which is aimed directly at the heat flux gage, as
illustrated in Fig. 6. The torch has a self igniter which is activated by a button on the front. To
ignite the torch the gas is turned fully on by the knob on the back and then the button is pressed.
After the flame is adjusted to the desired level the test is started by opening the shutter to allow the
flame to impinge on the heat flux gage. A chromel/alumel thermocouple is provided to measure
the flame temperature. An amplifier box is provided with the gage to boost the heat flux signal
and convert the resistance of the surface RTS to a voltage.

afet iderations

Because the students are dealing with a high temperature flame test (1200°C), they need to
be reminded of a few safety factors.
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1. Do not touch the upper part of the apparatus. When opening and closing the gate, leather
gloves may be worn as added protection.

2. Do not leave the flame on for longer than necessary. Always turn it off between tests.
Because it does not have active cooling, the entire apparatus will become excessively hot
with only a few minutes continuous operation.

3. Do not run the flame on the gage for over a few seconds at a time. Leave the shutter
closed at all times except when actually taking data. This should keep the temperatures
well below 100°C.

Zeroing the Amplifier

After the amplifier is turned on and allowed to stabilize, both channels need to be zeroed.
Set the switch on the amplifier to the zero position. Connect the output from heat flux channel to
a voltmeter. Adjust the appropriate pot so that the output reads 0.0 V. Connect the output from
the RTS channel (surface temperature) to the voltmeter. Adjust the appropriate pot so that the
output reads 0.0 V. When the switch is flipped from zero to test, the output of the heat flux
channel should be 0.0 V, but there will be a DC offset of 2 or more volts on the temperature
channel. This reflects the resistance of the RTS at room temperature. Because the change in
resistance is only millivolts, this offset must be removed from the RTS output before being
processed by the computer to maximize the resolution of the A/D conversion. Therefore, a
differential amplifier should be used to remove 2 volts from the signal.

Building a Differential Amplifier

Construct the amplifier on the breadboard as illustrated in Fig. 7. An accurate reading of
Vin1 (=2 V) should be taken by the voltmeter and recorded to be re-inserted into the computer,

Experimental Tests

Connect the heat flux and differential amplifier outputs directly into the interface box (A/D
board). Start the VI on the computer. Adjust the gain and offset for each channel (Hint:
Remember the 2 V that was measured and subtracted previously). Adjust Time Base, Interval and
Samples/channel accordingly. Record the values for Interval and Samples/channel for each test for
use in the FORTRAN code for data processing.

When ready to acquire data, light the propane torch. Immediately after pressing the
Acquire Data button open the gate. Each test should last no more than 2 seconds. Save the data
and repeat the test until you have acquired at least five sets of data. Try to use varying flame
heights and conditions for each test. Observe the flame and make notes to explain the observed
heat flux response.
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Statistical Treatment of Data

For each test use the FORTRAN code to calculate the surface temperature and heat flux
values to compare with the corresponding measured values. Compute the residuals of the
measured and calculated data for both the heat flux and temperature responses. Plot the residuals
and perform a visual analysis. Discuss whether the data looks random or if there appears to be
some bias error present.

Compute the mean and the standard deviation of the residuals. Perform a 95% confidence
interval for the mean. Discuss results. Are the values different when computed for the first 1
second of the flame test than for the entire sampling period?

Given that the estimated uncertainty for heat flux is 0.05 W/cn}2 and for temperature is
0.2°C, are the methods presented in this lab acceptable? Use the uncertainty to discuss your error,
and discuss which assumptions made in the calculations most likely lead to this error. Provide a
plot of the residuals and a tabulated summary of the statistical data.

From the calculated values of the heat flux and surface temperature determine which is a
better approximation of the measured data. Discuss the advantages and disadvantages of each
method.

Sample Results

Each student should plot comparisons of their measured and calculated data versus time for
both temperature and heat flux and the resulting residuals from these comparisons. Sample results
are illustrated in Figures 8-11. Students are expected to complete a statistical analysis of their data
and present it in tabulated form as shown in Table 1 for the results in the figures.

Table 1 Statistical Results of Temperature and Heat Flux Residuals

Total Test Total Test First Second | First Second
of Flame of Flame
T, (°C) q (W/em?) T, (°C) q (Wem?)
Mean 1.41 -2.69 0.25 -1.86
Standard Deviation 1.80 4.15 0.57 3.62
95% Confidence Interval +0.25 +0.59 +0.16 +1.0
INSTRUCTOR NOTES

1. Care should be exercised once the test has been run several times because the Heat Flux
Microsensor housing becomes hot. Leather gloves can be worn as a precaution when opening and
closing the gate.

2. Due to 60 Hz noise from surrounding equipment, a high sampling frequency should be
used on the LabVIEW software or an anti-aliasing filter should be used.
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3. Results of the sample test are typical. The means of the residuals are close to zero
(based on the 95% confidence intervals) only for the first second of the flame. The semi-infinite
assumption of the model breaks down for the four seconds of the test time. This is also evident in
the large increase of standard deviation of the temperature residuals going from the one second to
the four second time interval. Because of the small change in standard deviation of the heat flux
residuals, it can be concluded that the data set is ergodic and the residuals are obtained from the
sample population throughout the test period. This is not true for the temperature residuals.

4. The students should be able to identify that the calculation from the measured heat flux
to the surface temperature (an integration type process) is preferable to the temperature to heat flux
calculation (a differentiation type process).
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SOURCES OF SUPPLIES

. Heat Flux Microsensor - $1500, Vatell Corp., Blacksburg, VA 24060, (703) 961-3576
. Heat Flux Amplifier Box - $1500, Vatell Corp., Blacksburg, VA 24060

. Thermocouple read out - $100, TEGAM, Madison, OH 44057, (216) 428-7505

. BernzOmatic 2-piece Propane Torch Kit, Model TS 2000K - $18, WalMart

. LabVIEW - $500 (Educational discount), National Instruments

. Elenco bread board - $35, Radio Shack

. Macintosh Quadra 700 computer - $4,000, Apple Computer

. Texas Instruments 741 OP-AMP - $1, Radio Shack
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Fig. 5 Impulse Representation of Heat Flux
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***********************************************************************

LA I I A R R O * X ¥

***********************************************************************

This program converts the voltages obtained from the heat flux
sensor to their corresponding heat flux and temperature
responses. It also utilizes the Cook and Felderman method to
differentiate temperature with respect to time to obtain the
corresponding heat flux and Green's function to integrate the
heat flux with respect to time to yield temperature. Variables
used are:

K...thermal conductivity of resistance layer (W/cmK)
RHO...density of resistance laycr (kg/cmA3)

CP...specific heat of resistance layer (J/kgK)

S...sensitivity of sensor (mV/W/cmA2)

ALPHA...thermal property of resistance layer

TIME()...time interval

QVOLTY()...voltage corresponding to measured heat flux
TVOLTY)...voltage corresponding to measured temperature
QEXP()...heat flux calculated from experimental voltage
TEXP()...temperature calculated from experimental voltage
QCALC()...heat flux calculated from temperature
TCALCY)...temperature calculated from heal flux
TIMEF...number of data points taken

REAL K, RHO, CP, §, ALPHA, TIME (201), QVOLT(201), TVOLT(201),
+QEXP(201), TEXP(201), QCALC(201), TCALC(201)

INTEGER TIMEF

PARAMETER (P1=3.141592654)

R OK X K X K X X K ¥ X X K ¥ X X X ¥ *

************************************************************************

*

The ASCII data file is opened and an output file is created

*

************************************************************************

OPEN (9, FILE = 'RUN3.DAT')
OPEN (6, FILE = 'RUN3.0UT')

************************************************************************

*

Definition of thermal properties of resistive layer

*

************************************************************************

***********************************************************************

*
*

***********************************************************************

K=1.65

RHO=3.29E-3

CP=713
§=23.1765

ALPHA=K/RHO/CP

TIMEF = 200

Do loop to read ASCII file and convert voltages to corresponding

heat flux and temperature values

DO 11= 1, TIMEF
READ (9, *) TIME(I), QVOLT(I), TVOLT(I)
QEXP(I) = QVOLT(I)*1000/S
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TEXP(I) = 132.33*TVOLT(I)-286.06
1 CONTINUE

***********************************************************************

* Do loop to perform numerical expression dcvcloped by Cook and

*  Felderman to calculate heat flux from surfacc temperature
***********************************************************************

DO 2 M = 1, TIMEF
QCALC(M) =0
DO3L=2M
QCALC(M) = QCALC(M) + (TEXP(L) - TEXP(L-1))/(SQRT((M -L)*.02)
+ +SQRT((M-L+1)*.02))
3 CONTINUE .
QCALC(M) = 2.*SQRT(K*RHO*CP)/SQRT(P)*QCALC(M)
2 CONTINUE

***********************************************************************

* Do loop to perform method of Green's function to calculate
*  temperature from heat flux and write all previously calculated

*  yalues to the output file created above
***********************************************************************

DO 4 N = 1, TIMEF
TCALC(N) = TEXP(1)
DOS5SJI=N,1,-1
IF (J.EQ.1) THEN
TCALC(N) = TCALC(N) - 2*SQRT(ALPHA)/K/SQRT(PI)*QEXP(J)
+ *(SQRT(((N-.5)-(J-.5))*.02)-SQRT((N-.5)*.02))
ELSE
TCALC(N) = TCALC(N) -2.*SQRT(ALPHA)/K/SQRT(P1)*QEXP(J)
+ *SQRT(((N-.5)-(J-.5))*.02)-SQRT(((N-.5)-(J-1.5))*.02))
ENDIF
5 CONTINUE
20 FORMAT (1X, F16.5, 2X, F16.5, 2X, F16.5, 2X, F12.8)
WRITE (6, 20) QEXP(N), TEXP(N), QCALC(N), TCALC(N)
4 CONTINUE

STOP
END
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PREREQUISITE KNOWLEDGE: The student should be familiar with the care
and handling of small amounts of hazardous materials and with simple laboratory techniques
normally obtained in a first year chemistry course.

OBJECTIVES: To synthesize a polymer (polystyrene) using laboratory techniques
typically introduced in the first year chemistry course. In addition, the concepts of number
average molecular weight and weight average molecular weight in polymeric materials,
polydispersity, methods of film casting, and film thickness determination are introduced.

EQUIPMENT AND SUPPLIES:

Polystyrene Synthesis:

100 mL corn oil#

1 mL styrene

1-4 mg azobis(isobutyronitrile) commonly called AIBN
2 g Alumina Adsorption 80-200 mesh (Fisher Cat no. A540-500)
50 mL methanol

thermometer#

250 mL beaker#

50 mL beaker

2 small Teflon coated magnetic stir-bars

hot plate equipped with stirring rotor#

small vacuum flask

small vacuum filter funnel

10 X 75 mm test tube

slotted cork

3 Pasteur pipettes

Determination of Molecular Weight by Selective Precipitation TLC):

Reverse phase thin layer chromatographic plate treated with indicator (Whatman 4803-425)
Polystyrene standards (2K-100K)#

polystyrene sample(s)

5 capillary tubes

1000 mL beaker

plastic ruler

UV lamp#

50 mL graduated cylinder
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100 mL stopper glass bottle
Bunsen burner

Film Casting:

0.5g Styrofoam

2 mL chloroform or toluene

1 mL of working solution composed of 40% dichloromethane and 60% diethyl ether
glass rod

watch glass

NaCl or KBr infrared plate

Microspatula or scalpel

glass plate approximately 8 X 8 cm.

Film Thickness Determination:
polymer films of uniform thickness
Infrared Spectrophotometer or Spectrometer#

Quantities are estimated on a per student basis unless otherwise indicated
# More than one student may share this equipment

INTRODUCTION: Polystyrene is a familiar polymer with many commercial uses.
Its applications range from the clear, high index of refraction, brittle plastic used to form audio
cassette and CD cases to the foamed material used in insulated drink cups and packaging
material. Polystyrene constitutes 11% of the plastics used in packaging with only High
Density Polyethylene (HDPE) and Low Density Polyethylene (LDPE) contributing a larger
share (1). So much polystyrene is used today, it is one of six common plastics that
manufacturers have assigned an identification code. The code helps recycling efforts.
Polystyrene's code is (PS code 6).

During the summer and fall of 1992 several new polymeric experiments were developed by the
NSF POLYED Scholars for introduction into the chemistry core curriculum. In this
presentation one such project will be discussed.

This laboratory project is recommended for a first or second year laboratory course allowing
the introduction of polymeric science to undergraduates at the earliest opportunity. The
reliability of the experiments which make up this project and the recognition factor of
polystyrene, a material we come in contact with everyday, makes the synthesis and
characterization of polystyrene a good choice for the introduction of polymerization to
undergraduates. This laboratory project appeals to the varied interests of students enrolled in
the typical first year chemistry course and becomes an ideal way to introduce polymers to a
wide variety of science and engineering students.

In this sequence of experiments, students will:

a. Purify commercially available styrene by removing its inhibitor by small column
chromatography.

b. Prepare polystyrene by using different amounts of inhibitors at constant temperature and
time.

c. Determine the molecular weights of the synthesized polystyrene by Selective Precipitation
(TLC) using a calibration curve obtained from polystyrenes of known molecular weights.

d. Prepare and evaluate polystyrene films formed by casting methods described below.



Procedures for the synthesis have appeared in the literature and several undergraduate
laboratory textbooks and manuals (2-5). However, the authors have found several problems
with these procedures. This modified procedure is introduced to improve the experiment and
make it more applicable to the lower level undergraduate laboratory curriculum.

First, the scale of many referenced procedures is such that students work with larger amounts
of the hazardous material styrene than either of the authors felt was necessary. This is
consistent with current trends to adapt experiments to microscale in the interest of safety and
cost reduction (4,6,7).

Second, the use of the reagent benzoyl peroxide as an initiator is considered too hazardous for
lower level undergraduate laboratories. A suitable substitute is needed to lessen the risk.

Third, in order to accommodate the larger scale of the experiment reported in the literature, the
inhibitors present in commercially available styrene are usually removed by distillation or
extracted with sodium hydroxide prior to the formal laboratory time. Students lose the
pedagogical opportunity to remove the inhibitors from their own sample and thus lose the
opportunity to understand its presence in the commercially available sample. The inhibitor,
typically 10 to 15 parts per million of 4-tert-butylcatechol, is present to prevent the styrene
from polymerizing in the bottle. The hazards of working with styrene are also minimized by
the microscale of this experiment. In addition, some procedures recommended using an excess
of benzoyl peroxide to overwhelm the inhibitors present in the polystyrene. Given our
reluctance to use benzoyl peroxide, we were even more reluctant to use an excess. The authors
feel that the column method suggested by Williamson (4) has the advantages of being small
scale, rapid, and introduces chromatography as a method of purification.

Lastly, the time and temperature required for some of the procedures yield product in the form
of a solidified glass plug of polystyrene. The formation of the plug shows the consequence of
extensive polymerization, but the solidified product is more difficult to characterize by the
equipment available in the lower level undergraduate laboratory. The plug often needs to be
removed from the reaction test tube by wrapping the test tube in a cloth and shattering both the
test tube and the polystyrene plug with a hammer. In addition, the time needed for the
polystyrene plug to form uses too much valuable student and instructor time. Conditions are
needed that stop the synthesis short of solidification to allow characterization and make more
effective use of laboratory time. By purposely stopping the experiment before a solid plug of
polystyrene is formed, the reaction yields a solution that is more easily manipulated than the
solid plug often seen in bulk polymerization of styrene. The viscous liquid that forms can
easily be transferred and precipitated. Precipitation of the polymer in methanol (a non-solvent)
illustrates a common method of isolation and purification of a polymer. If a solid plug forms,
the student should grind it with a mortar and pestle to obtain a dry powder.

Experience has shown us that the most successful laboratory synthesis experiments are those
coupled with an additional goal besides the formation of the product itself. In this synthesis,
an additional aspect of polymerization can be illustrated and the pedagogical function of the
experiment and the utility of the students' time are enhanced. For example, by using different
amounts of initiator in the synthesis, the effect of initiator on the yield can be investigated.
Characterization of the polystyrene is accomplished by film casting and identification by
infrared spectroscopy.

In this experiment styrene is polymerized in the absence of solvent. Such a reaction is called a
bulk polymerization. The polymerization proceeds as a free radical polymerization of styrene
initiated by 2,2'-azobis-(2-methylpropionitrile), more commonly known as
azobis(isobutyronitrile), AIBN.

223



224

n HC=CH, +CH—C

AIBN

The value n is a function of the experimental conditions and will determine the molecular
weight of the resulting polymer. The molecular weight and polydispersity of a polymer greatly
affect its physical properties and commercial applications. The molecular weight of small
molecules is easily defined. The definition of molecular weight for polymers is not as easily
defined because each polymeric chain constitutes a molecule and each chain can be of different
length. Definitions and methods of molecular weight determination used for small molecules
are not directly applicable to polymers.

Molecular Weights for polymers typically range from 5,000 to greater than 1,000,000.
Students need to know how molecular weight differs for small and large molecules (polymers)
to understand the effect that molecular weight has on the properties of all molecules. The
ability of polymer chains to exist in varying lengths gives rise to a distribution of molecular
weights within a polymeric sample. Several types of molecular weights have been defined.
Two of the more frequently encountered are the number-average molecular weight (Mp)
and the weight-average molecular weight (My). The number-average molecular
weight is defined as the total mass of polymer molecules divided by the tota] number of moles
of molecules present.

Mp= ZﬂiMi / Zni ¢))
i i

Molecular weights of this type are typically obtained by methods involving effects on
colligative properties, GPC (gel permeation chromatography), and end group analysis.

Another definition of molecular weight is weight-average molecular weight which is
defined as:

My= ZniMiz / ZniM; )
1 1

This value can be obtained by light scattering techniques. Due to the square of the Mj term,
this value is biased towards the contribution of the higher molecular weight chains.

The ratio of the number-average molecular weight and the weight-average molecular weight is
representative of the molecular weight distribution and is referred to as a sample's molecular
weight polydispersity.

Polydispersity = Mw/Mp 3)

This value is related to how broadly the chain lengths are distributed in the polymeric sample.
When My, approaches Mp, their ratio approaches 1, and the sample approaches
monodispersity. Synthetic polymers exhibit varying degrees of polydispersity, with



vinyl polymers typically having ratios from 2-10. Many biological macromolecules (polymers)
exhibit monodispersity. Determination of the polydispersity of a polymeric sample is important
because even small changes in polydispersity can affect the properties of a polymeric sample.

Molecular weight is one of the most important characteristics of a polymer and as previously
mentioned, is typically determined by GPC or light scattering techniques. Each of these
methods gives meaningful molecular weights but these methods are not accessible to most
lower level undergraduate students. An alternative method for determining molecular weight of
polystyrene has been reported using Selective Precipitation by thin layer chromatography (TLC)
(2,5,8,9). In the TLC procedures, polystyrene samples and standards, over a wide range of
molecular weights, are spotted on a reverse phase TLC plate and eluted using a
dichloromethane/methanol solution. The Rf is related to the molecular weight of the sample.
Using a calibration curve obtained from the polystyrene standards, the molecular weight of the
unknown sample is determined.

The coupling of a polystyrene synthesis with a TLC determination was reported by Armstrong
(2). Experience has uncovered several problems with these procedures. First, various
procedures report that the reproducibility of these methods is very sensitive to the conditions.
Yet each procedure requires slightly different conditions. Second, the reverse phase TLC
plates are expensive and the cost per student too high for some departments. Third, molecular
weights above 100,000 give significantly poorer results than polystyrene samples between
2,000 and 100,000. Many commercial samples of polystyrene have molecular weights above
100,000. Lastly, many polystyrene samples are polydispersed resulting, unfortunately, in a
diffuse spot on the TLC plate. The indistinct nature of the spot makes it difficult to assign the
"center" and determine the molecular weight.

Our goals for improving this procedure included optimizing conditions, developing a method to
recycle any reusable plates, and determining how closely the results obtained by TLC
correspond with the molecular weight determined by GPC for the same polystyrene samples.
In addition, a method for casting film from the microscale synthesis and assessing its quality
was desired.

The experiment discussed in this paper uses thin layer chromatography to determine the
molecular weight of polystyrene samples obtained from the microscale bulk polymerization
synthesis. The separation of polystyrene by molecular weight is due to selective precipitation
of the polymer from the mobile phase. The mobile phase for this elution consists of
dichloromethane and methanol. Polystyrene is soluble in dichloromethane and insoluble in
methanol. As the chromatogram develops, a solvent gradient is established along the length of
the plate. The bottom of the plate is rich in the polymer soluble solvent dichloromethane. As
the chromatogram develops, the concentration of dichloromethane decreases and the relative
concentration of the non-solvent methanol increases. The less soluble, high polymer weight
fractions precipitate first, and as the solvent concentration changes, the lower molecular
weights precipitate out at various Rf's.

The developing chamber should be open to the air, away from drafts and without a wick to
insure non-equilibrium conditions while the TLC plate is developing. Considerable care must
be used in preparing the eluting solvent because even small deviations from the suggested
concentrations alter the results. A fresh portion of eluting solvent must be used for each plate
because the relative concentration of the two solvents in the reservoir at the bottom of the
developing chamber changes during the developing process. A starting concentration of 71%
dichloromethane/29% methanol (V/V) as reported by Armstrong (2) gives the best results.
This concentration must be maintained to insure reproducibility. A more extensive application
of this technique was applied to 47 different samples of polystyrene having molecular weights
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between 2,000-100,000. Gel Permeation Chromatographic analysis of the same samples
showed a correlation (96%) between the bottom of the TL.C spot and the weight average
molecular weight determined by GPC. Additional correlation (85%) was observed for the
midpoint of the TLC spot and the number average molecular weight. The poorer Mn
correlation is attributed to the difficulty determining the midpoint of a spot whose top may be
somewhat vague. A similar difficulty is not encountered when determining the bottom of the
TLC spot.

A polydispersity index for the polystyrene sample can be calculated based on the ratio of
Mw/Mp, determined by this method.

There has been much concern in the past over the reproducibility and the cost of this
experiment. The key to reproducibility is to keep the conditions as nearly identical as possible
from plate to plate. If care is taken, this experiment gives reliable results. One method to
minimize variation is to divide a 10 cm X 10 cm reverse phase TLC plate into ten lanes of lcm
each. Assign the first five lanes to standards and the remaining five lanes to students (See

Fig. 1). This allows five students to have identical conditions and results in considerable cost
savings.

The ability to form films in high molecular weight compounds is one of the characteristic
differences between high and low molecular weight compounds. Under similar conditions,
high molecular weight compounds form films where low molecular weight compounds form
crystalline deposits or oils. The quality of the films formed from polymeric material is
proportional to the molecular weight. The formation of a high molecular weight polymer in a
reaction is often confirmed by the formation of a cohesive film. Films may be made by either
melt techniques or solution casting techniques (10,1 1). This procedure discusses two methods
of solution casting that are applicable to a wide variety of polymers, and is easily adaptable to
the undergraduate laboratory. Finding a suitable solvent is the most difficult part of the
technique. A suitable solvent is volatile enough to evaporate in a reasonable amount of time but
not too volatile so that the film forms holes, bubbles or precipitates before the film formation is
complete.

Polystyrene is a glass at room temperature. A piece of clear brittle polystyrene produces sharp
edges when broken. If the film is thick enough, it will appear brittle. When warmed in boiling
water, the glass transition temperature of 100°C is approached. At the glass transition
temperature, polystyrene undergoes a characteristic change from a glass to a flexible
thermoplastic. Above the glass transition temperature, Tg, polymer chains have enough energy
to undergo conformational changes, resulting in a more exible polymer. Flexibility on the
macroscopic scale is related to torsional mobility on the molecular level (10).

There are several options available in this experiment. The effect of initiator concentration on
yield and molecular weight distribution can be determined by running identical reactions using
three different initiator concentrations. Each student can be assigned all three concentrations or
only one of the three variations. The class results are then pooled to determine the effects of
initiator concentration on yield and molecular weight distribution.



PROCEDURE: Microscale Bulk Polymerization of Styrene

Safety Statements:

Styrene is a hazardous chemical with an unpleasant odor. Work in the hood at all times and
avoid skin contact with this chemical. The flammability of this chemical should also be
respected. There should be no open flames in the vicinity.

Waste Disposal:

All the alumina used to remove the inhibitors from the styrene should be placed in a jar labeled
styrene contaminated alumina. All organic solvents should be disposed of in properly labeled
waste containers.

Equilibration of Constant Temperature Bath:

1. Fill a 250 mL beaker 1/3 full with oil and place a magnetic stirring bar in the beaker.

2. Heat the oil bath to 80°C on a hot plate equipped with a stirring rotor. In the interest of
time, the oil bath may be turned on and equilibrated prior to the beginning of the laboratory
period.

Preparation of Styrene: Removal of Inhibitors in Styrene

1. Prepare the mini-column by placing a small glass wool plug in the bottom of a Pasteur
pipette and fill it one half full with alumina.

2. Place the mini-column in a hood and add styrene drop wise to the top of pipette. It takes
about 4 minutes to elute 2 mL of styrene. If it takes much longer than 4 minutes, the styrene
may be contaminated with some polymeric material and very little monomeric styrene will be
collected in a reasonable amount of time. A new bottle of styrene should be substituted.

Preparation of Polystyrene:

3. Weigh 0.250 g of freshly eluted styrene and 1, 2 or 4 mg of the initiator, AIBN, in a 10 X
75 mm test tube.

4. Cover the test tube(s) with a slotted cork.

5. Place the test tube(s) in the oil bath at the same time and record time and temperature.

6. Remove the test tubes from the oil bath after 45 minutes.

7. Pour the reaction mixture, immediately after removal from the oil bath, into a beaker
containing 20 mL stirred methanol. A white precipitate should settle out.

7a. If the product is difficult to pour, add a small amount of toluene (~0.5 mL) to dissolve it
and then pour as described in 7 into 40 mL of methanol.

8. Continue to stir in methanol for another 10-20 minutes.

9. Vacuum filter the solid polymer and wash with methanol several times.

10. Air dry the polymer or dry the polymer in a vacuum oven at room temperature until
constant weight.

I'1. Weigh and save the polymer in a vial. Yields may be calculated on dried samples.

Plot % yield of polymer vs. mg of AIBN and note the effect of initiator concentration on the
yield of polystyrene.

The polystyrene may be characterized by infrared spectroscopic identification of a film cast on
glass, water, or a NaCl or KBr plate and the molecular weight distribution may be determined
by selective precipitation (TLC) or GPC techniques.
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PROCEDURE: Determination of Molecular Weight by Selective
Precipitation

Safety Statements:
Dichloromethane and methanol are hazardous solvents. Avoid skin contact and breathing of
the vapor. Do not look directly at the UV lamp.

Waste Disposal:
Dispose of all organic solvents in a properly labeled container. Dispose of all glass waste in a
properly labeled container.

1. Prepare 100 mL of 71:29 stock solution of dichloromethane/methanol by pipetting 71 mL
of dichloromethane in a clean, dried stoppered bottle and adding 29 mL of methanol. Mix the
solution thoroughly and keep stoppered when not in use. This stock salution is enough for 2
separate slide developments, as 50 mL is needed for each.

2. Using a pencil, very gently, without disturbing the adsorbent, draw a baseline across the
width of the TLC plate, 1 cm from the bottom of the plate.

3. Prepare a capillary spotter for each standard or sample that will be examined. Using
capillary tubing, draw out the tubing into a fine narrow spotter using a Bunsen burner.

4. Place the plate on a piece of wide ruled paper. This allows for easy visualization of lanes
on the TLC plate. If care is taken during the spotting procedure, 10 lanes can easily be run on
a 10 cm plate without risk of overlap. This allows for several permutations of standards and
samples on the same plate. Typically, 5-7 standards are needed for the calibration curve,
leaving 3-5 lanes for samples to be analyzed. The standards and samples should have
molecular weights between 2,000 and 100,000 and be prepared by dissolving 5 mg of
polystyrene in approximately 1 mL of dichloromethane.

5. Place a standard or sample spot 1 cm from the bottom of the plate in the center of a lane.
Care should be taken to avoid overloading the plate at any one site. Check the standards and
sample spots with the UV lamp. Care should be taken not to overload the spot but make sure
the spots can be clearly visualized under the UV lamp. As the spot develops, the material
spreads out and leaves a very diffuse spot after development.

6. Place 50 mL of the stock solution in a clean and dry 1,000 mL beaker. This amount of
solvent should be sufficient to cover the bottom of the 10 cm X 10 cm reverse phase TLC plate
without being above the spots. Place this beaker or an equivalent developing chamber in a
location free of drafts. Do not allow the solvent to sit too long in the developing chamber.

7. Place the TLC plate in the developing chamber gently. Lean the plate against the side of
the beaker so that the plate only touches the beaker at the top and the bottom. Do not cover.
8. Do not disturb the plate while it is developing. Remove the plate when the solvent comes
within 5 mm of the top of the plate and gently mark the solvent front.

9. Place the TLC plate under a UV lamp. Circle each spot with pencil and record the distance
from the baseline to the bottom, the midpoint, and the top of each spot. (See Fig. 1).

10. Determine the R of each of the recorded points for each spot by dividing the distance from
the baseline by the distance from the baseline that the solvent traveled.

11. Plot log MW of each standard versus Rf for the bottom and the midpoint of each
corresponding spot. Obtain 2 calibration curves (See tables 1 and 2). The results of each
should correlate best with a second power polynomial fit. If access to a curve fitting program
is limited, a reasonable linear fit may be obtained using graphs of Log MW versus Rf bottom
and Rf midpoint-

12. Using the calibration curves produced in step 11, determine the molecular weights of the
bottom and midpoint for each of the unknown polystyrene samples.

13. Under the conditions discussed above, the molecular weight derived from the bottom of a
spot correlates with the weight average molecular weight (My) for the sample. The molecular



weight derived from the midpoint of the spot correlates with the number average molecular
weight (Mp) for the sample.

14. Calculate the polydispersity index for each sample by dividing My by Mp,.
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PROCEDURES: Film Casting

Safety Statements:
The solvent used to cast the film is hazardous and the procedure should be carried out in the
hood.

Waste Disposal:
Dispose of all organic waste in a properly labeled container.

Method 1. Traditional Film Casting on Glass

This method requires significantly more samples than methods 2 and 3 and may not be suitable
for small samples. The following procedure is adapted for a polystyrene sample.

1. Place approximately 0.5 g of pieces of polystyrene in a test tube and add 2 mL of
chloroform or toluene. Stir until completely dissolved.

2. Pour the viscous solution near the edge of a glass plate. Spread the solution out by rolling
a glass rod or Pasteur pipette, whose edges have been wrapped in a layer of tape to allow for a
space between the rod and the glass plate, once across the surface of the solution in an effort to
form a film of uniform thickness. Allow the solvent to slowly evaporate in the hood.
Complete drying may take overnight.

3. Remove the film by lifting the edge of the film from the glass using a sharp instrument (a
knife, microspatula, or scalpel). If the film does not lift off the glass surface, the glass plate
may be partially submerged in a pan of water and the film should float off the glass plate.
Allow the film to air dry after excess water has been removed by gently patting with a paper
tissue.

4. Examine the film and assess its quality. Does it appear uniform? Are there any
weaknesses or holes in the film? Is it flexible?

5. The film may be mounted on a cardboard holder and its infrared spectrum obtained. If the
film is uniform in thickness, then interference fringes will be evident and the film thickness
may be calibrated.

Method 2. Film Casting on Water

This method is applicable to small samples and limited to polymers which dissolve in solvents
or mixtures of solvents that are immiscible and less dense than water. The following procedure
is adapted for a polystyrene sample.

1. Prepare a working solution by dissolving approximately 10 mg of the polystyrene sample
in 1 mL of a 40% dichloromethane/60% diethyl ether (V/V) solution. Allow the polystyrene
sample to completely dissolve.

5 Add a small amount of water to a clean watch glass to make a puddle approximately 5 cm
in diameter. As an alternative, half fill a small recrystallizing dish with water.

3. Add the entire polystyrene solution dropwise to form a layer on top of the water.

4. Observe the surface of the water closely. Almost immediately a film will begin to form.
After several minutes the film should have set enough to allow for a qualitative evaluation of
the film. If it proves cohesive enough, gently remove the film from the surface of the water
and place on a paper towel to dry for 10 minutes. Using the alternative procedure, a glass
microscope slide may be dipped under the fragile film in the recrystallizing dish, and raised at
an angle to aid in removal of the film from the surface of the water.

5 Examine the film and assess its quality. Does it appear uniform? Are there any
weaknesses or holes in the film? Is it flexible?

6. The film may be mounted on a cardboard holder and an infrared spectrum obtained.



Method 3. Film Cast Directly on Warm NaCl or KBr Plates

This method is applicable to solutions of polymeric materials with low molecular weight which
do not form quality films and for microscale samples.

This method usually yields the poorest quality films because the polymeric material often
precipitates on the plate prior to film formation. If this occurs, substitute a room temperature
salt plate to see if this improves the film quality. Fortunately, even if the film quality is poor,
an infrared spectrum may be recorded and the material characterized by this method.

1. Dissolve the sample in an appropriate solvent.

2. Add the solution to the center of a NaCl or KBr plate that has been warmed in a 60°C
oven. The solvent will flash evaporate leaving behind a film residue of the polymeric material.
3. After the plate is dried, record the infrared spectrum.

PROCEDURE: Determination of the Thickness of a Polymer Film by the
Interference Fringe Technique (12)

1. Place the polymer film in the samFle beam of an infrared instrument and record its

spectrum from 4000 cm~1 to 400 cm-1.

2. Determine if any wavy interference pattern emerges in the spectrum. Such a pattern
emerges ONLY if the film is of uniform thickness.

3. Using the interference pattern, the thickness of the film can be calculated using the
following equation:

d = Am/2n(v]-v)) 4)
where: d = thickness of film in cm

Am  =a whole number of complete fringe maxima
(or minima) in the interval from u{ to u?.

V1 = frequency at which first maximum (or
minimum) occurs, in cm-!.

v2 = frequency at which last maximum (or
minimum) occurs, in cm-1.

n = the index of refraction for the film.

INSTRUCTOR'S NOTES:
This sequence of experiments can be done in teams of two students.
Microscale Bulk Polymerization of Styrene

The mechanism of the free radical polymerization of styrene can be found in the section on
polymers and/or vinyl polymerization in any undergraduate organic chemistry text.

The AIBN and Styrene should be keep in the refrigerator when not in use.
The styrene contaminated alumina and pipettes should be placed in a beaker labeled styrene

contaminated alumina and pipettes and left in the hood until it can be disposed of
properly as hazardous waste.

The synthetic experiment should be performed in the hood. Each student is only manipulating
one test tube and/or pipette column so that all students should be accommodated in the various
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hoods. Styrene is extremely flammable and toxic so encourage the use of gloves when
handling the monomer. The polymer does not exhibit these health hazards. The difference in
toxicity between the monomer and polymer illustrate just one of the many differences between
these two compounds.

Benzoyl peroxide is traditionally used to initiate free radical polymerization of styrene, but the
explosive hazard of this chemical is considered too risky for a first year experiment. The
substitution of AIBN proved acceptable and significantly less hazardous for undergraduates.

All reactions were run with and without a nitrogen purge. The yields without the nitrogen
purge were higher and were believed to be due to the loss of monomer during the purging
process. The presence of oxygen does not seem to adversely affect the outcome of the free
radical reaction on a microscale, although a small induction period is needed before any
polymeric material can be isolated.

It is essential the oil bath (corn oil, cooking oil) be equilibrated before the beginning of the lab.
I provide settings on various hot plates that should equilibrate close to 80°C. If the temperature
goes much higher than 80°C, the polymerization will yield a solid plug of polymer. This
material, although polystyrene, is not easily manipulated by equipment available to first and
second year students. The precipitation of the polymer in methanol is a classic method for
handling polymeric material. Polystyrene is soluble in toluene and dichloromethane but not in
methanol or diethyl ether. If a student does form a polystyrene plug (temperature too high or
heated too long) and it does not easily slide out of the test tube, try adding a small amount of
toluene to dissolve the polymer. If that does not work, then the only method opened to them is
to wrap the test tube in a towel and crack it open with a hammer. Unfortunately it is often
difficult to differentiate between the silica glass of the test tube and the organic glass of
polystyrene when it is all commingled in pieces on the paper towel.

Once precipitated, the polystyrene is filtered using a vacuum filtration setup. The white

powder (it does not precipitate as a transparent, amorphous glass) is polystyrene. The yields
are obtained by weighing the product. By combining students' data, the class can determine if
there is any correlation between the amount of initiator used and the yields obtained. If vacuum
filtration is not possible, then gravity filtration can be substituted. This reaction is a chain-
growth polymerization and as such will always have monomer present until polymerization is
complete. Therefore the precipitation, and, if possible, the filtration (vacuum or gravity) should

be done in the hood to minimize the amount of styrene introduced into the laboratory.

Further Extensions: Variation of yields and molecular weight distribution with temperature
may be investigated. The authors investigated 60°, 70° and 80°C and found that 80°C gave the
highest yields.

Molecular Weight Determination by Selective Precipitation

The characterization by TLC is straightforward. The TLC is best run inthe hoodinal L
beaker that is clean. Soap residue interferes with the separation and gives uninterpretable
results. Once the students have obtained the Rfs of both the midpoints and the bottoms of all
spots they should plot the results using a plot program, if they have access to one, or using
graph paper. A correlation coefficient of 1.0 was obtained for a second order polynomial fit,
whereas correlation coefficients of .96-.99 were obtained for a linear fit of the same data (See
Tables 1 and 2). This method of determination of molecular weight of polystyrene is
applicable to all polystyrene samples whose molecular weight falls between 2,000-100,000.
Samples whose molecular weight falls outside this window give significantly poorer
correlations with their corresponding GPC data.



From their results, students should be able to determine the M, My and the polydispersity of
their polystyrene sample. By combining students' data, the class can determine if there is any
correlation between the amount of initiator used and the molecular weight obtained. As the
concentration of initiator increases, the yield of polystyrene should increase. More initiator
means more chains started. There should be a corresponding decrease in the molecular weight
obtained. There is an inverse square root relationship between the molecular weight and the
initiator concentration. It is the authors' observations that students do not get precise enough
results to support this mathematical relationship, but correlating trends are observed. The
physical justification for this relationship lies in the frequency of termination steps. With more
initiator present, more chains start, resulting in more chains termination steps, which causes the
average molecular weight to stop increasing.

Recycling of the reverse phase TLC plates results in a significant cost reduction. Recycling can
be easily accomplished with only minor modifications in the procedure. These modifications
are time costly, as the student is required to spend more time using the UV lamp. The
laboratory directors will determine which procedure best serves their needs. Reverse phase
TLC plates can be recycled by a method discussed in a separate procedure (13).

Film Casting

Another aspect of this experiment is to examine the relationship between molecular weight and
film quality. Film formation is dependent on molecular weight. To form a film, polymer
chains must be of sufficient length to have a large amount of chain entanglements. The longer
the chains (the higher the molecular weight) and more extensive the entanglements, the stronger
the film. For these samples, the students will see film formation on the surface of the water.
When they try to remove their samples they will find that the film is extremely fragile and may
not maintain its integrity. For comparison, samples of polystyrene made from packing
peanuts can be made in a similar manner. These films are normally stronger than the student
samples because they are made from polystyrene of higher molecular weight. If a film can be
lifted from the surface of the water and placed on a paper towel to dry it can be suspended in
the infrared beam and a spectrum obtained. This spectrum should be identical to the

polystyrene film in the calibration strip including the distinctive 1601 cm-! peak.
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Figure 1. Reverse Phase TLC plate on top of wideruled paper. The paper
serves as a guide for sample lanes. Rf is calculated by dividing the distance
travelled by the spot by the distance travelled by the solvent front.

235



7.00e-1

6.00e-1 1

5.00e-1

4.00e-1

3.00e-1

Rf(runibot)

2.00e-1

1.00e-1 y=1.944 - 0.3754x R=0.98

y= -1.0432 + 1.081x - 0.1747x"2 R=1.00

-1.36e-20 T T
3 4
log MW
Table 1. Plot of log MW vs. Rf bottom which serves as a calibration curve used to calculate

the number average molecular weight using Rf values obtained by TLC. Correlation
coefficient for first order fit is .98, and for a second order polynomial fit is 1.
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Table 2. Plot of log MW vs. Rf midpoint which serves as a calibration curve used to calculate
the weight average molecular weight using Rf values obtained by TLC. Correlation coefficient
for first order fit is .96, and for a second order polynomial fit is 1.
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CRATER CRACKING IN ALUMINUM WELDS

R. Carlisle (Carl) Smith
Department of Welding Technology
West Virginia University, Parkersburg Campus
Parkersburg, West Virginia 26101
SPONSOR
Kanawha Manufacturing Company
Charleston, West Virginia 25311

KEY WORDS: Crater, crater crack, spider cracks, hot crack
propagation, capillary action, strain hardening, hot short, T-6 Temper, dye
penetrant, non-aqueous, heattreatable, dwell time.

PREREQUISITE KNOWLEDGE: The students should have a
definitive knowledge of capillary action. The understanding of the non-
ferrous characteristics of aluminum will be helpful.

OBJECTIVES: To observe the importance of non-destructive testing
even after visual examination. To determine the extent of damage which can
be caused by crater cracking.

EQUIPMENT AND SUPPLIES:

(1) Safety glasses, gloves and a vapor mask should be worn.

(2) Fractured aluminum material.

(3) Solvent cleaner. (Aerosol or liquid).

(4) Fluorescent Penetrant. (Aerosol or liquid).

(5) Developer (non-aqueous or powder).

(6) Lint free cloths or paper towels.

(7) Black light.

(8) Three acid swabs. (Brush type is preferred).

NOTE: A tee joint with fillet welds on both sides is the most desirable
configuration.
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INTRODUCTION: The non-heattreatable alloys, which are cold
work tempered, are much less difficult to weld than the heattreatable alloys.

Alcoa classifies weldability beginning with "A" as the easiest to "D" the most
difficult. The 6061-T6 alloys rate a "D".

PREPARATION FOR WELDING: All aluminum alloys require
removal of oxidation. A mix of hydrofluoric or hydrochloric acid with nitric
acid and water works very satisfactorily. This should be applied at 70° to
80° F and followed by a thorough rinse. A 5% sodium hydroxide solution
may also be used and followed by a thorough cold water rinse. A simple
volt OHM meter may be used to determine whether the part is cleaned
sufficiently. A high resistance reading will indicate a need for more
cleaning.

PERFORMING THE FIRST SIDE WELD: A wire such as
ER 5356 may be used to weld the first side which should be a good weld for
proving our point. The proper amps and volts should be used. The travel
speed should be sufficient to fill the joint on the first side to obtain a .1875"
throat depth. A pause at the terminal point of the weld will fill the crater and
assure a gas shield. Preheat to 350° F and slow cool.

PERFORMING THE SECOND SIDE WELD: Since we want the
second side weld to fail, the procedure will be changed to cause the failure.
The precleaning is still a must since an arc cannot be established through a
heavy aluminum oxide film. The elimination of preheat will cause the
material to receive a thermal shock. The second error to be made is to
increase the amperage and voltage to about 30% above the recommended
parameters. The travel speed will be varied to cause uneven heat
distribution in the base material. The sure fire killer will be provided by a
sudden stop and immediate withdrawal of the welding gun from the weld.
This assures that a crater will form and no gas shield will be in place to
protect the molten, cratered weld pool. The crack may or may not be visible
to the eye, but a quick penetrant examination will reveal the spider like
fracture.



EXPERIMENT:
PERFORMANCE OF THE DYE PENETRANT
EXAMINATION:

STEP 1:  Preclean the complete specimen using solvent type, rapid
evaporating solvent. Aerosol is faster than plain liquid.

STEP 2:  Using the acid swab brush, apply a heavy coat of fluorescent
penetrant covering the welds on both sides.

STEP 3: Allow a 7 to 10 minute dwell time.

STEP 4:  Spray the solvent cleaner on a lint free cloth or paper towel and
remove all the excess penetrant. Do not spray directly on the
part to be examined. This will wash out the penetrant.

STEPS:  Apply the developer.
STEP 6:  Allow a 7 to 10 minute dwell time.
STEP 7:  Turn on the black light and observe the results.

SUMMARY: The black light should show that even though the first
side was welded correctly, the propagation has carried the crack from the
correctly welded side through to the side that contained the crater.

The student should be made aware that although a failure was depicted in
the base material and the weld, aluminum is still a very good weldable
material. Any material that is fabricated improperly may fail. Proper
procedures are necessary even for the most simplistic forms of metal
processing.

SAFETY PRECAUTIONS: Nearly all good penetrant products are
flammable. They should not be used on materials hotter than 120° F. No
fires or flames should be allowed in the area of use. The vapors are not
extremely toxic but prolonged exposure to the products can be harmful.
Contact with eyes and skin should be minimized, if not avoidable. Flushing
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with water and soap will remove the product from skin. A thorough water
flush should be used for eye washing. If swallowed, do not induce vomiting.
See a physician as soon as possible. Keep all penetrant products in cool
storage (around 70° F) and away from possible fires. Secure the cabinet to
prohibit "sniffing” by those persons who indulge in such practices.
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