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CHAPTER 1. UNIVERSITY FORMAT REQUIREMENTS

The copy of a thesis submitted to the Thesis/Dissertation Office is called the Deposit copy.
The Deposit copy of a thesis cannot be altered or edited after acceptance by the Thesis/Dissertation
Office except with the express approval of the Graduate School. Accordingly, special care must
be taken in producing this copy. The Deposit copy cannot be produced until after you have orally
defended your research, made any required revisions, and have had them approved. The Deposit

copy must conform to all University format specifications described below.
University Format Requirements

Paper Requirement
e Letter 8 2 x 117 paper sizing must be used for the Deposit copy.

e Oversize pages up to 11 x 17” are acceptable. Oversize pages should not be used unless

necessary.

Font and Quality

e Times New Roman 12 point font will be the only accepted font.

Major headings and chapter titles should be typed using 14pt bolded font.

e All text and page numbers must be in the same font. Table numbers, figure numbers,
captions, references, and footnotes should be no smaller than 10pt and no greater than 12pt
font. For general text, type size should neither be less nor greater than 12 points. Font and
font size may be varied for symbols or emphasis when appropriate (i.e., for scientific or
mathematical terms).

e Well-crafted text usually does not require font variations for emphasis. Avoid underlining,

bolding, or italicizing text purely for emphasis only. If you use them, do so sparingly and

consistently. However, use of these variations for special symbols or words with special

meaning is acceptable.



Line Spacing
e Vertical spacing of all text, including bibliographic references, should be 1.5 lines. Double-
spacing is also acceptable. Long quotations, heading, footnotes, and captions may be
single-spaced. You may use a writing style that is most commonly used within your
discipline.
e The line spacing in chapters should match the line spacing in Front Matter and Back Matter

pages.

Table 1. Suggested Line Spacing

After Space Setting Where to Use It

12 (equal to single line spacing) | After lowest level subheadings

18 (equal tol.5 line spacing) After higher level subheadings

24 (equal to double spacing) After figure captions or table captions

36 (equal to 3 single spaced | After title page blocks, major headings and
blank lines; equal to 1 inch) chapter headings

Margins

e Page margins should be set using the guidelines in Table 2.

Table 2. Margin Settings

Left 1”
Right 1”
Bottom 1’
Top 17 (1.5" margins are required on pages i and ii ONLY)

e Avoid ending pages with one-line paragraphs or with only the first line of text of a
paragraph continuing on the following page (these are commonly called “orphans”).
Paragraphs ending pages of text must contain at least two lines of text or be moved to the

top of the following page. This rule also applies to “hanging” subheadings.



New pages of text must not begin with the last line of paragraphs carried over from previous
pages (these are commonly called “widows”). Instead extend the bottom margin slightly
on the previous page to accommodate the remainder of the paragraph, footnote, or figure
caption.

All tables and figures, including their captions, must conform to margin requirements. If
figures or table and their captions cannot be placed on the same page, the table or figure
caption should go on the page before the table or figure. See Appendix D for example.

Pagination

Except for the title page, all pages of theses containing text or figures/tables are numbered.
Page numbers must be placed on each page of the manuscript.

Preliminary pages (i.e., dedication through ABSTRACT) are numbered consecutively in
lowercase Roman numerals. Text and all reference pages, including appendices, are
number consecutively in Arabic numerals beginning with 1 on the first page of text (usually
CHAPTER 1).

Pagination should be placed in the upper right corner with %2 below the top edge of the
page. The last digit of the page number is even with the right margin.

Page numbers must be in the same font and font size as your text.

(13421
1

Title pages are technically the first numbered pages (Roman numeral “i”’). However, the

o
1

numeral does not appear on the title page. The first page following the title page
(Statement of Approval page) is numbered “ii”. See Appendix E for example.
The word “page” never accompanies the number. Pages numbered with a suffix (i.e., 2.b)

are not permitted.

Chapter Titles

The first page of a section or chapter must have a heading.

Headings must be centered on the page and typed in all caps.

Include 3 single spaced blank lines between heading and first line of text (or 36pt. spacing
after the title).



Additional Departmental Style Requirements

Your department/major professor can provide guidance on what style is preferred in your
discipline. Common style manuals include the MLA Handbook for Writers of Research Papers,

and the Publication Manual of the American Psychological Association, and Chicago/Turabian.



CHAPTER 2. ORDER OF THESIS|DISSERTATION PAGES

This section describes the format specifications in A Manual for the Preparation of Graduate
Theses. The presentation order of preliminary material, text, appendices, and publications must

apply to all theses. Consistency and simplicity are key things to remember!
Preliminary Pages

Title Page

311
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e Title pages are not numbered, but are counted as page “i” of the preliminaries.

e This page has a 1.5” top margin.

e The title page in the Purdue University Thesis Template MUST be used. This page has
specific formatting requirements including the official University Seal that cannot be
altered in any way.

e Type your full name as it appears on University records.

e Degree title for all doctoral candidates is “Doctor of Philosophy”.

e Specific degree names for master’s candidates appear on a candidates’ Plan of Study.

e Title page date is the month and year your degree is actually awarded (not your defense or
deposit date — even if you are “Exam/Degree Only”).

e Ensure you include the correct location of the degree-awarding campus (West Lafayette,

Hammond, Fort Wayne, or Indianapolis).

Statement of Committee Approval Page
e This page is REQUIRED. The page should be numbered page “ii” and should NOT be
listed in your TABLE OF CONTENTS.

e This page has a 1.5” top margin.

Dedication Page
e This page is OPTIONAL. They should be brief and centered on the page. No heading is
used. Number this page “iii”. Your dedication is not listed in the TABLE OF CONTENTS.

e You may choose or use a stylish font type as long as it looks professional.



Acknowledgements Page

An Acknowledgements page is optional; however, most theses include brief statements of
appreciation or recognition of special assistance. This page is not listed in your TABLE
OF CONTENTS.

The heading ACKNOWLEDGEMENTS, in capital letters, is centered between the left and
right margins, without punctuation or underlining, one (1) inch from the top of the page,
with the text beginning 3 single-space lines below.

Line spacing of the text must be the same as in the rest of your thesis (i.e., 1.5 lines or
double spacing).

Pagination is in lowercase Roman numerals.

This page begins 17 top margins that should be used in the remainder of the manuscript.

Preface

This is optional. Appropriate examples of prefaces can be found in various style manuals.
Prefaces are not listed in the TABLE OF CONTENTS.

The heading PREFACE, in capital letters, is centered between the left and right margins,
without punctuation or underlining, one (1) inch from the top of the page, with the text
beginning 3 single-space lines below.

Line spacing of the text must be the same as in the rest of your thesis (i.e., 1.5 lines or
double spacing).

Pagination is in lowercase Roman numerals.

Table of Contents

This section is required.

The heading TABLE OF CONTENTS, in capital letters, is centered between the left and
right margins, without punctuation or underlining, one (1) inch from the top of the page,
with the text beginning 3 single-space lines below.

Line spacing of the TABLE OF CONTENTS should be 1.5 lines.

All sections following the TABLE OF CONTENTS are listed. No preceding sections are
listed.



e Headings of parts, sections, chapters, and their principal subdivisions are listed in the
TABLE OF CONTENTS and must be worded exactly as they appear in the body of your
thesis. When listing the subdivisions, list the same levels of headings and subheadings
consistently with each chapter.

e Dotted leaders are required between headings and page numbers.

e Pagination for this section is in lowercase Roman numerals.

List of Tables

e This section is required if tables are represented in the thesis. The format for the LIST OF
TABLES is generally the same for the TABLE OF CONTENTS.

e The heading LIST OF TABLES, in capital letters, is centered between the left and right
margins, without punctuation or underlining, one (1) inch from the top of the page, with
the text beginning 3 single-space lines below.

e Line spacing of the text should be 1.5 lines.

e Dotted leaders are required between captions and page numbers.

e This section contains exactly the same numbers and captions appearing above the tables in
the text and appendices.

e Subsequent lines of captions should be indented.

e Pagination is in lowercase Roman numerals.

List of Figures

e This section is required if figures are represented in the thesis. The format for the LIST OF
FIGURES is generally the same for the TABLE OF CONTENTS.

e The heading LIST OF FIGURES, in capital letters, is centered between the left and right
margins, without punctuation or underlining, one (1) inch from the top of the page, with
the text beginning 3 single-space lines below.

e Line spacing of the text should be 1.5 lines.

e Dotted leaders are required between captions and page numbers.

e This section contains exactly the same numbers and captions appearing above the tables in
the text and appendices.

e Subsequent lines of captions should be indented.



Pagination is in lowercase Roman numerals.

List of Symbols, Abbreviations, Nomenclature, or Glossary

Lists of symbols, lists of abbreviations, nomenclature, or glossary may be appropriate for
some theses. If needed, these appear after lists of tables and figures.

Follow a form acceptable in your field of study.

Pagination is lowercase roman numerals.

Line spacing of the text should be 1.5 lines and dual columns can be used.

Abstract

Abstracts are required.

The heading ABSTRACT, in capital letters is centered between the left and right margins,
without punctuation or underlining, one (1) inch from the top of the page. The first
paragraph begins three single-space lines below the heading, is single-spaced, and begins
at the left margin.

The first paragraph must contain your name as it appears on the title page but with the last
name first, the abbreviation of the degree title, the name of the institution granting the
degree, the month and year the degree is awarded, the title of the thesis, and the name(s) of
your major professor(s).

Follow the first paragraph with a statement of the thesis problem, a brief exposition of the
research and a condensed summary of your findings. There is no maximum length your
summary must be.

Line spacing of the text should be 1.5 lines.

Mathematical formulas, diagrams, and other illustrative materials are not recommended for
your abstract.

Paginate abstract pages with lowercase Roman numerals.



Main Body Pages

The text of your thesis follows the preliminaries. A standard and consistent, organizational scheme

must be adopted and used throughout your thesis.

Parts

For theses divided into parts, there are special instructions:

If several chapters are grouped to form a part, the heading (ex: PART ONE, PART TWO,
etc.) and the title are writing in capital letters and are centered on a separate divider sheet.
The divider sheets are numbered and counted.

The names of the parts are listed in the TABLE OF CONTENTS as major headings with
their page numbers.

Immediately following each divider sheet is the first page of the first chapter of each part.
This page must carry the chapter number and title printed in capital letters, centered, and

placed one (1) inch from the top of the page.

Introduction

Introductions may precede the first chapters or major divisions of theses.

In these cases, the heading INTRODUCTION, in capital letters, is centered without
punctuation or underlining, one (1) inch from the top of the page. Text begins three (3)
single-space lines below the heading.

Begin pagination with Arabic numeral 1 on the first page of text.

Introductions may also be first chapters of theses, in which case INTRODUCTION is the
title of the first chapter or major division, and its placement is consistent with other chapter
titles.

If your thesis is divided into parts or sections, and if the introduction serves to introduce
the entire work, it precedes the divider sheet for PART ONE.

If each part has its own introduction, the INTRODUCTION section should follow the

separate part divider sheet.
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Body
e The body of the thesis is the substance of your dissertation, the comprehensive statement

of year research.

Summary and Conclusions

e The summary and/or conclusions are often the last major division(s) of your text.

Recommendations
e You may include recommendations as a major division if your subject matter and research

dictate.
Back Matter Pages

References

e The references/bibliography/works cited/list of references contains sources consulted
during the course of your research.

e The heading REFERENCES, BIBLIOGRAPHY, WORKS CITED, or LIST OF
REFERENCES, in capital letters is centered without punctuation or underlining, one (1)
inch from the top of the page, and the first reference should be listed 3 single spaces below
the title.

e Line spacing of this section should be consistent. Within entries, line spacing is the same
required for the publishing style used in your discipline.

e Reference entries must not be divided between pages. To preclude this, shift the entire
entry to the top of the next page and leave the bottom of the previous page blank.

e In some departments, theses are composed of separate and distinct parts. Each part, or
chapter, has a references section that is placed at the end of the part. If this method is
used, the references will follow the chapter with a heading typed in Title Case (like
other subheadings) and will be listed in the TABLE OF CONTENTS as a subheading
of a part, or chapter.

e If you are not using the above method, your references section will be listed in the
TABLE OF CONTENTS as a major heading.
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Standards for presentation of references are set forth in style manuals or will be

prescribed by your major professor.

Appendix/Appendices

Appendices are not necessarily part of every thesis. Appendices are used for
supplementary illustrative material, original data, computer programs, and other material
not necessarily appropriate for inclusion within the text of your thesis.

Appendices must meet the left margin requirement and the top margin, but not
necessarily the bottom or right margin requirements.

If there is only one appendix, it will be treated as a major division in the TABLE OF
CONTENTS. If there are multiple appendices, each appendix will be treated as a major
division in the TABLE OF CONTENTS.

Appendix tables and figures MUST be included in the LIST OF TABLES and LIST OF
FIGURES.

See the sample thesis at the end of this manual for examples of appendix pages.

Notes and Footnotes

Vita

The main requirement for notes and footnotes is consistency.

When notes are placed at the end of chapters, they are treated as first order subdivisions
and begin one (1) inch from the top of the page. The heading ‘Notes’ is listed in the
TABLE OF CONTENTS.

When notes are deferred to the end of your text, treat them as a major division and
include the major division heading NOTES in the TABLE OF CONTENTS.

When footnotes are used, begin and end them on the same page. If necessary, you can
slightly reduce the font size (no smaller than 10 point font) and use single-spacing to

accommodate the entire note on one page.

This section is OPTIONAL for all candidates.

The heading VITA, in capital letters, is centered on the page without punctuation or
underlining, centered, one (1) inch from the top of the page. Do not use “VITAE” or
“CURRICULUM VITAE”.
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Your vita is the last major division of your TABLE OF CONTENTS and in your thesis
unless followed by a publication.

Do not use different font colors, graphics, photographs, figures, tables, etc. in your vita.
Format should follow guidelines mentioned above. Usually, a few paragraphs are
sufficient. Some departments may require a “curriculum vitae”; if so, these should
generally follow University format.

The font, font size, and line spacing should be consistently used throughout your entire
thesis.

Avoid using personal information in this section as it will be published and available

throughout the internet.

Publication(s)

Some departments require that a publishable paper, based on your thesis, be included. Your
major professor will direct your preparation of this paper.

Incorporation of publications should be placed as the last section of your thesis.

The heading PUBLICATION, in capital letters is centered between the left and right
margins, without punctuation or underlining, one (1) inch from the top of the page.
Articles should be listed in the TABLE OF CONTENTS as PUBLICATION (or, if more
than one, PUBLICATIONS).

Journal article pages must conform to margin requirements stated for the rest of your thesis.

Ensure article pages are fully legible, especially if they are scanned onto pages.
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CHAPTER 3. GENERAL INFORMATION

Submission of your thesis to the Thesis/Dissertation Office usually satisfies the final
prerequisite for receiving a graduate degree. Theses, as a rule, may not be altered or edited after
their acceptance by the Thesis/Dissertation Office. Theses should not be uploaded to ProQuest
until after all revisions, recommended by your committee and department, have been

accomplished and departmental format approval has been secured.

There is more to a thesis than satisfying the University and departmental format and
procedural requirements described in the previous sections of this manual. Your major professor
as well as your departmental faculty and staff will help you meet the tangible requirements of an
advanced degree. They will also help you with the intangible basics of conducting and
communicating the results of your original research in your specialized area. The information in
this chapter focuses on other, but no less important, the aspects of the research process including
copyright protection and infringement, additional publication of your thesis, and use of unusual

materials in your thesis.
Thesis Delay of Publication

Delay of Publication is a ProQuest sponsored program. Unlike Confidentiality, your thesis will
be delivered to ProQuest as soon as your degree has been cleared by the records office. Your
Abstract and References section will be published, but your content will remain unpublished
until your Delay of Publication has expired, after which, your content will become available. It is
possible to extend or shorten a Delay of Publication. If you have any questions about this

program contact our office.

Thesis Confidentiality

Special circumstances, contractual obligations, patent or proprietary rights, or other factors may
require that publication and distribution of theses be delayed. In such cases, you should choose the
appropriate Confidentiality period on your Electronic Thesis Acceptance Forms. Withholding or
delaying publication of research findings in a thesis is a serious matter and should be considered


mailto:thesishelp@purdue.edu
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carefully by you and your major professor. Initial requests for confidentiality are normally
granted for one (1) year.

If you have any questions about this program, contact our office.

Once your thesis has been released from confidentiality by the Graduate School, your thesis will

be delivered to ProQuest for publishing.
Foreign Language Theses

Occasionally, thesis texts are written in foreign languages. In these cases, title pages and
abstracts must be in English. However, thesis titles may appear on the title page and in the first
paragraph of the abstract in the same language as the text. English translations of titles may be

included in parentheses immediately following titles in thesis abstracts (but not titles on title
pages).


mailto:thesishelp@purdue.edu?subject=Confidentiality%20Questions
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APPENDIX A. THE DEPOSIT PROCESS

[1] Schedule Your Appointment

Click here to schedule an online appointment. Please, carefully review your Appointment
Confirmation email.

We recommend scheduling your appointment as far in advance as possible, especially if
you are planning to deposit during the week before the deadline, as 75% of all deposit
appointments are scheduled for the 14 days leading up to the deadline.

[2] Initiate Electronic Thesis Acceptance Form [ETAF] and Complete Survey(s)

In addition to ETAF, Master's candidates will need to complete the Graduate School
Exit Questionnaire and Doctoral candidates will need to complete the Graduate School
Exit Questionnaire and the Survey of Earned Doctorates. Certificates of Completion will
automatically be sent to the Thesis|Dissertation Office. Be sure to save a copy of the
certificate for your personal records.

[3] Submit Electronic Thesis Deposit [ETD]

Once your ETAF has been signed through the Thesis Form Head, refer back to your Plan
of Study portal. A new link containing ProQuest information will appear and you may
continue with submission. Provide all requested information to ProQuest. Carefully read
all items, as some of ProQuest’s optional services have fees attached. Buying into these
optional services is not required.

Check your thesis carefully to avoid formatting errors.

[4] Check Your Email

For requested formatting changes by the Thesis|Dissertation Staff.

[5] Be Available for your Online Appointment

A staff member from the Thesis|Dissertation Office (TDO) will contact you via email during
your appointment time with any questions that they may have. If they do not have any
questions, they will simply email you a Deposit Receipt. If you complete all required steps
before your deposit appointment time, your appointment may be moved to an earlier date by
the TDO staff.


http://www.purdue.edu/gradschool/research/thesis/appointment-booking/index.html
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[6] Pay the Deposit Fee

e Master’s Thesis Fee: $90.00
e Ph.D. Dissertation Fee: $125.00

West Lafayette Campus

West Lafayette candidates will pay the deposit fee through their myPurdue accounts. The
Deposit Fee should appear in a candidate’s student account approximately 2-3 days after
their thesis deposit appointment.

Regional Campuses

Purdue Northwest and Fort Wayne candidates will pay their fees to their local Bursar’s
office as part of the clearance process by their regional campus format advisors.

IUPUI candidates will receive a paper bill following their successful deposit.
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APPENDIX B. ORDER OF PAGES

Front Matter

Main Body

Back Matter

ABSTRACT
(Required)

CHAPTER 4, etc.

LIST OF TABLES, Figures,
etc.
(Required — if using
figures/tables in thesis)

CHAPTER 3

PUBLICATIONS
(Optional)

CHAPTER 2

VITA
(Optional)

TABLE OF CONTENTS
(Required)

PREFACE
(Optional)

ACKNOWLEDGMENTS
(Optional)

Dedication
(Optional)

STATEMENT OF
THESIS/DISSERTATION
APPROVAL
(Required)

CHAPTER 1

REFERENCES
(Required — either after each
chapter or a separate section

at the end of the thesis)

TITLE PAGE
(Required)
Page Number Not Typed

APPENDIX(CIES)
(Optional)




The following tables present a number of Styles that are common throughout multiple disciplines
that have been modified for Purdue University Graduate School formatting requirements. You
may use whatever style that is most common in your discipline, as long as your headings and

APPENDIX C. STYLE HEADINGS

subheadings are consistent throughout your thesis.

APA HEADINGS
(MODIFIED FOR GRADUATE SCHOOL ACCEPTANCE)
Level Format
1 INTRODUCTION
2 Subheading 1
3 Subheading 2.
4 Subheading 3.
5 Subheading 4.
MLA HEADINGS
(MODIFIED FOR GRADUATE SCHOOL ACCEPTANCE)
Level Format
1 CHAPTER 1. INTRODUCTION
2 1.1 Subheading 1
3 1.1.1. Subheading 2
4 1.1.1.1 Subheading 3
5 1.1.1.1.1 Subheading 4

This style is represented in the sample pages in Appendix F




CHICAGO/TURABIAN HEADINGS
(MODIFIED FOR GRADUATE SCHOOL ACCEPTANCE)

Level Format
1 CHAPTER 1. INTRODUCTION
2 1.1 Subheading 1
3 1.1.1 Subheading 2.
4 1.1.1.1 Subheading 3
5 1.1.1.1.1 This is subheading 4.

INSTITUTE OF ELECTRICAL AND ELECTRONICS ENGINEERS (IEEE)

(MODIFIED FOR GRADUATE SCHOOL ACCEPTANCE)

Level Format
1 1. INTRODUCTION
2 1.1 Subheading 1
3 1.1.1 Subheading 2
4 1.1.1.1 Subheading 3
5 1.1.1.1.1 This is subheading 4

19



APPENDIX D. CAPTIONS FOR LARGE FIGURES
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Figure 13

The caption that
was too long to
appear below the

figure and stay
within prescribed
margin.

Sample A

Figure 13
The caption that was too
long to appear below the
figure and stay within
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APPENDIX E. UNIVERSITY COPYRIGHT INFORMATION

WHAT IS COPYRIGHT?

Copyright protects creative works and is a federal law. It allows authors to control the use of their
works for a limited period of time. Once that time period has expired, the public is allowed to
freely use the works without paying royalties and/or obtaining permission from the copyright
holder.

#1 What are the requirements for a work to be copyrighted?

The work must be an original work that is fixed in a tangible medium of expression. The word
“copyright” or © is no longer required for works to be considered copyrighted. A work is protected
from the moment of fixation.

#2 What are the copyright holder’s exclusive rights?

e To publish or distribute the work e To perform or display the work publicly
e To reproduce the work e To authorize others to exercise the
e To create derivative works above rights

#3 How long does copyright protection last?

Works created on or after January 1, 1978 are protected for a term of the life of the author plus 70
years. If the work is a product of a corporate author, then the protection is for the shorter of 95
years from publication or 120 years from creation.

#4 \WWhat can be copyrighted?

Eight categories of works are copyrightable:

e Literary, musical, and dramatic works e Motion pictures and other AV works
e Pantomimes and choreographic works o Computer programs
e Pictorial, graphic, and sculptural works e Compilations and derivative works
e Sound recordings e Architectural works
#5 What cannot be copyrighted?
e ldeas, procedures, methods, systems, e Facts, news, and research
and processes e Works produced by US government
e Titles, names, short phrases, and employees or agencies

slogans
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#6 What is the public domain?

The public domain consists of all works that never had copyright protection, such as US
government works, and works on which has expired. Works published in the US prior to 1923 are
in the public domain. All works in the public domain are free for the public to use.

FAIR USE EXCEPTION

The purpose of the fair use exception is to allow the public to use copyrighted works under certain
circumstances without having to pay royalties or obtain permission. Fair use is determined by
applying a four factor analysis that balances the rights of the copyright holder with that of the
public. The four questions are designed to help a user decide if the planned use of the work is fair
and under the law.

Factor #1 What is the purpose and character of the use?

Favors Fair Use: Favors Permission
e Non Profit e Commercial
e Educational e For Profit
e Personal e Entertainment
e Teaching
e Criticism/Comment
e Scholarship/Research
¢ News Reporting

Factor #2 What is the nature of the work to be used?

Favors Fair Use Favors Permission
e Fact e Creative
e Published e Unpublished

Factor #3 How much of the work will be used?

Favors Fair Use Favors Permission

e Small amount e Large amount
e Heart of the work
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Factor #4 What is the market effect of the use of the work?

Favors Fair Use Favors Permission
e Small amount e Large amount
e No effect e Major effect
e Licensing/permission e Work is made available to
unavailable the world

If the balance of the four factors weighs in favor of fair use, then the work can be used without
obtaining permission from the copyright owner. However, if the balance weighs against fair use
and other exceptions do not apply, then permission to use the work must be obtained. The fair use
analysis must be applied to each use of every work. Fair use is technologically neutral so the
analysis may be used for any medium.

Please be aware that not all educational use is automatically fair use. It
is the responsibility of each member of the Purdue University community

to apply all the factors and to make a reasonable and good faith
determination as to whether or not the use can be considered fair.

UNDERSTANDING YOUR RIGHTS

Almost everyone is an author in some way. You generally own the copyright to your works such
as self-created websites, photographs, emails, and home videos, as well as the works produced in
your roles as students and researchers. It is important to understand your rights as an author, as
well as the ways in which you can better protect your intellectual property.

For further information on the management of intellectual property at
Purdue, review Purdue Policy [1.A.l1: Intellectual Property,
www.purdue.edu/policies/academic-research-affairs/ial.html

The information in this appendix has been reproduced with the permission of Donna
L. Ferullo, J.D. — University Copyright Office.

Ferullo, Donna. (2016). University Copyright Office — A Guide to Copyright
[Brochure]. N.p.
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ABSTRACT
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Title: The Dynamic Stress-Strain Response of High-Energy Ball Milled Aluminum
Powder

Major Professor: Steven Son

High-energy ball milling (HEBM) is a bulk powder manufacturing process used in the
creation of dispersion strengthened and nanolaminate materials. Fundamentally, these
materials have not been dynamically characterized in a green state prior to hot consolidation.
This study incorporates porosity with these HEBM compacts to investigate the effect of high
strain-rate on void collapse and particle interaction which has broad applications in
development of predictive models for impact events of porous metallic structures that may be
employed as energy absorbers, reactive structures, and intermetallic materials. Here, pure
and HEBM aluminum powders have been characterized under dynamic compression using
the split-Hopkinson pressure bar (SHPB) in a passive confinement configuration. The plastic
deformation of the powder and crush up were shown to be strain-rate insensitive; and as a
result, were modelled adequately with a second order P-a model. The pure aluminum and
HEBM aluminum powders appear to have the same strain-hardening coefficient and strength
index as solid aluminum after yielding. The powders’ respective stress-strain responses
follow the same trend but differ only in strength as result of porosity and pre-strain
experienced prior to dynamic compression. The HEMB powder was found to be twice as

strong as the untreated pure aluminum powder.



CHAPTER 1. INTRODUCTION

High-energy ball milling (HEBM) is a manufacturing technique used to reduce, mix,
and alloy particles in the ceramic and powder processing industries [1]. HEBM was
originally created as a bulk powder process to create dispersion strengthened superalloys by
the hot consolidation of ball milled powders [2]. As a result, there has been extensive work
done to characterize and model the quasi-static and dynamic mechanical behaviors of these
dispersion strengthened alloys and nanocrystalline composites [3,4]. Since then, HEBM has
also been used to create nano-lamellar intermetallic composites resulting in intermetallics
with increased reactivity [5—7]. Additionally it has been used to entrain propellant additives
in aluminum based fuel systems [8—10]. However, these powder systems have not been

studied under high strain-rate compression without first being sintered and annealed.

To date, it is not well understood how porosity effects the dynamic mechanical
response of metallic powder systems. Dynamic characterization of HEBM metallic powders
has broad implications for the understanding and creation of energetic structural members and
energy absorbers under impact. Experimental parameters gathered from this work will aid in

the modeling and testing of such impact events on aluminum powder based structures.

This work aims to characterize the dynamic response of porous HEBM aluminum
powder compacts. This was done using a split-Hopkinson pressure bar (SHPB) with the
specimen under passive confinement; which was adapted from the study of porous
geomaterials like concrete and sand [11,12]. This allows for porous materials to be tested in

the SHPB by applying weak radial stress. As a result, HEBM aluminum compacts of



70-90% theoretical maximum density (% TMD) were characterized with the SHPB in a bi-

axial stress condition.

1.1 Background on the Split-Hopkinson Pressure Bar

The split-Hopkinson Pressure bar in the compression configuration was originally
designed by Herbert Kolsky in 1949 [13]. For this reason, the SHPB is also know by many as
the Kolsky bar; however, it retains the name ‘Hopkinson’ in the memory of John and Bertram
Hopkinson. Bertram continued his father’s work on stress wave propagation by devising a
method of measuring pressure waves imparted by high velocity projectiles or high explosives
[14]. The SHPB established by Herbert Kolsky, consisted of three sections, an incident bar,
small test sample, and transmission bar [15]. It used a cathode ray oscilloscope in
combination with electrical condenser units to record the pressure waves’ propagation through
the bars. The technique of measuring the wave propagation through the SHPB has been
changed and improved over the years allowing for more precise measurements with the
advent of strain gauges and high speed oscilloscopes. This experimental method enabled the

measurement of the dynamic stress-strain behavior of materials.

The SHPB works on the same principles outlined by Bertram Hopkinson. It is
assumed that the incident and reflected waves propagated through the bar without appreciable
augmentation; Kolsky clarified this assumption, and broke it into three aspects [16]. The
wave propagation through the bars is assumed to be one dimensional in nature and described
by one-dimensional wave propagation theory. In the test sample, there are axially uniform

stress and strain fields; meaning the test sample is in stress



equilibrium in the axial direction. Additionally, the frictional and inertial effects of the

sample are assumed negligible.

1.2 SHPB Theory

The succeeding analysis follows from Lindholm [17]. Strain measurements taken

from the incident and transmission bars allow for the calculation of stress, strain, and forces

exerted on the test specimen. Based on one-dimensional theory of elastic wave

propagation, the displacement u is given by,

t !

u(t) = co [ e (t) dt,
with time, ¢, and the elastic wave speed, ¢y, and strain, ¢(¢). The displacement of the face
of the incident bar, u;(?), is produced by incident strain pulse, &/(2), traveling towards the

test specimen and the reflected strain pulse, ¢r(?), and is given by

t ! t ! t !
w(t) =co [ Get) dt' + (=c) [ ep(®)dt’ = co [{&(t) — er())dt
Similarly, the displacement of the front face of the transmission bar is given by

integration the transmitted pulse,

t ’
Uy (t) = co [ Er(t) dt'.
Taking the change of displacement between the two bar faces and dividing by the initial

length of the specimen, L, yields the engineering strain experienced by the specimen,

&s(t), and is given by,

£o(t) =MD 0 [l (1) — eq(t) — £r(L)) dt’

N

Assuming that the stress found across the short test specimen is uniform yields

er(t) = er(t) — (D).

(1)

)

3)

“

)



Substituting Equation (5) into Equation (4), reduces the base equation for the test
specimen’s engineering strain to

£x(t) = — 22 [yer(t) dt’ ©6)
The applied loads P;(?) and P2(t) on each face of the specimen are given by,

P1(t) = EA(g,(t) + er(1)), (7
and

P,(t) = EAg(1), (8)

with, 4 being the cross-sectional area of the bar and, £ being the elastic modulus of the bar
material. Given the loads imparted on the faces of the test specimen, the stress found within

the sample is
oy(t) =B 1 g (4) (5(0) + ep(®) + (D). ©)

Equation (9) can be simplified with Equation (4) reducing to the following,

oy(t) = E (%) ex0). (10)
These derivations all assume that the incident, reflected, and transmission strain
measurements have been shifted in time so that they coincide at the time the wave has
initially reached the test specimen’s front face. The forces and velocities of the bar faces are

calculated with

Finpue(t) = AE[g,(t) + er(t)], (11)
F outpue(t) = AE[g/(t) + er(D)], (12)
Vinput(t) = colel(t) + er(B)], (13)

and

Voutput(t) = coer(t). (14)



An important element in this analysis is that a SHPB experiment must not
significantly violate the four guiding assumptions. The most difficult assumption to maintain
is the axial force equilibrium postulation. To produce a pulse that allows for a test specimen
to deform in quasi-stress equilibrium, the initial pulse must be conditioned. Therefore, the
incident pulse is formed to closely resemble the transmitted response produced by the sample

by placing a pulse shaper on the face of the incident bar face that is struck by the striker bar.



CHAPTER 2. EXPERIMENTAL METHODS

2.1 Material Preparation

The aluminum and HEBM aluminum powders were sized to 106-355 pm using sieves
in a Ro-Tap Motorized Sieve Shaker RX-29 for a duration of 24 hours. The pure aluminum
powder (Alfa Aesar, 99.98% purity) had an average particle size of 44-420 pm and the
HEBM aluminum originated from a particle size of 7-15 um. The 7-15 pm aluminum was
milled with a planetary ball mill (Retsch GmbH, model PM100, Germany) in a 250-ml
stainless steel jar with 175 g of 9.5 mm stainless-steel media. A wet milling condition was
used to achieve the desired particle size, 20 ml of hexane was added to the 10:1 mass ratio of

media to the aluminum powder mixture.

500 pm

Figure 2.1: Section a) and b) depict the powder morphology of the HEBM and pure
aluminum respectively.

The jar was pressurized with high purity argon (99.998%) to 275 kPa, creating an

inert milling environment; the jar was purged four times prior to final pressurization. The



aluminum was milled at 650 revolutions per minute (rpm) for five minutes, inactive for
fifteen minutes, then rotated in the reverse direction for an additional five minutes at 650 rpm
and left to dry under vacuum at 293 K prior to sieving. These powders are shown in Figure
2.1a and Figure 2.1b.

The powders were cold pressed to a height of 4 mm in a 6-mm diameter cylindrical
easy-retrieve die with a die press (Across International). The compression was halted by a
mechanical stop at a height of 4 mm. Three different pellet densities were pressed from the
pure aluminum powder: 70, 80, and 90 %TMD. For the HEBM powder, the 70 %TMD
samples were hand-packed into the confining structure and the 90 %TMD samples were cold
pressed. The HEBM aluminum could not be reliably hand-packed beyond 70 %TMD, and

the cold pressed powders would break apart below 90 % TMD.

To compare the aluminum powder composites with solid aluminum dynamic
compaction; disks of 1100 series aluminum were tested in the SHPB. These disks were cut
from a cold rolled 1100 series aluminum rod, with a thickness of 2.74 = 0.01 mm and a

diameter of 12.70 £ 0.01 mm.

2.2 Passive Confinement

Pellets were passively confined [11] in 12.70 mm lengths of polycarbonate tubing as
depicted in Figure 2.2. Each tube had an inner diameter of 6.35 mm and a wall thickness of
1.59 mm. After retrieval, the pellet had a diameter between 6.10-6.15 mm, resulting in a slip
fit within the tube. The pellet was secured between two heat treated S7 tool steel pins with a
6.35 mm diameter and height. These steel pins were heat treated to a hardness of 2200 MPa

to prevent deformation during dynamic loading.
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Polycarbonate 70 mm
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@ 6.35 mm
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6.35 mm 4.00 mm

Figure 2.2: The aluminum pellet's polycarbonate confinement with S7 tool steel
compression pins.

2.3 The Split-Hopkinson Pressure Bar

Dynamic material testing was performed using a Split-Hopkinson pressure bar, also
commonly referred to as a Kolsky bar. The SHPB was configured in a traditional
compression arrangement [15], as seen in Figure 2.3. A gas gun was used to achieve strain-
rates from 1000-2100 s™!. The cylindrical striker had a length of 47.5 + 0.10 cm and diameter
0f 1.89 = 0.01 cm which matched the diameter of the incident and transmission bars. Circular
pulse shapers of various diameter were punched from a flat copper plate with a thickness of
1.90 £ 0.01 mm. The diameter of the pulse shaper was augmented for each material and
strain-rate to produce the desired incident pulse shape. The striker, incident, transmission,
and momentum bars were made of Vasco Max 350 stainless steel. The incident and
transmission bar were 4.16 +£0.01 m and 1.37 = 0.01 m long. The incident and transmission
pulses were measured using two strain gauges mounted in the center of both bars. Each gauge
pair was oriented longitudinally and placed a half-circumferential length from one another on
opposing sides of the bar. The pairs were powered and connected to independent half
Wheatstone Bridges and amplified by Tektronix ADA400A Differential Preamplifiers. The
conditioned voltage signals were recorded with a Tektronix DPO4034 Digital Phosphorus

Oscilloscope.
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Figure 2.3: The split-Hopkinson pressure bar in a compression configuration.

2.4 SHPB Data Analysis

Strain measurements taken from the incident and transmission bars allowed for the

calculation of stress, strain-rate, and strain exerted on the test specimen using

as(t) =E (Ags) er(v), (15)
egt) =22 er(D), (16)

and
e(t) = =2 [pea(t) dt' . (17)

with strain &, sound speed of the bar cp, sample length Ls, young’s modulus of the bar E, and
area A. Subscript s and b refer to specimen and bar; 7, R, and / are in reference to the
transmitted, reflected, and incident strain measurements. The SHPB analysis is derived in

detail by Lindholm [17].

2.5 Validation of Passive Confinement

To perform classical SHPB data analysis, the confinement modifications made to the
apparatus must not invalidate the fundamental assumptions made; for example, it is assumed
that the stress waves propagating through the SHPB and test specimen can be described by

one-dimensional wave propagation theory [16]. Additionally, the axial
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stress and strain fields are assumed uniform and the inertial and frictional effects on the
faces of the sample are deemed negligible. If the radial strain is comparable with the axial
strain during the test, then it cannot be accurately assumed that the stress wave propagating
through the specimen is one-dimensional. A high-speed black and white camera (Phantom
v7.3, Vision Research) capturing at 40,000 frames per second and 100 um per pixel spatial
resolution was used to image the dynamic compression of the powdered aluminum. Figure
2.4 shows the compression of an initial 80 %TMD powdered aluminum sample. The

approximate density is calculated with,

%TMD (t) = T (18)

Pal

with initial pellet mass m;, diameter d;, height /;, and the density of aluminum p.. At 75 us,
the sample has reached 95% of its theoretical solid density in the assumption that the pellet’s
cross-sectional area remained constant during compression event. This assumption is
justified during this portion of the test. The radial strain was measured to be approximately
1.5% using the imaging’s spatial resolution. When the radial strain is compared to the axial
strain of 20%, the radial strain can be deemed negligible [12]. Therefore, the test is
reasonably one-dimensional until the sample approaches full density (passes 95 %TMD).
Consequently, the assumptions made for these tests become less appropriate as the test goes
beyond 5, 15, 25% strain in the axial direction for the 90, 80, and 70 %TMD samples

respectively.
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Figure 2.4: High-speed imaging of confining jacket deformation.

In the passive confinement configuration, the aluminum is in a bi-axial stress

state. We use,

E
oy = E(Rf— (19)
2 R22)€T9
to calculate the radial stress, o, given the radial strain, ¢, assuming a thick-walled cylinder
[12], with E being the polycarbonate’s Young’s modulus (2.0 GPa) and R;, R> being the outer
and inner radius respectively. Therefore, the radial stress on the sample at 95 % TMD was

approximately 18.75 MPa given a radial strain of 1.5%. Consequently, the radial stress on the

sample was lower than 20 MPa for the initial compaction of the aluminum compact.

2.6 P-o modelling

The P-a model is a phenomenological constitutive equation created by Hermann [18]
to describe the irreversible compaction of porous materials. The model relies on the

assumption that the macroscopic shear strength of the parent material is negligible in
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comparison to the irreversible compaction of the pores. At low pressures, the porous
structure deforms elastically and at a certain point yielding occurs as the pressure exceeds the
elastic limit. This yielding is attributed to the inelastic compaction of the structure resulting
from the rearrangement and plastic deformation of the parent particles [19]. The partially
compacted material is described by the specific volume, v, entropy, 1, and porosity defined
as,

v

a=, (20)

Vp
with the subscript p representing the specific volume of the parent solid at the
thermodynamic state of interest. This leads to the second underlining principle of the P-a
model, the conversion between the parent solid to porous material can be done without
altering its internal energy. Therefore, the equation of state of the parent and porous
material is given by
e=e(v,na)= ep(vp, n), (21)
with e representing internal energy.
Carroll and Holt [20,21] later drew the correlation between the pressure in the
parent solid and the porous material as a function of porosity. Instead of assuming that the
pressure in the parent solid and porous material were the same, Carroll and Holt suggested

that p = pp/a. Therefore, the pressure state is given by

POV, M, @) = Pp(Vp, 7). (22)
To fit a P-o model to the stress-strain data collected from the SHPB experiments,
yield points were approximated from each experimental stress-strain curve by calculating the
intersection of the elastic and plastic regimes. Using elastic data given on the pure aluminum

powder investigated by Salvadori et al. [22]; logarithmic curve fits were
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generated for each initial porosity of the elastic regimes and intersected with linear fits for the
plastic regimes of each SHPB stress-strain curve. The intersection of these curves resulted in
the calculated yield point for each experimental stress-strain curve. A second order P-a
model of the form,

a=1+ (a,—1)( Q;?_Qpe)za (23)
was used to model the data. The parameters, pe and ps represent the pressure at the yielding
and full density conditions respectively, and . as the porosity at the yield point. These
parameters were determined with a least-squared analysis of the second order P-a with the
approximated yield points. Therefore, Equation (23) gives porosity as a function of the

pressure applied to the powder matrix.
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CHAPTER 3. RESULTS AND DISCUSSION

3.1 Stress-Strain Response of Aluminum and HEBM Aluminum Powders

Figure 3.1 provides the generated stress-strain responses for both the pure and HEBM
aluminum. Figure 3.1a and Figure 3.1c give the stress-strain curves for the two materials at
the various initial densities and strain-rates. Each curve is an average of five SHPB tests at a
given initial density and strain-rate taken at room temperature (25°C). It is clearly seen that
the HEBM strengthens the powder significantly; the HEBM aluminum is shown to be

approximately twice as strong as the pure aluminum powder.

400 T — 200
o Initial % TMD - 70% = o~ Initial % TMD - 70%
£ 350 - Initial %TMD - 80% & 175 +—Initial % TMD - 80%
= 300 F—Initial % TMD - 90% s —— Initial % TMD - 90%
< E 4 10005 " % C 150 t— -p- a Model
2 250 £ 0160057 : 2 125 §
& E x 21005 =
o 200 1 g & 100 §
2 150 - 2 75
S 10 5
g § 50 - e
'g" 50 A ‘To 25 1 +x

=
S o R = Y T T : ;
0 0.1 0.2 0.3 0.4 0.5 60% 70% 80% 90% 100%

a) Engineering Strain b) % TMD

600 — 400
P Initial % TMD - 70% —_ Initial % TMD - 70%
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4 10005 t— -P - a Model
Z 450 T o 16005 : ?; 30 +
w - | £
g 375 + X 2100s T i g 250 ¢
& 300 {,’f & 200 ¢ I _
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Y= c o f 18
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= = 3
[SEE t t 3 + =2 0 t . f '
0 0.1 0.2 0.3 0.4 0.5 60% 70% 80% 90% 100%

<) Engineering Strain d) %TMD

Figure 3.1: Section a) and c) provide the calculated stress-strain curves for pure and HEBM
aluminum powders at various strain-rates. Section b) and d) present the average stress and
relative density curves for the two powders and their respective P-a models. All plots
include error bars of two standard deviations above and below the mean.
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This increase in strength can be attributed to work hardening of the aluminum during
the milling process. High-energy ball milling cold welds and reduces powder particles
leading to nanocrystalline grains. It has been found that grain size decreases with milling
time asymptoting to a constant value that scales with melting point for faced-centered cubic
(FCC) metals. [23] The mechanism of forming nanometer sized grains during milling mirrors
that of dynamic recrystallization; the minimal grain size is attributed to the balance of
dislocation accumulation and dynamic recovery in the form of new grains and subgrain
boundaries [24]. Aluminum with ultrafine grain (UFG) structure’s strength has been found to
hold true to a Hall-Petch relationship [25]; which states that strength increases with
decreasing grain size [26,27].

Additionally, it should be noted that both aluminum powders’ stress-strain responses
appear to be relatively strain-rate insensitive. This is unlike what has been observed in the
testing of solid nanocrystalline aluminum in dynamic and quasi-static loading conditions [4].
This may be attributed to the introduction of porosity in this experiment. The variation of
the stress-strain curves for each initial density are within experimental error of one another
demonstrating that there is negligible strain-rate effect on the dynamic compaction of the

aluminum powder systems.
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3.2 P-a Comparison

Table 3.1: Aluminum and HEBM powder P-a parameters.

g, p,(MPa) p. (MPa)
PURE Al 1.55 159 6.97
HEBM Al 1.94 259 7.24

Since the aluminum powders exhibit limited strain-rate dependency in their stress-
strength responses, the curves for each strain-rate were averaged to create a composite curve
in Figure 3.1b and Figure 3.1d to be compared with their corresponding P-a model. The P-a
models appear to represent the data well with the following parameters in Table 3.1. The
model trends closely with experimental data from 70-95 %TMD in Figure 3.1b and Figure
3.1d; after which, the slope of the model quickly steepens towards full compaction. As
mentioned previously, the data and model diverges at these higher densities as the result of
radial expansion of the passive confinement. Overall, the experimental data correlates well
with the P-a model calibrated from the initial yield points for the aluminum powder
suggesting that the assumptions made with the P-a model holds true for aluminum powder

since its compaction is relatively strain-rate insensitive.
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Figure 3.2: A comparison of strain hardening for solid 1100 series aluminum and aluminum
powder P-a models with the shaded region representing two standard deviations above and
below the mean.

To compare the effect of ball milling on the aluminum powder’s deformation and
crush-up; the P-a models for both powders were converted to equivalent parent solids using
Equations (21) and (22) beginning at 70 %TMD. These converted curves were then
compared with experimental data taken on disks of 1100 series aluminum. The rod stock
aluminum was tested with the SHPB at strain-rates between 1000 — 6000 s™. After
yielding, the disks deformed plastically in a linear fashion. Figure 3.2 illustrates the linear
trend of the HEBM and pure aluminum equivalent parent solids in comparison to the solid
1100 series aluminum rod after yielding. All three forms of aluminum appear to maintain

the same strength index and follow the Ludwik’s equation [28] for strain-hardening,
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o=0,+K(E", (24)
K is the strength index, o, is yield strength and n is the strain-hardening exponent. This
region was well correlated to a linear fit; therefore stress-strain responses were approximated
in the first order with a strain-hardening exponent of one. This approximation revealed that
the strain-hardening exponent and strength index of the aluminum powders were not altered

because of high-energy ball milling, rate of strain, or porosity.

Since the strain hardening exponent and strength index remained constant for
these three forms of aluminum; the strength differences seen in these materials can
simply be expressed as a function of pre-strain or work hardening prior to dynamic
compression in the SHPB. The equation for strain-hardening can be expressed as a
function of strain and pre-strain, &,, in swift’s equation [28],

o=K(e+¢e,)™ (25)

Therefore, the strength seen in the parent solid material in the powders and the solid
aluminum rod only differ in the amount of work-hardening and underlining grain

structure and dislocations in the material.
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CHAPTER 4. CONCLUSIONS

The dynamic compaction of pure and high-energy ball milled aluminum powders
have been characterized in a passive confinement configuration using the SHPB. A second
order P-a model was used to model the irreversible compaction of the porous aluminum. The
dynamic responses of the powders were found to be largely insensitive to the effect of strain-
rate and their strengths appear to be a function of porosity and pretreatment. High-energy
ball milling and porosity was found to not alter the strain hardening exponent or strength
index of the aluminum powder for this milling condition. The milling process strengthened
the aluminum powder; however, no increased sensitivity to strain-rate was observed as seen
in nanocrystalline aluminum solids. The reduction of void space in the aluminum compact

appears to be a strain-rate independent process.

Passive confinement provides an effective means to test porous aluminum in the
SHPB. This technique may be expanded with other metallic powders to provide dynamic
material parameters to assist in the calibration and validation of dynamic compression models
on porous metallic structures. Consequently, this work will assist in the understanding and

creation of energetic structural members and energy absorbers exposed to impact.
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