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(Abstract) 

The adhesion of carbon fibers to several high performance polymers, including a 

phosphorus-containing bismaleimide, a cyanate ester resin, and a pyridine-containing 

thermoplastic, was evaluated using the microbond single fiber pull-out test. The 

objective was to determine the chemical and mechanical properties of the fiber and the 

polymer which affect the fiber/polymer adhesion in a given composite system. 

Fiber/matrix adhesion is of interest since the degree of adhesion and the nature of the 

fiber/matrix interphase has a major influence on the mechanical properties of a 

composite. 

The surface chemical composition, topography, tensile strength, and surface energy 

of untreated AU-4 and commercially surface treated AS-4 carbon fibers were evaluated 

using x-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), 

single fiber tensile tests, and dynamic contact angle analysis. The commercial surface 

treatment which converted the AU-4 to the AS-4 fiber oxidized the carbon fiber surface. 

The surface of the AS-4 carbon fiber was further modified using air, oxygen, ammonia, 

and ethylene plasmas. The AS-4 fiber tow was also characterized following exposure to 

the aqueous poly(amic acid) solution used to disperse the matrix powder during aqueous 

suspension prepregging of thermoplastic matrix composites.



The air and oxygen plasma treatments significantly oxidized and roughened the 

surface of the AS-4 carbon fibers. In addition, the air and oxygen plasma increased the 

the polar component of the AS-4 fiber surface energy. The ammonia plasma increased 

the concentration of nitrogen on the fiber surface, without significantly altering the fiber 

topography (at a magnification of S0,000X). The atomic oxygen present in the air and 

oxygen plasma treatments is capable of reacting with both the edge and basal planes in 

the carbon fiber structure. As a result, the oxygen-containing plasmas progressively 

ablated the organic material in the carbon fiber surface. Energetic species 1n the 

ammonia plasma cleaned the fiber surface and reacted with the carbon fiber surface, 

increasing the concentration of amine groups in the fiber surface. The ethylene plasma 

deposited a layer of plasma polymerized polymer on the carbon fiber surface. The AS-4 

carbon fibers were coated with poly(amic acid) when the tow was wet with the aqueous 

suspension prepregging solution. 

The carbon fiber adhesion of bis(3-maleimido phenoxy) triphenylphosphine oxide 

was compared to that of Ciba-Geigy's Matrimid 5292 A/B bismaleimide system. With 

both bismaleimides, the carbon fiber adhesion increased significantly when the fiber 

received an oxidative commercial surface treatment or was exposed to an air or ammonia 

plasma prior to bonding. In contrast, the poly(pyridine-bis A) microbond pull-out test 

results showed that the carbon fiber adhesion of poly(pyridine-bis A) was not affected by 

the fiber surface chemical composition, fiber surface energy, or topography.



To Martin 
& my family 

Your love has given me great joy and encouragement. 
-Philemon 7 

IV



ACKNOWLEDGEMENTS 

I would like to thank the following individuals and organizations for their 

contributions to this research: 

Dr. J. P. Wightman, my committee chairman, for his support and guidance during 

the last four years and for the opportunity to present my research at professional 

meetings. 

Dr. D. A. Dillard, Dr. H. Marand, Dr. J. S. Riffle, and Dr. T. C. Ward for serving on 

my committee. I particularly thank Dr. Riffle for her help with the pyridine-containing 

polymers synthesized in her laboratory. 

National Science Foundation Science & Technology Center for High Performance 

Polymeric Adhesives and Composites and the Adhesive & Sealant Council, Inc. for 

funding. 

Ciba-Geigy, Inc. for providing the Matrimid 5292 bismaleimide resin. 

Dr. Paul Wood and Dr. J. E. McGrath for their helpful suggestions and for 

providing the phosphine oxide containing bismaleimide. 

Dr. R. M. Davis, Mr. Tae-Hwa Yu, and Mr. Alvaro Gonzalez for collaborative work 

with the polyimide-coated carbon fibers. 

Mr. Andy Bnink for his helpful suggestions and for providing the poly(pyridine-bis 

A) and thermal analysis data on this material. 

My group colleagues, Ms. Mojee Babai-Cline, Ms. Joannie Chin, Dr. Pascal 

Commergon, Ms. Holly Grammer, Dr. Tim Lin, Dr. Marc Mantel, Ms. Beena Menon, Mr. 

Nick Shephard, Dr. Francis Webster, and Ms. Hong Zhuang for their friendship and many 

helpful conversations. I especially thank Pascal, who initiated use of the microbond test 

in Dr. Wightman's group and was kind enough to share his equipment and expertise, and 

Joannie who performed the FT-IR analysis of the ethylene plasma polymer.



Mr. Satya Srinivasin, for collaborative work with the cyanate esters. 

Dr. Joyce Kaltenecker-Commercon, for thermal analysis assistance and for writing 

the computer program for statistical analysis of the contact angle measurements. 

Mr. Steve McCartney, for taking the high resolution scanning electron 

photomicrographs. 

Mr. Frank Cromer, for his surface analysis advise, technical expertise, and patience. 

Ms. Katy Hatfield, Ms. Kim Linkous, and Ms. Virginia Keller for all their help in 

the Center for Adhesive & Sealant Science office. | 

Ms. Esther Brann, Ms. Joyce Moser, Ms. Millie Ryan, and Ms. Laurie Good for 

their assistance in the NSF Science and Technology Center office. 

Ms. Pamela Percha for inviting me into her home during my last weeks in 

Blacksburg. Pamela, your kindness meant a lot to me. 

and, finally, Dr. Martin Rogers, for making these four years in graduate school, the 

first four years of our marriage, very happy times. My love to you, Martin, for all your 

encouraging words, your thoughtfulness, and most of all, your sense of humor. 

Vi



TABLE OF CONTENTS 

ADSULACE. oo. ccc cececessecesssccecssssessetecseceessssssaecesesesssececseseceseeeceaueeceneecsesencecseseneeeeeeeaaeeeeeenes i 
Acknowled gementts............ccsscccssscsesscccssccesseccssccecsasecsscseeseacesssaaeceessneesecesaeecessesaaseseseneees Vv 
6 1 0) (0) 0 O00) 0) (2) 1 | vii 
List Of Figures... ses eceeecesceeeeceesseceeeceenencnsecsseeessetesseceseeesesceceeeeesesseseecaaeeseeseeeessees Xi 
List Of Tables... esccsscccssecssecesseeessecssecsscecsseesseesensessassssnscssceecesaeecsseneeeenseeesseaeseesaees XX 

CHAPTER 1 
INTRODUCTION... cc eeecccssccecsseceseececssecseneecssncesssceecssceuseseececaaecessensecesesseeeeseseeuaceeesees 1 

1.1 CARBON FIBER-REINFORCED COMPOSITES..........ccsccsssesceeseeeeeeesseseseaseeeeees 1 

1.2 RESEARCH OBJECTIVES. .......c.ccccssscccsssecssseecsseecscsueceessneeesesanececseneeaeseeseceneeeees 6 

1.3 REFERENCES. 0.00... ccsscssccecscsscsscecssessecesssseceecssaecnaeessesesscecsaerssneseaaeeessaeeseeeseseees 6 

CHAPTER 2 
CARBON FIBER ADHESION PRINCIPLES, SURFACE TREATMENT, AND 
CHARACTERIZATION. ........cccscscssscsscssssccseccceeseceseesaeceesensscesesescoaseneesssecsueeeseeseneeossees 9 

2.1 LITERATURE REVIEW... eccecsscseseeesseessecesecessecesoneceeseecsseeeceseueeensesessesseeetaes 9 

2.1.1 Adhesion Principles .............:ccccsssscccssscecesssneecsesssseseceesssneeeeeeecesssssauneseeeeces 9 

2.1.1.1 Thermodynamic AdGheSi0n......... cece cseceesseereceeeesseeesecssraeeeeones 9 

2.1.1.2 Adhesive Performance. ...........csecccsssceceesseeeceesseteeereseeeeteeeees 12 

2.1.2 Adhesion Theories............scsssssesscssecerseesesecsseeseecsaecseessseceeessseeeaaeseeenenees 12 

2.1.2.1 ACSOMPHON..........cessccccsssrrccesssesesessessecestcnensetoeseesesesssseeeesescosees 12 

2.1.2.2 Mechanical Interlocking... eee seeeesceeceeeceseeeeseeceessereenees 13 

2.1.2.3 InterdiffUsiOn........... ee eecesccssscsscceecseeesecseceecceeeaecssnceesseeeensecesnes 13 

2.1.2.4 Electrostatic Attraction...cc...csssssssscsssssssseessssescssesssseserseesseeesesees 14 

2.1.2.5 Rheological 0.0... eesescesssceecsscceeseecetssseceeesseeaeceerseeesesesaeeeeeees 14 

2.1.3 Concept of an Interphase...............cesccessescesssceeestceceseceececssseeeecsenecteceseeeees 14 

2.1.4 Fiber/Matrix Adhesion... cee secsensccssceecesscecececceeceeesceeeecseseenseneeteneeeeeees 15 

2.1.4.1 Mechanical Tests Used To Measure Fiber/Matrix Adhesion.... 15 

2.1.4.2 Fiber Pull-out Tests...........ccccccscsscscssssessescsseseescsssssssssesssessseeseses 23 

2.1.4.2.1 Theoretical Analyses of the Fiber Pull-Out Test........ 25 

2.1.4.2.1.1 Shear Lag Approach... ceecesssssceeeeeees 25 

2.1.4.2.1.2 Fracture Energy Approach... eee 27 

Vii



2.1.4.2.2 Evaluation of Experimental Parameters in the 
Microbond TeSt........ ee eecceeeceeserseeesereesessereeessesesses 34 

2.1.5 Carbon Fiber Properites...........esccsssecscssscessessecenecesssesnseseeseesessaesesraneneess 35 

2.1.5.1 Fiber Preparation and Structure... eeescssesseecsssreeeseeeeeeeees 35 

2.1.5.2 Carbon Fiber Surface Treatment ........... cc secsscssscssceseseeeeeeeeescees 40 

2.1.5.2.1 Plasma Treatment... ce eeeeeeeseeeeseteeeseseesesreeeeoees 46 

2.2 EXPERIMENTAL TECHNIQUE. .......cccccssccccssssececscsececessseesececsessnenaceeesseesesenseees 53 

2.2.1 Materials... ces esscsescssecssccesececsceseeeecseeceseeeeseecesaeeeseeesessseseesseeesessueeesneas 53 

2.2.2 Exposure to Poly(amic acid) Solution... cece eesscssecseeceeecesesessectessseees 56 

2.2.3 PlaSma Treatment... ecesscsessesseceessceesssssscssscssecesssseesesssressersseceeeseneeees 56 

2.2.4 X-ray Photoelectron Spectroscopy (XPS).....ceccescssesssssseeesesssseesessseeseeees 60 

2.2.5 Scanning Electron Microscopy (SEM)...cssssssssseessesssesseesseeseesseeeeseesseen 62 

2.2.6 Wetting Anal ySiS..........ceeccsccsssssssesceeseeeseeesssensecnsenecsaceessesenacecsseessaasenees 62 

2.2.6.1 Dynamic Contact Angle AmalySIS............cccscceessceseecerseeeesneees 62 

2.2.6.1.1 One-Liquid Techrique.............eeeeeeeeesssececeeseeeteenneees 70 

2.2.6.1.2 Two-Liquid Technique ...............cssccsssseecesneeceseeeeeeeeees 73 

2.2.6.2 Contact Angle Gomiomete........... ee eeeeeeeessceeeceeeecteeeeseeeeeees 76 

2.2.7 Tensile Strength Measurementl..............ececesscecesscecencesscceessneeseeaeceenenees 78 

2.2.8 Analysis of Ethylene Plasma Polymet.............. ccc eescessceeseeceeeeceseeeeneees 80 

2.2.8.1 Thermogravimetric Analysis (TGA) .........cscsscsscssssesssssseeeeeens 80 

2.2.8.2 Differential Scanning Calorimetry (DSC)......... eee eeeeeeese ones 81 

2.2.8.3 Fourier Transform Infrared Spectroscopy (FT-IR)..........ss000 81 

2.3 RESULTS AND DISCUSSION ..00o ec eceesesnceeeeeeneeesseecensesaeeesoeecsseeseseseenseesees 81 

2.3.1 Analysis of "As Received" AU-4 and AS-4 Carbon Fibers................00: 81 

2.3.1.1 Surface Chemical Composition.......cccsccecessesesseesesseeeeeee 81 

2.3.1.2 Topography... .ececsccsssecesceeseccssseecesececssecsesseeessseceesesaeeeeeees 95 

2.3.1.3 Surface Energy Anal ysiS.............ccccessccssrecsseessrcecsceeerseeseneeenes 101 

2.3.1.3.1 Ome-Liquid Technique... cceessssseessserecsseaeens 101 

2.3.1.3.2 Two-Liquid Technique... ce eeeesseceeesneeeerseeeeees 107 

2.3.1.4 Tensile Strength... eee ccecssscecssncesesseececssseececessneeeesseenseesenes 112 

2.3.2 Effect of Air, Oxygen, Ammonia, and Ethylene Plasma Treatments 
On AS-4 Carbon Fibers... cece eessecssccesseecseceessecesnseeesseeeesseneessenesessaees 112 

2.3.2.1 Surface Chemical COMPOSIUON............ cc eeseseceeseeceeacersecceeeees 112 

2.3.2.2 TOpOgraphy........ceeccscccsscessescseceserecssseseseeesseesecsaceecsseeeeseusers 133 

Vill



2.3.2.3 Surface Energy........ccsccessscecseccecsseceesseeecssseesessseeeesesssasesseseaees 144 

2.3.2.3.1 One-Liquid Technique...........ceecesceeseeecsesesseeseeeees 144 

2.3.2.3.2 Two-Liquid Technique..........cccssccessececeesseeeeeeessnes 150 

2.3.2.4 Tensile Strength... ec escceeecereessseeessescessscesrseseseeseeeeenes 158 

2.3.2.5 Analysis of Ethylene Plasma Polymet..............:cssssssssserseseees 162 

2.3.3. Characterization of AS-4 Carbon Fiber Tow Passed Through an 
Aqueous Suspension Prepregging Solution... ceeesssereeeessneeeeeeees 169 

2.3.3.1 Surface Chemistry ......... ee eeeecssessseceesseeesssesecsseceerseeseseeessenees 170 

2.3.3.2 Fiber Topography and Coating Mechanism............ccccseseeseeeee 176 

2.4 SUMMARY .......ceccecesccsscssecsesessaeeserseceecacseeseasesaceseeeneeseseseeeeneecesecaeecseeseeessueeenes 176 

2.5 REFERENCES... cccccessesscesseecenseecensessseseeeeseseesseesseeseesseessseseseseceseassesseseseeenes 178 

CHAPTER 3 
EFFECT OF FIBER SURFACE TREATMENT ON 
CARBON FIBER/BISMALEIMIDE ADHESION .........c.ccscsssssessessceseseenseecssntecssess 192 

3.1 LITERATURE REVIEW... ccecseeneecneecesessecesecesseecseesssneesseeersaesessesonsnensuas 192 

3.1.1 Bismaleimide Synthesis and Properties..............ccccccssececsecceesecessseceenteres 192 

3.1.2 Bis(3-maleimido phenoxy) triphenylphosphine oxide.............:::seeeeeeee 197 

3.1.3 Cure REAction.......cececcccsccssecercecssecsenseeseecesaeesencecssaceceesecessaeeesenneeessanees 200 

3.1.4 Effect of Fiber Surface Treatment on Carbon Fiber Adhesion of 
Thermosetting ReSINS............sccssccsssscssccsssessecsessecsnecssecsasseseessseeesseeseensees 205 

3.2 OBJECTIVE... ccseccssccecssecssecssecseceseesenseesesnsensesseeeseessececateceneceseeceseeseseeeeeseeeeseeees 210 

3.3 EXPERIMENTAL... eeecceeeceececeesceecesaeenseeaseaeesecenecesneesevseescaesessscsseeseeseseeesaees 210 

3.3.1 Materials... ce eescesssessecessseeseeececeecesessaeeseesseesseecsaecescenseecnaeeaeesaeens 210 

3.3.2 Polymer CharacteriZation.............cscccccsssccssscccesnecesesecessseseececsssseneeeseneneess 211 

3.3.2.1 Differential Scanning Calorimetry (DSC)......c.sscsccsscssesseesseseesee 211 

3.3.2.2 Dynamic Mechanical Analysis (DMA).............:::csssceeeseeeeseeeees 213 

3.3.2.3 Thermogravimetric Analysis (TGA)..........cccscsssssssssesseseseeees 213 

3.3.2.4 Thermomechanical Analysis (TMA)............cssccessceeceereeeeereeees 213 

3.3.2.5 Mechanical Properties...............cccescsscseeceseecstecsscceesneseeneesseceseues 213 

3.3.3, Microbond Sample Preparation.............eeeseeessecessececesneeceseeseeseeeeesseeeenes 214 

3.3.4 Microbond Adhesion Testing............cccccsecccssssnecceceeesseeeeceeeessceaeeeeeeresseeees 216 

3.3.5 Scanning Electron Microscopy (SEM).........::cccssccesseecessseceesseeesessnceeeesenees 216 

3.4 RESULTS AND DISCUSSION...sssssssssssssssevssssssssnssssssssssssssssssesssssssssesseessesseceeeeees 216 

1X



3.4.1 Cure Study... cccssecssscsstececscecesssecsessecsonsecesseenececnensceeceessnaeesoseseaneeens 216 

3.4.2 Microbond Results... ecesecssceseeesseecssecesseeesseecessaeeseseeesseeasssssaeeesnees 220 

3.4.2.1 Debonding mechanism............csscccessscesseteceeesaeeeessseeeeeeseseaeeees 220 

3.4.2.2 Fiber failure mechanism. ...........cccceecsseceeececeecessseeesesecessasosseees 241 

3.4.2.3 Effect of carbon fiber surface treatment............. cess seseeeeees 245 

3.4.2.4 Explanations for data scatter... ees cessssceeesseeneesesseeesseseeees 251 

3.5 SUMMARY . uc ceescscsscseessecesecssessecescesseescseeececessesessscseesseecsseceeseeceasseaessseeaees 251 

3.6 REFERENCES... ceccsesssssssseseesecssessscssecesesesseecesesssesesesesssnessrasessessssssessnesseneeesass 254 

CHAPTER 4 
EFFECT OF FIBER SURFACE TREATMENTS ON ADHESION OF A NOVEL 
PY RIDINE CONTAINING THERMOPLASTIC... ccssscessesssscesssesscsssesesseeeseseeesenaes 257 

4.1 LITERATURE REVIEW.........ccccecsscssscecssecsccesesesnesessecesccecsaeceesaeesesaeesesseeeeesseeeeees 257 

4.1.1 Thermoplastic Composite Preparation...............sscessescessseeeeeceenseeaseeseees 257 

4.1.2 Thermoplastic/Fiber Adhesion Studies............ ccc eessecssesssecessseessreseeseeeees 259 

4.2 OBJECTIVE... ee ccecssecsscsceeeeseeseceeessesseesesssesesesseseseesdeceseecasesessssesessseceesoeseones 260 

4.3 EXPERIMENTAL... ccessssssssessccssscesssesesseesssecesaesncescesesaessaeenesesscessonasesesnsons 260 

4.3.1 Materials... ecesscscesecssesscsscesseenseensesscesesssecsesesssessasossssesessssosesesnens 260 

4.3.2 Polymer Characterization...........ccccccssccccessteecssssescceesesnnscecsesesceenaaseeeeeseneces 262 

43.2.1 Differential Scanning Calorimetry (DSC)............ccceesceeeeeees .. 262 

4.3.2.2 Thermogravimetnic Analysis (TGA)..........cssccssccssseceesteeseneesenes 262 

4.3.2.3 Intrinsic VISCOSILY..........:cecccesccessercesecesessecsseeecseseeeeeseeeeceseeeeeues 262 

4.3.3 Preparation of Microbond Samples................:ccecessceceeseceeetsneeceeesneneeeeeeees 264 

4.3.4 Microbond Adhesion TeSting.............sscsscssssscesecesecesscssesssssessaessesssesees 264 

4.3.5 Scanning Electron Microscopy (SEM)............:scssceseseeereseeeee Vesseneeereeeeeees 266 

4.4 RESULTS AND DISCUSSION... eeeeessneeeseecnseeeeqecesseeececseeseseneeeeeaseeeesseeees 266 

4.4.1 Microbond Results... ecssecsscesncecseeceeeecesneecseecesesseeceseesecsseeessesaeees 266 

4.4.2 Effect of Fiber Surface Treatments on Poly(pyridine-bis A) Adhesion... 271 

4.4.3 Effect of Thermal History on Poly(pyridine-bis A) Adhesion................. 271 

4.5 SUMMARY 1... ceccsessesceesceeeeeceecaeecsnecsetsacesseesacensaeneesecaeensaeeeseseeceessaeeesseeeeesees 279 

4.6 REFERENCES... cecesscessseceeesecesscessececesseestcecsecceasceseaeseeessesceaesesensesseeeeeeesesaecsaes 279 

CHAPTER 5 
OVERALL SUMMARY ....... ce ceceesecessesseesaessecsecosecaeesneesaeeeceenaceeeadecsaeecscesenaaectsaeenaaes 281



APPENDIX 
Microbond experiments with cyanate €Sters............cececcetececceeeceeecrsecsscesccessereesecnsoees 

Xl



Figure 1.1 

Figure 2.1. 

Figure 2.2. 

Figure 2.3. 

Figure 2.4. 

Figure 2.5. 

Figure 2.6. 

Figure 2.7. 

Figure 2.8. 

Figure 2.9. 

Figure 2.10. 

Figure 2.11. 

Figure 2.12. 

Figure 2.13. 

LIST OF FIGURES 

Properties of carbon fiber composites compared with those of steel 
and aluminum [11]........... cc ceccsecesesseseecccesecesccsncecceeccerseesecsesesecseaees 

Balance of surface tensions in the contact angle experiment................. 

Characteristics of the fiber/matrix interphase in a composite 
Materials [21 ]........... ce sccsessscsssccccesccescssssssessecscescecsccescecseseessececeseesesessnenea 

Commonly used mechanical tests to assess the fiber/matrix 
interface strength in real composites include (a) short beam 
shear, (b) losipescu shear, and (c) transverse and off-axis tensile 
tests [adapted from refs. 21 and 23)... cece eesetsesseeseeeseeeseseeeteeens 

(a) Meso-indentation and (b) micro-indentation tests used to 
assess the fiber/matrix interface strength in composites [adapted 
from refs. 21, 27 and 30)... cccesscssseetceeeecesecesceeeceeeceseeseeesenseeesanaes 

Commonly used mechanical tests to assess the fiber/matrix 
interface strength in model single fiber composites include 
the (a) microbond, (b) pull-out, and (c) fragmentation tests 
[adapted from refs. 21 and 23)... eee eeesssceesceetsceeceecescceseceeeeeceeneeees 

Variation of interfacial shear strength (tx) along the fiber 
embedded length [adapted from ref. 23]... eee eeseeseeceseerseeneeeeseeees 

Schematic illustration of single fiber pull-out specimen with 
three regions. Region 1 is fiber alone, Region 2 is fiber and 
matrix debonded at the interface, and Region 3 is fiber and 
matrix bonded at the interface [127]................cccessseececccsssseeccceeneseeeeeenees 

Theoretical curves of debonding load versus embedded length 
computed from equation 2.32 when the (a) interfacial fracture 
energy (Gc) and (b) the matrix modules (Em) are increased................. 

Shape of a liquid drop on a cylindrical fiber [1B 2].cceeceecccecscsseeseeseeen 

Crystallographic structure of (a) single crystal graphite and 
(b) turbostratic graphite [134]... cc eeceeeceseceeeeesseeeeeneceseeeceeeereseeenaes 

The basic structural unit of carbon fibers [155]..............cccccesesseseereeeeeees 

Model of carbon fiber ribbon structure proposed by (a) Perret 
and Ruland [158] and (b) Diefendorf and Tokarsky [150].................... 

Three-dimensional model of the carbon fiber proposed by 
Bennett and Johnson [161]... ececsssssssesssescsssscscesnscsscsesessenenseneenees 

Xi



Figure 2.14. 

Figure 2.15. 

Figure 2.16. 

Figure 2.17. 

Figure 2.18. 

Figure 2.19. 

Figure 2.20. 

Figure 2.21. 

Figure 2.22. 

Figure 2.23. 

Figure 2.24. 

Figure 2.25. 

Figure 2.26. 

Figure 2.27. 

Figure 2.28. 

Figure 2.29, 

Figure 2.30. 

Figure 2.31. 

Three-dimensional model of the PAN-based carbon fiber proposed 
by Diefendorf and Tokarsky [150]... eee csseesereeessreesssreeesesseneees 43 

A comparison of sampling depths for several surface analysis 
techniques [adapted from ref. 153]... cece sssseeesesreeeeseseneeeesseeeensneesaes 45 

Proposed oxygen-containing functional groups present on oxidized 
carbon fiber surfaces [210]............ccccssssssssssccssscesssececsseecessaccessenserseeaees 47 

Functional groups detected by ATR-IR on the surface of carbon 
fibers oxidized using mitric acid [212)].............cccccssceceessececeeneeeceeeessnneeeoes 48 

Typical plasmas classified by their electron energy and density 
[21S]... eeeesecsecsccssecncesscecsseseecseeeseeccescseessecsseeesaesssaeessesensceeseesesserenseenseee 50 

Proposed mechanism for the hydrolysis of poly(amic acid) in an 
aqueous ammonium hydroxide solution............... cc cceseeeeeeeeeceeeceseeeenenenes 57 

LaRC-polyamic acid imidiZation reaCtiONn..........cceeeeeseseseceseceeeeeeseeees 58 

Schematic illustration of the plasma system [229]... eee eeeeeeeeeees 59 

Enhancement of XPS surface sensitivity by decreasing the take-off 
angle [adapted from ref. 191]... ee ceceeeneceessecesesseeeeeerssanessoseeeeeseees 63 

Wetting traces obtained with deionized water and a glass cover slip 
(a) "as received" and (b) flamed in a Bunsen burmet..................c:sceccecees 69 

Relation of contact angle to liquid surface tensiOn................:seseeeeeeees 71 

Schematic illustration of one-liquid contact angle measurement 
using the Wilhelmy technique... cee ee eeeeeescececeeecesereesesseeceessneeeeees 72 

Schematic illustration of two-liquid contact angle measurement 
using the Wilhelmy technique............. cee cceseceeesseceseseseeeeseessreceeesesneaeaes 75 

Sessile drop contact angle measurement using a goniometer [adapted 
From ef. 4]... cccececescsscesccnsesssssesscsesecssssesseseecs vecteescescaceecseuceesecetsesenesess 77 

Measurement of carbon fiber tensile strength........0... cece ceeeseeseeeeeees 79 

Curve-fit carbon 1s photopeaks of "as received" (a) AU-4 and 
(b) AS-4 carbon fiDeTs.......... cc csccsesesessesesesescsesesessessesseseseseseceececeseseees 86 

Curve-fit oxygen 1s photopeaks of "as received" (a) AU-4 and 
(b) AS-4 Carbon fiDeTs...... ec scesetersescsseseseeescecececsececeauessseseeesenseenses 9] 

Curve-fit nitrogen 1s photopeaks of "as received" (a) AU-4 and 
(b) AS-4 carbon fibDeMs..... i ececccscssseesccccececececececececeeeccececessssaeensnssssens 93 

Xill



Figure 2.32. 

Figure 2.33. 

Figure 2.34. 

Figure 2.35. 

Figure 2.36. 

Figure 2.37. 

Figure 2.38. 

Figure 2.39. 

Figure 2.40. 

Figure 2.41. 

Figure 2.42. 

Figure 2.43. 

Figure 2.44. 

Figure 2.45. 

Figure 2.46. 

Figure 2.47. 

Figure 2.48. 

(a) O/C and (b) N/C ratios obtained at take-off angles of 15° and 90° 
with “as received" AU-4 and AS-4 carbon fibers.........cccccccceccecececeeeeees 97 

Carbon 1s photopeaks obtained at take-off angles of 15° and 90° for 
"as received" (a) AU-4 and (b) AS-4 carbon fibers..............e ee eeeeeeeeee 08 

SEM photomicrographs of "as received" (a) AU-4 and (b) AS-4 
carbon fibers at a magnification Of 12, 500K... cee seseeeetsseeeeeeeseeeees 99 

SEM photomicrographs of "as received" (a) AU-4 and (b) AS-4 
carbon fibers at a magnification Of 50,00OX...........escessesseteseeesssesseseees 

Wetting traces obtained with AU-4 carbon fibers and (a) deionized 
water, (b) formamide, (c) diiodomethane, (d) bromonaphthalene, 
and (€) heXadecane..............cccccssesscsnsssesssessscssessscessseceececeeseeecessesesceseenenens 

Wetting traces obtained with AS-4 carbon fibers and (a) deionized 
water, (b) formamide, (c) ditodomethane, (d) bromonaphthalene, 
And (€) HExadecane...........cceccccssscccsssssececssnsececesssececessessesecesesesesenenaeseess 103 

One-liquid wetting analysis plots for "as received" AU-4 and AS-4 
CAPbn FIDETS..... eee eescsesseseeeteesseesceecceseeseeseesscseseeeceseecesesessaeeseeeons 

Plot of Wilhelmy wetting force versus the surface energy of the 
wetting liquid for (a) AU-4 and (b) AS-4 carbon fibers..................00 108 

Wetting traces obtained with AU-4 carbon fibers using formamide 
and (a) hexane, (b) decane, (c) octane, (d) hexadecane, and 
(e) decahydronaphthalene.............csecsccsssesssecneeceseceesceescceseeesenuecsenessaes 109 

Wetting traces obtained with AS-4 carbon fibers using formamide 
and (a) hexane, (b) decane, (c) octane, (d) hexadecane, and 
(e) decahydronaphthalene........... ee ceeccescceseeesscceessececensceeseesereseneeeeesnees 110 

Two-liquid wetting analysis plots for AU-4 and AS-4 carbon fibers.... 111 

Tensile strength of AU-4 and AS-4 carbon fibef...........ceesecceeeeeeeeeeees 113 

AS-4 carbon fiber O/C ratio as a function of plasma exposure time..... 114 

AS-4 carbon fiber N/C ratio as a function of plasma exposure time..... 115 

AS-4 carbon fiber Na/C ratio as a function of plasma exposure time.... 116 

Curve-fit carbon 1s photopeak for (a) "as received," (b) 15 sec. air 
plasma, (c) 1 min. ammonia plasma, and (d) 3.5 min. ethylene 
plasma treated AS-4 carbon fibers... eee esceeeeeeeeeceeeecesneesseeseneeees 121 

Curve-fit oxygen 1s photopeak for (a) "as received," (b) 15 sec. air 
plasma, (c) 1 min. ammonia plasma, and (d) 3.5 min. ethylene 
plasma treated AS-4 carbon fibers... lee eeseeesseceesseteeeeeeceeetanerenaes 123 

XIV



Figure 2.49. 

Figure 2.50. 

Figure 2.51. 

Figure 2.52. 

Figure 2.53. 

Figure 2.54. 

Figure 2.55. 

Figure 2.56. 

Figure 2.57. 

Figure 2.58. 

Figure 2.59, 

Figure 2.60. 

Figure 2.61. 

Curve-fit nitrogen 1s photopeak for (a) "as received," (b) 15 sec. air 
plasma, and (c) 1 min. ammonia plasma treated AS-4 carbon fibers..... 125 

Carbon Is photopeaks obtained at take-off angles of 15° and 90° 
for (a) "as received,” (b) 15 sec. air plasma, and (c) 1 min. ammonia 
plasma treated AS-4 carbon fibeTs.........ccccscccceseeeeseseceeecseeeeeceseseseoeees 128 

O/C ratio obtained at a take-off angle of 15° and 90° for "as received," 
15 sec. air plasma, 1 min. ammonia plasma, and 3.5 min. ethylene 
plasma treated AS-4 carbon fibers...........ccccescsssecsseecesrecsssseceeseeeeceseees 129 

N/C ratio obtained at a take-off angle of 15° and 90° for "as received," 
15 sec. air plasma, 1 min. ammonia plasma, and 3.5 min. ethylene 
plasma treated AS-4 carbon fibers... eecececcseeceeeceseeeeteeeeeeeeaeesseees 

Na/C ratio obtained at a take-off angle of 15° and 90° for "as received," 
15 sec. air plasma, 1 min. ammonia plasma, and 3.5 min. ethylene 
plasma treated AS-4 carbon fibers... ccc secessssececesteeecesseseeeeeeseaeees 131 

O/C, N/C, and Na/C ratios of 15 sec. air plasma treated AS-4 carbon 
fiber exposed to room air prior to XPS analySsiS............:csccesscsteereereeeee 134 

SEM photomicrographs of (a) "as received," (b) 15 sec. air plasma, 
(c) 15 sec. oxygen plasma, and (d) 1 min. ammonia plasma treated 
AS-4 carbon fibers at a magnification Of 12,500X............c:ecesceereeesees 135 

SEM photomicrographs of (a) “as received," (b) 15 sec. air plasma, 
(c) 15 sec. oxygen plasma, and (d) 1 min. ammonia plasma treated 
AS-4 carbon fibers at a magnification Of 50,000X..........ccesseseesseseenees 136 

SEM photomicrographs of (a) "as received," (b) 15 sec. air plasma, 
and (c) 1 min. air plasma treated AS-4 carbon fibers at a magnification 
Of SO0,OOOX 0.0... cccesecsstcesssccesssesenseeessaecesscsecssesssesseessessssesesesssseeescesenenses 137 

STM photomicrographs of the T-650/42 PAN-based carbon fiber at a 
scale of (a) 500 nm x 500 nm and (b) 50 nm x 50 nm [136]................. 139 

STM photomicrograph of the P-55 pitch-based carbon fiber surface 
treated in an oxygen plasma to a 0.66% weight loss exhibiting 
microroughness (9 nm X 9 nm) [262]............:cscccccccecessessssssnnecneeeeeneeeeees 140 

SEM photomicrographs of the 3.5 min. ethylene plasma treated AS-4 
carbon fibers at a magnification of (a) 12,500X and (b) 50,000X.......... 142 

SEM photomicrographs of an "as received" AS-4 carbon fiber 
(50,000X) sputter-coated with gold (a) alone and (b) beside an 
ethylene plasma treated carbon fiber... ele eesseecsseeeesseeecseeeeeceees 143 

XV



Figure 2.62. 

Figure 2.63. 

Figure 2.64. 

Figure 2.65. 

Figure 2.66. 

Figure 2.67. 

Figure 2.68. 

Figure 2.69. 

Figure 2.70. 

Figure 2.71. 

Figure 2.72. 

Figure 2.73. 

Figure 2.74. 

Figure 2.75. 

Figure 2.76. 

Wetting traces obtained with 15 sec. air plasma treated AS-4 carbon 
fibers and (a) deionized water, (b) formamide, (c) diiodomethane, 
(d) bromonaphthalene, and (e) hexadecane...............csceeesseceeeessenesesseees 145 

Wetting traces obtained with 1 min. ammonia plasma treated AS-4 
carbon fibers and (a) deionized water, (b) formamide, 
(c) diiodomethane, (d) bromonaphthalene, and (e) hexadecane............ 146 

One-liquid wetting analysis plots for plasma treated AS-4 carbon 
FIDOTS.. eee ee ecceeecesecesececesncecesaeessecssesssceeseseeneesasecseeseterceaecosasseereseseeeegs 147 

Average advancing wetting force versus the surface energy of the 
wetting liquid for (a) 1 min. ammonia plasma and (b) 15 sec. air 
plasma treated AS-4 carbon fibers.............cccccesscesssnecsseceeeesesseceeeeeenes 148 

Wetting traces obtained with 15 sec. air plasma treated carbon fibers 
using formamide and (a) hexane, (b) decane, (c) octane, 
(d) hexadecane, and (e) decahydronaphthalene...............eessessseseseseeees 151 

Wetting traces obtained with 1 min. ammonia plasma treated carbon 
fibers using formamide and (a) hexane, (b) decane, (c) octane, 
(d) hexadecane, and (e) decahydronaphthalene................ccccssceeeeeeeees 152 

Two-liquid wetting plots for "as received," 15 sec. air plasma, and 
1 min. ammonia plasma treated AS-4 carbon fibers...........ceseeesseeeeees 153 

Surface energy polar components versus the concentration of oxygen 
and nitrogen on the carbon fiber surface.............c:cccscesssecesncecsesessteeeeenees 155 

Dispersive surface energy versus the concentration of oxygen and 
nitrogen on the carbon fiber Surface...............:ccssccesseeceneccesseecesesseeeeessees 156 

Total surface energy versus the concentration of oxygen and nitrogen 
on the carbon fiber Surface... eee secceneeceeceessececestcessseeeceseeeeseeuseneees 157 

Tensile strength of "as received” and plasma treated AS-4 carbon 

fibers (<tensile strength> + o for 50 samples)........cccccscsssscsssessesesescseees 159 

Sketch of tensile failure in a misoriented crystal in a carbon fiber 
[2OA]... ee eeeeesceseceecescescesseesccescceseeesceescecssesseecsaeceseessaaseceeesssseesseeesseasonaee 160 

Tensile strength of "as received" AS-4 carbon fiber as a function of 
the fiber length... ce csceeceseessseeeeseeecseeessesesseeusceceesceeseessessseseeeeeese 162 

Ethylene pressure as a function of flow rate [214]... eee eeeeeee 163 

Differential scanning calorimetry scans with (a) conventional 
poly(ethylene) and (b) the polymer powder formed in the ethylene 
PLASMA... eect ceececeeeensecesetessecescsseeeeensscosensesseaecsssessseseessasesesseseeonaes 165 

XV1



Figure 2.77. 

Figure 2.78. 

Figure 2.79. 

Figure 2.80. 

Figure 2.81. 

Figure 3.1. 

Figure 3.2. 

Figure 3.3. 

Figure 3.4. 

Figure 3.5. 

Figure 3.6. 

Figure 3.7. 

Figure 3.8. 

Figure 3.9. 

Figure 3.10. 

Figure 3.11. 

Dynamic thermogravimetric analysis scans of (a) conventional 
poly(ethylene) and (b) the polymer powder formed in the ethylene 

Curve-fit carbon 1s, oxygen 1s, and nitrogen 1s photopeaks of the 
“as received" AS-4 carbon fiber tow, the AS-4 carbon fiber tow wet 
with an aqueous solution of LaRC-TPI polyamic acid, and the 
LARC-TPI films... eeeceesecseeeeceeccesscsseesssesssesseseesessscosesssesossevees 173 

Curve-fit carbon 1s and oxygen 1s photopeaks of the "as received" 
AS-4 carbon fiber tow and the AS-4 carbon fiber tow exposed 
independently to water, ammonium hydroxide, and imidization 
CONGITIONS.............scccsscessccssccecsscecsscceeesccessncesseseeensesaececseseneesessseeesevonaeeess 175 

SEM photomicrographs of the AS-4 carbon fiber tow wet with the 
aqueous LaRC-TPI polyamic acid solution and (a) dried under 
ambient conditions (710X) and (b) imidized (680X)...........scsceesceseeeees 177 

Use temperatures of resin matrix composites [2]..............::eseceseceeeseeees 193 

Synthesis of bis(3-maleimido phenoxy) triphenylphosphine 
OX1d] [19 ]..........ccccccscesesssscececesesescssseseseccseeecscneececsceceseuseeansccesecceseeeanecceees 198 

Differential scanning calorimetry scan of the BMPPO 
bismaleimide [19]..............ccccssecscccecccesscessesssesssssscssrsssssssessssssesessesessececeee 199 

(a) Thermomechanical analysis and (b) dynamic mechanical analysis 
of the fully cured BMPPO bismaleimide [19].............escesssscesreeseeees 201 

(a) Isothermal and (b) dynamic thermogravimetric analysis in air of 
the fully cured BMPPO bismaleimide [19]............-.c.sssseesceseeesesenesnene 202 

Bismaleimide Cure CHEMISUry............scccesececessseseesseceessneceesesssnesesessseeeees 203 

Reactivity of maleimide double bond [3].................cssscececessseeeneeceeeeneees 204 

Interfacial shear strength as a function of the XPS O/C + N/C ratio 
of the untreated and plasma treated carbon fibers [36]................... eee 206 

Epoxy/carbon fiber interfacial shear stength as a function of the fiber 
surface oxygen content and polar surface energy [39]..............-:sssceeeees 207 

Interfacial shear strength plotted as a function of surface oxgyen 
concentration determined by XPS for type A and HM carbon 
Fibers [40]... csscsecssecscesccsreessseenceseeceeestecenneecsaesesececseecesnseseeneeseeaees 209 

Matrimid® 5292 A/B thermosetting resin SYSteM..............eeseeeeeeeeeeees 212 

XVII



Figure 3.12. 

Figure 3.13. 

Figure 3.14. 

Figure 3.15. 

Figure 3.16. 

Figure 3.17. 

Figure 3.18. 

Figure 3.19. 

Figure 3.20. 

Figure 3.21. 

Figure 3.22. 

Figure 3.23. 

Figure 3.24. 

Figure 3.25. 

Scanning electron photomicrograph of a BMPPO bismaleimide drop 
cured around an AS-4 carbon fiber (750X)........::.ccsscscecceceeeeeeeeeeeeeeseeees 217 

Schematic illustration of the microbond single fiber pull-out test......... 218 

Degree of cure as a function of isothermal cure time for the BMPPO 
DisMaleiMIdE.............eeeecssccssseessccssccsscceessecesceceseeecssaceeseneeecseeeoneseessaes 219 

Characteristics of the microbond single fiber pull-out test................... 

Load versus displacement plot obtained when a Matrimid 5292 
bismaleimide drop was debonded from an A U-4 carbon fiber.............. 222 

Load versus displacement plot obtained when a BMPPO 
bismaleimide drop was debonded from an A U-4 carbon fiber.............. 223 

"Static" frictional force of the BMPPO and Matrimid 5292 
bismaleimide drops as a function of the fiber embedded length........... 

Formation of residual stresses. (a) The fiber and the surrounding 
matrix fit each other without stress at the elevated cure temperature. 
(b) When the temperture drops, the matrix contracts more than the 
fiber and squeezes the fiber to induce stress, as depicted by the 
hatch marks [SO]............c cc csssessssssssssccccccecucecvseeeseceseeecesssessesesseseeeesuenees 227 

Maximum force measured in the microbond experiment as a function 
of the fiber embedded length with the Matrimid 5292 bismaleimide 
and (a) "as received” AU-4, (b) "as received" AS-4, (c) 1 min. 
ammonia plasma, and (d) 15 sec. air plasma treated AS-4 carbon 
PIDETS.........csceesesccsscsseeceesceseseeceeeseceescneeeesessesaeesssceseessesesesessceaesenesoeasons 231 

Maximum force measured in the microbond experiment as a function 
of the fiber embedded length with the BMPPO bismaleimide and 
(a) "as received" AU-4, (b) "as received" AS-4, (c) 1 min. ammonia 
plasma, and (d) 15 sec. air plasma treated carbon fibers... 233 

SEM photomicrograph of a Matrimid 5292 bismaleimide drop 
debonded from a 15 sec. air plasma treated AS-4 carbon fiber 
(29O4X). oes cececsccsecesccnseessessseseeceseeeseeeseaenseesadesseeeseeeseaeeseneesessesseseeseenesseees 

SEM photomicrographs of the Matrimid 5292/carbon fiber fracture 
Site (4,90OX)...... eee eeeesecceseesecessessecesneesececcescnceesseesecesenseeesaaesseeeensnsessaeees 236 

SEM photomicrograph of a BMPPO bismaleimide drop debonded 
from a 15 sec. air plasma treated AS-4 carbon fiber (430X)..............044 

SEM photomicrographs of the BMPPO/carbon fiber fracture site 
(4,40OX).... ee eeeeeeceseceseeeseeseceeeeesecseeeeseseseeessaescestssesscesesueeesessesnesensuanenseaes



Figure 3.26. 

Figure 3.27. 

Figure 3.28. 

Figure 3.29. 

Figure 3.30. 

Figure 3.31. 

Figure 3.32. 

Figure 3.33. 

Figure 4.1. 

Figure 4.2. 

Figure 4.3. 

Figure 4.4. 

Figure 4.5. 

Figure 4.6. 

Load versus displacement plot obtained in a few cases when a 
bismaleimide drop was debonded from a carbon fiber using the 
MICTODONA teSt.........scsscsescssccesrsecseceeceesseeesseenesseeecssssessececseresseseeeeessseeees 240 

Load versus displacement curve obtained when the fiber failed during 
the MICFODONA tOSl............cecssssceceeessesececeeeseecececesessseseseesceeesseseserenensenes 242 

Load versus displacement curve obtained when the fiber failed during 
the MIcrODON teSt.........cceesecsssecssseecssesecsscecsssesecssaecesesseeesaseesseesesesees 243 

Percentage of bismaleimide drops which debonded during microbond 
testing with untreated AU-4, commercially surface treated AS-4, and 
plasma treated AS-4 carbon fiDers....... lee eseeeereeseeesestesessesseseees 244 

SEM photomicrographs of a BMPPO bismaleimide microbond test 
specimen in which the fiber failed during microbond testing at 
(a) 252X% and (b) 10,000X magnification... esse seseeeeseeessseescneeees 246 

Average debond load of the Matrimid 5292 and BMPPO 
bismaleimides with "as received" AU-4 and AS-4 carbon fibers.......... 247 

Percentage of bismaleimide drops with an embedded length less 

than 100 pm successfully debonded without fiber failure plotted 
versus the carbon fiber XPS (O + N)/C rati0........ccccessccsscececccecececeeeeeeees 249 

SEM photomicrographs at a magnification of (a) 5,000X and (b) 620X 
demonstrating the effect of the bismaleimide/carbon fiber meniscus 
on the scatter in the microbond data............ccsscesscssceseceseeecseesenseeeneceeens 252 

Schematic illustration of the preparation of continuous fiber reinforced 
thermoplastic matrix composites using suspension prepregging........... 258 

Chemical structure and some properties of poly(pyridine-bis A).......... 263 

Oven temperature versus time when the poly(pyridine-bis A) 
microbond test samples were slow cooled from 140°C............ceesseeeee 265 

Load versus displacement plots obtained during microbond tests with 
poly(pynidine- -bis A) when (a) the drop debonded and (b) the fiber 
ailed COOP HO HHHH DO EH HO DR OTAOHH OH OS ODS OS ST REHEEE OEE EE EH SS OEESEHSEOEEH EE OTET EEO EE DESH EHEOH OHHH SE ODELEE DOCH EES 

SEM photomicrograph of a poly(pyridine-bis A) drop debonded from 
an AS-4 carbon fiber (780X)............cccccccesssesssssesssssesesscesessssesesseeseseeeeeees 268 

Maximum load measured in microbond test plotted versus embedded 
length of (a) AU-4, (b) AS-4, and (c) 15 sec. air plasma treated AS-4 
carbon fibers when poly(pyridine-bis A) drops were quenched from 
ZOOPC.....esccsssessscsscesscesseceesecsessesesecsseceecsseessecsseecausesnesesseesaetenseeeeneeeesaeees 270 

X1X



Figure 4.7. 

Figure 4.8. 

Figure 4.9. 

Figure 4.10. 

Figure 4.11. 

Figure 4.12. 

Figure AI.1. 

Average poly(pyridine-bis A) interfacial shear strengths obtained 
using the microbond test with three different fibers and three 
different thermal CyCIES..............ecesecesseeeeesssseeneeeveeseeseescesseseseseeeseseneess 272 

Poly(pyridine-bis A) interfacial shear strengths calculated from the 
slope of a linear curve fit to the microbond data for three different 
fibers and three different thermal CyCleS...............cccsccessesssseseseeeesseeeenees 273 

SEM photomicrographs of the poly(pyridine-bis A)/carbon fiber 
failure site demonstrating cohesive failure within the polymer 
(6,200X)....ccscccsscccscceessecssecsseescecssesseeseesescssaeceescesseeeeeseeeessaseessaeeseenseeeees 274 

Maximum load measured in microbond test plotted versus embedded 
length of (a) AU-4, (b) AS-4, and (c) 15 sec. air plasma treated AS-4 
carbon fibers when poly(pyridine-bis A) drops were annealed and 
SLOW COOOL... ecesecesncecsccsccesseecnsecesececssecsscessccecsaneeenseesentensessnsessenseos 275 

Maximum load measured in microbond test plotted versus embedded 
length of (a) AU-4, (b) AS-4, and (c) 15 sec. air plasma treated AS-4 
carbon fibers when poly(pyridine-bis A) drops were annealed and 
SLOW COOOL... ececeeseccecssssrsceesssansececsesesaecececescaneeuecscececeesesenseuseaagaqaaeees 276 

DSC traces of quenched and annealed poly(pyridine-bis A) samples... 278 

Maximum force measured in the microbond experiment as a function 
of the "as received" AS-4 carbon fiber embedded length with the 
(a) neat cyanate ester and the (b) thermoplastic-modified cyanate 
ESUET TOSIM..........scssssessccccecsesssscceseceescscsssneeseseeeceseveseveeeeceeceeseseeesceececeseeeees 286 

XX



Table 1.1. 

Table 2.1. 

Table 2.2. 

Table 2.3. 

Table 2.4. 

Table 2.5. 

Table 2.6. 

Table 2.7. 

Table 2.8. 

Table 2.9. 

Table 2.10. 

Table 2.11. 

Table 2.12. 

Table 2.13. 

Table 2.14. 

Table 2.15. 

Table 2.16. 

Table 2.17. 

LIST OF TABLES 

Advantages and disadvantages of continuous-fiber-reinforced 
thermoplastic composites as compared to continuous-fiber-reinforced 
thermoset Composites [5]..........eesscseceseeeeeesseeecesessssseeeessensesssseneeseseeees 5 

Summary of interfacial shear strength values [21, 30]... eee 22 

Energies of the species present in a glow discharge plasma [214]........ 51 

Typical bond energies [218]............cecescceseeseecesecetscesseeesseerssneessseersseees 51 

Proposed reactions involved in ethylene plasma polymerization [227]. 54 

Carbon fiber properties [228]............ cc ccceesesscesseeeesceseeeeeesseeeeesosseeeeseees 55 

Diameter of the "as received" and plasma treated carbon fibers 
determined using scanning electron microscopy and wetting 
ANALYSIS.......sscssccessesecsnseeceseceeessessesseseseeseeeeeseeessesseceseescesseseesecseeenesesesees 66 

Surface energies, source, and purity of liquids used in wetting 
ANALYSIS... essesecseeccesceecessesceaceesesevscesceaceseeeceseeceacssessesseessnecseseneeseeees 67 

Surface composition of "as received" AU-4 and AS-4 carbon fibers 
(XPS, 45° take-off angle)... eeessecceseceesseecsseceesscceseseeeeenseeeseeseeees 82 

Surface composition of "as received" AU-4 and AS-4 carbon fibers 
reported in the literature (XPS, 45° take-off angle)..............ceeecceesseeees 84 

Binding energies of carbon 1s XPS signals [207, 248]............essceeseeees 87 

Carbon 1s curve-fitting results for "as received" AU-4 and AS-4 
CAPDON FIDETS......... cece cseetecsssteescesseseceesseessesssecesesssenseeeecesesesssseseeeeeseeees 88 

Binding energies of oxygen 1s XPS signals [248]...............:esseesssereeees 90 

Oxygen Is curve-fitting results for "as received" AU-4 and AS-4 
CAPbON FIDELS......... eee eceeseccesseeceessencecessscsecesenaccecssecnseeeececsecaeeeaeceeeeeenees 92 

Nitrogen 1s curve-fitting results for "as received" AU-4 and AS-4 
CArDON FIDETS...... eee cecceeceseceeeeseceseaecsesessesesaecuseseaesssaseesseseeeeaeneenees 94 

Surface composition of "as received" AU-4 and AS-4 carbon fibers 
obtained at take-off angle of 15°, 45°, and 90° (XPS)... ee eeeeeeeeee 96 

Surface energy results for "as received" AU-4 and AS-4 carbon 
FIDETS......cceescesesecssesessesescseeeescseessesessessseessesesssesssesseseserseessersaseaeesasonaeees 105 

Literature surface energy values for AU-4 and AS-4 carbon fibers, 
determined using the one-liquid technique............ccseceseecesseceseseeeeees 106 

XXi



Table 2.18. 

Table 2.19. 

Table 2.20. 

Table 2.21. 

Table 2.22. 

Table 2.23. 

Table 2.24. 

Table 2.25. 

Table 2.26. 

Table 3.1. 

Table 3.2. 

Table 3.3. 

Table 4.1. 

Surface composition of "as received" and plasma treated AS-4 carbon 
fibers (XPS, 45° take-off angle)............ccccsecssscceeeeceeseceesseeeceseeeeeenentens 120 

Carbon 1s curve-fitting results for "as received" and plasma treated 
AS-4 carbon fIDOTS 2.22... eecee cece ceeeensnnaneccneeeeceseceseceseaeaeeessceeeesseerersess 122 

Oxygen 1s curve-fitting results for "as received" and plasma treated 
AS-4 Carbon fiD€rs...... eee eceeeeeeereeceseecesseececsseeesecsseaeesessaeesseeseneeessees 124 

Nitrogen 1s curve-fitting results for "as received" and plasma treated 
AS-4 Carbon fIDETS..0.. eee ceeeecceecesscesseenceccsecsseeesseesseessecesssaseneseesoneeees 126 

Surface composition of "as received" AU-4 and AS-4 carbon fibers 
obtained at take-off angles of 15°, 45°, and 90° (XPS)... cee seessseeeeee 132 

Surface energy results for plasma treated AS-4 carbon fibers............... 149 

Assignment of IR absorption bands for polymer formed in an 
Ethylene plasma........... ces esssecesneeceseececscececscceesteesecesecesesesaseeeeeeseeeerees 168 

Surface composition of the "as received" AS-4 carbon fiber tow, 
the AS-4 carbon fiber tows wet with the aqueous LaRC-TPI polyamic 
acid solution, and the LaRC-TPI films (XPS, 45° take-off angle)......... 171 

Surface composition of the "as received" AS-4 carbon fiber tow and 
the AS-4 carbon fiber tow exposed independently to water, 
ammonium hydroxide, and imidization conditions (XPS, 45° take-off 
ANGIE)... ..ceseecccsssseccessseecssssecsccesecssceseecssseeceseseesecessesscesececseseseneeseceseneeeres 172 

Properties of bismaleimides [1]................:cessecccssrcececseseeecssseececesseeeeeeees 195 

Elastic and thermal properties of Matrimid® 5292 and BMPPO 
DismaleiMIdeS.......... eee eseeseeceseceeeceeseeeesececssececesneeensceeseseesceeeeeseeaueonses 228 

Elastic and thermal properties of the Hercules AU-4 and AS-4 
Carbon fibers [51]... ec cecceseeeeeseeseeeee esos easeeeceesceesseressceeeseeerseeoes 230 

Interfacial shear strengths obtained with the microbond test using 
the Hysol-Grafil X/HS carbon fiber and thermoplastic matrix resins 
[US]... eee ccteectscsseescseeessecescessesecececsseeeseesessesessceceseesessesesessecsessesesessnees 261



CHAPTER 1 
INTRODUCTION 

1.1 CARBON FIBER-REINFORCED COMPOSITES 

Combining and orienting materials to achieve superior properties is a well-proven 

concept. Evidence of man-made composites, such as straw-reinforced bricks and boats 

constructed of reeds and pitch, are found throughout recorded history [1, 2]. In addition, 

many biological materials are complex composite systems based on fibrous polymeric 

structures. Examples of such biocomposites include wood and tendons [3]. Today, the 

demand for high performance, lightweight materials has led to considerable research and 

development in the field of fiber-reinforced resin matrix composites. Advanced 

composites are formed by aligning extremely strong and stiff continuous fibers in a 

polymer matrix [1]. Composites can be fabricated from a wide variety of reinforcement 

fibers and matnx resins and, therefore, their properties may vary over a considerable 

range. 

The majority of advanced composites are manufactured for use in aerospace 

applications [1, 4]. Although metals can withstand higher temperatures and are generally 

less expensive, composites are attractive for weight savings, which average from 20 to 

30% [4]. Weight reduction translates into several advantages specific to the aerospace 

industry including fuel economy, increased range or speed, and shorter takeoff and 

landing distances [4]. Advanced composites are also used in industrial machinery, 

automobiles, sports equipment, and in marine products [5-8]. In general, carbon fiber - 

reinforced composites possess a number of advantages relative to conventional materials 

including high strength and stiffness, excellent compressive properties, light weight, 

improved fatigue resistance and vibration damping, good friction and wear qualities, low



thermal expansion, and thermal and electrical conductivity [9, 10]. Properties of carbon 

fiber composites are compared to those of steel and aluminum in Figure 1.1 [11]. 

The matrix material in an advanced resin matrix composite may be either a 

thermoset or a thermoplastic polymer. The matrix must adhere well to the reinforcing 

fibers, be strong, offer environmental protection, damage resistance, and good thermal 

properties [12]. In 1989, thermosets accounted for about 99% of the advanced composite 

market [4]. This is largely due to the low viscosity of thermosetting resins, which 

facilitates fiber impregnation during composite fabrication. However, because 

thermosetting resins must be cured, thermosetting matrix composites are time consuming 

to process and difficult to repair [13]. 

Epoxies account for about 80 to 90% of the thermosetting resins used in advanced 

composites, followed by bismaleimides and polyimides [4]. Epoxy resins are the 

composite matrix resin of choice because they are easy to process, adhere well to 

reinforcing fibers, offer low shnnkage upon cure, chemical resistance, and good electrical 

insulation [1, 10, 14, 15]. However, the upper use temperature of epoxy for structural 

performance is approximately 350°F (177°C) in dry and only 300°F (149°C) in moist 

environments [4, 14]. Therefore, the application of epoxy composites is limited to non- 

thermally critical structural parts. Recently, interest has developed in making parts for 

thermally critical areas such as engines and in the use of high performance composites in 

military aircraft, where skin temperatures can be higher than epoxy resin capabilities [14]. 

Higher temperature performance resins such as bismaleimides and polyimides are needed 

for composites when epoxies cannot be used [14]. 

In contrast to thermosets, thermoplastics are not crosslinked and promise high 

volume processing, an associated low cost per part, and superior impact resistance [13]. 
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Figure 1.1. Properties of carbon fiber composites compared with those of steel and 
aluminum [11].



The advantages and disadvantages of continuous-fiber reinforced thermoplastic 

versus continuous-fiber reinforced thermoset composites are listed in Table 1.1 [5]. A 

large number of high temperature thermoplastic polymers have been investigated for use 

in advanced composites, including polyetheretherketone, polyphenylene sulfide, 

polyetherimide, pol yamideimide, and thermoplastic polyimide [13]. These materials are 

of interest due to their high use temperatures, low flammability and smoke generation, 

and resistance to a variety of chemicals and solvents [4]. 

In one cubic meter of continuous fiber composite, there are from 9 to 18 square 

meters of fiber/matrix interfacial area [16]. It is generally accepted that this extensive 

region must play a key role in the basic mechanical properties of the composite and in its 

environmental stability. Indeed, "good" fiber/matrix adhesion is essential to achieve high 

interfacial and off-axis strength, efficient load transfer from the matrix to the fiber, and 

long term property retention [17]. The fiber/matrix bond may have both a chemical 

component and a physical component [18]. Ona clean carbon fiber surface, chemical 

interactions may occur between the fiber and the matrix at active sites located on the 

edges of the layer planes in the carbon fiber structure as well as at imperfections in the 

structure. In addition, fiber/matrix adhesion may either increase or decrease with surface 

roughness, depending on the magnitude and geometry of the roughness and, the ability of 

the matrix material to wet the rough fiber surface [18]. 

Carbon fibers are normally treated to improve fiber/matrix adhesion. The objectives 

of these treatments are to etch the surface, remove any weakly bonded carbon debris and 

impurities, leave polar hydrophilic oxygen-containing groups on the surface, and increase 

the fiber wettability and bondability to the resin matrix [10]. Various techniques have 

been studied to improve the fiber/matrix adhesion by chemically modifying the fiber 

surface [10, 11, 19]. Interest in carbon fiber plasma treatments has been promoted by the



Table 1.1. Advantages and disadvantages of continuous-fiber-reinforced thermoplastic 
composites as compared to continuous-fiber reinforced thermoset composites [5]. 

  

ADVANTAGES: 

1. Infinite storage capability (shelf life). 

2. Variety of thermoplastic materials available to meet such specific requirements as 
abrasion resistance, UV resistance, good electrical properties, and weathering 
resistance. 

Shorter fabrication time. 

Post-formable 

Ease of handling - no "tack" problems. 

Ease of repair - welding, solvent bonding, adhesive bonding. 

Reprocessing capability. 

P
N
N
A
D
N
W
 

A
 

YW 

Lower cost. 

  

  
DISADVANTAGES: 

1. Creep 

2. Limited temperature capability 

3. Limited processing technology available. 

4. Limited chemical resistance of materials used to date. 

   



development of continuous plasma treatment equipment and because plasma treatment is 

environmentally responsible with no harmful by-products. 

The shear strength of the fiber/matrix bond can be estimated using tests on real 

composites and on model single fiber composites [20]. When evaluating a number of 

surface treatments or when working with novel matrix materials, the preparation and 

testing of real composite samples may be expensive and time consuming. Single fiber 

tests are an economical alternative [21]. Single fiber tests have been used extensively in 

the study of fiber/epoxy adhesion [22, 23]. However, few researchers have used single 

fiber tests to investigate the effect of carbon fiber surface treatments on the adhesion of 

high performance polymers. 

1.22 RESEARCH OBJECTIVES 

The objective of this research is to study the adhesion of high performance 

polymers to "as received" and plasma treated carbon fibers using the microbond single 

fiber pull-out test. The effects of air, oxygen, ammonia, and ethylene plasma treatments 

on the carbon fiber tensile strength, surface free energy, surface atomic composition, and 

topography were explored. The carbon fiber properties were related to the fiber/matrix 

adhesion of commercially available and novel high performance thermoplastic and 

thermoset polymers. 
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�c�h�a�n�g�e� �i�n� �t�h�e� �f�r�e�e� �e�n�e�r�g�y� �o�f� �t�h�e� �s�y�s�t�e�m� �(�d�G�)� �i�s� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� �2�.�4�,� 

�d�G� �=� �Y�s� �d�A� �+� �y� �d�A� �c�o�s�8�  �� �y�s�d�A� �;� �(�2�.�4�)� 

�w�h�e�r�e� �y�s� �i�s� �t�h�e� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �o�f� �t�h�e� �s�o�l�i�d� �s�u�r�f�a�c�e� �i�n� �e�q�u�i�l�i�b�r�i�u�m� �w�i�t�h� �t�h�e� �v�a�p�o�r� �o�f� �t�h�e� 

�w�e�t�t�i�n�g� �l�i�q�u�i�d�,� �y�z� �i�s� �t�h�e� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �o�f� �t�h�e� �l�i�q�u�i�d�,� �a�n�d� �y�s�z� �i�n� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�u�r�f�a�c�e� 

�t�e�n�s�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �s�o�l�i�d� �a�n�d� �t�h�e� �l�i�q�u�i�d� �[�9�]�.� �I�f� �t�h�e� �s�y�s�t�e�m� �i�s� �a�t� �e�q�u�i�l�i�b�r�i�u�m�,� �d�G� �=� �0�,� �a�n�d� 

�t�h�e� �b�a�l�a�n�c�e� �o�f� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�i�e�s� �i�s� �e�x�p�r�e�s�s�e�d� �b�y� �e�q�u�a�t�i�o�n� �2�.�5�,� �k�n�o�w�n� �a�s� �t�h�e� �Y�o�u�n�g� 

�e�q�u�a�t�i�o�n� �[�4�,� �6�]�.� 

�Y�s�v�=�Y�S�L�+� �Y�L�v� �c�o�s�6� �(�2�.�5�)� 
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�F�i�g�u�r�e� �2�.�1�.� �B�a�l�a�n�c�e� �o�f� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n�s� �i�n� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �e�x�p�e�r�i�m�e�n�t�.� 
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�W�h�e�n� �e�q�u�a�t�i�o�n�s� �2�.�3� �a�n�d� �2�.�5� �a�r�e� �c�o�m�b�i�n�e�d� �t�o� �g�i�v�e� �e�q�u�a�t�i�o�n� �2�.�6�,� �t�h�e� �w�o�r�k� �o�f� 

�a�d�h�e�s�i�o�n� �i�s� �e�x�p�r�e�s�s�e�d� �b�y� �t�h�e� �Y�o�u�n�g�-�D�u�p�r�é� �e�q�u�a�t�i�o�n� �[�6�,� �1�0�]�.� 

�W�a� �=�¥� �L�y� �(�1� �+� �c�o�s�@�)� �(�2�.�6�)� 

�2�.�1�.�1�.�2� �A�d�h�e�s�i�v�e� �P�e�r�f�o�r�m�a�n�c�e� 

�A�d�h�e�s�i�v�e� �p�e�r�f�o�r�m�a�n�c�e� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �r�e�s�i�s�t�a�n�c�e� �t�o� �s�e�p�a�r�a�t�e� �a� 

�s�y�s�t�e�m� �o�f� �j�o�i�n�e�d� �m�a�t�e�r�i�a�l�s� �a�n�d� �i�s� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �t�e�s�t�i�n�g� �g�e�o�m�e�t�r�y�,� �t�h�e� �i�n�t�e�r�f�a�c�e� 

�t�o�p�o�g�r�a�p�h�y�,� �t�h�e� �c�h�e�m�i�c�a�l� �n�a�t�u�r�e� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s�,� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �r�e�s�p�o�n�s�e�s� �o�f� �t�h�e� �s�o�l�i�d� 

�a�n�d� �t�h�e� �v�i�s�c�o�e�l�a�s�t�i�c� �p�h�a�s�e�s�,� �s�t�r�a�i�n� �r�a�t�e�s�,� �t�h�e� �t�e�s�t�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�,� �a�n�d� �s�u�c�h� �u�n�k�n�o�w�n�s� �a�s� 

�t�h�e� �t�h�e�r�m�o�d�y�n�a�m�i�c� �s�t�a�t�e� �o�f� �t�h�e� �s�y�s�t�e�m� �[�1�,�3�]�.� �A�d�h�e�s�i�v�e� �p�e�r�f�o�r�m�a�n�c�e� �i�s� �t�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� 

�m�e�a�s�u�r�e� �o�f� �t�h�e� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d� �t�o� �b�r�e�a�k� �a�n� �a�d�h�e�s�i�v�e� �b�o�n�d� �[�1�]�.� 

�2�.�1�.�2� �A�d�h�e�s�i�o�n� �T�h�e�o�r�i�e�s� 

�T�h�e� �t�h�e�o�r�i�e�s� �p�r�o�p�o�s�e�d� �t�o� �e�x�p�l�a�i�n� �a�d�h�e�s�i�o�n� �h�a�v�e� �b�e�e�n� �c�l�a�s�s�i�f�i�e�d� �i�n�t�o� �f�i�v�e� �c�a�t�e�g�o�r�i�e�s�:� 

�(�1�)� �a�d�s�o�r�p�t�i�o�n�,� �(�2�)� �m�e�c�h�a�n�i�c�a�l� �i�n�t�e�r�l�o�c�k�i�n�g�,� �(�3�)� �i�n�t�e�r�d�i�f�f�u�s�i�o�n�,� �(�4�)� �e�l�e�c�t�r�o�s�t�a�t�i�c� �a�t�t�r�a�c�t�i�o�n�,� 

�a�n�d� �(�5�)� �r�h�e�o�l�o�g�i�c�a�l� �[�1�,� �7�,�8�,� �1�1�]�.� �A�t� �p�r�e�s�e�n�t�,� �t�h�e�r�e� �i�s� �n�o� �s�i�n�g�l�e� �t�h�e�o�r�y� �w�h�i�c�h� �a�c�c�o�u�n�t�s� �f�o�r� 

�a�l�l� �a�d�h�e�s�i�o�n�-�r�e�l�a�t�e�d� �p�h�e�n�o�m�e�n�a�.� �T�h�i�s� �i�s� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �t�h�e� �w�i�d�e� �r�a�n�g�e� �o�f� �m�a�t�e�r�i�a�l�s� 

�w�h�i�c�h� �a�r�e� �b�o�n�d�e�d� �a�n�d� �t�o� �t�h�e� �i�n�t�e�r�d�i�s�c�i�p�l�i�n�a�r�y� �n�a�t�u�r�e� �o�f� �a�d�h�e�s�i�o�n�.� �A�d�h�e�s�i�o�n� �s�c�i�e�n�c�e� 

�i�n�v�o�l�v�e�s� �c�h�e�m�i�s�t�r�y�,� �m�e�c�h�a�n�i�c�s�,� �a�n�d� �a�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �a�d�h�e�s�i�v�e�/�a�d�h�e�r�e�n�d� �i�n�t�e�r�f�a�c�e� 

�o�r� �i�n�t�e�r�p�h�a�s�e�.� 

�2�.�1�.�2�.�1� �A�d�s�o�r�p�t�i�o�n� 

�T�h�e� �a�d�s�o�r�p�t�i�o�n� �t�h�e�o�r�y� �a�s�s�u�m�e�s� �t�h�a�t� �a�d�h�e�s�i�o�n� �i�s� �c�a�u�s�e�d� �b�y� �p�h�y�s�i�c�a�l� �a�n�d� �c�h�e�m�i�c�a�l� 

�a�d�s�o�r�p�t�i�o�n� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e� �a�t�o�m�s� �i�n� �t�h�e� �t�w�o� �m�a�t�e�n�i�a�l�s� �b�e�i�n�g� �b�o�n�d�e�d� �[�1�,� �7�]�.� �T�h�e� 

�i�n�t�e�r�a�c�t�i�o�n�s� �w�h�i�c�h� �m�a�y� �o�c�c�u�r� �a�c�r�o�s�s� �a�n� �i�n�t�e�r�f�a�c�e� �i�n�c�l�u�d�e� �d�i�s�p�e�r�s�i�o�n� �f�o�r�c�e�s�,� �h�y�d�r�o�g�e�n� 

�b�o�n�d�s�,� �d�i�p�o�l�e�/�d�i�p�o�l�e� �f�o�r�c�e�s�,� �d�i�p�o�l�e�/�i�n�d�u�c�e�d� �d�i�p�o�l�e� �f�o�r�c�e�s�,� �a�c�i�d�/�b�a�s�e� �i�n�t�e�r�a�c�t�i�o�n�s�,� �a�n�d� 

�c�o�v�a�l�e�n�t� �b�o�n�d�s� �[�7�]�.� �T�h�e�s�e� �f�o�r�c�e�s� �a�r�e� �e�f�f�e�c�t�i�v�e� �o�v�e�r� �d�i�s�t�a�n�c�e�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �a� �f�e�w� �t�e�n�s� �o�f� 

�1�2



�a�n�g�s�t�r�o�m�s� �[�7�]�.� �T�h�e�r�e�f�o�r�e�,� �f�o�r� �t�h�e�s�e� �f�o�r�c�e�s� �t�o� �o�c�c�u�r� �a�c�r�o�s�s� �a�n� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�w�o� 

�m�a�t�e�r�i�a�l�s�,� �t�h�e� �m�a�t�e�r�i�a�l�s� �m�u�s�t� �b�e� �i�n� �v�e�r�y� �c�l�o�s�e� �m�o�l�e�c�u�l�a�r� �c�o�n�t�a�c�t�.� 

�2�.�1�.�2�.�2� �M�e�c�h�a�n�i�c�a�l� �I�n�t�e�r�l�o�c�k�i�n�g� 

�T�h�e� �m�e�c�h�a�n�i�c�a�l� �i�n�t�e�r�l�o�c�k�i�n�g� �t�h�e�o�r�y� �p�r�o�p�o�s�e�s� �t�h�a�t� �a�d�h�e�s�i�o�n� �i�s� �d�u�e� �t�o� �i�r�r�e�g�u�l�a�r�i�t�i�e�s� 

�o�n� �t�h�e� �a�d�h�e�r�e�n�d�.� �s�u�r�f�a�c�e� �i�n�t�o� �w�h�i�c�h� �t�h�e� �p�o�l�y�m�e�r�i�c� �a�d�h�e�s�i�v�e� �m�a�y� �f�l�o�w� �o�r� �t�o� �p�r�o�j�e�c�t�i�o�n�s� 

�a�r�o�u�n�d� �w�h�i�c�h� �t�h�e� �a�d�h�e�s�i�v�e� �s�o�l�i�d�i�f�i�e�s� �[�8�]�.� �M�e�c�h�a�n�i�c�a�l� �i�n�t�e�r�l�o�c�k�i�n�g� �i�s� �e�n�h�a�n�c�e�d� �b�y� 

�i�n�c�r�e�a�s�i�n�g� �t�h�e� �a�d�h�e�r�e�n�d� �s�u�r�f�a�c�e� �r�o�u�g�h�n�e�s�s� �o�r� �b�y� �p�r�o�m�o�t�i�n�g� �p�e�n�e�t�r�a�t�i�o�n� �o�f� �t�h�e� �a�d�h�e�s�i�v�e� 

�i�n�t�o� �s�u�r�f�a�c�e� �p�o�r�e�s�.� �T�o� �s�e�p�a�r�a�t�e� �t�h�e� �a�d�h�e�s�i�v�e� �a�n�d� �a�d�h�e�r�e�n�d�,� �e�n�e�r�g�y� �m�u�s�t� �b�e� �e�x�p�e�n�d�e�d� �a�n�d� 

�w�o�r�k� �d�o�n�e� �t�o� �d�e�f�o�r�m� �a�n�d� �d�r�a�w� �t�h�e� �m�a�t�e�r�i�a�l� �o�f� �l�o�w�e�r� �c�o�m�p�l�i�a�n�c�e�,� �p�r�o�v�i�d�e�d� �t�h�a�t� �t�h�e� 

�s�u�r�f�a�c�e� �f�e�a�t�u�r�e�s� �o�f� �t�h�e� �m�o�r�e� �r�i�g�i�d� �m�a�t�e�r�i�a�l�.�a�r�e� �s�t�r�o�n�g� �e�n�o�u�g�h� �t�o� �w�i�t�h�s�t�a�n�d� �t�h�e� �f�o�r�c�e� �a�n�d� 

�d�o� �n�o�t� �f�r�a�c�t�u�r�e� �[�7�]�.� �|� 

�M�e�c�h�a�n�i�c�a�l� �i�n�t�e�r�l�o�c�k�i�n�g� �p�r�o�b�a�b�l�y� �p�l�a�y�s� �a� �r�o�l�e� �i�n� �t�h�e� �a�d�h�e�s�i�o�n� �o�f� �c�e�r�t�a�i�n� �s�y�s�t�e�m�s�,� 

�s�u�c�h� �a�s� �t�h�e� �a�d�h�e�s�i�o�n� �o�f� �r�u�b�b�e�r� �t�o� �t�e�x�t�i�l�e�s� �[�1�2�]� �a�n�d� �a�d�h�e�s�i�o�n� �t�o� �a�n�o�d�i�s�e�d� �m�e�t�a�l�s� �[�1�3�-�1�5�]�.� �I�t� 

�m�u�s�t� �b�e� �n�o�t�e�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �w�h�e�n� �a� �s�u�r�f�a�c�e� �i�s� �r�o�u�g�h�e�n�e�d� �i�n� �p�r�e�p�a�r�a�t�i�o�n� �f�o�r� �b�o�n�d�i�n�g� 

�t�h�e�r�e� �m�a�y� �b�e� �e�x�p�l�a�n�a�t�i�o�n�s� �o�t�h�e�r� �t�h�a�n� �m�e�c�h�a�n�i�c�a�l� �i�n�t�e�r�l�o�c�k�i�n�g� �f�o�r� �a�n� �i�n�c�r�e�a�s�e� �i�n� �a�d�h�e�s�i�v�e� 

�p�e�r�f�o�r�m�a�n�c�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �w�h�e�n� �a� �s�u�r�f�a�c�e� �i�s� �r�o�u�g�h�e�n�e�d�,� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�v�e�r� �w�h�i�c�h� 

�a�d�s�o�r�p�t�i�o�n� �i�n�t�e�r�a�c�t�i�o�n�s� �m�a�y� �o�c�c�u�r� �b�e�t�w�e�e�n� �t�h�e� �a�d�h�e�s�i�v�e� �a�n�d� �a�d�h�e�r�e�n�d� �i�s� �i�n�c�r�e�a�s�e�d�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �t�h�e� �c�h�a�n�g�e� �i�n� �t�h�e� �a�d�h�e�r�e�n�d� �m�i�c�r�o�g�e�o�m�e�t�r�y� �m�a�y� �a�f�f�e�c�t� �t�h�e� �l�o�c�a�l� 

�m�i�c�r�o�d�e�f�o�r�m�a�t�i�o�n�,� �f�a�i�l�u�r�e�,� �a�n�d� �a�d�h�e�s�i�v�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �j�o�i�n�t� �[�1�]�.� 

�2�.�1�.�2�.�3� �I�n�t�e�r�d�i�f�f�u�s�i�o�n� 

�T�h�e� �i�n�t�e�r�d�i�f�f�u�s�i�o�n� �o�r� �d�i�f�f�u�s�i�o�n� �t�h�e�o�r�y�,� �i�n�t�r�o�d�u�c�e�d� �b�y� �V�o�y�u�t�s�k�i�i�,� �a�t�t�r�i�b�u�t�e�s� �a�d�h�e�s�i�o�n� 

�t�o� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �e�n�t�a�n�g�l�e�m�e�n�t�s� �a�c�r�o�s�s� �t�h�e� �i�n�t�e�r�f�a�c�e� �[�1�6�]�.� �T�h�i�s� �t�h�e�o�r�y� �p�r�o�p�o�s�e�s� �t�h�a�t� �a� 

�l�i�q�u�i�d� �a�d�h�e�s�i�v�e� �m�a�y� �d�i�s�s�o�l�v�e� �a�n�d� �d�i�f�f�u�s�e� �i�n�t�o� �t�h�e� �s�u�b�s�t�r�a�t�e� �m�a�t�e�r�i�a�l� �o�r� �t�h�a�t� �p�o�l�y�m�e�r� 

�c�h�a�i�n�s� �m�a�y� �b�e�c�o�m�e� �e�n�t�a�n�g�l�e�d� �a�c�r�o�s�s� �a� �p�o�l�y�m�e�r�/�p�o�l�y�m�e�r� �i�n�t�e�r�f�a�c�e� �w�h�e�n� �a�n� �a�d�h�e�s�i�v�e� �j�o�i�n�t� 

�i�s� �h�e�a�t�e�d� �a�b�o�v�e� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �p�o�l�y�m�e�r�s�.� �T�h�e� �e�x�t�e�n�t� �o�f� �d�i�f�f�u�s�i�o�n� 

�1�3



�d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �a�f�f�i�n�i�t�y� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �m�o�l�e�c�u�l�e�s� �f�o�r� �o�n�e� �a�n�o�t�h�e�r� �a�n�d� �t�h�e� 

�m�o�b�i�l�i�t�y� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s�.� 

�2�.�1�.�2�.�4� �E�l�e�c�t�r�o�s�t�a�t�i�c� �A�t�t�r�a�c�t�i�o�n� 

�D�e�r�y�a�g�u�i�n� �p�r�o�p�o�s�e�d� �t�h�a�t� �e�l�e�c�t�r�o�s�t�a�t�i�c� �f�o�r�c�e�s� �d�e�v�e�l�o�p� �a�t� �a�n� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �a�n� 

�a�d�h�e�s�i�v�e� �a�n�d� �a� �s�u�b�s�t�r�a�t�e� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �e�l�e�c�t�r�o�n�i�c� �b�a�n�d� �s�t�r�u�c�t�u�r�e�s� �[�1�7�]�.� �E�l�e�c�t�r�o�n�s� �a�r�e� 

�t�r�a�n�s�f�e�r�r�e�d� �a�c�r�o�s�s� �t�h�e� �i�n�t�e�r�f�a�c�e�,� �c�r�e�a�t�i�n�g� �p�o�s�i�t�i�v�e� �a�n�d� �n�e�g�a�t�i�v�e� �c�h�a�r�g�e�s� �t�h�a�t� �a�t�t�r�a�c�t� �o�n�e� 

�a�n�o�t�h�e�r�.� 

�2�.�1�.�2�.�5� �R�h�e�o�l�o�g�i�c�a�l� 

�B�i�k�e�r�m�a�n� �s�t�a�t�e�s� �t�h�a�t� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �a�n� �a�d�h�e�s�i�v�e� �j�o�i�n�t� �i�s� �d�u�e� �t�o� �t�h�e� �m�e�c�h�a�n�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s� �c�o�m�p�r�i�s�i�n�g� �t�h�e� �j�o�i�n�t� �a�n�d� �t�o� �t�h�e� �l�o�c�a�l� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �j�o�i�n�t� �[�1�8�]�.� 

�T�h�e� �a�d�h�e�s�i�v�e� �p�e�r�f�o�r�m�a�n�c�e� �i�s� �n�o�t� �d�e�t�e�r�m�i�n�e�d� �b�y� �i�n�t�e�r�f�a�c�i�a�l� �f�o�r�c�e�s� �b�e�c�a�u�s�e� �c�l�e�a�n� �a�d�h�e�s�i�v�e� 

�f�a�i�l�u�r�e� �i�s� �h�i�g�h�l�y� �u�n�c�o�m�m�o�n�.� 

�2�.�1�.�3� �C�o�n�c�e�p�t� �o�f� �a�n� �I�n�t�e�r�p�h�a�s�e� 

�V�e�r�y� �o�f�t�e�n�,� �o�n�l�y� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �a�d�h�e�r�e�n�d�(�s�)� �a�n�d� �t�h�e� �a�d�h�e�s�i�v�e� �a�r�e� �c�o�n�s�i�d�e�r�e�d� 

�i�n� �a�n� �a�d�h�e�s�i�v�e� �j�o�i�n�t�.� �I�n� �r�e�a�l�i�t�y�,� �a�l�t�h�o�u�g�h� �t�h�e� �c�h�e�m�i�c�a�l� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e�s�e� 

�m�a�t�e�r�i�a�l�s� �m�a�y� �b�e� �w�e�l�l� �u�n�d�e�r�s�t�o�o�d� �i�n� �t�h�e� �b�u�l�k�,� �t�h�e�i�r� �s�u�r�f�a�c�e�s� �m�a�y� �b�e� �c�o�m�p�o�s�i�t�i�o�n�a�l�l�y�,� 

�s�t�r�u�c�t�u�r�a�l�l�y�,� �a�n�d� �m�o�r�p�h�o�l�o�g�i�c�a�l�l�y� �c�o�m�p�l�e�x� �a�n�d� �v�a�r�y� �w�i�t�h� �b�o�t�h� �p�r�o�c�e�s�s�i�n�g� �a�n�d� �h�a�n�d�l�i�n�g� 

�[�1�,� �1�1�,� �1�9�,� �2�0�]�.� �T�h�e� �n�a�t�u�r�e� �o�f� �t�h�e�s�e� �s�u�r�f�a�c�e� �l�a�y�e�r�s� �a�n�d� �t�h�e�i�r� �e�f�f�e�c�t�s� �o�n� �a�d�h�e�s�i�v�e� �j�o�i�n�t� 

�b�e�h�a�v�i�o�r� �h�a�v�e� �b�e�e�n� �d�i�s�c�u�s�s�e�d� �b�y� �B�i�k�e�r�m�a�n� �i�n� �t�h�e� �c�o�n�t�e�x�t� �o�f� �"�w�e�a�k� �b�o�u�n�d�a�r�y� �l�a�y�e�r�s�"� 

�[�1�8�]�.� 

�W�h�e�n� �a�d�h�e�s�i�v�e� �p�e�r�f�o�r�m�a�n�c�e� �d�a�t�a� �i�s� �e�v�a�l�u�a�t�e�d�,� �1�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �c�o�n�s�i�d�e�r� �t�h�e� �t�h�r�e�e�-� 

�d�i�m�e�n�s�i�o�n�a�l� �i�n�t�e�r�f�a�c�i�a�l� �r�e�g�i�o�n� �o�r� �i�n�t�e�r�p�h�a�s�e� �w�h�i�c�h� �m�a�y� �h�a�v�e� �p�r�o�p�e�r�t�i�e�s� �d�i�f�f�e�r�e�n�t� �f�r�o�m� 

�e�i�t�h�e�r� �t�h�e� �b�u�l�k� �a�d�h�e�r�e�n�d� �o�r� �t�h�e� �b�u�l�k� �a�d�h�e�s�i�v�e�.� �T�h�e� �i�n�t�e�r�p�h�a�s�e� �i�n�c�l�u�d�e�s� �t�h�e� �t�w�o�-� 

�d�i�m�e�n�s�i�o�n�a�l� �a�r�e�a� �o�f� �c�o�n�t�a�c�t� �a�n�d� �i�n�c�o�r�p�o�r�a�t�e�s� �a� �r�e�g�i�o�n� �o�f� �s�o�m�e� �f�i�n�i�t�e� �t�h�i�c�k�n�e�s�s� �e�x�t�e�n�d�i�n�g� 
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�o�n� �b�o�t�h� �s�i�d�e�s� �o�f� �t�h�e� �i�n�t�e�r�f�a�c�e� �[�2�1�]�.� �S�h�a�r�p�e� �d�e�f�i�n�e�d� �t�h�i�s� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �o�r� �i�n�t�e�r�p�h�a�s�e� �a�s� �a� 

�r�e�g�i�o�n� �i�n�t�e�r�m�e�d�i�a�t�e� �t�o� �t�w�o� �p�h�a�s�e�s� �i�n� �c�o�n�t�a�c�t�,� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� �a�n�d�/�o�r� �s�t�r�u�c�t�u�r�e� �a�n�d�/�o�r� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �w�h�i�c�h� �m�a�y� �b�e� �v�a�r�i�a�b�l�e� �a�c�r�o�s�s� �t�h�e� �r�e�g�i�o�n� �a�n�d� �w�h�i�c�h� �a�l�s�o� �m�a�y� �d�i�f�f�e�r� �f�r�o�m� �t�h�e� 

�c�o�m�p�o�s�i�t�i�o�n� �a�n�d�/�o�r� �s�t�r�u�c�t�u�r�e� �a�n�d�/�o�r� �p�r�o�p�e�r�t�i�e�s� �o�f� �e�i�t�h�e�r� �o�f� �t�h�e� �t�w�o� �c�o�n�t�a�c�t�i�n�g� �p�h�a�s�e�s� �[�1�,� 

�1�1�]�.� 

�H�e�r�r�e�r�a�-�F�r�a�n�c�o� �a�n�d� �D�r�z�a�l� �i�l�l�u�s�t�r�a�t�e�d� �t�h�e� �c�o�m�p�l�e�x�i�t�y� �o�f� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�p�h�a�s�e� �i�n� 

�a� �c�o�m�p�o�s�i�t�e� �u�s�i�n�g� �t�h�e� �s�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �i�n� �F�i�g�u�r�e� �2�.�2� �[�2�1�]�.� �T�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� 

�i�n�t�e�r�p�h�a�s�e� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�e� �f�i�b�e�r� �m�o�r�p�h�o�l�o�g�y�,� �f�i�b�e�r� �t�o�p�o�g�r�a�p�h�y�,� �f�i�b�e�r� �s�u�r�f�a�c�e� 

�c�h�e�m�i�s�t�r�y�,� �a�n�y� �a�d�s�o�r�b�e�d� �m�a�t�e�r�i�a�l� �o�r� �c�o�a�t�i�n�g�s� �o�n� �t�h�e� �f�i�b�e�r�,� �a�n�d� �b�y� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� 

�m�a�t�r�i�x� �i�n� �c�l�o�s�e� �p�r�o�x�i�m�i�t�y� �t�o� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e�.� 

�2�.�1�.�4� �F�i�b�e�r�/�M�a�t�r�i�x� �A�d�h�e�s�i�o�n� 

�T�h�e�r�e� �i�s� �g�e�n�e�r�a�l� �a�g�r�e�e�m�e�n�t� �t�h�a�t� �t�h�e� �d�e�g�r�e�e� �o�f� �a�d�h�e�s�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �f�i�b�e�r� �a�n�d� �t�h�e� 

�m�a�t�r�i�x� �a�n�d� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �f�i�b�e�r�/�m�a�t�n�x� �i�n�t�e�r�p�h�a�s�e� �h�a�s� �a� �m�a�j�o�r� �i�n�f�l�u�e�n�c�e� �o�n� �t�h�e� 

�m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �c�o�m�p�o�s�i�t�e� �i�n� �b�o�t�h� �t�h�e� �o�f�f�-�a�x�i�s� �a�n�d� �f�i�b�e�r� �d�i�r�e�c�t�i�o�n�s� �[�2�1�,� �2�2�]�.� 

�"�G�o�o�d�"� �f�i�b�e�r�/�m�a�t�r�i�x� �a�d�h�e�s�i�o�n� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �e�f�f�e�c�t�i�v�e� �t�r�a�n�s�f�e�r� �o�f� �s�t�r�e�s�s� �f�r�o�m� �t�h�e� �m�a�t�r�i�x� �t�o� 

�t�h�e� �r�e�i�n�f�o�r�c�i�n�g� �f�i�b�e�r�s�.� 

�2�.�1�.�4�.�1� �M�e�c�h�a�n�i�c�a�l� �T�e�s�t�s� �U�s�e�d� �t�o� �M�e�a�s�u�r�e� �F�i�b�e�r�/�M�a�t�r�i�x� �A�d�h�e�s�i�o�n� 

�A� �n�u�m�b�e�r� �o�f� �m�e�c�h�a�n�i�c�a�l� �t�e�s�t�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� 

�i�n�t�e�r�f�a�c�e� �t�o� �t�r�a�n�s�f�e�r� �s�t�r�e�s�s� �f�r�o�m� �t�h�e� �m�a�t�r�i�x� �t�o� �t�h�e� �f�i�b�e�r� �i�n� �a� �c�o�m�p�o�s�i�t�e�.� �T�e�s�t�s� �w�h�i�c�h� 

�m�e�a�s�u�r�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �s�t�r�e�n�g�t�h� �i�n�c�l�u�d�e� �t�e�s�t�s� �o�n� �r�e�a�l� �c�o�m�p�o�s�i�t�e�s� �(�u�s�u�a�l�l�y� 

�u�n�i�d�i�r�e�c�t�i�o�n�a�l� �c�o�m�p�o�s�i�t�e�s�)� �w�i�t�h� �a� �h�i�g�h� �f�i�b�e�r�-�v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �(�t�y�p�i�c�a�l�l�y� �6�0�%� �b�y� �v�o�l�u�m�e�)� 

�a�n�d� �t�e�s�t�s� �o�n� �m�o�d�e�l� �s�i�n�g�l�e�-�f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �[�2�3�]�.� �T�h�e� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �t�e�s�t�s� �o�n� �r�e�a�l� 

�c�o�m�p�o�s�i�t�e�s� �a�r�e� �t�h�e� 

�¢� �s�h�o�r�t� �b�e�a�m� �s�h�e�a�r� �t�e�s�t�,� 

�¢� �l�o�s�i�p�e�s�c�u� �s�h�e�a�r� �t�e�s�t�,� 
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� � � 

� � � � � � � � 

� � � � � 

� � � 

�B�u�l�k� �m�a�t�r�i�x� 

�P�o�l�y�m�e�r� �o�f� �d�i�f�f�e�r�e�n�t� �p�r�o�p�e�r�t�i�e�s� 

�S�i�z�i�n�g�s� 
�T�h�e�r�m�a�l�,� �c�h�e�m�i�c�a�l�,� 

�m�e�c�h�a�n�i�c�a�l�,� 

�e�n�v�i�r�o�n�m�e�n�t�s� �A�d�s�o�r�b�e�d� �m�a�t�e�r�i�a�l� 

� � �F�i�b�r�e� �c�h�e�m�i�s�t�r�y� 

�F�i�b�r�e� �t�o�p�o�g�r�a�p�h�y� 

�F�i�b�r�e� �m�o�r�p�h�o�l�o�g�y� 

�B�u�l�k� �f�i�b�r�e� 

�F�i�g�u�r�e� �2�.�2�.� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�p�h�a�s�e� �i�n� �a� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l� �[�2�1�]�.� 
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�e� �t�r�a�n�s�v�e�r�s�e� �a�n�d� �o�f�f�-�a�x�i�s� �t�e�n�s�i�l�e� �t�e�s�t�s�,� �a�n�d� 

�e� �i�n�d�e�n�t�a�t�i�o�n� �t�e�s�t�s�.� 

�T�h�e� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �t�e�s�t�s� �o�n� �m�o�d�e�l� �s�i�n�g�l�e� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �a�r�e� �t�h�e� 

�e� �p�u�l�l�-�o�u�t� �a�n�d� �m�i�c�r�o�b�o�n�d� �t�e�s�t�s� �a�n�d� 

�e� �f�r�a�g�m�e�n�t�a�t�i�o�n� �t�e�s�t�.� 

�T�h�e� �g�e�o�m�e�t�r�i�e�s� �o�f� �t�h�e�s�e� �t�e�s�t�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �F�i�g�u�r�e�s� �2�.�3�,� �2�.�4�,� �a�n�d� �2�.�5� �[�2�1�,� �2�3�,� �2�7�,� �3�0�]�.� 

�T�h�e� �s�h�o�r�t� �b�e�a�m� �s�h�e�a�r� �t�e�s�t� �i�s� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �i�n�t�e�r�l�a�m�i�n�a�r� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �[�2�4�]�.� �A� 

�u�n�i�d�i�r�e�c�t�i�o�n�a�l� �c�o�m�p�o�s�i�t�e� �s�p�e�c�i�m�e�n� �w�i�t�h� �a� �s�m�a�l�l� �s�p�a�n�-�t�o�-�d�e�p�t�h� �r�a�t�i�o� �i�s� �l�o�a�d�e�d� �i�n� �s�u�c�h� �a� 

�w�a�y� �t�h�a�t� �f�a�i�l�u�r�e�-�o�c�c�u�r�s� �i�n� �a� �s�h�e�a�r� �m�o�d�e� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �f�i�b�e�r�s�.� �T�h�e� �f�i�b�e�r�s� �a�r�e� �o�r�i�e�n�t�e�d� �i�n� 

�t�h�e� �d�i�r�e�c�t�i�o�n� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �a�x�e�s� �o�f� �t�h�e� �s�u�p�p�o�r�t�.� �I�n� �t�h�e� �I�o�s�i�p�e�s�c�u� �s�h�e�a�r� �t�e�s�t�,� �a� �s�t�a�t�e� 

�o�f� �u�n�i�f�o�r�m� �p�u�r�e� �s�h�e�a�r� �i�s� �a�c�h�i�e�v�e�d� �w�h�e�n� �t�h�e� �t�e�s�t� �s�e�c�t�i�o�n� �o�f� �t�h�e� �s�p�e�c�i�m�e�n� �i�n� �l�o�a�d�e�d� �a�s� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�(�b�)� �[�2�5�]�.� �T�h�e� �f�i�b�e�r�s� �c�a�n� �b�e� �a�l�i�g�n�e�d� �e�i�t�h�e�r� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�r� 

�p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �a�p�p�l�i�e�d� �f�o�r�c�e�.� �I�n� �t�r�a�n�s�v�e�r�s�e� �(�8� �=� �9�0�°�)� �a�n�d� �o�f�f�-�a�x�i�s� 

�t�e�n�s�i�l�e� �t�e�s�t�s�,� �u�n�i�d�i�r�e�c�t�i�o�n�a�l� �c�o�m�p�o�s�i�t�e�s� �a�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �a�n� �o�f�f�-�a�x�i�s� �t�e�n�s�i�l�e� �s�t�r�e�s�s� �b�y� 

�v�a�r�y�i�n�g� �t�h�e� �a�n�g�l�e� �(�8�)� �b�e�t�w�e�e�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �a�p�p�l�i�e�d� �l�o�a�d� �a�n�d� �t�h�e� �f�i�b�e�r�s�.� �I�n� �t�h�e� 

�t�r�a�n�s�v�e�r�s�e� �t�e�n�s�i�l�e� �t�e�s�t�,� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �i�s� �d�i�r�e�c�t�l�y� �s�u�b�m�i�t�t�e�d� �t�o� �t�e�n�s�i�l�e� �l�o�a�d�.� 

�E�x�p�e�r�i�m�e�n�t�s� �i�n� �w�h�i�c�h� �t�h�e� �c�o�m�p�o�s�i�t�e� �i�s� �u�n�d�e�r� �a� �s�t�a�t�e� �o�f� �c�o�m�b�i�n�e�d� �s�t�r�e�s�s� �r�a�t�h�e�r� �t�h�a�n� �p�u�r�e� 

�s�h�e�a�r� �a�r�e� �a�l�s�o� �c�a�r�r�i�e�d� �o�u�t� �a�t� �s�m�a�l�l� �v�a�l�u�e�s� �o�f� �8� �(�1�0�°� �t�o� �1�5�°�)� �o�r� �a�t� �+� �4�5�°� �[�2�6�]�.� 

�I�n�d�e�n�t�a�t�i�o�n� �t�e�s�t�s� �m�a�y� �b�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �e�i�t�h�e�r� �a� �m�i�c�r�o�-� �o�r� �a� �m�e�s�o�-�i�n�d�e�n�t�a�t�i�o�n� 

�t�e�c�h�n�i�q�u�e�.� �A� �c�o�m�p�o�s�i�t�e� �s�p�e�c�i�m�e�n� �i�s� �s�e�c�t�i�o�n�e�d� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �f�i�b�e�r� �a�x�i�s� �a�n�d� 

�p�o�l�i�s�h�e�d� �u�n�t�i�l� �t�h�e� �s�u�r�f�a�c�e� �i�s� �f�l�a�t�.� �I�n� �t�h�e� �m�i�c�r�o�-�i�n�d�e�n�t�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �e�n�d� �o�f� �a� �s�i�n�g�l�e� 

�f�i�b�e�r� �i�s� �c�o�m�p�r�e�s�s�i�o�n�-�l�o�a�d�e�d� �w�i�t�h� �a� �v�e�r�y� �f�i�n�e� �d�i�a�m�o�n�d� �t�i�p�,� �a�n�d� �t�h�e� �f�i�b�e�r� �i�s� �p�u�s�h�e�d� �o�u�t� �o�f� 

�t�h�e� �c�o�m�p�o�s�i�t�e� �[�2�7�]�.� �M�i�c�r�o�-�i�n�d�e�n�t�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �h�a�v�e� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �o�n� �r�e�a�l� 

�c�o�m�p�o�s�i�t�e�s� �[�2�1�,� �2�8�]� �a�n�d� �o�n� �m�o�d�e�l� �s�i�n�g�l�e� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �[�2�9�]�.� �I�n� �m�e�s�o�-�i�n�d�e�n�t�a�t�i�o�n�,� �a� �|� 

�p�o�r�t�i�o�n� �o�f� �t�h�e� �p�o�l�i�s�h�e�d� �c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e� �w�h�i�c�h� �e�n�c�o�m�p�a�s�s�e�s� �t�h�e� �e�n�d�s� �o�f� �m�a�n�y� �f�i�b�e�r�s� �i�s� 
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�(�a�)� �S�h�o�r�t� �b�e�a�m� �s�h�e�a�r� �t�e�s�t� 

�F�i�b�e�r� �d�i�r�e�c�t�i�o�n� 

�(�b�)� �I�o�s�i�p�e�s�c�u� �s�h�e�a�r� �t�e�s�t� �y� 

� � � � 

�(�c�)� �T�r�a�n�s�v�e�r�s�e� �a�n�d� �o�f�f�-�a�x�i�s� �t�e�n�s�i�l�e� �t�e�s�t�s� �F�i�b�e�r� �d�i�r�e�c�t�i�o�n� 

�S
�V

� 

� �  ��i� 
�F� 

�F�i�g�u�r�e� �2�.�3�.� �C�o�m�m�o�n�l�y� �u�s�e�d� �m�e�c�h�a�n�i�c�a�l� �t�e�s�t�s� �t�o� �a�s�s�e�s�s� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� 
�s�t�r�e�n�g�t�h� �i�n� �r�e�a�l� �c�o�m�p�o�s�i�t�e�s� �i�n�c�l�u�d�e� �(�a�)� �s�h�o�r�t� �b�e�a�m� �s�h�e�a�r�,� �(�b�)� �I�o�s�i�p�e�s�c�u� �s�h�e�a�r�,� �a�n�d� �(�c�)� 

�t�r�a�n�s�v�e�r�s�e� �a�n�d� �o�f�f�-�a�x�i�s� �t�e�n�s�i�l�e� �t�e�s�t�s� �[�a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�s�.� �2�1� �a�n�d� �2�3�]�.� 
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�(�a�)� �M�e�s�o�-�i�n�d�e�n�t�a�t�i�o�n� 
�F� 

�\� �F�i�b�e�r� �d�i�r�e�c�t�i�o�n� 

�(�b�)� �M�i�c�r�o�-�i�n�d�e�n�t�a�t�i�o�n� 

�T
�I� 

� � 

� � 

� � � � � � 

�r�e�a�l� �c�o�m�p�o�s�i�t�e� �m�o�d�e�l� �s�i�n�g�l�e� �f�i�b�e�r� 
�c�o�m�p�o�s�i�t�e� 

�F�i�g�u�r�e� �2�.�4�.� �(�a�)� �M�e�s�o�-�i�n�d�e�n�t�a�t�i�o�n� �a�n�d� �(�b�)� �m�i�c�r�o�-�i�n�d�e�n�t�a�t�i�o�n� �t�e�s�t�s� �u�s�e�d� �t�o� �a�s�s�e�s�s� �t�h�e� 
�f�i�b�e�r�/�m�a�t�n�i�x� �i�n�t�e�r�f�a�c�e� �s�t�r�e�n�g�t�h� �i�n� �r�e�a�l� �a�n�d� �m�o�d�e�l� �c�o�m�p�o�s�i�t�e�s� 

�[�a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�s�.� �2�1�,� �2�7�,� �a�n�d� �3�0�]�.� 
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� � � � � 

�(�a�)� �M�i�c�r�o�b�o�n�d� �t�e�s�t� 
� � 

�y�a� �M�i�c�r�o�v�i�s�e� 

�|� � � � � � � 

�E�m�b�e�d�d�e�d� �l�e�n�g�t�h� �(�L�)� 

�(�b�)� �P�u�l�l�-�o�u�t� �t�e�s�t� 

�(�c�)� �F�r�a�g�m�e�n�t�a�t�i�o�n� �t�e�s�t� 

� � 

�F�i�g�u�r�e� �2�.�5�.� �C�o�m�m�o�n�l�y� �u�s�e�d� �m�e�c�h�a�n�i�c�a�l� �t�e�s�t�s� �t�o� �a�s�s�e�s�s� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� 
�s�t�r�e�n�g�t�h� �i�n� �m�o�d�e�l� �s�i�n�g�l�e� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �i�n�c�l�u�d�e� �t�h�e� �(�a�)� �m�i�c�r�o�b�o�n�d�,� �(�b�)� �p�u�l�l�-�o�u�t�,� �a�n�d� 

�(�c�)� �f�r�a�g�m�e�n�t�a�t�i�o�n� �t�e�s�t�s� �[�a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�.� �2�1� �a�n�d� �2�3�]�.� 

�2�0



�i�n�d�e�n�t�e�d� �u�s�i�n�g� �a� �c�o�n�t�i�n�u�o�u�s� �b�a�l�l� �i�n�d�e�n�t�e�r� �[�3�0�]�.� 

�I�n� �t�h�e� �s�i�n�g�l�e�-�f�i�b�e�r� �f�r�a�g�m�e�n�t�a�t�i�o�n� �t�e�s�t�,� �a� �s�i�n�g�l�e� �f�i�b�e�r� �i�s� �e�n�c�a�p�s�u�l�a�t�e�d� �i�n� �a� �d�o�g�b�o�n�d� 

�t�e�n�s�i�l�e� �c�o�u�p�o�n�,� �t�h�e� �c�o�u�p�o�n� �i�s� �s�t�r�a�i�n�e�d� �i�n� �t�h�e� �f�i�b�e�r� �a�x�i�a�l� �d�i�r�e�c�t�i�o�n� �t�o� �n�e�a�r� �i�t�s� �p�o�i�n�t� �o�f� 

�r�u�p�t�u�r�e�,� �a�n�d� �t�h�e�n� �t�h�e� �f�i�b�e�r� �f�r�a�g�m�e�n�t� �l�e�n�g�t�h�s� �i�n�s�i�d�e� �t�h�e� �s�p�e�c�i�m�e�n� �a�r�e� �m�e�a�s�u�r�e�d�.� �T�h�e� 

�f�i�b�e�r�/�m�a�t�r�i�x� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �i�s� �c�a�l�c�u�l�a�t�e�d� �b�y� �a�p�p�l�y�i�n�g� �W�e�i�b�u�l�l� �s�t�a�t�i�s�t�i�c�s� �t�o� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

�o�f� �f�r�a�g�m�e�n�t� �l�e�n�g�t�h�s� �[�2�1�,� �2�3�]�.� �I�n�a� �f�i�b�e�r� �p�u�l�l�-�o�u�t� �t�e�s�t�,� �t�h�e� �e�n�d� �o�f� �a� �s�i�n�g�l�e� �f�i�b�e�r� �i�s� �e�m�b�e�d�d�e�d� 

�i�n� �a� �r�e�s�i�n� �p�l�u�g� �w�i�t�h� �t�h�e� �f�i�b�e�r� �a�x�i�s� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �m�a�t�r�i�x�.� �W�h�e�n� �t�h�e� 

�r�e�s�i�n� �p�l�u�g� �i�s� �a�n� �a�x�i�s�y�m�m�e�t�r�i�c� �r�e�s�i�n� �d�r�o�p�,� �t�h�e� �p�u�l�l�-�o�u�t� �t�e�s�t� �i�s� �c�a�l�l�e�d� �t�h�e� �m�i�c�r�o�b�o�n�d� �t�e�s�t�.� 

�A�n� �i�n�c�r�e�a�s�i�n�g� �f�o�r�c�e� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �f�r�e�e� �f�i�b�e�r� �e�n�d� �a�n�d� �t�h�e� �f�i�b�e�r� �i�s� �p�u�l�l�e�d� �o�u�t� �o�f� �t�h�e� �m�a�t�n�x� 

�[�2�1�,� �2�3�]�.� 

�E�a�c�h� �o�f� �t�h�e�s�e� �m�e�t�h�o�d�s� �h�a�s� �i�n�h�e�r�e�n�t� �p�r�o�b�l�e�m�s� �t�h�a�t� �l�i�m�i�t� �i�t�s� �a�p�p�l�i�c�a�b�i�l�i�t�y� �a�s� �a� 

�u�n�i�v�e�r�s�a�l� �t�e�s�t� �m�e�t�h�o�d� �f�o�r� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �[�3�1�]�.� �H�e�r�r�a�r�o�-� 

�F�r�a�n�c�o� �a�n�d� �D�r�z�a�l� �p�e�r�f�o�r�m�e�d� �t�h�e� �s�i�n�g�l�e� �f�i�b�e�r� �f�r�a�g�m�e�n�t�a�t�i�o�n�,� �m�i�c�r�o�b�o�n�d�,� �m�i�c�r�o�-� 

�i�n�d�e�n�t�a�t�i�o�n�,� �+� �4�5�°� �t�e�n�s�i�l�e�,� �s�h�o�r�t� �b�e�a�m� �s�h�e�a�r�,� �a�n�d� �J�o�s�i�p�e�s�c�u� �s�h�e�a�r� �t�e�s�t�s� �u�s�i�n�g� �a�n� �e�p�o�x�y� 

�m�a�t�n�x� �(�E�p�o�n� �8�2�8�/�m�-�P�D�A�)� �a�n�d� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �[�2�1�]�.� �T�a�b�l�e� �2�.�1� �l�i�s�t�s� �t�h�e� 

�r�a�n�g�e� �o�f� �v�a�l�u�e�s� �t�h�e�y� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �u�s�i�n�g� �t�h�e�s�e� 

�t�e�s�t� �m�e�t�h�o�d�s�.� �T�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �r�e�p�o�r�t�e�d� �b�y� �L�e�s�k�o� �u�s�i�n�g� �t�h�e� �m�e�s�o�-� 

�i�n�d�e�n�t�a�t�i�o�n� �t�e�c�h�n�i�q�u�e� �w�i�t�h� �A�U�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�n�d� �a�n� �e�p�o�x�y� �m�a�t�r�i�x� �(�E�p�o�n� �8�2�8�/�m�-�P�D�A�)� 

�i�s� �a�l�s�o� �g�i�v�e�n� �i�n� �T�a�b�l�e� �2�.�1� �[�3�0�]�.� �W�h�i�l�e� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �v�a�r�y� 

�o�v�e�r� �a� �c�o�n�s�i�d�e�r�a�b�l�e� �r�a�n�g�e�,� �t�h�e� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r� �s�h�o�w�e�d� �t�h�e� �g�r�e�a�t�e�s�t� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �i�n� 

�e�a�c�h� �c�a�s�e�.� 

�T�h�e�r�e� �i�s� �a�n� �e�x�t�e�n�s�i�v�e� �a�m�o�u�n�t� �o�f� �l�i�t�e�r�a�t�u�r�e� �a�v�a�i�l�a�b�l�e� �o�n� �f�i�b�e�r�/�m�a�t�r�i�x� �a�d�h�e�s�i�o�n� 

�m�e�a�s�u�r�e�m�e�n�t� �i�n�c�l�u�d�i�n�g� �w�o�r�k� �t�h�a�t� �i�n�v�o�l�v�e�s� �s�i�n�g�l�e� �f�i�b�e�r� �f�r�a�g�m�e�n�t�a�t�i�o�n� �[�3�2�-�5�4�]�,� �i�n�d�e�n�t�a�t�i�o�n� 

�[�2�1�,� �2�7�-�3�0�,� �5�5�-�5�8�]�,� �m�i�c�r�o�b�o�n�d� �[�2�1�,� �3�1�,� �5�4�,� �5�9�-�7�2�]�,� �f�i�b�e�r� �p�u�l�l�-�o�u�t� �f�r�o�m� �a� �r�e�s�i�n� �b�l�o�c�k� �[�7�3�-� 

�9�0�]�,� �f�i�b�e�r� �p�u�l�l�-�o�u�t� �f�r�o�m� �a� �m�i�c�r�o�c�o�m�p�o�s�i�t�e� �[�9�1�]�,� �t�h�e� �u�s�e� �o�f� �l�a�s�e�r� �R�a�m�a�n� �s�p�e�c�t�r�o�s�c�o�p�y� �t�o� 

�d�e�t�e�r�m�i�n�e� �f�i�b�e�r� �s�t�r�a�i�n� �i�n� �c�o�m�p�o�s�i�t�e�s� �[�9�2�]�,� �a� �t�h�r�e�e� �f�i�b�e�r� �p�u�l�l�-�o�u�t� �t�e�c�h�n�i�q�u�e� �[�9�3�]�,� �a�n�d� �t�h�e� 

�2�1



�T�a�b�l�e� �2�.�1�.� �S�u�m�m�a�r�y� �o�f� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �v�a�l�u�e�s� �[�2�1�,� �3�0�]�.� 

� � 

� � 

� � 

�A�U�-�4�/�8�2�8�,� �m�P�D�A� �|� �A�S�-�4�/�8�2�8�,� �m�P�D�A� �R�a�t�i�o� 
�T�e�s�t� �(�M�P�a�)� �(�M�P�a�)� �A�S�-�4�/�A�U�-�4� 

�S�i�n�g�l�e�-�f�i�b�e�r� �f�r�a�g�m�e�n�t�a�t�i�o�n�?�!� �3�7�.�2�0� �6�8�.�3�0� �1�.�8� 

�M�i�c�r�o�b�o�n�d� �t�e�s�t�?�!� �2�3�.�4�4� �5�0�.�3�0� �2�.�1� 

�M�i�c�r�o�-�i�n�d�e�n�t�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�?�!� �5�5�.�5�4� �7�1�.�5�3� �1�.�3� 

�M�e�s�o�-� �i�n�d�e�n�t�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�3�°� �7�1�.�7�  ��=� �-�-�-� 

�(�+� �4�5�)�3�,� �t�e�n�s�i�l�e� �t�e�s�t�?�!� �3�7�.�1�6� �7�2�.�1�9� �1�.�9� 

�l�o�s�i�p�e�s�c�u� �s�h�e�a�r� �t�e�s�t�?�!� �5�4�.�9�8� �9�5�.�2�8� �1�.�7� 

�S�h�o�r�t�-�b�e�a�m� �s�h�e�a�r� �t�e�s�t�!� �4�7�.�5�2� �8�4�.�0�4� �1�.�8� � � � � � � � � 

�2�2� 

� 



�u�s�e� �o�f� �m�e�c�h�a�n�i�c�a�l� �t�e�s�t�s� �[�2�1�,� �9�4�-�1�0�6�]�.� �T�h�e� �m�i�c�r�o�b�o�n�d� �f�i�b�e�r� �p�u�l�l�-�o�u�t� �t�e�s�t� �w�a�s� �u�s�e�d� �i�n� �t�h�i�s� 

�w�o�r�k� �a�n�d� �w�i�l�l� �b�e� �t�h�e� �o�n�l�y� �t�e�c�h�n�i�q�u�e� �d�i�s�c�u�s�s�e�d� �i�n� �d�e�t�a�i�l� �i�n� �t�h�i�s� �r�e�v�i�e�w�.� 

�2�.�1�.�4�.�2� �F�i�b�e�r� �P�u�l�l�-�O�u�t� �T�e�s�t�s� 

�I�n� �t�h�e� �p�u�l�l�-�o�u�t� �e�x�p�e�r�i�m�e�n�t�,� �a� �s�i�n�g�l�e� �f�i�b�e�r� �i�s� �p�a�r�t�i�a�l�l�y� �e�m�b�e�d�d�e�d� �i�n� �a� �p�l�u�g� �o�f� �m�a�t�r�i�x� 

�m�a�t�e�r�i�a�l� �o�f� �k�n�o�w�n� �g�e�o�m�e�t�r�y�.� �A�n� �i�n�c�r�e�a�s�i�n�g� �f�o�r�c�e� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �f�r�e�e� �e�n�d� �o�f� �t�h�e� �f�i�b�e�r� �t�o� 

�p�u�l�l� �i�t� �o�u�t� �o�f� �t�h�e� �m�a�t�r�i�x�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �i�s� �u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �a�l�o�n�g� �t�h�e� 

�e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �(�L�)� �t�h�e� �m�e�a�n� �v�a�l�u�e� �o�f� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �(�1�)� �o�f� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� 

� � 

�i�s� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� �2�.�7�,� 

�F�a� �=� �2�.� 
�a�a� �d�L� �C�7� 

�w�h�e�r�e� �d� �i�s� �t�h�e� �f�i�b�e�r� �d�i�a�m�e�t�e�r� �a�n�d� �F�q� �i�s� �t�h�e� �f�o�r�c�e� �r�e�q�u�i�r�e�d� �f�o�r� �f�i�b�e�r� �d�e�b�o�n�d�i�n�g� �[�2�3�]�.� 

�P�u�l�l�i�n�g� �t�h�i�n� �f�i�b�e�r�s� �o�u�t� �o�f� �v�a�r�i�o�u�s� �m�a�t�r�i�c�e�s� �h�a�s� �b�e�e�n� �u�s�e�d� �s�i�n�c�e� �t�h�e� �1�9�6�0�'�s� �t�o� 

�i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �b�a�s�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �a�n�d� �t�o� �a�s�s�e�s�s� �t�h�e� �e�f�f�e�c�t�s� 

�o�f� �n�e�w� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t�s� �o�r� �s�i�z�i�n�g�s� �o�n� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �s�t�r�e�n�g�t�h� �[�1�0�7�-�1�1�0�]�.� �A�s� 

�d�e�m�o�n�s�t�r�a�t�e�d� �w�i�t�h� �g�l�a�s�s�/�c�e�m�e�n�t� �s�y�s�t�e�m�s� �[�1�1�1�]� �a�n�d� �t�u�n�g�s�t�e�n�/�c�o�p�p�e�r� �s�y�s�t�e�m�s� �[�1�1�2�]�,� �i�t� �i�s� 

�r�e�l�a�t�i�v�e�l�y� �e�a�s�y� �t�o� �c�a�r�r�y� �o�u�t� �p�u�l�l�-�o�u�t� �t�e�s�t�s� �w�i�t�h� �r�o�d�s� �o�r� �t�h�i�c�k� �f�i�b�e�r�s�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �a� �h�i�g�h� 

�l�e�v�e�l� �o�f� �a�d�h�e�s�i�o�n� �i�s� �e�s�t�a�b�l�i�s�h�e�d� �a�t� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �a�n�d� �t�h�e� �f�i�b�e�r� �d�i�a�m�e�t�e�r� �i�s� �s�m�a�l�l� 

�(�<� �1�0� �u�m� �f�o�r� �c�a�r�b�o�n� �f�i�b�e�r�s�)� �t�h�e� �l�e�n�g�t�h� �o�f� �f�i�b�e�r� �e�m�b�e�d�d�e�d� �i�n� �t�h�e� �m�a�t�r�i�x� �m�u�s�t� �b�e� �l�e�s�s� �t�h�a�n� �a� 

�c�r�i�t�i�c�a�l� �l�e�n�g�t�h� �i�n� �o�r�d�e�r� �t�o� �p�u�l�l� �t�h�e� �f�i�b�e�r� �o�u�t� �t�h�e� �m�a�t�r�i�x� �i�n�s�t�e�a�d� �o�f� �b�r�e�a�k�i�n�g� �t�h�e� �f�i�b�e�r�.� 

�D�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �f�i�b�e�r�,� �t�h�e� �f�i�b�e�r� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �m�u�s�t� �u�s�u�a�l�l�y� �b�e� 

�k�e�p�t� �b�e�t�w�e�e�n� �S�O� �a�n�d� �1�5�0� �u�m� �[�6�8�]�.� �P�u�l�l�-�o�u�t� �t�e�s�t� �s�p�e�c�i�m�e�n�s� �w�i�t�h� �s�u�c�h� �s�m�a�l�l� �f�i�b�e�r� 

�e�m�b�e�d�d�e�d� �d�e�p�t�h�s� �m�a�y� �b�e� �q�u�i�t�e� �d�i�f�f�i�c�u�l�t� �t�o� �p�r�e�p�a�r�e� �[�1�0�7�]�.� �I�n� �o�r�d�e�r� �t�o� �m�o�r�e� �e�a�s�i�l�y� �p�r�e�p�a�r�e� 

�p�u�l�l�-�o�u�t� �s�a�m�p�l�e�s� �w�i�t�h� �v�e�r�y� �s�m�a�l�l� �f�i�b�e�r� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h�s�,� �M�i�l�l�e�r� �a�n�d� �c�o�w�o�r�k�e�r�s� 

�d�e�v�e�l�o�p�e�d� �t�h�e� �m�i�c�r�o�d�r�o�p� �o�r� �m�i�c�r�o�b�o�n�d� �t�e�s�t� �i�n� �w�h�i�c�h� �t�h�e� �f�i�b�e�r� �i�s� �p�u�l�l�e�d� �o�u�t� �o�f� �a� �s�m�a�l�l� 

�a�x�i�s�y�m�m�e�t�r�i�c�a�l� �d�r�o�p� �o�f� �r�e�s�i�n� �[�5�9�]�.� 

�2�3



�T�h�e� �a�d�v�a�n�t�a�g�e�s� �a�n�d� �l�i�m�i�t�a�t�i�o�n�s� �o�f� �t�h�e� �m�i�c�r�o�b�o�n�d� �t�e�c�h�n�i�q�u�e� �a�s� �s�u�m�m�a�r�i�z�e�d� �b�y� 

�H�e�r�r�e�r�a�-�F�r�a�n�c�o� �a�n�d� �D�r�z�a�l� �a�r�e� �l�i�s�t�e�d� �b�e�l�o�w� �[�2�1�]�.� 

�A�d�v�a�n�t�a�g�e�s� �o�f� �t�h�e� �M�i�c�r�o�b�o�n�d� �T�e�c�h�n�i�q�u�e�:� 

�T�h�e� �v�a�l�u�e� �o�f� �t�h�e� �f�o�r�c�e� �a�t� �t�h�e� �m�o�m�e�n�t� �o�f� �d�e�b�o�n�d�i�n�g� �c�a�n� �b�e� �m�e�a�s�u�r�e�d�.� 

�T�h�e� �t�e�c�h�n�i�q�u�e� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �a�l�m�o�s�t� �a�n�y� �f�i�b�e�r�/�m�a�t�r�i�x� �c�o�m�b�i�n�a�t�i�o�n�.� 

�L�i�m�i�t�a�t�i�o�n�s� �o�f� �t�h�e� �M�i�c�r�o�b�o�n�d� �T�e�c�h�n�i�q�u�e�:� 

�T�h�e� �d�e�b�o�n�d�i�n�g� �f�o�r�c�e� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h�.� �W�h�e�n� �u�s�i�n�g� �f�i�b�e�r�s� 

�w�i�t�h� �a� �d�i�a�m�e�t�e�r� �r�a�n�g�i�n�g� �f�r�o�m� �5� �t�o� �5�0� �y�m�,� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h�s� �l�o�n�g�e�r� �t�h�a�n� �5�0� �t�o� 

�1�0�0� �u�m� �m�a�y� �c�a�u�s�e� �f�i�b�e�r� �f�r�a�c�t�u�r�e�.� 

�T�h�e� �m�e�n�i�s�c�u�s� �t�h�a�t� �i�s� �f�o�r�m�e�d� �o�n� �t�h�e� �f�i�b�e�r� �b�y� �t�h�e� �r�e�s�i�n� �m�a�k�e�s� �m�e�a�s�u�r�e�m�e�n�t� �o�f� 

�t�h�e� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �s�o�m�e�w�h�a�t� �i�n�a�c�c�u�r�a�t�e�.� 

�T�h�e� �s�m�a�l�l� �m�i�c�r�o�d�r�o�p� �s�i�z�e� �m�a�k�e�s� �t�h�e� �f�a�i�l�u�r�e� �p�r�o�c�e�s�s� �d�i�f�f�i�c�u�l�t� �t�o� �o�b�s�e�r�v�e�.� 

�T�h�e� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �i�n� �t�h�e� �d�r�o�p�l�e�t� �c�a�n� �v�a�r�y� �w�i�t�h� �b�o�t�h� �d�r�o�p�l�e�t� �s�i�z�e� �a�n�d� �w�i�t�h� 

�v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �b�l�a�d�e�s� �u�s�e�d� �t�o� �d�e�b�o�n�d� �t�h�e� �m�i�c�r�o�d�r�o�p�.� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �m�e�n�i�s�c�u�s� �h�a�s� �a� �l�a�r�g�e� �e�f�f�e�c�t� �o�n� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�t�r�e�s�s�e�s� �w�h�i�c�h� 

�o�s�c�i�l�l�a�t�e� �a�l�o�n�g� �t�h�e� �e�m�b�e�d�d�e�d� �f�i�b�e�r� �a�n�d� �m�a�k�e�s� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �a�n� �a�v�e�r�a�g�e� �s�h�e�a�r� 

�s�t�r�e�n�g�t�h� �v�a�l�u�e� �q�u�e�s�t�i�o�n�a�b�l�e�.� 

�P�r�e�m�a�t�u�r�e� �f�a�i�l�u�r�e� �o�f� �t�h�e� �m�e�n�i�s�c�u�s� �r�e�g�i�o�n� �d�u�e� �t�o� �t�e�n�s�i�l�e� �s�t�r�e�s�s�e�s� �c�o�u�l�d� �l�e�a�d� �t�o� 

�p�r�e�m�a�t�u�r�e� �d�e�b�o�n�d�i�n�g� �o�f� �t�h�e� �m�i�c�r�o�d�r�o�p�.� 

�T�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �m�i�c�r�o�d�r�o�p� �m�a�y� �v�a�r�y�.� �w�i�t�h� �s�i�z�e� �d�u�e� �t�o� 

�v�a�r�i�a�t�i�o�n� �o�f� �c�u�r�i�n�g� �a�g�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�F�o�r� �a� �g�i�v�e�n� �f�i�b�e�r�/�m�a�t�r�i�x� �c�o�m�b�i�n�a�t�i�o�n�,� �a� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� �s�c�a�t�t�e�r� �i�n� �t�h�e� �t�e�s�t� �d�a�t�a� �i�s� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �m�i�c�r�o�b�o�n�d� �t�e�s�t�.� �T�h�i�s� �d�a�t�a� �s�c�a�t�t�e�r� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�e�s�t�i�n�g� 

�p�a�r�a�m�e�t�e�r�s� �s�u�c�h� �a�s� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �m�i�c�r�o�d�r�o�p� �i�n� �t�h�e� �l�o�a�d�i�n�g� �f�i�x�t�u�r�e�,� �d�r�o�p�l�e�t� 

�g�r�i�p�p�i�n�g�,� �f�a�u�l�t�y� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �f�i�b�e�r� �d�i�a�m�e�t�e�r�s�,� �a�n�d� �v�a�r�i�a�t�i�o�n� �i�n� �t�h�e� �c�h�e�m�i�c�a�l�,� 

�p�h�y�s�i�c�a�l� �o�r� �m�o�r�p�h�o�g�i�c�a�l� �n�a�t�u�r�e� �o�f� �t�h�e� �f�i�b�e�r� �a�l�o�n�g� �i�t�s� �l�e�n�g�t�h� �[�5�9�,� �6�8�,� �1�1�3�-�1�1�5�]�.� 
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�2�.�1�.�4�.�2�.�1� �T�h�e�o�r�e�t�i�c�a�l� �A�n�a�l�y�s�e�s� �o�f� �t�h�e� �F�i�b�e�r� �P�u�l�l�-�O�u�t� �T�e�s�t� 

�D�é�s�a�r�m�o�t� �a�n�d� �F�a�v�r�e� �s�t�a�t�e� �t�h�a�t� �i�n� �s�p�i�t�e� �o�f� �t�h�e� �u�n�r�e�a�l�i�s�t�i�c� �c�h�a�r�a�c�t�e�r� �o�f� �t�h�e� �s�i�n�g�l�e� �f�i�b�e�r� 

�p�u�l�l�-�o�u�t� �t�e�s�t� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�m�p�l�e�x�i�t�y� �o�f� �a� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�,� �m�u�c�h� �i�n�f�o�r�m�a�t�i�o�n� 

�c�a�n� �b�e� �d�e�r�i�v�e�d� �t�h�a�t� �h�a�s� �t�o� �d�o� �w�i�t�h� �t�h�e� �m�o�s�t� �f�u�n�d�a�m�e�n�t�a�l� �a�s�p�e�c�t�s� �o�f� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� 

�m�e�c�h�a�n�i�c�a�l� �i�n�t�e�r�a�c�t�i�o�n� �[�1�0�7�]�.� �H�o�w�e�v�e�r�,� �t�h�e� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �p�u�l�l�-�o�u�t� �t�e�s�t� �d�a�t�a� �i�s� �s�t�i�l�l� 

�o�p�e�n� �t�o� �d�i�s�c�u�s�s�i�o�n� �[�1�0�7�]�.� �T�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �i�n� �t�h�e� �p�u�l�l�-�o�u�t� �t�e�s�t� �h�a�s� �b�e�e�n� �a�n�a�l�y�s�e�d� �u�s�i�n�g� �a� 

�s�h�e�a�r� �l�a�g� �a�p�p�r�o�a�c�h� �a�n�d� �a� �f�r�a�c�t�u�r�e� �e�n�e�r�g�y� �a�p�p�r�o�a�c�h�.� �T�h�e� �a�n�a�l�y�s�e�s� �p�r�e�s�e�n�t�e�d� �a�r�e� �a�p�p�l�i�e�d� �t�o� 

�p�u�l�l�-�o�u�t� �f�r�o�m� �e�i�t�h�e�r� �a� �r�e�s�i�n� �p�l�u�g� �o�r� �a� �m�i�c�r�o�d�r�o�p�.� 

�2�.�1�.�4�.�2�.�1�.�1� �S�h�e�a�r� �L�a�g� �A�p�p�r�o�a�c�h� 

�T�h�e� �s�h�e�a�r� �l�a�g� �a�n�a�l�y�s�i�s� �p�r�o�p�o�s�e�d� �b�y� �G�r�e�s�z�c�z�u�k� �s�h�o�w�s� �t�h�a�t� �t�h�e� �e�l�a�s�t�i�c� �i�n�t�e�r�f�a�c�i�a�l� 

�s�h�e�a�r� �s�t�r�e�n�g�t�h� �(�t�x�)� �v�a�r�i�e�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �d�e�p�t�h� �(�x�)� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �F�i�g�u�r�e� �2�.�6� �[�2�3�,� 

�1�0�7�,� �1�1�6�]�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �d�e�b�o�n�d�i�n�g� �o�c�c�u�r�s� �i�n�s�t�a�n�t�a�n�e�o�u�s�l�y� �i�n� �a� �c�a�t�a�s�t�r�o�p�h�i�c� �w�a�y�,� �t�h�e� 

�s�h�e�a�r� �s�t�r�e�s�s� �a�t� �a�n�y� �p�o�i�n�t� �x� �1�s� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� �2�.�8�,� 

�t�x� �=� �t�a�L�[�c�o�t�h� �(�a�L�)� �c�o�s�h�(�a�x�)� �-� �s�i�n�h�(�a�x�)�]� �(�2�.�8�)� 

�w�h�e�r�e� �t� �i�s� �t�h�e� �m�e�a�n� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� �2�.�7�,� �L� �i�s� �t�h�e� �f�i�b�e�r� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h�,� 

�a�n�d� �a� �i�s� �a�n� �e�l�a�s�t�i�c� �c�o�e�f�f�i�c�i�e�n�t�,� 

�2� �2�G�;� �2�G� �m�n� �1� �-� �=� �(�2�.�9�)� 
�b�i�r�g�E�¢� �r�f� �E�r� �I�n�(�R�/�2�r�r�)� 
� � �a� 

�w�h�e�r�e� �b�j� �i�s� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �l�a�y�e�r�,� �G�j� �i�s� �t�h�e� �s�h�e�a�r� �m�o�d�u�l�u�s� �o�f� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� 

�l�a�y�e�r�,� �G�m� �1�s� �t�h�e� �s�h�e�a�r� �m�o�d�u�l�u�s� �o�f� �t�h�e� �m�a�t�r�i�x�,� �E�f� �i�s� �t�h�e� �Y�o�u�n�g�'�s� �m�o�d�u�l�u�s� �o�f� �t�h�e� �f�i�b�e�r�,� �a�n�d� 

�R� �i�s� �t�h�e� �r�a�d�i�u�s� �o�f� �t�h�e� �m�a�t�r�i�x� �i�n�v�o�l�v�e�d� �b�y� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s�.� 

�A�t� �x� �=� �0�,� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �r�e�a�c�h�e�s� �i�t�s� �m�a�x�i�m�u�m� �v�a�l�u�e� �(�T�m�a�x�)�,� 

�T�m�a�x� �=� �t�a�L�c�o�t�h�(�a�L�)� �=�  ��*�c�o�t�h�(�a�L�)� �(�2�.�1�0�)� 
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�T�x� 

� � �>� �x� � � 

� � � � 

� � 

�F�i�g�u�r�e� �2�.�6�.� �V�a�r�i�a�t�i�o�n� �o�f� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �(�t�x�)� �a�l�o�n�g� �t�h�e� �f�i�b�e�r� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h� 
�[�a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�.� �2�3�]�.� 
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�E�q�u�a�t�i�o�n� �2�.�1�0� �m�a�y� �t�h�e�n� �b�e� �r�e�a�r�r�a�n�g�e�d� �t�o� �g�i�v�e� �e�q�u�a�t�i�o�n� �2�.�1�1�,� �a�n� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �t�h�e� 

�d�e�b�o�n�d�i�n�g� �f�o�r�c�e� �(�F�g�)�.� 

�F�q� �=� �2�n�r�p ��*� �t�a�n�h�(�a�L�)� �(�2�.�1�1�)� 
�a� 

�E�x�t�e�n�s�i�o�n�s� �o�f� �G�r�e�s�z�c�z�u�k�'�s� �t�h�e�o�r�y� �h�a�v�e� �b�e�e�n� �p�r�e�s�e�n�t�e�d� �b�y� �L�a�w�r�e�n�c�e� �[�1�1�7�]�,� �T�a�k�a�k�u� 

�a�n�d� �A�r�r�i�d�g�e� �[�1�1�8�]�,� �G�r�a�y� �[�1�1�9�]�,� �L�a�w�s� �[�1�2�0�]�,� �a�n�d� �B�a�n�b�a�j�i� �[�1�2�1�,�1�2�2�]�.� �I�n� �a�d�d�i�t�i�o�n�,� �C�h�u�a� 

�a�n�d� �P�i�g�g�o�t�t� �e�x�p�r�e�s�s�e�d� �e�q�u�a�t�i�o�n� �2�.�1�1� �i�n� �t�e�r�m�s� �o�f� �f�i�b�e�r� �a�n�d� �m�a�t�r�i�x� �p�a�r�a�m�e�t�e�r�s� �a�s� �d�e�s�c�r�i�b�e�d� 

�i�n� �e�q�u�a�t�i�o�n� �2�.�1�2�,� 

� � 

�F�g� �=� �2�a�r�?� �~�4� �t�a�n�h�(�n�L�/�r�,�)� �(�2�.�1�2�)� 
�n� 

�w�h�e�r�e�,� 
�2� �E�m� �n�?� �=� �(�2�.�1�3�)� 

�E�¢�(�1� �+� �v�m�)�I�n�(�R�/�r�y� �)� 

�a�n�d� �E�y� �a�n�d� �v�p� �a�r�e� �t�h�e� �Y�o�u�n�g�'�s� �m�o�d�u�l�u�s� �a�n�d� �P�o�i�s�s�o�n�'�s� �r�a�t�i�o� �o�f� �t�h�e� �m�a�t�r�i�x�,� �r�e�s�p�e�c�t�i�v�e�l�y� 

�[�1�2�3�]�.� �R�e�v�i�e�w�s� �o�f� �t�h�e� �a�n�a�l�y�s�e�s� �b�a�s�e�d� �o�n� �G�r�e�s�z�c�z�u�k�'�s� �s�h�e�a�r� �l�a�g� �m�o�d�e�l� �h�a�v�e� �b�e�e�n� �w�r�i�t�t�e�n� 

�b�y� �H�e�r�r�e�r�a�-�F�r�a�n�c�o� �a�n�d� �D�r�z�a�l� �[�2�1�]� �a�n�d� �D�é�s�a�r�m�o�t� �a�n�d� �F�a�v�r�e� �[�1�0�7�]�.� 

�2�.�1�.�4�.�2�.�1�.�2� �F�r�a�c�t�u�r�e� �E�n�e�r�g�y� �A�p�p�r�o�a�c�h� 

�B�a�s�e�d� �o�n� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �w�h�i�c�h� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �m�o�d�e� �o�f� �f�a�i�l�u�r�e� �i�n� �t�h�e� �p�u�l�l�-�o�u�t� 

�e�x�p�e�r�i�m�e�n�t� �i�s� �s�u�d�d�e�n� �a�n�d� �c�a�t�a�s�t�r�o�p�h�i�c�,� �a�n� �e�n�e�r�g�y� �a�p�p�r�o�a�c�h� �w�a�s� �d�e�v�e�l�o�p�e�d� �i�n� �w�h�i�c�h� �t�h�e� 

�i�n�t�e�r�f�a�c�i�a�l� �f�r�a�c�t�u�r�e� �e�n�e�r�g�y� �(�U�;�)� �1�s� �e�q�u�a�l� �t�o� �t�h�e� �s�u�m� �o�f� �t�h�e� �e�n�e�r�g�y� �s�t�o�r�e�d� �i�n� �t�h�e� �f�i�b�e�r� �(�U�f�)� 

�a�n�d� �i�n� �t�h�e� �m�a�t�r�i�x� �(�U�m�)� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �e�q�u�a�t�i�o�n� �2�.�1�4�,� 

�U�,� �=� �U�,� �+� �U�r� �=� �2�r�p�l�L�G�,� �(�2�.�1�4�)� 

�w�h�e�r�e� �G�a� �1�s� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �f�r�a�c�t�u�r�e� �e�n�e�r�g�y� �p�e�r� �u�n�i�t� �s�u�r�f�a�c�e� �a�r�e�a� �[�7�4�,� �7�6�,� �1�2�4�-�1�2�6�]�.� 

�E�q�u�a�t�i�o�n� �2�.�1�5� �w�a�s� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e� �d�e�b�o�n�d�i�n�g� �f�o�r�c�e� �(�F�g�)�,� 

�2�7



�F�2� �=� �4�n�*�r�2�f�r�p�L�E�,�G�,� �t�a�n�h�(�B�L�)� �(�2�.�1�5�)� 

�w�h�e�r�e�,� 

�2� �2�G�m� �(�2�.�1�6�)� 
�m�o� �[�r�F�E�s�i�n�(�R�/�r�e�)�)� 

�A�t� �a� �l�o�n�g� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �(�t�a�n�h� �B�L� �=� �1�)�,� �t�h�e� �d�e�b�o�n�d�i�n�g� �f�o�r�c�e� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� 

�s�q�u�a�r�e� �r�o�o�t� �o�f� �t�h�e� �f�i�b�e�r� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h�.� 

�F�y� �=� �2�n�t�y�J�P�r�p�L�E�r�G�,� �=� �J�L� �(�2�.�1�7�)� 

�W�h�i�l�e�,� �a�t� �a� �s�h�o�r�t� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �(�t�a�n�h� �B�L� �=� �B�L�)�,� �t�h�e� �d�e�b�o�n�d�i�n�g� �f�o�r�c�e� �i�s� �d�i�r�e�c�t�l�y� 

�p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �f�i�b�e�r� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h�.� 

�F�q� �=� �2�n�r�B�L�J�t�p�E�;�G�,� �=�L� �(�2�.�1�8�)� 

�P�e�n�n� �a�n�d� �L�e�e� �e�x�t�e�n�d�e�d� �t�h�e� �f�r�a�c�t�u�r�e� �e�n�e�r�g�y� �a�n�a�l�y�s�i�s� �b�y� �i�n�t�r�o�d�u�c�i�n�g� �t�h�e� �c�o�n�c�e�p�t� �o�f� 

�a�n� �i�n�i�t�i�a�l� �c�r�a�c�k� �l�e�n�g�t�h� �[�1�1�3�]�.� �J�i�a�n�g� �a�n�d� �P�e�n�n� �p�r�o�p�o�s�e�d� �a�n� �i�m�p�r�o�v�e�d� �m�o�d�e�l� �i�n� �w�h�i�c�h� �t�h�e� 

�p�u�l�l�-�o�u�t� �t�e�s�t� �g�e�o�m�e�t�r�y� �i�s� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� �r�e�g�i�o�n�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�7� �a�n�d� �a� �m�a�t�r�i�x� 

�c�o�m�p�r�e�s�s�i�o�n� �c�o�n�t�r�i�b�u�t�i�o�n� �a�n�d� �t�h�e� �w�o�r�k� �o�f� �f�r�i�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �d�e�b�o�n�d�e�d� �f�i�b�e�r� �a�n�d� �t�h�e� 

�m�a�t�r�i�x� �a�r�e� �t�a�k�e�n� �i�n�t�o� �a�c�c�o�u�n�t� �[�1�2�7�]�.� �A�n� �e�n�e�r�g�y� �b�a�l�a�n�c�e� �w�a�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� 

�c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �p�r�o�c�e�s�s�.� �S�o�m�e� �o�f� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �(�U�)� �s�t�o�r�e�d� �i�n� �t�h�e� �s�y�s�t�e�m� �u�p�o�n� 

�l�o�a�d�i�n�g� �a�n�d� �r�e�l�e�a�s�e�d� �d�u�r�i�n�g� �d�e�b�o�n�d�i�n�g� �p�r�o�p�a�g�a�t�e�s� �a� �c�r�a�c�k� �t�h�r�o�u�g�h� �t�h�e� �b�o�n�d�e�d� �i�n�t�e�r�f�a�c�e� 

�a�n�d� �s�o�m�e� �i�s� �d�i�s�s�i�p�a�t�e�d� �b�y� �f�r�i�c�t�i�o�n�.� �T�h�a�t� �i�s�,� 

�1� �O�W�s� �1� �a�U� 
�2�u�t�f� �d�a� �2�r�f� �d�a� 

�G�o�+� �(�2�.�1�9�)� � � � � � � 

�w�h�e�r�e� �U� �i�s� �t�h�e� �t�o�t�a�l� �e�l�a�s�t�i�c� �s�t�r�a�i�n� �e�n�e�r�g�y� �s�t�o�r�e�d� �i�n� �t�h�e� �s�y�s�y�t�e�m�,� �W�r� �i�s� �t�h�e� �w�o�r�k� �o�f� �f�r�i�c�t�i�o�n�,� 

�G�c� �i�s� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �f�r�a�c�t�u�r�e� �e�n�e�r�g�y� �p�e�r� �u�n�i�t� �a�r�e�a�,� �a�n�d� �a� �i�s� �t�h�e� �i�n�i�t�i�a�l� �c�r�a�c�k� �l�e�n�g�t�h�.� �T�h�e
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�R�e�g�i�o�n� �3� 

�F�i�g�u�r�e� �2�.�7�.� �S�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �s�i�n�g�l�e� �f�i�b�e�r� �p�u�l�l�-�o�u�t� �t�e�s�t� �s�p�e�c�i�m�e�n� �w�i�t�h� �t�h�r�e�e� 
�r�e�g�i�o�n�s�.� �R�e�g�i�o�n� �|� �i�s� �f�i�b�e�r� �a�l�o�n�e�,� �R�e�g�i�o�n� �2� �i�s� �f�i�b�e�r� �a�n�d� �m�a�t�n�x� �d�e�b�o�n�d�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�,� 

�a�n�d� �R�e�g�i�o�n� �3� �i�s� �f�i�b�e�r� �a�n�d� �m�a�t�n�x� �b�o�n�d�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �[�1�2�7�]�.



�t�o�t�a�l� �s�t�r�a�i�n� �e�n�e�r�g�y� �s�t�o�r�e�d� �i�n� �t�h�e� �s�y�s�t�e�m� �(�U�)� �i�s� �t�h�e� �s�u�m� �o�f� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �s�t�o�r�e�d� �i�n� �r�e�g�i�o�n� 

�1� �(�U�4�)�,� �r�e�g�i�o�n� �2� �(�U�2�)�,� �a�n�d� �r�e�g�i�o�n� �3� �(�U�3�)� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �e�q�u�a�t�i�o�n� �2�.�2�0�.� 

�U�=� �U�;� �+� �U�2� �+� �U�3� �(�2�.�2�0�)� 

�T�h�e� �f�r�e�e� �f�i�b�e�r� �(�r�e�g�i�o�n� �1�)� �i�s� �t�r�e�a�t�e�d� �a�s� �a� �t�h�i�n� �e�l�a�s�t�i�c� �r�o�d� �l�o�a�d�e�d� �i�n� �t�e�n�s�i�o�n�.� �T�h�e� �s�t�r�a�i�n� 

�e�n�e�r�g�y� �s�t�o�r�e�d� �i�n� �r�e�g�i�o�n� �1� �(�U�}�)� �i�s� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� �2�.�2�1�,� 

�_� �A�r� �L�y� �o�f� �O�E�,� �(�2�.�2�1�)� �U�y� 

�w�h�e�r�e� �A�f� �i�s� �t�h�e� �f�i�b�e�r� �c�r�o�s�s�-�s�e�c�t�i�o�n� �a�r�e�a�,� �E�f� �i�s� �t�h�e� �Y�o�u�n�g�'�s� �m�o�d�u�l�u�s� �o�f� �t�h�e� �f�i�b�e�r�,� �o�f� �i�s� �t�h�e� 

�f�i�b�e�r� �t�e�n�s�i�l�e� �s�t�r�e�s�s�,� �a�n�d� �L�o� �i�s� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �f�i�b�e�r� �b�e�t�w�e�e�n� �t�h�e� �l�o�a�d� �c�e�l�l� �a�n�d� �t�h�e� �p�o�l�y�m�e�r� 

�p�l�u�g�.� 

�T�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �s�t�o�r�e�d� �i�n� �r�e�g�i�o�n� �2� �(�U�2�)� �i�s� �t�h�e� �s�u�m� �o�f� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �c�o�n�t�r�i�b�u�t�e�d� 

�b�y� �t�e�n�s�i�o�n� �i�n� �t�h�e� �f�i�b�e�r� �(�U� �2�"�)�,� �c�o�m�p�r�e�s�s�i�o�n� �i�n� �t�h�e� �m�a�t�r�i�x� �(�U�2�m�,�c�o�m�p�.�)�,� �a�n�d� �s�h�e�a�r� �i�n� �t�h�e� 

�m�a�t�r�i�x� �(�U�2�m� �s�h�e�a�r�)� �a�S� �d�e�s�c�r�i�b�e�d� �b�y� �e�q�u�a�t�i�o�n� �2�.�2�2�,� 

�U�g� �=� �U�r� �+� �U�a�m� �c�o�m�p�.� �+� �U�2�m� �s�h�e�a�r� �(�2�.�2�2�)� 

�w�h�e�r�e�,� 

�A�T� �|� �3� �U�n�e� �=� �A�t� �{�o�i� �~� �[�o�r� �-� �(�f�a�/�A� �o�f� �(�2�.�2�3�)� 

�A�t� �3� 
�U�2�m�,�c�o�m�p� �=� �e�t�t� �-� �l�o�,� �-�(�f�a�/�A�g� �I�f� �(�2�.�2�4�)� 

�U�2�m� �s�h�e�a�r� �=� �e�a�n� �(�2�.�2�5�)� 

�3�0



�E�m� �i�s� �t�h�e� �Y�o�u�n�g�'�s� �m�o�d�u�l�u�s� �o�f� �t�h�e� �m�a�t�r�i�x�,� �f� �i�s� �t�h�e� �f�r�i�c�t�i�o�n� �f�o�r�c�e� �p�e�r� �u�n�i�t� �l�e�n�g�t�h�,� �A� �m� �i�s� �t�h�e� 

�m�a�t�r�i�x� �c�r�o�s�s� �s�e�c�t�i�o�n� �a�r�e�a�,� �a�n�d� �U�m� �i�s� �t�h�e� �P�o�i�s�s�o�n�'�s� �r�a�t�i�o� �o�f� �t�h�e� �m�a�t�n�x�.� 

�T�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �s�t�o�r�e�d� �i�n� �r�e�g�i�o�n� �3� �(�U�3�)� �a�l�s�o� �o�r�i�g�i�n�a�t�e�s� �f�r�o�m� �t�e�n�s�i�o�n� �i�n� �t�h�e� �f�i�b�e�r� 

�(�U�3�)�,� �c�o�m�p�r�e�s�s�i�o�n� �i�n� �t�h�e� �m�a�t�r�i�x� �(�U�3�m�,�c�o�m�p�.�)�,� �a�n�d� �s�h�e�a�r� �i�n� �t�h�e� �m�a�t�r�i�x� �(�U�3�m�,�s�h�e�a�r�)� �a�S� �g�i�v�e�n� 

� � � � 

� � 

�b�y� �e�q�u�a�t�i�o�n� �2�.�2�6�,� 

�U�3� �=� �U�s�p� �+� �U�3� �c�o�m�p�.� �+� �U�3�m� �s�h�e�a�r� �(�2�.�2�6�)� 

�w�h�e�r�e�,� 

�A�g�|� �o�f� �-� �(�f�a�f�A�s�)� �|� �[� �n�s� �|� 
�U�s�p� �=� �t�h� �-� �2�.�2�7� �B�f� �a�E�,� �j�e� �(�n�s�)� �[�s�i�n�n�(�n�s�)�f� �|� �(�2�.�2�7�)� 

�U� �_� �r�p� �A�f�]� �O�f� �-�(�f�a�f�A�r�)�}� �|� �c�o�t�h�(�n�s�)� �n�s� �|� �(�2�.�2�8�)� 
�3�m� �,�c�o�m�p�.� �4�n�A� �m�E�m� �l� �[�s�i�n�h� �(�n�s�)� �J� 

�A�g�]� �o�f� �-� �(�f�a�f�A�g� �f�r� �n�s� �|� �U�s�m� �s�h�e�a�r� �=� �~� �2�.�2�9� 
�3�m� �s�h�e�a�r� �A�n�E�r� �j�o�n�a�s�)� �[�s�i�n�h�(�n�s�)�]� �i� �e�e�)� 

�w�h�e�r�e� �n� �i�s� �d�e�f�i�n�e�d� �b�y� �e�q�u�a�t�i�o�n� �2�.�1�3� �a�n�d� �s� �e�q�u�a�l�s� �(�L�/�r�p�)�.� 

�P�e�n�n� �a�n�d� �J�i�a�n�g� �r�e�w�r�o�t�e� �t�h�e� �e�n�e�r�g�y� �b�a�l�a�n�c�e� �i�n� �e�q�u�a�t�i�o�n� �2�.�1�9� �i�n� �t�h�e� �f�o�r�m� �o�f� �e�q�u�a�t�i�o�n� 

�2�.�3�0�,� 

�d�U� �A�y�,� �U�y� �U�s� �g�y� 
�= �� �c� 

�d�a� �d�a� �d�a� �d�a� 
� � �(�2�.�3�0�)� 

�r�e�c�o�g�n�i�z�i�n�g� �t�h�a�t� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e� �i�s� �t�h�e� �d�e�r�i�v�a�t�i�v�e� �o�f� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �c�r�a�c�k� �a�r�e�a�.� �T�h�e�y� �o�b�t�a�i�n�e�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �t�h�e� �w�o�r�k� 

�o�f� �f�r�i�c�t�i�o�n� �i�n� �r�e�g�i�o�n� �2�,� 

�f�a�2�l� �o�r� �-�(�f�a�/�3�A� �W�;� �=� �y� �-� �A�c�E� �|� �a�*�l�o�r� �{� �a�/� �r�)�]� �3�1�)� 
�m�m� �f� 

� � 

�3�1



�a�n�d� �s�o�l�v�e�d� �t�h�e� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� �c�r�i�t�i�c�a�l� �l�o�a�d� �f�o�r� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �P�e�,� 

� � 

� � � � 

� � 

�[�V�B�?�-�4�a�c� �B�l� �P�.� �=� �o�f�A�p� �=� �A�p� �|�~ � � �� �- �� �|� �+� �f�a� �(�2�.�3�2�)� 
�2�A� �2�A� �|� 

�w�h�e�r�e�,� 
�2� �A�e� �(�1�+�a�)�A�g� �.� �(�2�+� �a�)�A�,�c�s�c�h�*�(�n�s�)� �(�2�.�3�3�)� 

�2�E�¢� �4�E�r�¢� 

�3� �_�_�(�-�a�)�f�a� �_� �(�2�+� �.�a�)�r�¢�f� �c�o�t�h�(�n�s�)� �(�2�.�3�4�)� 

�E�¢� �2�n�E�¢� 

�f�7�(�1� �|� �~�a�)�f�?�a�?� 
�2�m�m�n�E� �¢� �2�E�f�A� �f� 

�a�n�d�,� 

�o� �=� �S�E�A�L� �(�2�.�3�6�)� 
�E�m�A� �m� 

�J�i�a�n�g� �a�n�d� �P�e�n�n� �u�s�e�d� �e�q�u�a�t�i�o�n� �2�.�3�2� �a�s� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� 

�d�e�b�o�n�d�i�n�g� �l�o�a�d� �v�e�r�s�u�s� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �c�u�r�v�e�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�8� �[�1�2�7�]�.� �F�i�g�u�r�e� �2�.�8�(�a�)� 

�s�h�o�w�s� �t�h�a�t� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �f�r�a�c�t�u�r�e� �e�n�e�r�g�y� �(�G�,�)� �w�h�i�l�e� �l�e�a�v�i�n�g� �a�l�l� �o�t�h�e�r� 

�p�a�r�a�m�e�t�e�r�s� �i�n� �e�q�u�a�t�i�o�n� �2�.�3�2� �u�n�c�h�a�n�g�e�d�,� �i�n�c�r�e�a�s�e�s� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �r�i�s�i�n�g� �p�o�r�t�i�o�n� �o�f� �t�h�e� 

�c�u�r�v�e� �a�n�d� �e�l�e�v�a�t�e�s� �t�h�e� �p�l�a�t�e�a�u�.� �F�i�g�u�r�e� �2�.�8�(�b�)� �s�h�o�w�s� �t�h�a�t� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �m�a�t�r�i�x� 

�m�o�d�u�l�u�s� �(�E�j�)� �r�a�i�s�e�s� �t�h�e� �c�u�r�v�e� �a�t� �l�o�w� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h�,� �b�u�t� �h�a�s� �n�o� �e�f�f�e�c�t� �a�t� �h�i�g�h� 

�e�m�b�e�d�d�e�d� �l�e�n�g�t�h�.� �T�h�i�s� �m�o�v�e�s� �t�h�e� �k�n�e�e� �i�n� �t�h�e� �c�u�r�v�e� �t�o� �t�h�e� �l�e�f�t�.� 

�T�h�e� �p�r�e�s�e�n�t� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l�s� �d�o�e�s� �n�o�t� �a�c�c�u�r�a�t�e�l�y� �p�r�e�d�i�c�t� �a�l�l� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� 

�o�b�t�a�i�n�e�d� �p�u�l�l�-�o�u�t� �t�e�s�t� �d�a�t�a�.� �F�o�r� �e�x�a�m�p�l�e�,� �w�h�e�n� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �c�u�r�v�e�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� 

�e�q�u�a�t�i�o�n� �2�.�3�2�,� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �f�o�r� �S�p�e�c�t�r�a� �f�i�b�e�r�/�e�p�o�x�y� �[�1�2�7�]�,� �a�r�a�m�i�d� 
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�0� �1�0�0� �2�0�0� �3�0�0� �4�0�0� �5�0�0� �6�0�0� �7�0�0� �8�0�0� �9�0�0� �1�0�0�0� 
�E�m�b�e�d�d�e�d� �l�e�n�g�t�h� �(�p�m�)� 

�F�i�g�u�r�e� �2�.�8�.� �T�h�e�o�r�e�t�i�c�a�l� �c�u�r�v�e�s� �o�f� �d�e�b�o�n�d�i�n�g� �l�o�a�d� �v�e�r�s�u�s� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �c�o�m�p�u�t�e�d� 
�f�r�o�m� �e�q�u�a�t�i�o�n� �2�.�3�2� �w�h�e�n� �(�a�)� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �f�r�a�c�t�u�r�e� �e�n�e�r�g�y� �(�G�.�)� �a�n�d� �(�b�)� �t�h�e� �m�a�t�r�i�x� 

�m�o�d�u�l�u�s� �(�E�m�)� �a�r�e� �i�n�c�r�e�a�s�e�d� �[�1�2�7�]�.� 
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�f�i�b�e�r�/�e�p�o�x�y� �[�1�1�4�]�,� �a�n�d� �a�r�a�m�i�d� �f�i�b�e�r�/�t�h�e�r�m�o�p�l�a�s�t�i�c� �s�y�s�t�e�m�s� �[�1�2�8�]�,� �t�h�e� �d�a�t�a� �e�x�h�i�b�i�t�e�d� �a�n� 

�i�n�i�t�i�a�l� �r�i�s�i�n�g� �r�e�g�i�o�n� �f�o�l�l�o�w�e�d� �b�y� �a� �p�l�a�t�e�a�u�,� �b�u�t� �t�h�e�r�e� �w�a�s� �c�o�n�s�i�d�e�r�a�b�l�e� �d�i�s�c�r�e�p�a�n�c�y� 

�b�e�t�w�e�e�n� �t�h�e� �c�u�r�v�e�s� �a�t� �l�o�w� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h�s�.� 

�2�.�1�.�4�.�2�.�2� �E�v�a�l�u�a�t�i�o�n� �o�f� �E�x�p�e�r�i�m�e�n�t�a�l� �P�a�r�a�m�e�t�e�r�s� �i�n� �t�h�e� �M�i�c�r�o�b�o�n�d� �T�e�s�t� 

�E�q�u�a�t�i�o�n� �2�.�7� �i�m�p�l�i�e�s� �t�h�a�t� �d�u�r�i�n�g� �a� �p�u�l�l�-�o�u�t� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �a�p�p�l�i�e�d� �f�o�r�c�e� �i�s� 

�d�i�s�t�r�i�b�u�t�e�d� �u�n�i�f�o�r�m�l�y� �a�n�d� �e�q�u�a�l�l�y� �a�l�o�n�g� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e�.� �D�u�r�i�n�g� �t�h�e� �m�i�c�r�o�b�o�n�d� 

�p�u�l�l�-�o�u�t� �t�e�s�t�,� �h�o�w�e�v�e�r�,� �t�h�e� �f�o�r�c�e� �i�s� �a�p�p�l�i�e�d� �t�o� �a� �s�m�a�l�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �d�r�o�p� �a�n�d� �i�s� �n�o�t� �e�v�e�n�l�y� 

�d�i�s�t�r�i�b�u�t�e�d� �a�l�o�n�g� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e�.� �T�h�e� �f�o�r�c�e� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� 

�t�h�e� �p�o�i�n�t� �o�f� �a�p�p�l�i�c�a�t�i�o�n�.� �W�h�e�n� �a� �c�e�r�t�a�i�n� �a�m�o�u�n�t� �o�f� �f�o�r�c�e� �p�r�o�d�u�c�e�s� �p�u�l�l�-�o�u�t�,� �m�o�s�t� �o�f� �1�t� �h�a�s� 

�b�e�e�n� �a�p�p�l�i�e�d� �t�o� �t�h�e� �t�o�p� �o�f� �t�h�e� �i�n�t�e�r�f�a�c�e� �t�o� �p�r�o�d�u�c�e� �t�h�e� �i�n�i�t�i�a�l� �b�o�n�d� �r�u�p�t�u�r�e� �w�h�i�c�h� �t�h�e�n� 

�p�r�o�p�a�g�a�t�e�s� �d�o�w�n� �t�h�e� �i�n�t�e�r�f�a�c�e� �[�3�1�]�.� 

�W�u� �a�n�d� �C�l�a�y�p�o�o�l� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� �d�r�o�p�l�e�t� �g�e�o�m�e�t�r�y�,� �l�o�a�d�i�n�g� �p�o�i�n�t�s�,� 

�a�n�d� �t�h�e� �i�n�t�e�r�p�h�a�s�e� �m�o�d�u�l�u�s� �o�n� �t�h�e� �f�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�s�s� �u�s�i�n�g� �a� �f�i�n�i�t�e� 

�e�l�e�m�e�n�t� �m�o�d�e�l� �[�1�2�9�,� �1�3�0�]�.� �T�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �a�l�o�n�g� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� 

�w�a�s� �f�o�u�n�d� �t�o� �b�e� �n�o�n�-�u�n�i�f�o�r�m� �w�i�t�h� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�e�s�s� �o�c�c�u�r�r�i�n�g� �a�t� �t�h�e� �t�o�p� �o�f� �t�h�e� �d�r�o�p�l�e�t�.� 

�I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�a�s� �i�d�e�n�t�i�c�a�l� �w�h�e�t�h�e�r� 

�t�h�e� �d�r�o�p� �w�a�s� �i�n� �t�h�e� �f�o�r�m� �o�f� �a� �s�p�h�e�r�e� �o�r� �a�n� �e�l�l�i�p�s�o�i�d�.� 

�H�e�r�r�e�r�a�-�F�r�a�n�c�o� �a�n�d� �D�r�z�a�l� �u�s�e�d� �p�h�o�t�o�e�l�a�s�t�i�c� �a�n�d� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s� �t�o� �s�t�u�d�y� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �t�h�e� �d�r�o�p� �m�e�n�i�s�c�u�s� �a�n�d� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�h�e�a�r�i�n�g� �p�l�a�t�e�s� �o�n� �t�h�e� �f�a�i�l�u�r�e� 

�m�o�d�e� �a�n�d� �t�h�e� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �[�2�1�]�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �m�a�x�i�m�u�m� �s�h�e�a�r� 

�s�t�r�e�s�s� �i�n�c�r�e�a�s�e�s� �a�n�d� �t�h�e� �p�o�i�n�t� �o�f� �o�c�c�u�r�r�e�n�c�e� �o�f� �t�h�e� �m�a�x�i�m�u�m� �s�h�e�a�r� �s�t�r�e�s�s� �v�a�r�i�e�s� �a�s� �t�h�e� 

�s�h�e�a�r�i�n�g� �p�l�a�t�e�s� �a�r�e� �m�o�v�e�d� �c�l�o�s�e�r� �t�o� �t�h�e� �f�i�b�e�r�.� �T�h�e� �l�o�a�d�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�l�s�o� �a�f�f�e�c�t� �t�h�e� �r�a�d�i�a�l� 

�s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �b�o�t�h� �i�n� �m�a�g�n�i�t�u�d�e� �a�n�d� �p�o�i�n�t� �o�f� �o�c�c�u�r�r�e�n�c�e�.� �T�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �i�s� �t�e�n�s�i�l�e� 

�a�t� �t�h�e� �p�o�i�n�t� �w�h�e�r�e� �t�h�e� �f�i�b�e�r� �e�m�e�r�g�e�s� �f�r�o�m� �t�h�e� �d�r�o�p� �a�n�d� �d�e�c�r�e�a�s�e�s� �r�a�p�i�d�l�y� �t�o�w�a�r�d� �z�e�r�o� �a�n�d� 

�t�h�e�n� �b�e�c�o�m�e�s� �c�o�m�p�r�e�s�s�i�v�e�,� �g�o�i�n�g� �t�h�r�o�u�g�h� �a� �l�o�w� �p�o�i�n�t� �t�o�w�a�r�d� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �d�r�o�p�.� 
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�W�h�e�n� �d�r�o�p�s� �a�r�e� �f�o�r�m�e�d� �a�r�o�u�n�d� �a� �f�i�b�e�r� �a� �m�e�n�i�s�c�u�s�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�9�,� �w�i�l�l� 

�a�l�w�a�y�s� �e�x�i�s�t� �a�t� �t�h�e� �c�o�n�t�a�c�t� �p�o�i�n�t� �o�f� �t�h�e� �f�i�b�e�r� �a�n�d� �m�a�t�r�i�x� �[�1�3�1�,� �1�3�2�]�.� �H�e�r�r�a�r�o�-�F�r�a�n�c�o� �a�n�d� 

�D�r�z�a�l� �f�o�u�n�d� �t�h�a�t� �t�h�i�s� �m�e�n�i�s�c�u�s� �a�f�f�e�c�t�s� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �a�l�o�n�g� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� 

�i�n�t�e�r�f�a�c�e�.� �W�h�e�n� �t�h�e� �r�e�s�i�n�s� �d�r�o�p�s� �d�e�b�o�n�d�,� �a� �s�m�a�l�l� �c�o�n�e� �o�f� �p�o�l�y�m�e�r� �i�s� �o�f�t�e�n� �l�e�f�t� �b�e�h�i�n�d� �o�n� 

�t�h�e� �f�i�b�e�r� �w�h�e�r�e� �t�h�e� �d�r�o�p� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �l�o�c�a�t�e�d�.� �H�e�r�r�a�r�o�-�F�r�a�n�c�o� �a�n�d� �D�r�z�a�l� �a�t�t�r�i�b�u�t�e�d� �t�h�i�s� 

�t�o� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �m�e�n�i�s�c�u�s� �a�r�e�a� �[�2�1�]�.� 

�G�a�u�r� �a�n�d� �M�i�l�l�e�r� �n�o�t�e�d� �t�h�a�t� �w�h�e�n� �f�o�r�c�e� �t�r�a�c�e�s� �f�r�o�m� �i�n�d�i�v�i�d�u�a�l� �m�i�c�r�o�b�o�n�d� �t�e�s�t�s� �a�r�e� 

�i�n�s�p�e�c�t�e�d�,� �t�h�e� �l�o�a�d�i�n�g� �r�a�t�e� �(�s�l�o�p�e� �o�f� �t�h�e� �f�o�r�c�e� �t�r�a�c�e� �b�e�f�o�r�e� �d�e�b�o�n�d�i�n�g�)� �i�s� �n�o�t� �a�l�w�a�y�s� �t�h�e� 

�s�a�m�e�.� �T�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �t�h�e� �l�o�a�d�i�n�g� �r�a�t�e� �i�s� �c�a�u�s�e�d� �b�y� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� 

�t�h�e� �d�r�o�p�l�e�t� �a�n�d� �t�h�e� �p�o�i�n�t� �w�h�e�r�e� �t�h�e� �f�i�b�e�r� �i�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �f�o�r�c�e� �c�e�l�l�.� �T�h�e�y� �f�o�u�n�d� �n�o� 

�s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�f� �l�o�a�d�i�n�g� �r�a�t�e� �o�n� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �o�v�e�r� �t�h�e� �n�o�r�m�a�l� �l�o�a�d�i�n�g� �r�a�t�e� �r�a�n�g�e� �(�1�-�3� 

�g�r�a�m�s�/�s�e�c�o�n�d�)� �o�b�t�a�i�n�e�d� �f�o�r� �f�o�u�r� �s�y�s�t�e�m�s� �[�3�1�]�.� 

�2�.�1�.�5� �C�a�r�b�o�n� �F�i�b�e�r� �P�r�o�p�e�r�t�i�e�s� 

�2�.�1�.�5�.�1� �F�i�b�e�r� �P�r�e�p�a�r�a�t�i�o�n� �a�n�d� �S�t�r�u�c�t�u�r�e� 

�C�a�r�b�o�n� �f�i�b�e�r�s� �e�x�h�i�b�i�t� �a� �u�n�i�q�u�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �p�e�r�f�o�r�m�a�n�c�e� �a�d�v�a�n�t�a�g�e�s� �w�h�i�c�h� �m�a�k�e� 

�t�h�e�m� �i�d�e�a�l� �r�e�i�n�f�o�r�c�i�n�g� �m�a�t�e�r�i�a�l�s� �f�o�r� �u�s�e� �i�n� �a�d�v�a�n�c�e�d� �c�o�m�p�o�s�i�t�e�s� �[�1�3�3�]�.� �C�a�r�b�o�n� �f�i�b�e�r� 

�p�r�o�p�e�r�t�i�e�s� �a�r�e� �a�n�i�s�o�t�r�o�p�i�c�.� �T�h�a�t� �i�s�,� �t�h�e�y� �a�r�e� �s�t�r�o�n�g� �a�n�d� �s�t�i�f�f� �i�n� �t�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� �(�f�i�b�e�r� �a�x�i�s�,� 

�Q�°�)� �d�i�r�e�c�t�i�o�n� �a�n�d� �w�e�a�k� �t�r�a�n�s�v�e�r�s�e� �(�o�r� �9�0�°�)� �t�o� �t�h�e� �f�i�b�e�r� �a�x�i�s�.� �T�h�i�s� �i�s� �d�u�e� �t�o� �o�r�i�e�n�t�a�t�i�o�n� �o�f� 

�t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �g�r�a�p�h�i�t�e� �c�r�y�s�t�a�l�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �f�i�b�e�r� �a�x�i�s� �[�1�3�4�]�.� 

�A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�0�,� �t�h�e� �g�r�a�p�h�i�t�e� �s�i�n�g�l�e� �c�r�y�s�t�a�l� �i�s� �c�o�m�p�o�s�e�d� �o�f� �m�a�n�y� �s�h�e�e�t�-�l�i�k�e� 

�l�a�y�e�r�s� �o�f� �c�a�r�b�o�n� �a�t�o�m�s� �[�1�3�4�-�1�3�6�]�.� �I�n� �t�h�e� �p�l�a�n�e� �o�f� �t�h�e� �s�h�e�e�t� �(�t�h�e� �b�a�s�a�l� �p�l�a�n�e�)�,� �t�h�e� �c�a�r�b�o�n� 

�a�t�o�m�s� �a�r�e� �l�i�n�k�e�d� �t�o�g�e�t�h�e�r� �b�y� �s�t�r�o�n�g� �c�o�v�a�l�e�n�t� �b�o�n�d�s�.� �I�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �n�o�r�m�a�l� �t�o� �t�h�e� �b�a�s�a�l� 

�p�l�a�n�e�,� �t�h�e� �s�h�e�e�t�-�l�i�k�e� �l�a�y�e�r�s� �o�f� �c�a�r�b�o�n� �a�t�o�m�s� �a�r�e� �h�e�l�d� �t�o�g�e�t�h�e�r� �b�y� �r�e�l�a�t�i�v�e�l�y� �w�e�a�k� �v�a�n� �d�e�r� 

�W�a�a�l�s� �f�o�r�c�e�s�.� �T�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �c�r�y�s�t�a�l�l�i�t�e�s� �i�n� �a� �c�a�r�b�o�n� �f�i�b�e�r� �a�r�e� �n�o�t� �p�e�r�f�e�c�t� �s�i�n�g�l�e� 
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�F�i�g�u�r�e� �2�.�9�.� �S�h�a�p�e� �o�f� �a� �l�i�q�u�i�d� �d�r�o�p� �o�n� �a� �c�y�l�i�n�d�r�i�c�a�l� �f�i�b�e�r� �[�1�3�2�]�.� 
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�(�b�)� 

�F�i�g�u�r�e� �2�.�1�0�.� �C�r�y�s�t�a�l�l�o�g�r�a�p�h�i�c� �s�t�r�u�c�t�u�r�e� �o�f� �(�a�)� �t�h�e� �g�r�a�p�h�i�t�e� �s�i�n�g�l�e� �c�r�y�s�t�a�l� �a�n�d� �(�b�)� 
�t�u�r�b�o�s�t�r�a�t�i�c� �g�r�a�p�h�i�t�e� �[�1�3�4�]�.� 
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�c�r�y�s�t�a�l�s�.� �I�n�s�t�e�a�d�,� �t�h�e� �s�t�a�c�k�i�n�g� �o�f� �t�h�e� �c�a�r�b�o�n� �s�h�e�e�t�s� �i�s� �s�l�i�g�h�t�l�y� �d�i�s�p�l�a�c�e�d� �a�n�d� �t�h�e� 

�c�r�y�s�t�a�l�l�i�t�e�s� �a�r�e� �i�n� �t�h�e� �f�o�r�m� �o�f� �"�t�u�r�b�o�s�t�r�a�t�i�c�"� �g�r�a�p�h�i�t�e� �[�1�3�4�,� �1�3�6�]�.� �T�h�e� �s�p�a�c�i�n�g� �b�e�t�w�e�e�n� �t�h�e� 

�b�a�s�a�l� �p�l�a�n�e�s� �i�n� �t�u�r�b�o�s�t�r�a�t�i�c� �g�r�a�p�h�i�t�e� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�.�4�0� �t�o� �3�.�4�5� �A� �a�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� 

�3�.�3�5� �A� �s�e�p�a�r�a�t�i�o�n� �f�o�r� �p�e�r�f�e�c�t� �g�r�a�p�h�i�t�e� �[�1�3�4�,� �1�3�5�,� �1�3�7�]�.� 

�C�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �p�r�o�d�u�c�e�d� �b�y� �p�y�r�o�l�y�z�i�n�g� �o�r�g�a�n�i�c� �p�r�e�c�u�r�s�o�r� �f�i�b�e�r�s�.� �R�a�y�o�n�,� 

�p�o�l�y�a�c�r�y�l�o�n�i�t�n�i�l�e� �(�P�A�N�)�,� �a�n�d� �p�e�t�r�o�l�e�u�m� �o�r� �c�o�a�l� �t�a�r� �p�i�t�c�h� �a�r�e� �t�h�e� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� 

�c�a�r�b�o�n� �f�i�b�e�r� �p�r�e�c�u�r�s�o�r�s� �[�1�3�8�]�.� �P�A�N� �i�s� �w�i�d�e�l�y� �u�s�e�d� �d�u�e� �t�o� �a� �h�i�g�h� �c�a�r�b�o�n� �y�i�e�l�d� �a�n�d� �t�h�e� 

�a�b�i�l�i�t�y� �t�o� �t�a�i�l�o�r� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �f�i�n�a�l� �p�r�o�d�u�c�t� �[�1�3�8�]�.� �T�h�e� �m�a�t�e�r�i�a�l� �u�s�e�d� �t�o� �f�o�r�m� �P�A�N�-� 

�b�a�s�e�d� �c�a�r�b�o�n� �f�i�b�e�r�s� �i�s� �n�o�t� �a� �h�o�m�o�p�o�l�y�m�e�r� �o�f� �a�c�r�y�l�o�n�i�t�r�i�l�e�.� �I�n�s�t�e�a�d�,� �i�t� �i�s� �a� �c�o�p�o�l�y�m�e�r� �o�r� 

�t�e�r�p�o�l�y�m�e�r� �c�o�n�t�a�i�n�i�n�g� �i�n� �e�x�c�e�s�s� �o�f� �8�5� �w�e�i�g�h�t�%� �a�c�r�y�l�o�n�i�t�r�i�l�e�.� �T�y�p�i�c�a�l� �c�o�m�o�n�o�m�e�r�s� 

�i�n�c�l�u�d�e� �m�e�t�h�y�l� �a�c�r�y�l�a�t�e�,� �i�t�a�c�o�n�i�c� �a�c�i�d�,� �m�e�t�h�a�c�r�y�l�i�c� �a�c�i�d�,� �h�y�d�r�o�x�y�e�t�h�y�l�a�c�r�y�l�o�n�i�t�n�l�e�,� �a�n�d� 

�s�o�d�i�u�m� �a�l�k�y�l� �s�u�l�f�o�n�a�t�e� �[�1�3�3�,� �1�3�8�]�.� �T�h�e�s�e� �c�o�m�o�n�o�m�e�r�s� �a�r�e� �u�s�e�d� �t�o� �f�a�c�i�l�i�t�a�t�e� �f�i�b�e�r� 

�s�p�i�n�n�i�n�g� �a�n�d� �t�o� �a�s�s�i�s�t� �i�n� �t�h�e� �s�t�a�b�i�l�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �[�1�3�3�]�.� 

�T�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �i�n�v�o�l�v�e�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�t�e�p�s�:� 

�1�)� �e�x�t�r�u�s�i�o�n� �o�f� �a� �f�i�n�e� �p�o�l�y�m�e�r� �f�i�b�e�r�,� 

�2�)� �s�t�r�e�t�c�h�i�n�g� �o�f� �t�h�e� �f�i�b�e�r� �t�o� �o�r�i�e�n�t� �t�h�e� �m�o�l�e�c�u�l�e�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �f�i�b�e�r� �a�x�i�s�,� 

�3�)� �s�t�a�b�i�l�i�z�a�t�i�o�n� �b�y� �p�r�e�o�x�i�d�a�t�i�o�n� �a�t� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �(�2�0�0� �-� �4�5�0�°�C�)� �i�n� �a�i�r�,� 

�4�)� �c�a�r�b�o�n�i�z�a�t�i�o�n� �i�n� �a�n� �i�n�e�r�t� �a�t�m�o�s�p�h�e�r�e� �a�t� �1�0�0�0�-�2�0�0�0�°�C�,� 

�5�)� �g�r�a�p�h�i�t�i�z�a�t�i�o�n� �i�n� �a�n� �i�n�e�r�t� �a�t�m�o�s�p�h�e�r�e� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �2�5�0�0�°�C�,� �a�n�d� 

�6�)� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t�.� 

�T�h�e� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �h�a�s� �b�e�e�n� �r�e�v�i�e�w�e�d� �b�y� �G�u�p�t�a� �e�t� �a�l�.�,� �G�o�o�d�h�e�w� �e�t� �a�l�.�,� 

�P�e�e�b�l�e�s�,� �H�e�n�r�i�c�i�-�O�l�i�v�é� �a�n�d� �O�l�i�v�é�,� �W�a�t�t�,� �R�i�g�g�s�,� �T�h�o�r�n�e�,� �F�i�t�z�e�r� �e�t� �a�l�.�,� �D�a�m�o�d�a�r�a�n� �e�t� �a�l�.�,� 

�R�a�j�a�l�i�n�g�a�m� �a�n�d� �R�a�d�h�a�k�n�i�s�h�n�a�n�,� �B�a�s�h�i�r�,� �D�i�e�f�e�n�d�o�r�f� �e�t� �a�l�.�,� �G�e�r�h�a�r�t�z�,� �a�n�d� �D�o�n�n�e�t� �a�n�d� 

�B�a�n�s�a�l� �[�1�3�8�-�1�5�4�]�.� 

�T�h�e� �b�a�s�i�c� �c�a�r�b�o�n� �f�i�b�e�r� �s�t�r�u�c�t�u�r�a�l� �u�n�i�t� �c�o�n�s�i�s�t�s� �o�f� �a� �s�t�a�c�k� �o�f� �t�u�r�b�o�s�t�r�a�t�i�c� �l�a�y�e�r�s� �a�s� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�1� �w�h�e�r�e� �A�-�A�'� �i�s� �t�h�e� �f�i�b�e�r� �d�i�r�e�c�t�i�o�n�,� �a� �i�s� �a� �d�e�f�e�c�t� �i�n� �t�h�e� �b�a�s�i�c� �s�t�r�u�c�t�u�r�a�l� 
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�F�i�g�u�r�e� �2�.�1�1�.� �T�h�e� �b�a�s�i�c� �s�t�r�u�c�t�u�r�a�l� �u�n�i�t� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �[�1�5�5�]�.� 
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�u�n�i�t�,� �L�g� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �m�e�a�n� �l�e�n�g�t�h� �o�f� �"�s�t�r�a�i�g�h�t�"� �b�a�s�a�l� �p�l�a�n�e�s�,� �a�n�d� �L�¢� �i�s� �t�h�e� �s�t�a�c�k� 

�h�e�i�g�h�t� �[�1�5�5�]�.� �T�h�i�s� �b�a�s�i�c� �s�t�r�u�c�t�u�r�a�l� �u�n�i�t� �c�a�n� �s�p�l�i�t�,� �t�w�i�s�t�,� �f�o�l�d�,� �a�n�d� �j�o�i�n� �o�t�h�e�r� �b�a�s�i�c� 

�s�t�r�u�c�t�u�r�a�l� �u�n�i�t�s� �w�h�i�c�h� �c�a�n� �a�l�s�o� �s�p�l�i�t�,� �t�w�i�s�t�,� �f�o�l�d�,� �a�n�d� �j�o�i�n� �w�i�t�h�i�n� �a� �c�a�r�b�o�n� �f�i�b�e�r� �[�1�5�6�]�.� �T�h�e� 

�g�r�o�w�t�h� �o�f� �t�h�e� �t�u�r�b�o�s�t�r�a�t�i�c� �g�r�a�p�h�i�t�e� �s�h�e�e�t�s� �r�e�s�u�l�t�s� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �l�o�n�g�,� �u�n�d�u�l�a�t�i�n�g� 

�r�i�b�b�o�n�s� �o�r� �m�i�c�r�o�f�i�b�r�i�l�s� �o�r�i�e�n�t�e�d� �i�n� �t�h�e� �g�e�n�e�r�a�l� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �f�i�b�e�r� �a�x�i�s� �[�1�3�4�,� �1�5�7�]�.� 

�T�h�e� �s�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n�s� �i�n� �F�i�g�u�r�e� �2�.�1�2� �d�e�p�i�c�t� �t�h�e� �m�b�b�o�n�-�l�i�k�e� �s�t�r�u�c�t�u�r�e�s� �w�h�i�c�h� 

�m�a�k�e� �u�p� �c�a�r�b�o�n� �f�i�b�e�r�s�.� �T�h�e�s�e� �m�o�d�e�l�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�a�s�e�d� �o�n� �x�-�r�a�y� �d�i�f�f�r�a�c�t�i�o�n� �a�n�d� 

�e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �d�a�t�a� �[�1�5�0�,� �1�5�8�-�1�6�0�]�.� �S�i�n�c�e� �t�h�e� �c�o�n�t�o�u�r�s� �o�f� �t�h�e�s�e� �r�i�b�b�o�n�s� �d�o� �n�o�t� 

�m�a�t�c�h�,� �t�h�e� �s�p�a�c�e� �c�a�n�n�o�t� �b�e� �c�o�m�p�l�e�t�e�l�y� �f�i�l�l�e�d� �a�n�d� �n�e�e�d�l�e�-�s�h�a�p�e�d� �v�o�i�d�s� �a�r�e� �c�r�e�a�t�e�d� �w�i�t�h�i�n� 

�t�h�e� �f�i�b�e�r� �[�1�3�4�]�.� �T�h�e� �m�e�a�n� �l�e�n�g�t�h� �o�f� �t�h�e� �"�s�t�r�a�i�g�h�t�"� �b�a�s�a�l� �p�l�a�n�e�s� �a�n�d� �t�h�e� �s�t�a�c�k� �h�e�i�g�h�t� �o�f� �t�h�e� 

�r�i�b�b�o�n�s� �i�n�c�r�e�a�s�e� �a�n�d� �t�h�e� �m�i�c�r�o�p�o�r�o�s�i�t�y� �d�e�c�r�e�a�s�e�s� �a�s� �t�h�e� �h�e�a�t� �t�r�e�a�t�m�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� 

�t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �r�i�b�b�o�n�s� �i�n� �t�h�e� �f�i�b�e�r� �a�x�i�s� �d�i�r�e�c�t�i�o�n� �a�r�e� �i�n�c�r�e�a�s�e�d� �[�1�3�4�]�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �f�i�n�e� �s�t�r�u�c�t�u�r�e� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �i�s� �a� �r�a�t�h�e�r� �c�h�a�o�t�i�c� �c�o�l�l�e�c�t�i�o�n� �o�f� �b�a�s�i�c� 

�s�t�r�u�c�t�u�r�a�l� �u�n�i�t�s� �f�o�r�m�e�d� �i�n�t�o� �m�i�c�r�o�f�i�b�r�i�l�s� �a�n�d� �i�n�t�e�r�s�p�e�r�s�e�d� �w�i�t�h� �p�o�r�e�s� �[�1�5�3�]�.� �B�e�n�n�e�t�t� �a�n�d� 

�J�o�h�n�s�o�n� �p�r�o�p�o�s�e�d� �t�h�e� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �m�o�d�e�l� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�3� 

�[�1�6�1�]� �a�n�d� �D�i�e�f�e�n�d�o�r�f� �a�n�d� �T�o�k�a�r�s�k�y� �c�o�n�s�t�r�u�c�t�e�d� �t�h�e� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �m�o�d�e�l� �o�f� �t�h�e� �P�A�N�-� 

�b�a�s�e�d� �c�a�r�b�o�n� �f�i�b�e�r� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�4� �[�1�5�0�]�.� �B�o�t�h� �o�f� �t�h�e�s�e� �m�o�d�e�l�s� �s�h�o�w� �a� �d�i�f�f�e�r�e�n�c�e� 

�i�n� �o�r�d�e�r�i�n�g� �a�n�d� �d�e�n�s�i�t�y� �o�f� �t�h�e� �c�a�r�b�o�n� �r�i�b�b�o�n�s� �a�t� �t�h�e� �s�u�r�f�a�c�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�a�t� �o�f� �t�h�e� �c�o�r�e�.� 

�P�e�r�r�e�t� �a�n�d� �R�u�l�a�n�d� �[�1�5�8�]�,� �G�u�i�g�o�n� �e�t� �a�l�.� �[�1�5�5�]�,� �a�n�d� �B�a�r�n�e�t� �a�n�d� �N�o�r�r� �h�a�v�e� �a�l�s�o� �p�r�o�p�o�s�e�d� 

�t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �m�o�d�e�l�s� �o�f� �t�h�e� �P�A�N�-�b�a�s�e�d� �c�a�r�b�o�n� �f�i�b�e�r� �[�1�6�2�]�.� 

�2�.�1�.�5�.�2� �C�a�r�b�o�n� �F�i�b�e�r� �S�u�r�f�a�c�e� �T�r�e�a�t�m�e�n�t� 

�C�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �t�r�e�a�t�e�d� �t�o� �i�m�p�r�o�v�e� �f�i�b�e�r�/�m�a�t�r�i�x� �a�d�h�e�s�i�o�n�.� �P�r�o�c�t�o�r� �a�n�d� �S�h�e�r�w�o�o�d� 

�S�t�a�t�e� �t�h�a�t� �f�i�b�e�r�/�m�a�t�n�i�x� �a�d�h�e�s�i�o�n� �m�a�y� �b�e� �a�f�f�e�c�t�e�d� �b�y� �t�h�r�e�e� �m�a�i�n� �f�a�c�t�o�r�s�:� 

�(�1�)� �p�h�y�s�i�c�a�l� �a�n�d� �c�h�e�m�i�c�a�l� �a�d�s�o�r�p�t�i�o�n� �o�f� �r�e�s�i�n� �m�o�l�e�c�u�l�e�s� �o�n�t�o� �t�h�e� �s�u�r�f�a�c�e� �f�u�n�c�t�i�o�n�a�l� 

�g�r�o�u�p�s� �a�t� �e�d�g�e� �s�i�t�e�s�,
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�F�i�g�u�r�e� �2�.�1�4�.� �T�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �m�o�d�e�l� �o�f� �t�h�e� �P�A�N�-�b�a�s�e�d� �c�a�r�b�o�n� �f�i�b�e�r� �p�r�o�p�o�s�e�d� �b�y� 
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�(�2�)� �p�h�y�s�i�c�a�l� �a�d�s�o�r�p�t�i�o�n� �o�f� �r�e�s�i�n� �m�o�l�e�c�u�l�e�s� �o�n�t�o� �b�a�s�a�l� �s�u�r�f�a�c�e�s�,� �a�n�d� 

�(�3�)� �f�i�b�e�r� �r�o�u�g�h�n�e�s�s� �a�n�d� �s�u�r�f�a�c�e� �a�r�e�a� �[�1�6�3�]�.� 

�T�h�e� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �t�o� �i�m�p�r�o�v�e� �c�o�m�p�o�s�i�t�e� �p�r�o�p�e�r�t�i�e�s� �h�a�s� �b�e�e�n� 

�r�e�v�i�e�w�e�d� �b�y� �D�e�l�m�o�n�t�e� �[�1�6�4�]�,� �E�h�r�b�e�r�g�e�r� �a�n�d� �D�o�n�n�e�t� �[�1�6�5�]�,� �R�i�g�g�s� �[�1�4�3�]�,� �D�o�n�n�e�t� �a�n�d� 

�B�a�n�s�a�l� �[�1�5�4�]�,� �a�n�d� �W�r�i�g�h�t� �[�1�6�6�,� �1�6�7�]�.� �T�r�e�a�t�m�e�n�t�s� �a�r�e� �c�o�m�m�o�n�l�y� �u�s�e�d� �t�o� �c�l�e�a�n� �t�h�e� �f�i�b�e�r� 

�s�u�r�f�a�c�e� �a�n�d�/�o�r� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �i�n�t�o� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �w�h�i�c�h� �f�a�c�i�l�i�a�t�e� 

�r�e�s�i�n�/�f�i�b�e�r� �w�e�t�t�i�n�g� �a�n�d� �i�n�t�e�r�a�c�t�i�o�n�.� �T�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �h�a�s� �b�e�e�n� �m�o�d�i�f�i�e�d� �u�s�i�n�g� �a�n�o�d�i�c� 

�o�x�i�d�a�t�i�o�n� �[�1�6�8�-�1�7�3�]�,� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �[�4�6�,� �6�3�,� �6�7�,� �9�8�,� �1�0�6�,� �1�7�4�-�1�9�5�]�,� �e�l�e�c�t�r�o�d�e�p�o�s�i�t�i�o�n� 

�[�1�9�6�-�1�9�8�]�,� �w�e�t� �a�n�d� �d�r�y� �o�x�i�d�a�t�i�o�n� �[�1�6�3�,� �1�9�5�,� �1�9�9�]�,� �a�n�d� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �f�i�b�e�r� �c�o�a�t�i�n�g�s� 

�[�3�9�,� �7�0�,� �2�0�0�-�2�0�2�]�.� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e�s�e� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t�s� �o�n� �c�a�r�b�o�n� �f�i�b�e�r�s� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �u�s�i�n�g� �a� 

�w�i�d�e� �v�a�r�i�e�t�y� �o�f� �t�e�c�h�n�i�q�u�e�s� �i�n�c�l�u�d�i�n�g� �t�i�t�r�a�t�i�o�n�,� �r�e�a�c�t�i�o�n� �o�f� �s�u�r�f�a�c�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �w�i�t�h� 

�m�o�r�e� �e�a�s�i�l�y� �i�d�e�n�t�i�f�i�a�b�l�e� �t�a�g�s�,� �x�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y�,� �A�u�g�e�r� �s�p�e�c�t�r�o�s�c�o�p�y�,� 

�s�e�c�o�n�d�a�r�y� �i�o�n� �m�a�s�s� �s�p�e�c�t�r�o�s�c�o�p�y�,� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�o�s�c�o�p�y�,� �R�a�m�a�n� �s�p�e�c�t�r�o�s�c�o�p�y�,� �s�u�r�f�a�c�e� 

�e�n�e�r�g�y� �b�y� �w�e�t�t�i�n�g� �a�n�a�l�y�s�i�s�,� �i�n�v�e�r�s�e� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �g�a�s� �o�r� �l�i�q�u�i�d� �a�d�s�o�r�p�t�i�o�n�,� 

�s�c�a�n�n�i�n�g� �t�u�n�n�e�l�i�n�g� �m�i�c�r�o�s�c�o�p�y�,� �a�n�d� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y�.� �F�i�g�u�r�e� �2�.�1�5� 

�c�o�m�p�a�r�e�s� �t�h�e� �s�a�m�p�l�i�n�g� �d�e�p�t�h�s� �o�f� �s�e�v�e�r�a�l� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �t�e�c�h�n�i�q�u�e�s� �[�1�5�3�]�.� �T�h�e�r�e� �a�r�e� 

�s�e�v�e�r�a�l� �r�e�v�i�e�w�s� �o�f� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �[�1�5�3�,� �1�5�4�,� �2�0�3�-�2�0�8�]�.� 

�D�o�n�n�e�t� �a�n�d� �G�u�i�l�p�a�i�n� �s�t�a�t�e� �t�h�a�t� �c�o�m�m�e�r�c�i�a�l�l�y� �s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� 

�o�x�i�d�i�z�e�d� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l�l�y� �u�s�i�n�g� �a� �c�o�n�t�i�n�u�o�u�s� �a�n�o�d�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �[�2�0�9�]�.� �A�n�o�d�i�c� 

�o�x�i�d�a�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �i�n� �a�q�u�e�o�u�s� �a�c�i�d�i�c� �o�r� �b�a�s�i�c� �s�o�l�u�t�i�o�n�s� �o�f� �s�o�d�i�u�m� 

�h�y�d�r�o�x�i�d�e�,� �p�o�t�a�s�s�i�u�m� �h�y�d�r�o�x�i�d�e�,� �s�u�l�f�u�r�i�c� �a�c�i�d�,� �n�i�t�r�i�c� �a�c�i�d� �a�n�d� �a�m�i�n�e� �s�a�l�t�s�.� �F�o�l�l�o�w�i�n�g� 

�c�o�m�m�e�r�c�i�a�l� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t�,� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �o�f�t�e�n� �s�i�z�e�d� �w�i�t�h� �a� �m�a�t�r�i�x� �c�o�m�p�a�t�i�b�l�e� 

�c�o�a�t�i�n�g� �t�o� �p�r�o�t�e�c�t� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �f�r�o�m� �d�a�m�a�g�e� �d�u�r�i�n�g� �h�a�n�d�l�i�n�g�,� �t�o� �p�r�o�t�e�c�t� �t�h�e� �s�u�r�f�a�c�e� 

�c�h�e�m�i�s�t�r�y� �c�r�e�a�t�e�d� �b�y� �t�h�e� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t�,� �e�n�h�a�n�c�e� �f�i�b�e�r�/�m�a�t�r�i�x� �w�e�t�t�i�n�g� �a�n�d� �a�d�h�e�s�i�o�n�,� 

�a�n�d� �i�m�p�r�o�v�e� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �i�n�t�e�r�p�h�a�s�e� �[�2�0�2�]�.� 
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�A�F�M�,� �S�T�M� 
�c�o�n�t�a�c�t� �a�n�g�l�e�s� 

�s�t�a�t�i�c� �S�I�M�S� 
�A�T�R�-�I�R� 

� � � � � � 
�F�i�g�u�r�e� �2�.�1�5�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �s�a�m�p�l�i�n�g� �d�e�p�t�h�s� �f�o�r� �s�e�v�e�r�a�l� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �t�e�c�h�n�i�q�u�e�s� 

�[�a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�.� �1�5�3�]�.� 
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�F�i�g�u�r�e� �2�.�1�6� �s�h�o�w�s� �s�o�m�e� �o�x�y�g�e�n�-�c�o�n�t�a�i�n�i�n�g� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �t�h�o�u�g�h�t� �t�o� �b�e� �p�r�e�s�e�n�t� 

�o�n� �o�x�i�d�i�z�e�d� �c�a�r�b�o�n� �s�u�r�f�a�c�e�s� �[�2�1�0�]�.� �X�P�S� �s�t�u�d�i�e�s� �s�u�p�p�o�r�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�a�r�b�o�x�y�]�,� 

�c�a�r�b�o�n�y�l�,� �h�y�d�r�o�x�y�l�,� �e�s�t�e�r�,� �a�n�d� �q�u�i�n�o�n�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �[�2�0�7�]�.� �D�e�V�i�l�b�i�s�s� �u�s�e�d� �f�l�u�o�r�i�n�e�-� 

�c�o�n�t�a�i�n�i�n�g� �r�e�a�g�e�n�t�s� �t�o� �c�o�n�f�i�r�m� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�m�i�n�e� �a�n�d� �h�y�d�r�o�x�y�l� �g�r�o�u�p�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� 

�H�e�r�c�u�l�e�s� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �b�y� �X�P�S� �[�5�1�]�.� �D�r�z�a�l� �a�l�s�o� �d�e�t�e�c�t�e�d� �a�m�i�n�e� �g�r�o�u�p�s� �b�y� �s�t�u�d�y�i�n�g� 

�t�h�e� �t�h�e�r�m�a�l� �d�e�s�o�r�p�t�i�o�n� �o�f� �c�o�m�p�o�u�n�d�s� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �o�f� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �u�s�i�n�g� �m�a�s�s� 

�s�p�e�c�t�r�o�m�e�t�r�y� �[�2�1�1�]�.� �S�e�l�l�i�t�t�i�,� �K�o�e�n�i�g�,� �a�n�d� �I�s�h�i�d�a� �u�s�e�d� �f�u�n�c�t�i�o�n�a�l�i�z�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �a�n�d� 

�a�t�t�e�n�u�a�t�e�d� �t�o�t�a�l� �r�e�f�l�e�c�t�i�o�n� �F�o�u�r�i�e�r� �t�r�a�n�s�f�o�r�m� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�o�s�c�o�p�y� �(�A�T�R�-�I�R�)� �t�o� 

�c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �s�u�r�f�a�c�e� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �o�x�i�d�i�z�e�d� �b�y� �r�e�f�l�u�x�i�n�g� �i�n� �7�0�%� �n�i�t�r�i�c� �a�c�i�d� �[�2�1�2�]�.� 

�A�T�R�-�I�R� �d�e�t�e�c�t�e�d� �t�h�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�7� �[�2�1�2�]�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �f�i�b�e�r� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t�s� �o�n� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �a�d�h�e�s�i�o�n� �o�f� �t�h�e�r�m�o�s�e�t� �a�n�d� 

�t�h�e�r�m�o�p�l�a�s�t�i�c� �p�o�l�y�m�e�r�s� �w�i�l�l� �b�e� �r�e�v�i�e�w�e�d� �i�n� �C�h�a�p�t�e�r�s� �3� �a�n�d� �4�.� 

�2�.�1�.�5�.�2�.�1� �P�l�a�s�m�a� �T�r�e�a�t�m�e�n�t� 

�A� �p�l�a�s�m�a� �i�s� �a� �p�a�r�t�i�a�l�l�y� �i�o�n�i�z�e�d� �g�a�s� �w�i�t�h� �a�n� �e�s�s�e�n�t�i�a�l�l�y� �e�q�u�a�l� �d�e�n�s�i�t�y� �o�f� �p�o�s�i�t�i�v�e�l�y� 

�a�n�d� �n�e�g�a�t�i�v�e�l�y� �c�h�a�r�g�e�d� �s�p�e�c�i�e�s� �[�2�1�3�]�.� �T�h�e� �c�h�a�r�g�e�d� �s�p�e�c�i�e�s� �a�r�r�a�n�g�e� �t�h�e�m�s�e�l�v�e�s� �w�i�t�h�i�n� �a� 

�d�i�s�t�a�n�c�e� �o�f� �a� �D�e�b�y�e� �l�e�n�g�t�h� �(�A�p�)� �t�o� �a�c�h�i�e�v�e� �l�o�c�a�l� �c�h�a�r�g�e� �n�e�u�t�r�a�l�i�t�y� �o�v�e�r� �r�e�g�i�o�n�s� �g�r�e�a�t�e�r� 

�t�h�a�n� �t�h�e� �D�e�b�y�e� �l�e�n�g�t�h�.� �T�h�e� �D�e�b�y�e� �l�e�n�g�t�h� �(�A�p�)� �i�s� �d�e�f�i�n�e�d� �b�y� �e�q�u�a�t�i�o�n� �2�.�3�7�,� 

�£�,�k�K�T� �T� 
�A�D� �=� �F�e�t�e� �~�s�o�f�t�e� �(�2�.�3�7�)� 

�w�h�e�r�e�,� �E�g� �i�s� �t�h�e� �p�e�r�m�i�t�t�i�v�i�t�y� �o�f� �f�r�e�e� �s�p�a�c�e�,� �k� �i�s� �t�h�e� �B�o�l�t�z�m�a�n�n� �c�o�n�s�t�a�n�t�,� �e� �i�s� �t�h�e� �c�h�a�r�g�e� �o�n� 

�t�h�e� �e�l�e�c�t�r�o�n�,� �T�¢� �1�s� �t�h�e� �e�l�e�c�t�r�o�n� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �n� �i�s� �t�h�e� �e�l�e�c�t�r�o�n� �d�e�n�s�i�t�y� �[�2�1�4�,� �2�1�5�]�.� �F�o�r�a� 

�c�o�n�f�i�n�e�d� �p�l�a�s�m�a�,� �e�q�u�a�t�i�o�n� �2�.�3�7� �i�s� �s�a�t�i�s�f�i�e�d� �i�f� �t�h�e� �p�h�y�s�i�c�a�l� �d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �s�y�s�t�e�m� �a�r�e� 

�l�a�r�g�e� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �D�e�b�y�e� �l�e�n�g�t�h� �a�n�d� �i�f� �t�h�e�r�e� �a�r�e� �a� �s�u�f�f�i�c�i�e�n�t� �n�u�m�b�e�r� �o�f� �e�l�e�c�t�r�o�n�s� 

�w�i�t�h�i�n� �a� �s�p�h�e�r�e� �o�f� �r�a�d�i�u�s� �(�A�g�)� �t�o� �p�r�o�d�u�c�e� �s�h�i�e�l�d�i�n�g�.� �F�o�r� �a� �c�y�l�i�n�d�r�i�c�a�l� �g�e�o�m�e�t�r�y� �o�f� �r�a�d�i�u�s� 

�(�R�o�)�,� �t�h�e� �p�l�a�s�m�a� �c�r�i�t�e�r�i�a� �a�r�e� �m�e�t� �i�f� �[�2�1�4�]�:� 
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� � 

�|� �O� �O�H� 
�a� �Z� 

�C�-�O� 
�Z�O� 

�c�y�c�l�i�c� �n�o�r�m�a�l� �p�h�e�n�o�l�i�c� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d� 
�p�e�r�o�x�i�d�e� �l�a�c�t�o�n�e� �h�y�d�r�o�x�y�l� �a�n�h�y�d�r�i�d�e� 

�1� �O�H� 

�°� �C ��O�H� �\� 

�O� 

�O� 
�o� �A� 

�q�u�i�n�o�n�e�-�t�y�p�e� �c�a�r�b�o�x�y�l� �f�l�u�o�r�e�s�c�e�n�e�-�t�y�p�e� 
�c�a�r�b�o�n�y�]� �l�a�c�t�o�n�e� 

�F�i�g�u�r�e� �2�.�1�6�.� �P�r�o�p�o�s�e�d� �o�x�y�g�e�n�-�c�o�n�t�a�i�n�i�n�g� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �p�r�e�s�e�n�t� �o�n� �o�x�i�d�i�z�e�d� �c�a�r�b�o�n� 
�f�i�b�e�r� �s�u�r�f�a�c�e�s� �[�2�1�0�]�.� 
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� � 
�F�i�g�u�r�e� �2�.�1�7�.� �F�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �d�e�t�e�c�t�e�d� �b�y� �A�T�R�-�I�R� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� 

�o�x�i�d�i�z�e�d� �u�s�i�n�g� �n�i�t�r�i�c� �a�c�i�d� �[�2�1�2�]�.



�h�p� �<�R�y� �(�2�.�3�8�)� 

�n� �<�<� �(�1�.�9�x�1�0�°�}�r�3� �(�2�.�3�9�)� 

�F�i�g�u�r�e� �2�.�1�8� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �v�a�r�i�e�t�y� �a�n�d� �w�i�d�e� �r�a�n�g�e� �o�f� �i�o�n�i�z�e�d� �s�y�s�t�e�m�s� �t�h�a�t� �a�r�e� �c�a�t�e�g�o�r�i�z�e�d� 

�a�s� �p�l�a�s�m�a�s� �[�2�1�5�]�.� 

�R�a�d�i�o� �f�r�e�q�u�e�n�c�y�-�g�e�n�e�r�a�t�e�d� �g�l�o�w�-�d�i�s�c�h�a�r�g�e� �p�l�a�s�m�a�s� �a�r�e� �w�i�d�e�l�y� �u�s�e�d� �i�n� �l�a�b�o�r�a�t�o�r�y� 

�e�x�p�e�r�i�m�e�n�t�s� �d�u�e� �t�o� �c�o�n�v�e�n�i�e�n�c�e� �o�f� �h�a�n�d�l�i�n�g�,� �l�o�w� �e�n�e�r�g�y� �r�e�q�u�i�r�e�m�e�n�t�s�,� �a�n�d� �b�e�c�a�u�s�e� 

�b�e�n�c�h� �t�o�p� �r�f�-�d�i�s�c�a�r�g�e� �p�l�a�s�m�a� �r�e�a�c�t�o�r�s� �a�r�e� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �[�2�1�4�]�.� �I�n� �a� �r�a�d�i�o�-� 

�f�r�e�q�u�e�n�c�y� �g�l�o�w�-�d�i�s�c�h�a�r�g�e�,� �a� �r�f� �f�i�e�l�d� �i�s� �u�s�e�d� �t�o� �a�c�c�e�l�e�r�a�t�e� �t�h�e� �f�r�e�e� �e�l�e�c�t�r�o�n�s� �i�n� �a� �g�a�s� �h�e�l�d� �a�t� 

�l�o�w� �p�r�e�s�s�u�r�e�.� �T�h�e�s�e� �e�x�c�i�t�e�d� �f�r�e�e� �e�l�e�c�t�r�o�n�s� �c�o�l�l�i�d�e� �w�i�t�h� �t�h�e� �g�a�s� �m�o�l�e�c�u�l�e�s� �a�n�d� �t�r�a�n�s�f�e�r� 

�e�n�e�r�g�y� �f�r�o�m� �t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �t�o� �t�h�e� �g�a�s�.� �E�l�a�s�t�i�c� �e�l�e�c�t�r�o�n�-�m�o�l�e�c�u�l�e� �c�o�l�l�i�s�i�o�n�s� �i�n�c�r�e�a�s�e� �t�h�e� 

�k�i�n�e�t�i�c� �e�n�e�r�g�y� �o�f� �t�h�e� �g�a�s� �m�o�l�e�c�u�l�e�s�,� �w�h�i�l�e� �i�n�e�l�a�s�t�i�c� �c�o�l�l�i�s�i�o�n�s� �g�e�n�e�r�a�l�l�y� �r�e�s�u�l�t� �i�n� 

�e�x�c�i�t�a�t�i�o�n�,� �f�r�a�g�m�e�n�t�a�t�i�o�n�,� �a�n�d� �i�o�n�i�z�a�t�i�o�n� �o�f� �t�h�e� �g�a�s� �m�o�l�e�c�u�l�e�s�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �g�l�o�w� 

�d�i�s�c�h�a�r�g�e� �p�l�a�s�m�a� �i�s� �m�a�d�e� �u�p� �o�f� �p�o�s�i�t�i�v�e� �i�o�n�s�,� �n�e�g�a�t�i�v�e� �i�o�n�s�,� �e�l�e�c�t�r�o�n�s�,� �m�e�t�a�s�t�a�b�l�e�s�,� 

�a�t�o�m�s�,� �f�r�e�e� �r�a�d�i�c�a�l�s�,� �a�n�d� �p�h�o�t�o�n�s� �o�f� �u�l�t�r�a�v�i�o�l�e�t�,� �v�a�c�u�u�m� �u�l�t�r�a�v�i�o�l�e�t�,� �a�n�d� �v�i�s�i�b�l�e� �r�a�d�i�a�t�i�o�n� 

�(�2�1�4�,� �2�1�5�]�.� �G�l�o�w� �d�i�s�c�h�a�r�g�e�s� �a�r�e� �a�l�s�o� �r�e�f�e�r�r�e�d� �t�o� �a�s� �c�o�l�d� �p�l�a�s�m�a�s� �o�r� �n�o�n�e�q�u�i�l�i�b�r�i�u�m� 

�p�l�a�s�m�a�s� �[�2�1�6�]�.� 

�T�h�e� �e�x�t�r�e�m�e�l�y� �e�n�e�r�g�e�t�i�c� �c�h�e�m�i�c�a�l� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �t�h�e� �p�l�a�s�m�a� �i�s� �u�s�e�d� �t�o� �a�l�t�e�r� �t�h�e� 

�w�e�t�t�a�b�i�l�i�t�y�,� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �a�n�d� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �s�u�r�f�a�c�e� �o�f� �a� �m�a�t�e�r�i�a�l� 

�w�i�t�h�o�u�t� �c�h�a�n�g�i�n�g� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�r� �b�u�l�k� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �(�2�1�3�,� �2�1�7�]�.� �T�h�e� 

�e�n�e�r�g�i�e�s� �o�f� �t�h�e� �r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s� �i�n� �a� �g�l�o�w� �d�i�s�c�h�a�r�g�e� �a�n�d� �s�o�m�e� �t�y�p�i�c�a�l� �b�o�n�d� �e�n�e�r�g�i�e�s� �a�r�e� 

�g�i�v�e�n� �i�n� �T�a�b�l�e�s� �2�.�2� �a�n�d� �2�.�3�,� �r�e�p�e�c�t�i�v�e�l�y� �(�2�1�4�,� �2�1�8�]�.� �W�h�e�n� �t�h�e� �r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s� �i�n� �a� �g�l�o�w� 

�d�i�s�c�h�a�r�g�e� �p�l�a�s�m�a� �i�m�p�i�n�g�e� �o�n� �a�n� �o�r�g�a�n�i�c� �s�u�r�f�a�c�e�,� �t�h�e�y� �h�a�v�e� �s�u�f�f�i�c�i�e�n�t� �e�n�e�r�g�y� �t�o� �b�r�e�a�k� 

�b�o�n�d�s� �i�n� �t�h�a�t� �s�u�r�f�a�c�e� �a�n�d� �a�b�s�t�r�a�c�t� �a�t�o�m�s� �o�r� �m�o�l�e�c�u�l�a�r� �f�r�a�g�m�e�n�t�s� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e�s�e� 

�o�r�g�a�n�i�c� �f�r�a�g�m�e�n�t�s� �c�a�n� �r�e�a�c�t� �f�u�r�t�h�e�r� �i�n� �t�h�e� �p�l�a�s�m�a� �t�o� �f�o�r�m� �v�o�l�a�t�i�l�e� �s�p�e�c�i�e�s� �t�h�a�t� �a�r�e� 
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�r�e�m�o�v�e�d� �b�y� �t�h�e� �v�a�c�u�u�m� �s�y�s�t�e�m�.� �T�h�e� �b�r�e�a�k�i�n�g� �o�f� �b�o�n�d�s� �i�n� �t�h�e� �s�u�r�f�a�c�e� �c�a�u�s�e�s� �a� 

�p�r�o�g�r�e�s�s�i�v�e� �a�b�l�a�t�i�o�n� �o�f� �t�h�e� �o�r�g�a�n�i�c� �s�u�r�f�a�c�e� �a�n�d� �c�r�e�a�t�e�s� �f�r�e�e� �r�a�d�i�c�a�l�s� �i�n� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e�s�e� 

�s�u�r�f�a�c�e� �f�r�e�e� �r�a�d�i�c�a�l�s� �m�a�y� �e�i�t�h�e�r� �r�e�a�c�t� �w�i�t�h� �t�h�e�m�s�e�l�v�e�s� �t�o� �p�r�o�d�u�c�e� �s�u�r�f�a�c�e� �c�r�o�s�s�-�l�i�n�k�i�n�g� �o�r� 

�r�e�a�c�t� �w�i�t�h� �t�h�e� �p�l�a�s�m�a� �g�a�s� �t�o� �c�r�e�a�t�e� �n�e�w� �c�h�e�m�i�c�a�l� �s�p�e�c�i�e�s� �i�n� �t�h�e� �s�u�r�f�a�c�e�.� �I�f� �t�h�e� �p�l�a�s�m�a� �i�s� 

�a�n� �i�n�e�r�t� �g�a�s�,� �t�h�e� �s�u�r�f�a�c�e� �w�i�l�l� �c�o�n�t�a�i�n� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �s�t�a�b�l�e� �r�a�d�i�c�a�l�s� �t�h�a�t� �w�i�l�l� �p�e�r�s�i�s�t� 

�u�n�t�i�l� �t�h�e�y� �a�r�e� �e�x�p�o�s�e�d� �t�o� �s�o�m�e� �r�e�a�c�t�i�v�e� �g�a�s� �[�2�1�3�]�.� 

�C�l�a�r�k� �a�n�d� �D�i�l�k�s� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�s� �f�o�r�m�e�d� �i�n� �t�h�e� �o�u�t�e�r�m�o�s�t� �s�u�r�f�a�c�e� �(�t�e�n�s� 

�o�f� �a�n�g�s�t�r�o�m�s�)� �o�f� �a� �m�a�t�e�r�i�a�l� �a�r�e� �p�r�e�d�o�m�i�n�a�n�t�l�y� �c�r�e�a�t�e�d� �b�y� �d�i�r�e�c�t� �r�e�a�c�t�i�o�n� �w�i�t�h� �t�h�e� �i�o�n�s� �a�n�d� 

�f�r�e�e� �r�a�d�i�c�a�l�s� �i�n� �t�h�e� �p�l�a�s�m�a� �a�n�d� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�s� �f�o�r�m�e�d� �d�e�e�p�e�r� �w�i�t�h�i�n� �t�h�e� �s�a�m�p�l�e� 

�(�h�u�n�d�r�e�d�s� �o�f� �a�n�g�s�t�r�o�m�s�)� �a�r�e� �t�h�e� �r�e�s�u�l�t� �o�f� �v�a�c�u�u�m� �u�l�t�r�a�v�i�o�l�e�t� �r�a�d�i�a�t�i�o�n� �[�2�1�9�]�.� �I�t� �i�s� 

�e�s�t�i�m�a�t�e�d� �t�h�a�t� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �f�r�e�e� �r�a�d�i�c�a�l�s� �i�n� �a� �g�l�o�w� �d�i�s�c�h�a�r�g�e� �p�l�a�s�m�a� �i�s� �f�i�v�e� �t�o� �s�i�x� 

�o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �o�f� �i�o�n�s� �a�n�d� �t�h�a�t� �a�l�l� �s�i�g�n�i�f�i�c�a�n�t� �r�e�a�c�t�i�o�n�s� �a�r�e� �b�a�s�e�d� 

�o�n� �f�r�e�e� �r�a�d�i�c�a�l� �c�h�e�m�i�s�t�r�y� �[�2�1�4�]�.� �T�h�e� �a�c�t�u�a�l� �p�h�y�s�i�c�a�l� �a�n�d� �c�h�e�m�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �g�l�o�w� 

�d�i�s�c�h�a�r�g�e� �p�l�a�s�m�a� �d�e�p�e�n�d� �u�p�o�n� �t�h�e� �t�y�p�e� �o�f� �g�a�s� �o�r� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �g�a�s�e�s� �u�s�e�d�,� �t�h�e� 

�g�e�o�m�e�t�r�y� �o�f� �t�h�e� �r�e�a�c�t�o�r� �a�n�d� �e�l�e�c�t�r�o�d�e�s�,� �a�n�d� �t�h�e� �o�p�e�r�a�t�i�n�g� �p�o�w�e�r�,� �g�a�s� �f�l�o�w� �r�a�t�e�,� �p�r�e�s�s�u�r�e�,� 

�a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �[�2�1�4�,� �2�1�5�]�.� 

�C�a�r�b�o�n� �f�i�b�e�r�s� �h�a�v�e� �b�e�e�n� �p�l�a�s�m�a� �t�r�e�a�t�e�d� �u�s�i�n�g� �a�m�m�o�n�i�a�,� �n�i�t�r�o�g�e�n�,� �a�i�r�,� �o�x�y�g�e�n�,� 

�a�r�g�o�n�,� �f�l�u�o�r�i�n�e�,� �c�a�r�b�o�n� �d�i�o�x�i�d�e�,� �h�y�d�r�o�g�e�n�,� �a�c�e�t�y�l�e�n�e�,� �p�r�o�p�y�l�e�n�e�,� �e�t�h�y�l�e�n�e�,� �m�e�t�h�y�l�e�n�e�,� 

�s�t�y�r�e�n�e�,� �a�c�r�y�l�o�n�i�t�r�i�l�e�,� �t�e�t�r�a�f�l�u�o�r�o�m�e�t�h�a�n�e�,� �a�n�d� �F�r�e�o�n� �g�a�s�e�s� �[�4�6�,� �6�3�,� �9�8�,� �1�7�8�-�1�8�2�,� �1�8�6�,� 

�1�9�0�-�1�9�5�,� �2�2�0�-�2�2�3�]�.� �C�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �p�l�a�s�m�a� �t�r�e�a�t�e�d� �t�o� �c�l�e�a�n� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e�,� �r�e�m�o�v�e� 

�w�e�a�k� �s�u�r�f�a�c�e� �l�a�y�e�r�s�,� �c�o�n�t�r�o�l� �t�h�e� �s�u�r�f�a�c�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p� �c�o�m�p�o�s�i�t�i�o�n� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� 

�a�l�t�e�r� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �e�n�e�r�g�y�,� �f�u�n�c�t�i�o�n�a�l�i�z�e� �t�h�e� �s�u�r�f�a�c�e� �b�a�s�a�l� �p�l�a�n�e�s�,� �a�n�d� �t�o� �d�i�r�e�c�t�l�y� 

�p�o�l�y�m�e�r�i�z�e� �l�a�y�e�r�s� �o�f� �p�o�l�y�m�e�r� �o�n� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e�.� 

�I�n� �g�e�n�e�r�a�l�,� �o�x�i�d�i�z�i�n�g� �p�l�a�s�m�a�s� �s�u�c�h� �a�s� �a�i�r� �a�n�d� �o�x�y�g�e�n� �a�r�e� �m�o�r�e� �r�e�a�c�t�i�v�e� �t�o� �t�h�e� �c�a�r�b�o�n� 

�f�i�b�e�r� �s�u�r�f�a�c�e� �t�h�a�n� �e�i�t�h�e�r� �n�i�t�r�o�g�e�n�,� �a�m�m�o�n�i�a�,� �o�r� �a�r�g�o�n� �p�l�a�s�m�a�s�.� �J�o�n�e�s� �a�n�d� �S�a�m�m�a�n�n� 

�a�t�t�r�i�b�u�t�e�d� �t�h�i�s� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �s�p�e�c�i�e�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �o�x�y�g�e�n� �p�l�a�s�m�a�.� �T�h�e� �r�e�a�c�t�i�v�e� 
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�s�p�e�c�i�e�s� �i�n� �a�i�r� �a�n�d� �o�x�y�g�e�n� �p�l�a�s�m�a�s� �c�a�n� �r�e�a�c�t� �w�i�t�h� �b�o�t�h� �t�h�e� �e�d�g�e� �a�n�d� �b�a�s�a�l� �p�l�a�n�e�s� �o�f� �c�a�r�b�o�n� 

�f�i�b�e�r�s�,� �b�u�t� �t�h�e� �s�p�e�c�i�e�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �n�i�t�r�o�g�e�n� �a�n�d� �a�m�m�o�n�i�a� �p�l�a�s�m�a�s� �c�a�n� �o�n�l�y� �a�t�t�a�c�k� �t�h�e� 

�f�i�b�e�r� �e�d�g�e� �p�l�a�n�e�s� �[�1�7�7�]�.� �O�n�e� �o�f� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �a�i�r� �a�n�d� �o�x�y�g�e�n� �p�l�a�s�m�a�s� �i�s� �a�t�o�m�i�c� 

�o�x�y�g�e�n�.� �P�a�t�t�a�b�i�r�a�m�a�n� �a�n�d� �c�o�w�o�r�k�e�r�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �e�x�p�o�s�u�r�e� �t�o� �a�t�o�m�i�c� �o�x�y�g�e�n� 

�p�h�y�s�i�c�a�l�l�y� �a�n�d� �c�h�e�m�i�c�a�l�l�y� �a�l�t�e�r�s� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e� �[�2�2�4�]�.� �H�o�f�f�m�a�n� �e�x�a�m�i�n�e�d� 

�c�a�r�b�o�n� �f�i�b�e�r�s� �e�x�p�o�s�e�d� �t�o� �a�r�g�o�n� �a�n�d� �o�x�y�g�e�n� �p�l�a�s�m�a�s� �a�n�d� �f�o�u�n�d� �t�h�a�t� �t�h�e� �o�x�y�g�e�n� �p�l�a�s�m�a� 

�r�o�u�g�h�e�n�e�d� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �a�n�d� �i�n�c�o�r�p�o�r�a�t�e�d� �o�x�y�g�e�n�-�c�o�n�t�a�i�n�i�n�g� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �i�n�t�o� 

�t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e�,� �i�n�c�r�e�a�s�i�n�g� �b�o�t�h� �t�h�e� �t�o�t�a�l� �a�n�d� �t�h�e� �a�c�t�i�v�e� �s�u�r�f�a�c�e� �a�r�e�a� �[�2�2�5�]�.� �T�h�e� �a�r�g�o�n� 

�p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �e�n�h�a�n�c�e�d� �t�h�e� �a�c�t�i�v�e� �s�u�r�f�a�c�e� �a�r�e�a� �b�u�t� �n�o�t� �t�h�e� �t�o�t�a�l� �s�u�r�f�a�c�e� �a�r�e�a� �[� �2�2�5�]�.� 

�P�l�a�s�m�a� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �i�s� �u�s�e�d� �t�o� �d�e�p�o�s�i�t� �p�o�l�y�m�e�r� �f�i�l�m�s� �o�n� �c�a�r�b�o�n� �f�i�b�e�r�s� �t�o� �t�a�i�l�o�r� 

�t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y� �a�n�d� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�p�h�a�s�e� �[�9�8�,� �2�2�2�,� 

�2�2�6�]�.� �V�i�r�t�u�a�l�l�y� �a�n�y� �v�a�p�o�r�i�z�a�b�l�e� �o�r�g�a�n�i�c� �s�p�e�c�i�e�s� �c�a�n� �b�e� �p�o�l�y�m�e�r�i�z�e�d� �u�n�d�e�r� �p�l�a�s�m�a� 

�c�o�n�d�i�t�i�o�n�s�.� �B�e�l�l� �d�i�s�c�u�s�s�e�d� �t�h�e� �e�l�e�m�e�n�t�a�r�y� �s�t�e�p�s� �i�n�v�o�l�v�e�d� �i�n� �a�n� �e�t�h�y�l�e�n�e� �p�l�a�s�m�a� �[�2�2�7�]�.� 

�T�h�e� �a�c�e�t�y�l�e�n�e� �m�o�n�o�m�e�r� �a�n�d� �a� �f�i�r�s�t� �g�e�n�e�r�a�t�i�o�n� �o�f� �a�c�t�i�v�e� �s�p�e�c�i�e�s� �a�r�e� �f�o�r�m�e�d� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �d�e�p�i�c�t�e�d� �i�n� �T�a�b�l�e� �2�.�4�.� �T�h�e� �f�r�e�e� �r�a�d�i�c�a�l�s� �a�n�d� �i�o�n�s� �p�r�o�d�u�c�e�d� �d�u�r�i�n�g� �t�h�e� �i�n�i�t�i�a�t�i�o�n� 

�s�t�e�p� �s�u�b�s�e�q�u�e�n�t�l�y� �r�e�a�c�t� �w�i�t�h� �e�i�t�h�e�r� �e�t�h�y�l�e�n�e� �o�r� �a�c�e�t�y�l�e�n�e� �t�o� �p�r�o�d�u�c�e� �a�d�d�i�t�i�o�n�a�l� �f�r�e�e� 

�r�a�d�i�c�a�l�s� �a�n�d� �i�o�n�i�c� �s�p�e�c�i�e�s�.� �T�h�e�s�e� �r�a�d�i�c�a�l�s� �a�n�d� �i�o�n�s� �r�e�a�c�t� �f�u�r�t�h�e�r� �w�i�t�h� �e�i�t�h�e�r� �e�t�h�y�l�e�n�e� �o�r� 

�a�c�e�t�y�l�e�n�e� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �p�o�l�y�m�e�r�.� 

�2�.�2� �E�X�P�E�R�I�M�E�N�T�A�L� �T�E�C�H�N�I�Q�U�E�S� 

�2�.�2�.�1� �M�a�t�e�r�i�a�l�s� 

�T�h�e� �P�A�N�-�b�a�s�e�d� �h�i�g�h� �s�t�r�e�n�g�t�h�,� �l�o�w� �m�o�d�u�l�u�s� �c�a�r�b�o�n� �f�i�b�e�r�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �a�n�d� 

�t�h�e�i�r� �p�r�o�p�e�r�t�i�e�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �2�.�5� �[�2�2�8�]�.� �T�h�e� �"�S�"� �d�e�s�i�g�n�a�t�i�o�n� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� 

�f�i�b�e�r� �u�n�d�e�r�w�e�n�t� �a� �p�r�o�p�r�i�e�t�a�r�y� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �a�s� �p�a�r�t� �o�f� �m�a�n�u�f�a�c�t�u�r�e�.� �T�h�e� �"�U�"� 

�d�e�s�i�g�n�a�t�i�o�n� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �f�i�b�e�r� �w�a�s� �n�o�t� �s�u�r�f�a�c�e� �t�r�e�a�t�e�d�.� �A�l�l� �o�f� �t�h�e� �f�i�b�e�r�s� �w�e�r�e� 

�r�e�c�e�i�v�e�d� �w�i�t�h�o�u�t� �s�i�z�i�n�g� �i�n� �a� �t�o�w� �c�o�n�t�a�i�n�i�n�g� �1�2�,�0�0�0� �c�o�n�t�i�n�u�o�u�s� �f�i�l�a�m�e�n�t�s�.� �T�h�e� �f�i�b�e�r�s� �w�e�r�e� 
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�T�a�b�l�e� �2�.�4�.� �P�r�o�p�o�s�e�d� �r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�e�d� �i�n� �e�t�h�y�l�e�n�e� �p�l�a�s�m�a� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �[�2�2�7�]�.� 

� � 

� � 

� � � � 

�R�e�a�c�t�i�o�n� �H�e�a�t� �o�f� �r�e�a�c�t�i�o�n� �(�A�H�)� 
�(�e�V�)� 

�e� �+� �C�o�H�,� �>� �C�,�H�,� �+�H�,� �+�e�7� �1�.�8� 
�e �� �+� �C�o�H�4� �>� �C�o�H�,� �+�2�H�*� �+�e�7� �6�.�3� 

�e� �+� �C�o�H�y� �>� �2�C�H�>� �+�e�7� �7�3� 
�e �� �+� �C�o�H�y� �>� �C�o�H�]� �+� �2�e�7� �1�0�.�5� 

�e�~� �+� �C�o�H� �>� �C�H�}� �+� �H�y� �+� �2�e�7� �1�3�.�1� 
�e �� �+� �C�o�H�4� �>� �C�o�H�3� �+� �H�e� �+�2�e�7� �1�3�.�3� � � 
� 



�T�a�b�l�e� �2�.�5�.� �C�a�r�b�o�n� �f�i�b�e�r�s� �p�r�o�p�e�r�t�i�e�s� �[�2�2�8�]�.� 

� � 

� � 

� � 

�T�e�n�s�i�l�e� �T�e�n�s�i�l�e� �E�l�o�n�g�a�t�i�o�n� 
�P�r�o�d�u�c�e�r� �F�i�b�e�r� �M�o�d�u�l�u�s� �S�t�r�e�n�g�t�h� �a�t� �B�r�e�a�k� 

�(�G�P�a�)� �(�G�P�a�)� �(�%�)� 

�H�e�r�c�u�l�e�s� �A�U�-�4� �2�2�1� �3�.�9�3� �1�.�6�0� 

�H�e�r�c�u�l�e�s� �A�S�-�4� �2�2�1� �3�.�9�3� �1�.�6�0� � � � � � � � � � � 

�5�5� 

� 



�u�s�e�d� �a�s� �r�e�c�e�i�v�e�d�.� �F�i�b�e�r� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �r�a�n�d�o�m�l�y� �a�l�o�n�g� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �t�o�w�.� 

�T�h�e� �L�a�R�C�-�T�P�I!"� �p�o�l�y�a�m�i�c� �a�c�i�d� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �M�i�t�s�u�i� �T�o�a�t�s�u� �C�h�e�m�i�c�a�l� 

�C�o�m�p�a�n�y�.� �A�n� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n� �c�o�n�t�a�i�n�i�n�g� �3� �w�e�i�g�h�t�%� �o�f� �t�h�e� �a�m�m�o�n�i�u�m� �s�a�l�t� �o�f� �L�a�R�C�-� 

�T�P�I� �p�o�l�y�a�m�i�c� �a�c�i�d� �a�n�d� �a� �1�2� �m�o�l�e�%� �e�x�c�e�s�s� �o�f� �N�H�4�O�H� �w�a�s� �p�r�e�p�a�r�e�d� �a�n�d� �u�s�e�d� �t�h�e� �s�a�m�e� 

�d�a�y� �t�o� �m�i�n�i�m�i�z�e� �h�y�d�r�o�l�y�s�i�s� �o�f� �t�h�e� �p�o�l�y�a�m�i�c� �a�c�i�d� �a�s� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�1�9�.� 

�2�.�2�.�2� �E�x�p�o�s�u�r�e� �t�o� �P�o�l�y�(�a�m�i�c� �a�c�i�d�)� �S�o�l�u�t�i�o�n� 

�A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r� �t�o�w�s� �w�e�r�e� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �a�n� �a�q�u�e�o�u�s� �L�a�R�C�-�T�P�I� �p�o�l�y�a�m�i�c� �a�c�i�d� 

�s�o�l�u�t�i�o�n� �(�3� �w�t�.�%� �o�f� �t�h�e� �a�m�m�o�n�i�u�m� �s�a�l�t� �o�f� �L�a�R�C�-�p�o�l�y�a�m�i�c� �a�c�i�d� �a�n�d� �1�2� �m�o�l�e�%� �e�x�c�e�s�s� 

�N�H�4�O�H�)�.� �T�h�e� �f�i�b�e�r� �t�o�w�s� �w�e�r�e� �f�i�r�s�t� �d�r�i�e�d� �u�n�d�e�r� �a�m�b�i�e�n�t� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �t�h�e�n� �p�l�a�c�e�d� �i�n� �a� 

�p�r�e�h�e�a�t�e�d� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n� �a�n�d� �e�i�t�h�e�r� �d�r�i�e�d� �a�t� �1�1�0�°�C� �f�o�r� �1� �h�o�u�r� �o�r� �i�m�i�d�i�z�e�d� �b�y� �h�e�a�t�i�n�g� �t�o� 

�1�0�0�°�C� �f�o�r� �1� �h�o�u�r� �a�n�d� �2�5�0�°�C� �f�o�r� �1� �h�o�u�r�.� �T�h�e� �i�m�i�d�i�z�a�t�i�o�n� �r�e�a�c�t�i�o�n� �o�f� �L�a�R�C�-�p�o�l�y�a�m�i�c� �a�c�i�d� 

�i�s� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�2�0�.� �A� �f�i�l�m� �w�a�s� �p�r�e�p�a�r�e�d� �u�n�d�e�r� �v�a�c�u�u�m� �f�r�o�m� �t�h�e� �L�a�R�C�-�p�o�l�y�a�m�i�c� 

�a�c�i�d� �s�o�l�u�t�i�o�n� �i�n� �a� �c�l�e�a�n� �g�l�a�s�s� �e�v�a�p�o�r�a�t�i�n�g� �d�i�s�h�.� �A� �p�o�r�t�i�o�n� �o�f� �t�h�i�s� �L�a�R�C�-�p�o�l�y�a�m�i�c� �a�c�i�d� 

�f�i�l�m� �w�a�s� �i�m�i�d�i�z�e�d� �t�o� �L�a�R�C�-�T�P�I� �b�y� �h�e�a�t�i�n�g� �t�o� �1�0�0�°�C� �f�o�r� �1� �h�o�u�r� �a�n�d� �2�5�0�°�C� �f�o�r� �1� �h�o�u�r�.� 

�2�.�2�.�3� �P�l�a�s�m�a� �T�r�e�a�t�m�e�n�t� 

�A� �M�a�r�c�h� �s�o�l�i�d� �s�t�a�t�e� �P�l�a�s�m�o�d�®� �w�a�s� �u�s�e�d� �t�o� �p�r�o�d�u�c�e� �a� �r�a�d�i�o�f�r�e�q�u�e�n�c�y� �(�1�3�.�5�6� �M�H�z�)�-� 

�g�e�n�e�r�a�t�e�d� �5�0� �w�a�t�t� �g�l�o�w� �d�i�s�c�h�a�r�g�e� �p�l�a�s�m�a�.� �A� �M�a�r�c�h� �G�C�M�-�2�0�0� �G�a�s� �C�o�n�t�r�o�l� �M�o�d�u�l�e� 

�r�e�g�u�l�a�t�e�d� �t�h�e� �c�h�a�m�b�e�r� �p�r�e�s�s�u�r�e� �t�o� �1� �t�o�r�r�.� �F�i�g�u�r�e� �2�.�2�1� �i�s�a� �s�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� 

�p�l�a�s�m�a� �s�y�s�t�e�m� �[�2�2�9�]�.� �T�h�e� �b�a�r�r�e�l�-�s�h�a�p�e�d� �s�a�m�p�l�e� �r�e�a�c�t�o�r� �w�a�s� �m�a�d�e� �o�f� �q�u�a�r�t�z�.� �A�i�r�,� 

�o�x�y�g�e�n�,� �a�n�d� �a�m�m�o�n�i�a� �p�l�a�s�m�a�s� �w�e�r�e� �u�s�e�d� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n� �c�o�n�t�a�i�n�i�n�g� 

�f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �o�n� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�.� �A�n� �e�t�h�y�l�e�n�e� �p�l�a�s�m�a� �w�a�s� �u�s�e�d� �t�o� �d�e�p�o�s�i�t� �a� 

�l�a�y�e�r� �o�f� �p�l�a�s�m�a� �p�o�l�y�m�e�r� �o�n� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�.� �T�h�e� �e�t�h�y�l�e�n�e� �g�a�s� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� 

�S�c�o�t�t� �S�p�e�c�i�a�l�t�y� �G�a�s�e�s� �(�9�9�.�5�%� �p�u�r�i�t�y�)�,� �t�h�e� �a�m�m�o�n�i�a� �g�a�s� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �M�a�t�h�e�s�o�n� �G�a�s� 

�P�r�o�d�u�c�t�s� �(�9�9�.�9�9�9�%�)�,� �a�n�d� �t�h�e� �o�x�y�g�e�n� �g�a�s� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �A�i�r�c�o�,� �I�n�c�.� �(�9�9�.�9�5�%�)�.� �R�o�o�m� 

�a�i�r� �w�a�s� �u�s�e�d� �f�o�r� �t�h�e� �a�i�r� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t�.� 
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�F�i�g�u�r�e� �2�.�1�9�.� �P�r�o�p�o�s�e�d� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� �h�y�d�r�o�l�y�s�i�s� �o�f� �p�o�l�y�(�a�m�i�c� �a�c�i�d�)� �i�n� �a�n� �a�q�u�e�o�u�s� 
�a�m�m�o�n�i�u�m� �h�y�d�r�o�x�i�d�e� �s�o�l�u�t�i�o�n�.� 
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�F�i�g�u�r�e� �2�.�2�0�.� �L�a�R�C�-�p�o�l�y�a�m�i�c� �a�c�i�d� �i�m�i�d�i�z�a�t�i�o�n� �r�e�a�c�t�i�o�n�.
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�M�A�T�C�H�I�N�G� �R�F� 
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�F�i�g�u�r�e� �2�.�2�1�.� �S�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� �p�l�a�s�m�a� �s�y�s�t�e�m� �[�2�2�9�]�.� 
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�2�.�2�.�4� �X�-�r�a�y� �P�h�o�t�o�e�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)� 

�X�P�S� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�l�e�m�e�n�t�a�l� �s�u�r�f�a�c�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-� 

�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�n�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y� 

�f�o�l�l�o�w�i�n�g� �e�i�t�h�e�r� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �o�r� �e�x�p�o�s�u�r�e� �t�o� �t�h�e� �L�a�R�C�-�T�P�I� �p�o�l�y�a�m�i�c� �a�c�i�d� �s�o�l�u�t�i�o�n�.� 

�X�P�S� �w�a�s� �a�l�s�o� �u�s�e�d� �t�o� �a�n�a�l�y�z�e� �L�a�R�C�-�T�P�I� �p�o�l�y�a�m�i�c� �a�c�i�d� �a�n�d� �i�m�i�d�i�z�e�d� �L�a�R�C�-�T�P�I� �p�o�l�y�m�e�r� 

�f�i�l�m�s�.� �I�n� �x�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y�,� �t�h�e� �s�a�m�p�l�e� �i�s� �i�r�r�a�d�i�a�t�e�d� �w�i�t�h� �a�n� �a�c�h�r�o�m�a�t�i�c� 

�b�e�a�m� �o�f� �x�-�r�a�y�s�.� �T�h�e� �x�-�r�a�y�s� �p�e�n�e�t�r�a�t�e� �d�e�e�p� �i�n�t�o� �t�h�e� �s�a�m�p�l�e� �a�n�d� �c�a�u�s�e� �p�h�o�t�o�e�l�e�c�t�r�o�n�s� �t�o� �b�e� 

�e�m�i�t�t�e�d� �f�r�o�m� �t�h�e� �a�t�o�m�s� �i�n� �t�h�e� �s�a�m�p�l�e�.� �T�h�e� �s�a�m�p�l�i�n�g� �d�e�p�t�h� �(�d�)� �o�f� �t�h�e� �X�P�S� �e�x�p�e�r�i�m�e�n�t� �i�s� 

�g�o�v�e�r�n�e�d� �b�y� �t�h�e� �i�n�e�l�a�s�t�i�c� �m�e�a�n� �f�r�e�e� �p�a�t�h� �(�A�)� �o�f� �t�h�e� �p�h�o�t�o�e�l�e�c�t�r�o�n�s� �i�n� �t�h�e� �s�o�l�i�d� �s�a�m�p�l�e�.� 

�A�p�p�r�o�x�i�m�a�t�e�l�y� �9�5�%� �o�f� �t�h�e� �X�P�S� �s�i�g�n�a�l� �a�r�i�s�e�s� �f�r�o�m� �t�h�e� �f�i�r�s�t� �3�A� �o�f� �t�h�e� �s�a�m�p�l�e�.� �T�h�e� �f�i�r�s�t� �3�A� 

�o�f� �t�h�e� �s�a�m�p�l�e� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �6� �n�m� �w�h�e�n� �t�h�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �o�f� �t�h�e� �p�h�o�t�o�e�l�e�c�t�r�o�n�s� �i�s� 

�b�e�t�w�e�e�n� �5�0�0� �a�n�d� �1�0�0�0� �e�V� �[�1�9�1�]�.� 

�C�o�n�s�e�r�v�a�t�i�o�n� �o�f� �e�n�e�r�g�y� �r�e�q�u�i�r�e�s� �t�h�a�t� �t�h�e� �b�i�n�d�i�n�g� �e�n�e�r�g�y� �(�B�E�)� �o�f� �t�h�e� �p�h�o�t�o�e�l�e�c�t�r�o�n� 

�b�e� �d�e�f�i�n�e�d� �b�y� �e�q�u�a�t�i�o�n� �2�.�4�0�,� 

�B�E� �=� �h�v�-�K�E�+�9�,� �(�2�.�4�0�)� 

�w�h�e�r�e� �h�v� �i�s� �t�h�e� �e�n�e�r�g�y� �o�f� �t�h�e� �x�-�r�a�y� �p�h�o�t�o�n�,� �K�E� �i�s� �t�h�e� �k�i�n�e�t�i�c� �e�n�e�r�g�y� �o�f� �t�h�e� �p�h�o�t�o�e�l�e�c�t�r�o�n� 

�a�n�d� �0�,� �i�s� �t�h�e� �s�p�e�c�t�r�o�m�e�t�e�r� �w�o�r�k� �f�u�n�c�t�i�o�n� �[�2�3�0�]�.� �T�h�e� �k�i�n�e�t�i�c� �e�n�e�r�g�i�e�s� �o�f� �t�h�e� 

�p�h�o�t�o�e�l�e�c�t�r�o�n�s� �w�h�i�c�h� �e�m�e�r�g�e� �f�r�o�m� �t�h�e� �s�a�m�p�l�e� �a�r�e� �m�e�a�s�u�r�e�d� �a�n�d� �t�h�e� �b�i�n�d�i�n�g� �e�n�e�r�g�i�e�s� �o�f� 

�t�h�e� �p�h�o�t�o�e�l�e�c�t�r�o�n�s� �a�r�e� �c�a�l�c�u�l�a�t�e�d�.� �T�h�e� �b�i�n�d�i�n�g� �e�n�e�r�g�i�e�s� �a�r�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �e�l�e�m�e�n�t�s� 

�f�r�o�m� �w�h�i�c�h� �t�h�e� �p�h�o�t�o�e�l�e�c�t�r�o�n�s� �o�n�g�i�n�a�t�e� �a�n�d� �p�r�o�v�i�d�e� �a� �q�u�a�l�i�t�a�t�i�v�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� 

�e�l�e�m�e�n�t�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �s�a�m�p�l�e� �s�u�r�f�a�c�e�.� �Q�u�a�n�t�i�t�a�t�i�v�e� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �o�b�t�a�i�n�e�d� �b�a�s�e�d� �u�p�o�n� 

�t�h�e� �a�r�e�a� �i�n�t�e�n�s�i�t�i�e�s� �o�f� �t�h�e� �p�h�o�t�o�p�e�a�k�s�,� �t�h�e� �m�e�a�n� �f�r�e�e� �p�a�t�h� �o�f� �t�h�e� �p�h�o�t�o�e�l�e�c�t�r�o�n� �o�f� �i�n�t�e�r�e�s�t�,� 

�a�n�d� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �t�h�e� �x�-�r�a�y� �a�b�s�o�r�p�t�i�o�n� �b�y� �t�h�e� �s�u�b�s�h�e�l�l� �o�f� �i�n�t�e�r�e�s�t�.� 

�T�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �t�o�w�s� �a�n�d� �t�h�e� �p�o�l�y�m�e�r� �f�i�l�m�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �a� �P�e�r�k�i�n�-�E�l�m�e�r� 

�P�H�I� �5�4�0�0� �x�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�m�e�t�e�r� �w�i�t�h� �a� �M�g� �K�q� �x�-�r�a�y� �s�o�u�r�c�e� �(�1�2�5�3�.�6� �e�V�)�,� 
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�o�p�e�r�a�t�i�n�g� �a�t� �1�5� �k�V� �a�n�d� �4�0�0� �w�a�t�t�s� �w�i�t�h� �a�n� �e�m�i�s�s�i�o�n� �c�u�r�r�e�n�t� �o�f� �3�0� �m�A�.� �T�h�e� �s�p�e�c�t�r�o�m�e�t�e�r� 

�w�a�s� �c�a�l�i�b�r�a�t�e�d� �t�o� �t�h�e� �g�o�l�d� �4�f�7�/�2�,� �c�o�p�p�e�r� �2�p�3�/�2�,� �a�n�d� �s�i�l�v�e�r� �3�d� �5�/�2� �p�h�o�t�o�p�e�a�k�s� �a�c�c�o�r�d�i�n�g� �t�o� 

�t�h�e� �P�e�r�k�i�n�-�E�l�m�e�r� �s�t�a�n�d�a�r�d� �p�r�o�c�e�d�u�r�e�.� �P�r�e�s�s�u�r�e� �i�n�s�i�d�e� �t�h�e� �s�p�e�c�t�r�o�m�e�t�e�r� �s�a�m�p�l�e� �c�h�a�m�b�e�r� 

�w�a�s� �h�e�l�d� �b�e�l�o�w� �5� �x� �1�0�-�7� �t�o�r�r� �d�u�r�i�n�g� �a�n�a�l�y�s�i�s�.� �T�h�e� �a�r�e�a� �o�f� �t�h�e� �s�a�m�p�l�e� �w�h�i�c�h� �w�a�s� �a�n�a�l�y�z�e�d� 

�w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1� �m�m� �x� �3� �m�m� �i�n� �s�i�z�e�.� 

�T�h�e� �p�o�l�y�m�e�r� �f�i�l�m�s� �w�e�r�e� �m�o�u�n�t�e�d� �t�o� �a�n� �a�l�u�m�i�n�u�m� �X�P�S� �s�a�m�p�l�e� �m�o�u�n�t� �u�s�i�n�g� �d�o�u�b�l�e� 

�s�i�d�e�d� �a�d�h�e�s�i�v�e� �t�a�p�e�.� �T�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �t�o�w�s� �w�e�r�e� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �s�p�e�c�t�r�o�m�e�t�e�r� �u�s�i�n�g� 

�a�n� �a�l�u�m�i�n�u�m� �m�o�u�n�t� �m�a�c�h�i�n�e�d� �f�o�r� �u�s�e� �w�i�t�h� �f�i�b�e�r�s�.� �A� �s�i�n�g�l�e� �f�i�b�e�r� �t�o�w� �w�a�s� �p�l�a�c�e�d� �o�n� �t�h�e� 

�m�o�u�n�t� �a�n�d� �a�n� �a�l�u�m�i�n�u�m� �r�i�n�g� �w�a�s� �p�l�a�c�e�d� �o�n� �t�o�p� �o�f� �t�h�e� �t�o�w�,� �c�o�v�e�r�i�n�g� �t�h�e� �f�i�b�e�r� �e�n�d�s�.� �T�h�e� 

�a�l�u�m�i�n�u�m� �r�i�n�g� �w�a�s� �t�h�e�n� �s�e�c�u�r�e�d� �o�n� �t�h�e� �a�l�u�m�i�n�u�m� �m�o�u�n�t� �w�i�t�h� �t�w�o� �s�c�r�e�w�s�.� 

�S�u�r�v�e�y� �s�c�a�n�s� �w�e�r�e� �t�a�k�e�n� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �0�-�1�1�0�0� �e�V� �a�n�d� �n�a�r�r�o�w� �s�c�a�n�s� �w�e�r�e� �o�b�t�a�i�n�e�d� 

�o�n� �a�n�y� �s�i�g�n�i�f�i�c�a�n�t� �p�e�a�k�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �s�u�r�v�e�y� �s�p�e�c�t�r�a�.� �T�h�e� �b�i�n�d�i�n�g� �e�n�e�r�g�y� �o�f� �e�a�c�h� 

�p�h�o�t�o�p�e�a�k� �w�a�s� �r�e�f�e�r�e�n�c�e�d� �t�o� �t�h�e� �c�a�r�b�o�n� �1�s� �p�h�o�t�o�p�e�a�k� �a�t� �2�8�5�.�0� �e�V� �f�o�r� �p�o�l�y�m�e�r� �s�a�m�p�l�e�s� 

�a�n�d� �2�8�4�.�6� �e�V� �f�o�r� �c�a�r�b�o�n� �f�i�b�e�r� �s�a�m�p�l�e�s�.� �T�h�e� �b�i�n�d�i�n�g� �e�n�e�r�g�i�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �1�s� �p�h�o�t�o�p�e�a�k�s� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �s�p�u�t�t�e�r�i�n�g� �t�h�e� �s�a�m�p�l�e�s� �w�i�t�h� �g�o�l�d� �a�n�d� �r�e�f�e�r�e�n�c�i�n�g� �t�h�e� �c�a�r�b�o�n� �1�s� 

�p�h�o�t�o�p�e�a�k� �t�o� �t�h�e� �t�h�e� �g�o�l�d� �4�f�7�2� �p�h�o�t�o�p�e�a�k� �a�t� �8�3�.�8� �e�V�.� �T�h�e� �P�H�I� �s�o�f�t�w�a�r�e� �(�v�e�r�s�i�o�n� �4�.�0�)� 

�w�a�s� �u�s�e�d� �t�o� �o�b�t�a�i�n� �p�e�a�k� �a�r�e�a�s�,� �c�a�l�c�u�l�a�t�e� �a�t�o�m�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �a�n�d� �t�o� �f�i�t� �t�h�e� �p�h�o�t�o�p�e�a�k�s� 

�w�i�t�h� �G�a�u�s�s�i�a�n�-�L�o�r�e�n�t�z�i�a�n� �c�u�r�v�e�s�.� �T�h�e� �c�a�r�b�o�n� �1�s�,� �o�x�y�g�e�n� �1�s�,� �a�n�d� �n�i�t�r�o�g�e�n� �1�s� �p�h�o�t�o�p�e�a�k�s� 

�w�e�r�e� �f�i�t� �w�i�t�h� �8�0� �+� �1�0�%� �G�a�u�s�s�i�a�n� �c�u�r�v�e�s�,� �v�a�r�y�i�n�g� �t�h�e� �p�e�a�k� �i�n�t�e�n�s�i�t�y� �a�n�d� �b�i�n�d�i�n�g� �e�n�e�r�g�y� 

�w�h�i�l�e� �h�o�l�d�i�n�g� �t�h�e� �f�u�l�l� �w�i�d�t�h� �a�t� �h�a�l�f� �m�a�x�i�m�u�m� �(�F�W�H�M�)� �a�t� �1�.�4�+�0�.�1�,�2�.�0�+�0�.�1�,� �a�n�d� �1�.�7�+� 

�0�.�1� �e�V�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �X�P�S� �s�a�m�p�l�i�n�g� �d�e�p�t�h� �w�a�s� �v�a�r�i�e�d� �u�s�i�n�g� �a� �t�e�c�h�n�i�q�u�e� �k�n�o�w�n� �a�s� �A�n�g�l�e� �D�e�p�e�n�d�e�n�t� 

�X�P�S�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� �t�i�l�t�e�d� �b�y� �a�n� �a�n�g�l�e� �(�@�)� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �a�n�a�l�y�s�e�r� �a�n�d� �s�p�e�c�t�r�a� 

�r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �d�i�f�f�e�r�e�n�t� �s�a�m�p�l�e� �d�e�p�t�h�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d�.� �T�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �X�P�S� 

�s�a�m�p�l�i�n�g� �d�e�p�t�h� �(�d�)� �w�i�t�h� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �t�a�k�e�-�o�f�f� �a�n�g�l�e� �(�@�)� �i�s� �d�e�f�i�n�e�d� �b�y� �e�q�u�a�t�i�o�n� �2�.�4�1�,� 

�d� �=� �3�A�s�i�n�0� �(�2�.�4�1�)� 
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�w�h�e�r�e� �i� �i�s� �t�h�e� �e�l�e�c�t�r�o�n� �i�n�e�l�a�s�t�i�c� �m�e�a�n� �f�r�e�e� �p�a�t�h�.� �W�h�e�n� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �a�r�r�a�n�g�e�d� �o�n� �t�h�e� 

�X�P�S� �m�o�u�n�t� �s�o� �t�h�a�t� �t�h�e� �l�o�n�g� �f�i�b�e�r� �a�x�i�s� �i�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�a�t� �o�f� �t�h�e� �a�n�a�l�y�s�e�r�,� �t�h�e� �a�n�a�l�y�s�e�r� �i�s� 

�e�f�f�e�c�t�i�v�e�l�y� �"�s�e�e�i�n�g�"� �a� �f�l�a�t� �s�u�r�f�a�c�e� �[�1�9�1�]�.� �F�i�g�u�r�e� �2�.�2�2� �i�s� �a� �s�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� 

�e�n�h�a�n�c�e�m�e�n�t� �o�f� �X�P�S� �s�u�r�f�a�c�e� �s�e�n�s�i�t�i�v�i�t�y� �b�y� �d�e�c�r�e�a�s�i�n�g� �t�h�e� �"�t�a�k�e�-�o�f�f� �a�n�g�l�e�"� �[�1�9�1�]�.� �I�n� �t�h�i�s� 

�w�o�r�k�,� �s�p�e�c�t�r�a� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�t� �t�a�k�e�-�o�f�f� �a�n�g�l�e�s� �o�f� �1�5�°�,� �4�5�°�,� �a�n�d� �9�0�°� �a�s� �n�o�t�e�d�.� 

�2�.�2�.�5� �S�c�a�n�n�i�n�g� �E�l�e�c�t�r�o�n� �M�i�c�r�o�s�c�o�p�y� �(�S�E�M�)� 

�A�n� �I�S�I�-�S�X�-�4�0� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�e� �(�S�E�M�)� �a�n�d� �a� �P�h�i�l�i�p�s� �E�M�-�4�2�0�T� 

�s�c�a�n�n�i�n�g� �t�r�a�n�s�m�i�s�s�i�o�n� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�e� �(�S�T�E�M�)� �w�e�r�e� �u�s�e�d� �t�o� �t�a�k�e� �p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s� 

�o�f� �t�h�e� �"�a�s� �r�e�c�e�i�v�e�d �� �c�a�r�b�o�n� �f�i�b�e�r�s�,� �t�h�e� �p�l�a�s�m�a� �t�r�e�a�t�e�d� �c�a�r�b�o�n� �f�i�b�e�r�s�,� �a�n�d� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s� 

�e�x�p�o�s�e�d� �t�o� �a� �L�a�R�C�-�p�o�l�y�a�m�i�c� �a�c�i�d� �s�o�l�u�t�i�o�n�.� �T�h�e� �I�S�I�-�S�X�-�4�0� �S�E�M� �w�a�s� �o�p�e�r�a�t�e�d� �a�t� �a�n� 

�a�c�c�e�l�e�r�a�t�i�o�n� �v�o�l�t�a�g�e� �o�f� �1�0� �k�V� �a�n�d� �u�s�e�d� �t�o� �t�a�k�e� �p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s� �a�t� �m�a�g�n�i�f�i�c�a�t�i�o�n�s� �l�e�s�s� 

�t�h�a�n� �1�0�,�0�0�0�X�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �s�e�c�u�r�e�d� �o�n� �a�l�u�m�i�n�u�m� �m�o�u�n�t�s� �u�s�i�n�g� �s�i�l�v�e�r� �p�a�i�n�t� �a�n�d� 

�s�p�u�t�t�e�r� �c�o�a�t�e�d� �w�i�t�h� �g�o�l�d� �u�s�i�n�g� �a�n� �E�d�w�a�r�d�s� �S�p�u�t�t�e�r� �C�o�a�t�e�r� �S�1�5�0�B�.� �T�h�e� �P�h�i�l�i�p�s� �E�M�-�4�2�0�T� 

�S�T�E�M� �w�a�s� �o�p�e�r�a�t�e�d� �w�i�t�h� �a�n� �a�c�c�e�l�e�r�a�t�i�o�n� �v�o�l�t�a�g�e� �o�f� �6�0� �k�V� �a�n�d� �u�s�e�d� �t�o� �t�a�k�e� 

�p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s� �a�t� �m�a�g�n�i�f�i�c�a�t�i�o�n�s� �o�f� �1�2�,�5�0�0� �a�n�d� �5�0�,�0�0�0�X�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �s�e�c�u�r�e�d� 

�o�n� �c�o�p�p�e�r� �m�o�u�n�t�s� �u�s�i�n�g� �s�i�l�v�e�r� �p�a�i�n�t� �a�n�d� �c�o�a�t�e�d� �w�i�t�h� �g�o�l�d� �u�s�i�n�g� �a� �P�o�l�a�r�o�n� �h�i�g�h� �r�e�s�o�l�u�t�i�o�n� 

�s�p�u�t�t�e�r� �c�o�a�t�e�r�.� 

�2�.�2�.�6� �W�e�t�t�i�n�g� �A�n�a�l�y�s�i�s� 

�2�.�2�.�6�.�1� �D�y�n�a�m�i�c� �C�o�n�t�a�c�t� �A�n�g�l�e� �A�n�a�l�y�s�i�s� 

�S�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �d�i�r�e�c�t�l�y� �m�e�a�s�u�r�e�d� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �o�f� �d�r�o�p�s� �o�f� �l�i�q�u�i�d� �o�n� 

�s�i�n�g�l�e� �f�i�b�e�r�s� �u�n�d�e�r� �a� �m�i�c�r�o�s�c�o�p�e� �[�2�3�1�]�.� �A� �s�i�m�p�l�e�r�,� �l�e�s�s� �t�e�d�i�o�u�s� �m�e�t�h�o�d� �f�o�r� �c�o�n�t�a�c�t� �a�n�g�l�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �i�s� �t�o� �m�e�a�s�u�r�e� �t�h�e� �w�e�t�t�i�n�g� �f�o�r�c�e� �o�f� �t�h�e� �f�i�b�e�r� �w�h�e�n� �i�t� �c�o�m�e�s� �i�n�t�o� �c�o�n�t�a�c�t� �w�i�t�h� 
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�F�i�g�u�r�e� �2�.�2�2�.� �E�n�h�a�n�c�e�m�e�n�t� �o�f� �X�P�S� �s�u�r�f�a�c�e� �s�e�n�s�i�t�i�v�i�t�y� �b�y� �d�e�c�r�e�a�s�i�n�g� �t�h�e� �t�a�k�e�-�o�f�f� �a�n�g�l�e� 
�[�a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�.� �1�9�1�]�.� 
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�a� �l�i�q�u�i�d� �u�s�i�n�g� �d�y�n�a�m�i�c� �c�o�n�t�a�c�t� �a�n�g�l�e� �a�n�a�l�y�s�i�s� �[�2�3�2�-�2�3�5�]�.� �I�n�d�i�v�i�d�u�a�l� �c�a�r�b�o�n� �f�i�b�e�r�s� �w�e�r�e� 

�s�e�p�a�r�a�t�e�d� �f�r�o�m� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �t�o�w� �w�i�t�h� �t�h�e� �a�i�d� �o�f� �f�o�r�c�e�p�s� �a�n�d� �a� �p�i�e�c�e� �o�f� �a�d�h�e�s�i�v�e� �t�a�p�e�.� 

�A� �s�i�n�g�l�e� �f�i�b�e�r� �w�a�s� �m�o�u�n�t�e�d� �t�o� �t�h�e� �e�n�d� �o�f� �a� �1�0�0� �u�m� �_� �d�i�a�m�e�t�e�r� �c�o�p�p�e�r� �w�i�r�e� �h�o�o�k� �w�i�t�h� 

�c�y�a�n�o�a�c�r�y�l�a�t�e� �a�d�h�e�s�i�v�e�.� �T�h�e� �f�i�b�e�r�s� �w�e�r�e� �c�a�r�e�f�u�l�l�y� �c�u�t� �a�n�d� �h�a�n�d�l�e�d� �t�o� �a�v�o�i�d� �d�a�m�a�g�e� �o�r� 

�c�o�n�t�a�m�i�n�a�t�i�o�n�.� �A� �f�i�b�e�r� �s�p�e�c�i�m�e�n� �w�a�s� �s�u�s�p�e�n�d�e�d� �b�y� �t�h�e� �w�i�r�e� �h�o�o�k� �f�r�o�m� �t�h�e� �a�r�m� �o�f� �a� 

�C�A�H�N� �d�y�n�a�m�i�c� �c�o�n�t�a�c�t� �a�n�g�l�e� �s�y�s�t�e�m� �m�i�c�r�o�b�a�l�a�n�c�e�.� �A� �1�0� �m�l� �g�l�a�s�s� �b�e�a�k�e�r� �c�o�n�t�a�i�n�i�n�g� �t�h�e� 

�l�i�q�u�i�d� �t�o� �b�e� �u�s�e�d� �f�o�r� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t� �w�a�s� �r�a�i�s�e�d� �t�o� �t�h�e� �f�i�b�e�r� �t�i�p� �a�t� �a� �s�p�e�e�d� 

�o�f� �2�0� �u�m� �p�e�r� �s�e�c�o�n�d�.� 

�U�p�o�n� �c�o�n�t�a�c�t� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �w�i�t�h� �t�h�e� �l�i�q�u�i�d�,� �t�h�e� �m�i�c�r�o�b�a�l�a�n�c�e� �r�e�g�i�s�t�e�r�e�d� �a� 

�w�e�t�t�i�n�g� �f�o�r�c�e� �(�F�)� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� �2�.�4�2�,� 

�F� �=� �x�n�d�y�y�j�y� �c�o�s�0�-�B� �(�2�.�4�2�)� 

�w�h�e�r�e� �y�y� �i�s� �t�h�e� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�y� �o�f� �t�h�e� �w�e�t�t�i�n�g� �l�i�q�u�i�d�,� �6� �i�s� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e�,� �z�d� �i�s� �t�h�e� 

�p�e�r�i�m�e�t�e�r� �o�f� �t�h�e� �f�i�b�e�r� �a�t� �t�h�e� �l�i�q�u�i�d�/�s�o�l�i�d� �i�n�t�e�r�f�a�c�e�,� �a�n�d� �B� �i�s� �t�h�e� �e�f�f�e�c�t� �o�f� �b�u�o�y�a�n�c�y�.� �W�h�e�n� 

�u�s�i�n�g� �s�m�a�l�l� �d�i�a�m�e�t�e�r� �c�a�r�b�o�n� �f�i�b�e�r�s�,� �b�u�o�y�a�n�c�y� �i�s� �n�e�g�l�i�g�l�e� �a�n�d� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �i�s� �g�i�v�e�n� �b�y� 

�e�q�u�a�t�i�o�n� �2�.�4�3�.� 

�@�=�c�o�s� �!� �s�i� �|� �(�2�.�4�3�)� � � 

�T�h�e� �a�d�v�a�n�c�i�n�g� �c�o�n�t�a�c�t� �a�n�g�l�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �a�v�e�r�a�g�e� �f�o�r�c�e� �m�e�a�s�u�r�e�d� �a�s� �t�h�e� �f�i�b�e�r� 

�w�a�s� �i�m�m�e�r�s�e�d� �i�n� �t�h�e� �w�e�t�t�i�n�g� �l�i�q�u�i�d� �a�n�d� �t�h�e� �r�e�c�e�d�i�n�g� �c�o�n�t�a�c�t� �a�n�g�l�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� 

�t�h�e� �a�v�e�r�a�g�e� �f�o�r�c�e� �m�e�a�s�u�r�e�d� �a�s� �t�h�e� �f�i�b�e�r� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �l�i�q�u�i�d�.� �E�a�c�h� �f�i�b�e�r� �w�a�s� 

�c�o�n�t�a�c�t�e�d� �o�n�e� �t�i�m�e� �w�i�t�h� �o�n�l�y� �o�n�e� �l�i�q�u�i�d� �t�o� �a�v�o�i�d� �c�r�o�s�s� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�r� �c�h�a�n�g�e�s� �i�n� �t�h�e� 

�f�i�b�e�r� �s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y�.� 

�T�h�e� �d�i�a�m�e�t�e�r�s� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �b�o�t�h� 

�s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �a�n�d� �d�y�n�a�m�i�c� �c�o�n�t�a�c�t� �a�n�g�l�e� �a�n�a�l�y�s�i�s�.� �T�h�e� �f�i�b�e�r� �d�i�a�m�e�t�e�r� 
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�w�a�s� �m�e�a�s�u�r�e�d� �f�r�o�m� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s� �(�1�0�,�0�0�0�X� �m�a�g�n�i�f�i�c�a�t�i�o�n�)� �u�s�i�n�g� �a� 

�r�u�l�e�r�.� �T�h�e� �f�i�b�e�r�s� �w�e�r�e� �a�l�s�o� �w�e�t� �w�i�t�h� �n�-�h�e�x�a�n�e� �w�h�i�c�h� �f�o�r�m�e�d� �a� �0�°� �c�o�n�t�a�c�t� �a�n�g�l�e� �w�i�t�h� �t�h�e� 

�f�i�b�e�r� �s�u�r�f�a�c�e�.� �W�h�e�n� �8� �=� �0�°�,� �c�o�s� �0� �=� �1� �a�n�d� �e�q�u�a�t�i�o�n� �2�.�4�3� �m�a�y� �b�e� �r�e�a�r�r�a�n�g�e�d� �t�o� �d�e�f�i�n�e� �t�h�e� 

�f�i�b�e�r� �d�i�a�m�e�t�e�r� �a�s�,� 

� � 

�F� �F� �d�=� 
�"�m�y� �T�y� �c�o�s�®� �Y�T�y� �2�.�4�4�)� 

�w�h�e�r�e� �y�y� �o�f� �n�-�h�e�x�a�n�e� �a�t� �2�5�°�C� �i�s� �1�8�.�6� �m�J�/�m�2�.� �T�h�e� �d�i�a�m�e�t�e�r�s� �o�f� �t�h�e� �f�i�b�e�r�s� �u�s�e�d� �i�n� �t�h�i�s� 

�s�t�u�d�y�,� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �b�o�t�h� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �a�n�d� �w�e�t�t�i�n�g� �a�n�a�l�y�s�i�s�,� �a�r�e� 

�l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�6�.� �T�h�e� �d�i�a�m�e�t�e�r�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�i�c�r�o�s�c�o�p�y� �a�n�d� �b�y� �w�e�t�t�i�n�g� �a�n�a�l�y�s�i�s� 

�c�o�r�r�e�s�p�o�n�d� �r�e�l�a�t�i�v�e�l�y� �w�e�l�l�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�e�n�c�e� �v�a�l�i�d�a�t�e�s� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �n�-�h�e�x�a�n�e� 

�f�o�r�m�s� �a� �0�°� �c�o�n�t�a�c�t� �a�n�g�l�e� �w�i�t�h� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�.� �T�h�e� �d�i�a�m�e�t�e�r�s� �o�f� �t�h�e� �A�U�-�4� �a�n�d� 

�A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �w�e�r�e� �l�e�s�s� �t�h�a�n� �t�h�a�t� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�,� �d�u�e� �t�o� �n�o�r�m�a�l� �v�a�r�i�a�t�i�o�n� 

�i�n� �f�i�b�e�r� �d�i�a�m�e�t�e�r�s� �a�m�o�n�g� �d�i�f�f�e�r�e�n�t� �f�i�b�e�r� �l�o�t�s�.� �T�h�e� �a�v�e�r�a�g�e� �f�i�b�e�r� �d�i�a�m�e�t�e�r�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�w�e�t�t�i�n�g� �w�i�t�h� �n�-�h�e�x�a�n�e� �w�e�r�e� �u�s�e�d� �i�n� �e�q�u�a�t�i�o�n� �2�.�4�3� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e�s�.� 

�T�h�e� �s�o�u�r�c�e�,� �p�u�r�i�t�y�,� �a�n�d� �s�u�r�f�a�c�e� �e�n�e�r�g�i�e�s� �o�f� �t�h�e� �l�i�q�u�i�d�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �a�r�e� �l�i�s�t�e�d� �i�n� 

�T�a�b�l�e� �2�.�7�.� �T�h�e� �t�o�t�a�l� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �o�f� �e�a�c�h� �l�i�q�u�i�d� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �t�h�e� �W�i�l�h�e�l�m�y� 

�s�l�i�d�e� �m�e�t�h�o�d� �[�6�]�.� �F�i�s�h�e�r�f�i�n�e�s�t!"� �p�r�e�m�i�u�m� �g�l�a�s�s� �c�o�v�e�r� �s�l�i�p�s�,� �2�4� �x� �3�0� �x� �0�.�1�5� �m�m� �i�n� 

�s�i�z�e�,� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �a�n�d� �w�e�r�e� �w�e�t� �w�i�t�h� �t�h�e� �l�i�q�u�i�d� �o�f� �i�n�t�e�r�e�s�t� �u�s�i�n�g� �a� 

�C�A�H�N� �d�y�n�a�m�i�c� �c�o�n�t�a�c�t� �a�n�a�l�y�z�e�r�.� �T�h�e� �l�i�q�u�i�d� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� 

�e�q�u�a�t�i�o�n� �2�.�4�5�,� 

�F� �F� 
�=� �=� �2�.�4�5� 

�Y�L� �p�c�o�s�8� �4�8�&�3�0�m�m� �(�2�.�4�)� 
� � 

�w�h�e�r�e�,� �t�h�e� �p�e�r�i�m�e�t�e�r� �o�f� �t�h�e� �g�l�a�s�s� �s�l�i�p� �(�p�)� �w�a�s� �4�8�.�3�0� �m�m� �a�n�d�,� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �(�0�)� 

�b�e�t�w�e�e�n� �t�h�e� �c�l�e�a�n� �g�l�a�s�s� �c�o�v�e�r� �s�l�i�p�s� �a�n�d� �a�l�l� �o�f� �t�h�e� �l�i�q�u�i�d�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�a�s� �z�e�r�o�.� �T�h�e� 

�g�l�a�s�s� �c�o�v�e�r� �s�l�i�p�s� �w�e�r�e� �c�l�e�a�n�e�d� �b�y� �p�a�s�s�i�n�g� �t�h�e�m� �t�h�r�o�u�g�h� �t�h�e� �f�l�a�m�e� �o�f� �a� �B�u�n�s�e�n� �b�u�r�n�e�r�,� 
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�T�a�b�l�e� �2�.�6�.� �D�i�a�m�e�t�e�r� �o�f� �t�h�e� �"�a�s� �r�e�c�e�i�v�e�d�"� �a�n�d� �p�l�a�s�m�a� �t�r�e�a�t�e�d� �c�a�r�b�o�n� �f�i�b�e�r�s� �d�e�t�e�r�m�i�n�e�d� 
�u�s�i�n�g� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �a�n�d� �w�e�t�t�i�n�g� �a�n�a�l�y�s�i�s�.� 

� � 

�<�D�I�A�M�E�T�E�R�>� �+� �o�p�-�1� �(�u�m�)� 
� � 

� � 

� � 

�F�I�B�E�R� 
�s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �w�e�t�t�i�n�g� �w�i�t�h� 

�m�i�c�r�o�s�c�o�p�e� �n�-�h�e�x�a�n�e� �r�e�f�e�r�e�n�c�e� 
�(�n�=� �1�0�)� �(�n�=� �1�5�)� 

�"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �6�.�5� �+� �0�.�2� �7�.�0�+� �0�.�4� �8�.�0� �+� �0�.�5� �[�2�2�2�]� 

�"�a�s� �r�e�c�e�i�v�e�d�"� �A�S�-�4� �6�.�8� �+� �0�.�6� �6�.�9�+�0�.�5� �8� �[�2�3�6�]�,� 
�8�.�0� �+� �0�.�4� �[�2�2�2�]� 

�1�5� �s�e�c�.� �a�i�r� �p�l�a�s�m�a� �6�.�7�+�0�.�3� �6�.�9�+�0�.�5� �-�-�-� 
�A�S�-�4� 

�1� �m�i�n�.� �N�H�3� �p�l�a�s�m�a� �7�.�2�+�0�.�4� �6�.�8� �+� �0�.�3� �-�-�-� 
�A�S�-�4� 

�3�.�5� �m�i�n�.� �e�t�h�y�l�e�n�e� �p�l�a�s�m�a� �6�.�6� �+� �0�.�5� �6�.�8� �+� �0�.�6� �-�-�-� 
�A�S�-�4� � � � � � � � � � 



�T�a�b�l�e� �2�.�7�.� �S�u�r�f�a�c�e� �e�n�e�r�g�i�e�s�,� �s�o�u�r�c�e�,� �a�n�d� �p�u�r�i�t�y� �o�f� �l�i�q�u�i�d�s� �u�s�e�d� �i�n� �w�e�t�t�i�n�g� �a�n�a�l�y�s�i�s�.� 

� � 

� � 

� � 

� � � � � � 

�a� �;� �Y�L� �P� �d� �L�i�q�u�i�d� �S� �P�u�r�i�t�y� �Y�L� �Y�L� 
 �� �o�m� �m�u� �(�m�J�/�m�?�)� �(�m�J�/�m�2�)� �|� �(�m�J�/�m� �2�)� 

�l�a�b� �d�i�s�t�i�l�l�e�d� 
�H�2�0� �t�a�p� 

�d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �n�a�*� �7�2�.�7� �4�9�.�2� �2�3�.�5� 
�d�e�i�o�n�i�z�e�r� 
�c�a�r�t�r�i�d�g�e�s� 

�f�o�r�m�a�m�i�d�e� �A�l�d�r�i�c�h� �9�9�+�%�,� �5�8�.�3� �2�5�.�3� �3�3�.�0� 
�C�h�e�m�i�c�a�l� �s�p�e�c�t�r�o�m�e�t�r�i�c� 

�g�r�a�d�e� 

�d�i�i�o�d�o�m�e�t�h�a�n�e� �A�l�d�r�i�c�h� �9�9�%� �5�0�.�8� �2�.�4� �4�8�.�4� 
�C�h�e�m�i�c�a�l� 

�b�r�o�m�o�n�a�p�h�t�h�a�l�e�n�e� �F�i�s�h�e�r� �r�e�a�g�e�n�t� �4�4�.�6� �0� �4�4�.�6� 
�S�c�i�e�n�t�i�f�i�c� �g�r�a�d�e� 

�n�-�h�e�x�a�n�e� �F�i�s�h�e�r� �o�p�t�i�m�a� �1�8�.�6� �0� �1�8�.�6� 
�S�c�i�e�n�t�i�f�i�c� 

�n�-�o�c�t�a�n�e� �A�l�d�n�c�h� �9�9�+�%�,� �2�1�.�5� �0� �2�1�.�5� 
�C�h�e�m�i�c�a�l� �g�o�l�d� �l�a�b�e�l� 

�n�-�d�e�c�a�n�e� �F�i�s�h�e�r� �c�e�r�t�i�f�i�e�d� �2�3�.�8� �0� �2�3�.�8� 
�S�c�i�e�n�t�i�f�i�c� 

�n�-�h�e�x�a�d�e�c�a�n�e� �F�i�s�h�e�r� �0�9�.�8�%�,� �2�7�.�8� �0� �2�7�.�8� 
�S�c�i�e�n�t�i�f�i�c� �c�e�r�t�i�f�i�e�d� 

�d�e�c�a�h�y�d�r�o�n�a�p�h�t�h�a�l�e�n�e� �F�i�s�h�e�r� �c�e�r�t�i�f�i�e�d� �3�1�.�8� �0� �3�1�.�8� 
�S�c�i�e�n�t�i�f�i�c� � � � � 

� � 

�*�n�o�t� �a�v�a�i�l�a�b�l�e� 
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� 



�b�e�i�n�g� �c�a�r�e�f�u�l� �n�o�t� �t�o� �m�e�l�t� �t�h�e� �e�d�g�e�s� �a�n�d� �a�l�t�e�r� �t�h�e� �s�l�i�p� �p�e�r�i�m�e�t�e�r�.� �I�f� �t�h�e� �g�l�a�s�s� �s�l�i�p� �w�a�s� �n�o�t� 

�c�l�e�a�n�e�d� �p�r�o�p�e�r�l�y�,� �a� �n�o�n�-�z�e�r�o� �a�n�g�l�e� �f�o�r�m�e�d� �w�i�t�h� �t�h�e� �g�l�a�s�s� �s�l�i�p� �a�n�d� �t�h�e� �a�d�v�a�n�c�i�n�g� �c�o�n�t�a�c�t� 

�a�n�g�l�e� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �r�e�c�e�d�i�n�g� �a�n�g�l�e�.� �T�h�e� �w�e�t�t�i�n�g� �t�r�a�c�e�s� �o�b�t�a�i�n�e�d� �w�i�t�h� �d�e�i�o�n�i�z�e�d� 

�w�a�t�e�r� �o�n� �a�n� �u�n�f�l�a�m�e�d� �g�l�a�s�s� �s�l�i�p� �a�n�d� �o�n� �a� �f�l�a�m�e�d� �g�l�a�s�s� �s�l�i�p� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�3�.� 

�T�h�e� �p�o�l�a�r� �a�n�d� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t�s� �t�o� �t�h�e� �l�i�q�u�i�d� �s�u�r�f�a�c�e� �e�n�e�r�g�i�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� 

�u�s�i�n�g� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �p�r�o�p�o�s�e�d� �b�y� �F�o�w�k�e�s� �f�o�r� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �b�e�t�w�e�e�n� �a� 

�l�i�q�u�i�d� �a�n�d� �a� �s�o�l�i�d� �i�n�t�e�r�a�c�t�i�n�g� �o�n�l�y� �w�i�t�h� �d�i�s�p�e�r�s�i�o�n� �f�o�r�c�e�s� �[�4�]�.� 

�d�d� �Y�S�L�=�Y�s� �+�L� �~�2�Y�S�Y�L� �(�2�.�4�6�)� 

�E�q�u�a�t�i�o�n� �2�.�5� �a�n�d� �e�q�u�a�t�i�o�n� �2�.�4�6� �c�a�n� �b�e� �c�o�m�b�i�n�e�d� �t�o� �g�i�v�e� �e�q�u�a�t�i�o�n� �2�.�4�7�.� 

�d� 

�c�o�s�@� �=� �-�1�+�2�y�y�¢� �W�E� �(�2�.�4�7�)� 
�Y�L� 

�R�e�f�e�r�e�n�c�e� �p�l�o�t�s� �o�f� �c�o�s�6� �v�e�r�s�u�s� �v�i� �/� �v�1� �|� �w�e�r�e� �e�s�t�a�b�l�i�s�h�e�d� �u�s�i�n�g� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �o�f� 

�b�r�o�m�o�n�a�p�h�t�h�a�l�e�n�e�,� �a� �n�o�n�-�p�o�l�a�r� �l�i�q�u�i�d�,� �o�n� �t�h�r�e�e� �n�o�n�p�o�l�a�r� �s�o�l�i�d� �s�u�r�f�a�c�e�s�:� �p�o�l�y�(�e�t�h�y�l�e�n�e�)�,� 

�p�a�r�a�f�f�i�n� �w�a�x�,� �a�n�d� �p�o�l�y�(�t�e�t�r�a�f�l�u�o�r�o�e�t�h�y�l�e�n�e�)�.� �T�h�e� �t�h�r�e�e� �s�o�l�i�d� �s�a�m�p�l�e�s� �w�e�r�e� �w�i�p�e�d� �w�i�t�h� 

�m�e�t�h�y�l� �e�t�h�y�l� �k�e�t�o�n�e� �u�s�i�n�g� �a� �K�i�m�w�i�p�e� �t�i�s�s�u�e�.� �T�h�e� �a�v�e�r�a�g�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �b�e�t�w�e�e�n� 

�b�r�o�m�o�n�a�p�h�t�h�a�l�e�n�e� �a�n�d� �e�a�c�h� �n�o�n�p�o�l�a�r� �s�o�l�i�d� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �R�a�m�e�-�H�a�r�t� �g�o�n�i�o�m�e�t�e�r� 

�a�s� �d�e�s�c�r�i�b�e�d� �i�n� �s�e�c�t�i�o�n� �2�.�2�.�6�.�2�.� �A� �r�e�f�e�r�e�n�c�e� �p�l�o�t� �w�a�s� �p�r�e�p�a�r�e�d� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �t�h�r�e�e� �s�o�l�i�d�s� 

�b�y� �p�l�o�t�t�i�n�g� �t�h�e� �a�v�e�r�a�g�e� �b�r�o�m�o�n�a�p�h�t�h�a�l�e�n�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �v�e�r�s�u�s� �V�i�i� �|� �v�1� �|� �a�n�d� �d�r�a�w�i�n�g� 

�a� �a� �s�t�r�a�i�g�h�t� �l�i�n�e�,� �w�i�t�h� �a� �y�-�a�x�i�s� �i�n�t�e�r�c�e�p�t� �o�f� �-�1�,� �t�h�r�o�u�g�h� �t�h�e� �d�a�t�a� �p�o�i�n�t�.� �T�h�e� �a�v�e�r�a�g�e� 

�c�o�n�t�a�c�t� �a�n�g�l�e� �o�f� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r�,� �f�o�r�m�a�m�i�d�e�,� �a�n�d� �d�i�i�o�d�o�m�e�t�h�a�n�e� �w�a�s� �t�h�e�n� �m�e�a�s�u�r�e�d� �o�n� 

�e�a�c�h� �o�f� �t�h�e� �n�o�n�p�o�l�a�r� �s�o�l�i�d�s� �a�n�d� �t�h�e� �c�o�s�i�n�e� �o�f� �t�h�e� �a�v�e�r�a�g�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �w�a�s� �p�l�a�c�e�d� �o�n� �t�h�e� 

�a�p�p�r�o�p�r�i�a�t�e� �r�e�f�e�r�e�n�c�e� �l�i�n�e�s�.
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� � � � � � �-�1�0�0�.�0�0�  �� �;� �:� �:� 
�|� �S�t�a�g�e� �P�o�s�i�t�i�o�n� �(�m�m�)� 

�F�i�g�u�r�e� �2�.�2�3�.� �W�e�t�t�i�n�g� �t�r�a�c�e�s� �o�b�t�a�i�n�e�d� �w�i�t�h� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �a�n�d� �a� �g�l�a�s�s� �c�o�v�e�r� �s�l�i�p� �(�a�)� �"�a�s� 
�r�e�c�e�i�v�e�d�"� �a�n�d� �(�b�)� �f�l�a�m�e�d� �i�n� �a�B�u�n�s�e�n� �b�u�r�n�e�r�.� 

�6�9



�T�h�e� �r�e�f�e�r�e�n�c�e� �p�l�o�t�s� �a�n�d� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �r�e�s�u�l�t�s� �f�o�r� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r�,� �f�o�r�m�a�m�i�d�e�,� 

�a�n�d� �d�i�i�o�d�o�m�e�t�h�a�n�e� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�4�.� �B�y� �e�x�t�r�a�p�o�l�a�t�i�n�g� �d�o�w�n� �t�o� �t�h�e� �x�-�a�x�i�s�,� �a�n� 

�a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �y�e� �w�a�s� �o�b�t�a�i�n�e�d� �f�o�r� �e�a�c�h� �l�i�q�u�i�d�.� �T�h�e� �a�s�s�u�m�p�t�i�o�n� �w�a�s� �m�a�d�e� �t�h�a�t� �t�h�e� 

�t�o�t�a�l� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�y� �(�y� �)� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �s�u�m� �o�f� �t�h�e� �p�o�l�a�r� �(�y� �P�)� �a�n�d� �t�h�e� �d�i�s�p�e�r�s�i�o�n� �(�y� �d�y� 

�c�o�m�p�o�n�e�n�t�s� �a�s� �g�i�v�e�n� �i�n� �e�q�u�a�t�i�o�n� �2�.�4�8�.� 

�p� �d� 
�Y�L� �=�Y�L�+�T�Y�L� �(�2�.�4�8�)� 

�T�h�e� �p�o�l�a�r� �c�o�m�p�o�n�e�n�t� �y�p� �w�a�s� �t�h�e�n� �o�b�t�a�i�n�e�d� �b�y� �s�u�b�s�t�r�a�c�t�i�n�g� �y�d� �f�r�o�m� �y�,�.� 

�2�.�2�.�6�.�1�.�1� �O�n�e�-�L�i�q�u�i�d� �T�e�c�h�n�i�q�u�e� 

�T�h�e� �p�o�l�a�r� �a�n�d� �d�i�s�p�e�r�s�i�v�e� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�i�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� 

�u�s�i�n�g� �t�h�e� �a�p�p�r�o�a�c�h� �o�f� �O�w�e�n�s� �a�n�d� �W�e�n�d�t� �[�2�3�7�]� �a�n�d� �D�y�n�e�s� �a�n�d� �K�a�e�l�b�l�e� �[�2�3�8�,� �2�3�9�]� �i�n� 

�w�h�i�c�h� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �w�a�s� �m�e�a�s�u�r�e�d� �w�i�t�h� �a� �v�a�r�i�e�t�y� �o�f� �l�i�q�u�i�d�s� �h�a�v�i�n�g� 

�k�n�o�w�n� �p�o�l�a�r� �a�n�d� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e�i�r� �t�o�t�a�l� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�y�.� �F�i�g�u�r�e� �2�.�2�5� �i�s� 

�a� �s�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �t�h�e� �o�n�e�-�l�i�q�u�i�d� �c�o�n�t�a�c�t� �a�n�g�l�e� �e�x�p�e�r�i�m�e�n�t�.� 

�T�h�e� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �o�f� �t�h�e� �l�i�q�u�i�d� �a�n�d� �t�h�e� �s�o�l�i�d� �i�s� �s�p�l�i�t� �i�n�t�o� �p�o�l�a�r� �a�n�d� �d�i�s�p�e�r�s�i�v�e� 

�c�o�m�p�o�n�e�n�t�s� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �e�q�u�a�t�i�o�n�s� �2�.�4�8� �a�n�d� �2�.�4�9�,� 

�d� 
�Y�s�=�y�v�e�t�y�s� �(�2�.�4�9�)� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t� �S� �d�e�n�o�t�e�s� �a� �s�o�l�i�d� �s�u�r�f�a�c�e� �a�n�d� �t�h�e� �s�u�b�s�c�r�i�p�t� �L� �d�e�n�o�t�e�s� �a� �l�i�q�u�i�d� �s�u�r�f�a�c�e�.� 

�T�h�e� �t�o�t�a�l� �w�o�r�k� �o�f� �a�d�h�e�s�i�o�n� �i�s� �a�l�s�o� �t�h�e� �s�u�m� �o�f� �p�o�l�a�r� �a�n�d� �d�i�s�p�e�r�s�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n�s� �a�s� �g�i�v�e�n� 

�b�y� �e�q�u�a�t�i�o�n� �2�.�5�0� 

�W�,� �-� �W�e� �+�1�8�,� �(�2�.�5�0�)� 
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�1�.�0� 

�P�E� �/� �P�a�r�e�f�f�i� 
�0�.�5� �7� 

�P�T�F�E� 

�c�o�s� �9�.�0� �J� 

�-�0�.�5� �5� �O� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� 

 �� �f�o�r�m�a�m�i�d�e� 

�]� �A�.� �d�i�i�o�d�o�m�e�t�h�a�n�e� 

�Q�T� �I�I�I� 
�0�.�0�0� �0�.�0�5� �0�.�1�0� �0�.�1�5� �0�.�2�0� 

�V�i� �h�n� 

�F�i�g�u�r�e� �2�.�2�4�.� �R�e�l�a�t�i�o�n� �o�f� �c�o�n�t�a�c�t� �a�n�g�l�e� �t�o� �l�i�q�u�i�d� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n�.� 

�7�1



� � 

� � �b�a�l�a�n�c�e� 
� � � � � � 

�c�o�p�p�e�r� �w�i�r�e� 
�P�o�o�k� 

� � 

� � � � �c�o�m�p�u�t�e�r� 
� � � � � � 

� � � � � � � � � � � � � � 
� � � � � � �e�l�e�v�a�t�o�r� � � � � � � � � � 

�F�i�g�u�r�e� �2�.�2�5�.� �S�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �o�n�e�-�l�i�q�u�i�d� �c�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t� �u�s�i�n�g� �t�h�e� 
�W�i�l�h�e�l�m�y� �t�e�c�h�n�i�q�u�e�.



�w�h�e�r�e�,� �i� �i�s� �t�h�e� �p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �t�e�r�m� �b�e�t�w�e�e�n� �t�h�e� �s�o�l�i�d� �a�n�d� �t�h�e� �l�i�q�u�i�d� �a�n�d� �t�h�e� 

�d�i�s�p�e�r�s�i�v�e� �t�e�r�m� �i�s� �t�w�i�c�e� �t�h�e� �g�e�o�m�e�t�r�i�c� �m�e�a�n� �o�f� �t�h�e� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t�s� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� 

�e�q�u�a�t�i�o�n� �2�.�5�1�.� 

�d� �d�d� �5� �W�a� �=�2�V�Y�S�Y�L� �(�9�1�)� 

�F�o�r� �n�o�n�p�o�l�a�r� �l�i�q�u�i�d�s�,� �b�e� �i�s� �z�e�r�o�.� �F�o�r� �p�o�l�a�r� �l�i�q�u�i�d�s�,� �7� �w�a�s� �g�i�v�e�n� �b�y� �K�a�e�l�b�l�e� �a�n�d� 

�U�y� �a�s� �t�w�i�c�e� �t�h�e� �g�e�o�m�e�t�r�i�c� �m�e�a�n� �o�f� �t�h�e� �p�o�l�a�r� �c�o�m�p�o�n�e�n�t�s� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� �e�q�u�a�t�i�o�n� �2�.�5�2� 

�[�2�4�0�]�.� 

�I�b� �=�?� �v�e�y�?� �(�2�.�5�2�)� 

�F�o�w�k�e�s� �s�t�a�t�e�d� �t�h�a�t� �e�q�u�a�t�i�o�n� �2�.�5�2� �i�s� �i�n�c�o�r�r�e�c�t� �a�n�d� �s�e�t�s� �t�h�e� �p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n� �t�e�r�m� �(�i�g�h�)� 

�e�q�u�a�l� �t�o� �a�n� �a�c�i�d�-�b�a�s�e� �i�n�t�e�r�a�c�t�i�o�n� �(�w�A�B� �)� �[�2�4�1�]�.� 

�E�q�u�a�t�i�o�n�s� �2�.�6�,� �2�.�5�1�,� �a�n�d� �2�.�5�2� �w�e�r�e� �c�o�m�b�i�n�e�d� �b�y� �O�w�e�n�s� �a�n�d� �W�e�n�d�t� �[�2�3�7�]� �a�n�d� 

�D�y�n�e�s� �a�n�d� �K�a�e�l�b�l�e� �[�2�3�8�,� �2�3�9�]� �t�o� �g�i�v�e� �e�q�u�a�t�i�o�n� �2�.�5�3�.� 

�y�z� �(�1�+� �c�o�s�6�)� �=�2�y�y� �a�y�!� �+� �o�y� �P�y�e� �(�2�.�5�3�)� 

�E�q�u�a�t�i�o�n� �2�.�5�3� �w�a�s� �r�e�a�r�r�a�n�g�e�d� �t�o�,� 

�N�s� �+� �V�r�e�y�e�/�t� �2�.�5�4�)� 

�s�o� �t�h�a�t�,� �v�a�l�u�e�s� �o�f� �y�a� �a�n�d� �v�§� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�r�c�e�p�t� �a�n�d� �t�h�e� �s�l�o�p�e� �o�f� �a� �l�i�n�e�a�r� 

�p�l�o�t� �o�f� �l�y� �i�(�i�+� �c�o�s�6�)� �/�2�y�y�¢� �v�e�r�s�u�s� �v�e� �/�y�t� �.� 

�2�.�2�.�6�.�1�.�2� �T�w�o�-�L�i�q�u�i�d� �T�e�c�h�n�i�q�u�e� 

�I�n� �t�h�e� �t�w�o�-�l�i�q�u�i�d� �t�e�c�h�n�i�q�u�e�,� �t�h�e� �f�i�b�e�r� �w�a�s� �i�m�m�e�r�s�e�d� �i�n� �a� �1�0� �m�l� �b�e�a�k�e�r� �c�o�n�t�a�i�n�i�n�g� 

�t�w�o� �i�m�m�i�s�c�i�b�l�e� �l�i�q�u�i�d�s�:� �f�o�r�m�a�m�i�d�e� �a�n�d� �a� �h�y�d�r�o�c�a�r�b�o�n� �[�1�5�4�,� �2�3�2�]�.� �T�h�e� �h�y�d�r�o�c�a�r�b�o�n�s� 
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�u�s�e�d� �w�e�r�e� �h�e�x�a�n�e�,� �o�c�t�a�n�e�,� �d�e�c�a�n�e�,� �h�e�x�a�d�e�c�a�n�e�,� �a�n�d� �d�e�c�a�h�y�d�r�o�n�a�p�h�t�h�a�l�e�n�e�.� �A� �s�c�h�e�m�a�t�i�c� 

�d�i�a�g�r�a�m� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�e�t�u�p� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�6�.� 

�A�t� �t�h�e� �f�i�b�e�r�/�h�y�d�r�o�c�a�r�b�o�n�/�a�i�r� �i�n�t�e�r�f�a�c�e�,� �e�q�u�a�t�i�o�n�s� �2�.�3� �a�n�d� �2�.�5�0� �m�a�y� �b�e� �e�q�u�a�t�e�d� �a�n�d� 

�t�h�e� �w�o�r�k� �o�f� �a�d�h�e�s�i�o�n� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�,� 

�,� �d� 
�W�a� �H�=�Y�s�+�Y�H�-�Y�S�/�H� �=� �2�V�Y�S�Y�H� �(� 

�d� 
�Y�S� �=�Y�s�/�H� �~�Y�H� �+�2�V�Y�S�Y�H� �(�2�.�5�6�)� 

�s�i�n�c�e� �t�h�e�r�e� �a�r�e� �n�o� �p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n�s�.� �A�t� �t�h�e� �f�i�b�e�r�/�f�o�r�m�a�m�i�d�e�/�h�y�d�r�o�c�a�r�b�o�n� �i�n�t�e�r�f�a�c�e�,� 

�1�D
� 

�n
�i� 

�i�
n�

 
�e

�n
�e

 �
� 

�a�n�d�,� 

�e�q�u�a�t�i�o�n� �2�.�5� �m�a�y� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�,� 

�Y�S�H�=�Y�S�'�F� �+�Y�F�H� �c�o�s�(�@�g�)� �F�H�)� �(�2�.�5�7�)� 

�a�n�d� �t�h�e� �w�o�r�k� �o�f� �a�d�h�e�s�i�o�n� �i�s� �g�i�v�e�n� �b�y�,� 

�>�.�[�,�4�,�4� 
�W�a�.�F�=�Y�s�+�Y�F�~�Y�S�i�F� �=�2�V�Y�S�Y�F� �+�1�8�5� �(�2�.�5�8�)� 

�R�e�a�r�r�a�n�g�i�n�g� �a�n�d� �s�u�b�s�t�i�t�u�t�i�n�g� �e�q�u�a�t�i�o�n�s� �2�.�5�6� �a�n�d� �2�.�5�7� �i�n�t�o� �e�q�u�a�t�i�o�n� �2�.�5�8� �l�e�a�d�s� �t�o� �e�q�u�a�t�i�o�n� 

�2�.�5�9�,� 

�v�e�-�y�a�+� �t�=� �W�7�5�8� �[�V�F� �-� �V�i�n� �|�+� �B�r� �(�2�.�5�9�)� 

�w�h�e�r�e�,� �y�f� �a�n�d� �y�e� �a�r�e� �t�h�e� �t�o�t�a�l� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �a�n�d� �t�h�e� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �s�u�r�f�a�c�e� 

�e�n�e�r�g�y� �o�f� �f�o�r�m�a�m�i�d�e�,� �y�j�;� �i�s� �t�h�e� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �o�f� �t�h�e� �h�y�d�r�o�c�a�r�b�o�n�,� �i�f�,� �p� �1�s� �t�h�e� �p�o�l�a�r� 

�i�n�t�e�r�a�c�t�i�o�n� �p�a�r�a�m�e�t�e�r�,� �a�n�d�,� 

�F�-�F�y� 
�*� 

�n�d� �(�7�.�6�0�)� 
� � �T�=� �Y�F�/�p�C�O�S�8�s�,� �F�H�=� 

�w�h�e�r�e� �0�c�,� �¢�/�;�1�S� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �a�t� �t�h�e� �t�r�i�p�l�e� �p�h�a�s�e� �l�i�n�e�,� �y� �/�;�;� �1�s� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �e�n�e�r�g�y� 

�b�e�t�w�e�e�n� �f�o�r�m�a�m�i�d�e� �a�n�d� �t�h�e� �h�y�d�r�o�c�a�r�b�o�n�,� �x�d� �i�s� �t�h�e� �f�i�b�e�r� �p�e�r�i�m�e�t�e�r�,� �F�y� �1�s� �t�h�e� �f�o�r�c�e� 
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� � 

� � �b�a�l�a�n�c�e� 
� � � � � � 

� � � � 

� � 

� � 

� � � � � � � � 
� � � � � 
� � � � � � � � � 

� � 

� � � � 

� � 

� � 
�c�o�p�p�e�r� �w�i�r�e� 

�l�e�?� �h�o�o�k� 

�c�o�m�p�u�t�e�r� �|� 

�e�l�e�v�a�t�o�r� � � 

� � � � � � 
�h�y�d�r�o�c�a�r�b�o�n� 

� � � � � � 
�f�o�r�m�a�m�i�d�e� 

� � � � 

�F�i�g�u�r�e� �2�.�2�6�.� �S�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�w�o�-�l�i�q�u�i�d� �c�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t� �u�s�i�n�g� �t�h�e� 
�W�i�l�h�e�l�m�y� �t�e�c�h�n�i�q�u�e�.� 
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�r�e�c�o�r�d�e�d� �b�y� �t�h�e� �b�a�l�a�n�c�e� �w�h�e�n� �t�h�e� �f�i�b�e�r� �i�s� �i�m�m�e�r�s�e�d� �i�n� �t�h�e� �h�y�d�r�o�c�a�r�b�o�n� �l�a�y�e�r�,� �a�n�d� �F� �i�s� �t�h�e� 

�t�o�t�a�l� �f�o�r�c�e� �r�e�c�o�r�d�e�d� �b�y� �t�h�e� �b�a�l�a�n�c�e� �w�h�e�n� �t�h�e� �f�i�b�e�r� �h�a�s� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �h�y�d�r�o�c�a�r�b�o�n� 

�l�a�y�e�r� �a�n�d� �e�n�t�e�r�e�d� �t�h�e� �f�o�r�m�a�m�i�d�e�.� �T�h�e� �d�i�s�p�e�r�s�i�o�n� �c�o�m�p�o�n�e�n�t� �(�y� �q�)� �i�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� 

�s�l�o�p�e� �o�f� �a� �s�t�r�a�i�g�h�t� �l�i�n�e� �f�i�t� �t�o�a� �p�l�o�t� �o�f� �y�p� �-� �y�y�y� �+� �T� �V�e�r�s�u�s� �V�E� �~�J�y�y� �.� �T�h�e� �p�o�l�a�r� 

�i�n�t�e�r�a�c�t�i�o�n� �t�e�r�m� �(� �I�f�,� �r�)� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�r�c�e�p�t�.� 

�E�q�u�a�t�i�o�n� �2�.�6�0� �a�s�s�u�m�e�s� �t�h�a�t� �t�h�e� �f�o�r�m�a�m�i�d�e� �d�i�s�p�l�a�c�e�s� �t�h�e� �h�y�d�r�o�c�a�r�b�o�n� �d�u�n�n�g� 

�i�m�m�e�r�s�i�o�n� �o�f� �t�h�e� �f�i�b�e�r� �a�n�d� �t�h�a�t� �t�h�e� �h�y�d�r�o�c�a�r�b�o�n� �d�i�s�p�l�a�c�e�s� �t�h�e� �f�o�r�m�a�m�i�d�e� �d�u�r�i�n�g� �t�h�e� 

�e�m�e�r�s�i�o�n� �s�t�a�g�e�.� �T�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �c�r�i�t�e�r�i�a� �h�a�v�e� �b�e�e�n� �d�e�r�i�v�e�d� �b�y� �S�h�a�n�a�h�a�n� �a�n�d� �c�o�w�o�r�k�e�r�s� 

�a�n�d� �a�r�e� �g�i�v�e�n� �i�n� �e�q�u�a�t�i�o�n�s� �2�.�6�1� �a�n�d� �2�.�6�2� �[�2�4�2�]�.� 

�a�d�v�a�n�c�i�n�g�:� �I�f�,� �E�>� �2� �v�g� �-� �V�i�a� �|�|� �v�r�w� �-� �V�F�]� �(�2�.�6�1�)� 

�r�e�c�e�d�i�n�g�:� �I�f�,� �F�<� �2�1�1� �-� �(�v�s� �-� �v�y�#�)� �V�F� �-� �v�n� �|� �(�2�.�6�2�)� 

�T�h�e�s�e� �c�r�i�t�e�r�i�a� �a�r�e� �b�a�s�e�d� �o�n� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �t�h�a�t� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �s�p�r�e�a�d�i�n�g� �p�r�e�s�s�u�r�e� �o�f� 

�b�o�t�h� �l�i�q�u�i�d�s� �i�s� �n�e�g�l�i�g�i�b�l�e� �a�n�d� �t�h�a�t� �t�h�e� �s�u�r�f�a�c�e� �i�s� �p�e�r�f�e�c�t�l�y� �h�o�m�o�g�e�n�e�o�u�s� �a�n�d� �s�m�o�o�t�h�.� 

�2�.�2�.�6�.�2� �C�o�n�t�a�c�t� �A�n�g�l�e� �G�o�n�i�o�m�e�t�e�r� 

�T�h�e� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�o�a�t�i�n�g� �c�r�e�a�t�e�d� �i�n� �t�h�e� �e�t�h�y�l�e�n�e� �p�l�a�s�m�a� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �e�x�p�o�s�i�n�g� �g�l�a�s�s� �s�l�i�p�s� �t�o� �t�h�e� �e�t�h�y�l�e�n�e� �p�l�a�s�m�a� �f�o�r� �3�.�5� �m�i�n�u�t�e�s� �a�n�d� �t�h�e�n� 

�m�e�a�s�u�r�i�n�g� �l�i�q�u�i�d� �c�o�n�t�a�c�t� �a�n�g�l�e�s� �o�n� �t�h�e� �s�l�i�p� �s�u�r�f�a�c�e� �u�s�i�n�g� �t�h�e� �s�e�s�s�i�l�e� �d�r�o�p� �t�e�c�h�n�i�q�u�e�.� �T�h�e� 

�c�o�n�t�a�c�t� �a�n�g�l�e� �o�f� �a� �d�r�o�p� �p�l�a�c�e�d� �o�n� �t�h�e� �s�o�l�i�d� �s�u�r�f�a�c�e� �w�a�s� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �R�a�m�e�-�H�a�r�t� �1�0�0�-� 

�0�0� �1�1�5� �N�R�L� �c�o�n�t�a�c�t� �a�n�g�l�e� �g�o�n�i�o�m�e�t�e�r� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�2�7�.� �F�i�v�e� �m�i�c�r�o�l�i�t�e�r� �d�r�o�p�s� 

�o�f� �l�i�q�u�i�d� �w�e�r�e� �c�a�r�e�f�u�l�l�y� �p�l�a�c�e�d� �o�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �u�s�i�n�g� �a� �H�a�m�i�l�t�o�n� �m�i�c�r�o�l�i�t�e�r� �s�y�r�i�n�g�e� �h�e�l�d� 

�i�n� �a�n� �u�p�r�i�g�h�t� �p�o�s�i�t�i�o�n�.� �T�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e�s� �a�t� �t�h�e� �l�e�f�t� �a�n�d� �t�h�e� �r�i�g�h�t� �s�i�d�e�s� �o�f� �f�i�v�e� �d�r�o�p�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �a�n�d� �a�v�e�r�a�g�e�d�.� 
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�9�0�°� 

� � 

� � � � �C�r�o�s�s� �h�a�i�r� 

�1�8�0�°� 
�P�r�o�t�r�a�c�t�o�r� 

� � 

�E�y�e�p�i�e�c�e� 

�F�i�g�u�r�e� �2�.�2�7�.� �S�e�s�s�i�l�e� �d�r�o�p� �c�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t� �u�s�i�n�g� �a� �g�o�n�i�o�m�e�t�e�r� 
�[�a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�.� �4�]�.� 
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�2�.�2�.�7� �T�e�n�s�i�l�e� �S�t�r�e�n�g�t�h� �M�e�a�s�u�r�e�m�e�n�t� 

�T�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�s� �o�f� �t�h�e� �"�a�s� �r�e�c�e�i�v�e�d�"� �a�n�d� �p�l�a�s�m�a� �t�r�e�a�t�e�d� �c�a�r�b�o�n� �f�i�b�e�r�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�8�.� �A� �s�o�l�i�d� �a�n�d� �a� �h�o�l�e�-�p�u�n�c�h�e�d� �a�l�u�m�i�n�u�m� �t�a�b� �w�e�r�e� 

�c�o�n�n�e�c�t�e�d� �w�i�t�h� �t�h�i�n� �s�t�r�i�p�s� �o�f� �c�o�n�s�t�r�u�c�t�i�o�n� �p�a�p�e�r� �a�n�d� �a�n� �e�p�o�x�y� �a�d�h�e�s�i�v�e�.� �A� �s�i�n�g�l�e� �f�i�b�e�r� 

�w�a�s� �s�e�p�a�r�a�t�e�d� �f�r�o�m� �t�h�e� �t�o�w� �a�n�d� �m�o�u�n�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �a�l�u�m�i�n�u�m� �t�a�b�s�.� �C�a�r�e� �w�a�s� 

�t�a�k�e�n� �t�o� �a�l�i�g�n� �t�h�e� �f�i�b�e�r� �l�o�n�g� �a�x�i�s� �i�n� �t�h�e� �t�e�n�s�i�l�e� �d�i�r�e�c�t�i�o�n�.� �T�h�e� �f�i�b�e�r� �w�a�s� �a�f�f�i�x�e�d� �t�o� �t�h�e� 

�a�l�u�m�i�n�u�m� �t�a�b�s� �u�s�i�n�g� �a�n� �e�p�o�x�y� �a�d�h�e�s�i�v�e� �a�n�d� �t�h�e� �e�p�o�x�y� �w�a�s� �a�l�l�o�w�e�d� �t�o� �c�u�r�e� �f�o�r� �8� �h�o�u�r�s� �a�t� 

�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�A� �m�e�t�a�l� �h�o�o�k� �w�a�s� �h�u�n�g� �f�r�o�m� �t�h�e� �b�o�t�t�o�m� �o�f� �a� �M�e�t�t�l�e�r� �P�M�3�0�0� �b�a�l�a�n�c�e�.� �T�h�e� �t�e�n�s�i�l�e� 

�s�t�r�e�n�g�t�h� �s�p�e�c�i�m�e�n� �w�a�s� �s�u�s�p�e�n�d�e�d� �f�r�o�m� �t�h�e� �h�o�o�k� �b�y� �t�h�e� �h�o�l�e�-�p�u�n�c�h�e�d� �a�l�u�m�i�n�u�m� �t�a�b�.� �T�h�e� 

�l�o�w�e�r� �t�a�b� �w�a�s� �s�e�c�u�r�e�d� �b�e�t�w�e�e�n� �t�h�e� �b�l�a�d�e�s� �o�f� �a� �m�i�c�r�o�v�i�s�e� �m�o�u�n�t�e�d� �o�n� �a�n� �e�l�e�v�a�t�o�r�.� �O�n�c�e� 

�t�h�e� �t�e�n�s�i�l�e� �s�p�e�c�i�m�e�n� �w�a�s� �s�e�c�u�r�e�d� �i�n� �t�h�e� �v�i�s�e�,� �p�o�r�t�i�o�n�s� �o�f� �b�o�t�h� �p�a�p�e�r� �s�t�r�i�p�s� �w�e�r�e� �b�u�r�n�e�d� 

�a�w�a�y� �u�s�i�n�g� �a� �s�o�l�d�e�r�i�n�g� �i�r�o�n� �a�n�d� �o�n�l�y� �t�h�e� �s�i�n�g�l�e� �f�i�b�e�r� �w�a�s� �s�u�s�p�e�n�d�e�d� �b�e�t�w�e�e�n� �t�h�e� 

�a�l�u�m�i�n�u�m� �t�a�b�s�.� �T�h�e� �e�l�e�v�a�t�o�r� �w�a�s� �l�o�w�e�r�e�d� �a�t� �a� �r�a�t�e� �o�f� �5� �u�m� �p�e�r� �s�e�c�o�n�d� �a�n�d� �t�h�e� �l�o�a�d� 

�a�p�p�l�i�e�d� �t�o� �t�h�e� �f�i�b�e�r� �w�a�s� �r�e�c�o�r�d�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �u�m�e� �w�i�t�h� �a� �p�e�r�s�o�n�a�l� �c�o�m�p�u�t�e�r�.� 

�T�h�e�r�e� �i�s� �g�r�e�a�t� �v�a�r�i�a�t�i�o�n� �i�n� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�s� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �b�o�t�h� �a�l�o�n�g� �a�n�d� 

�b�e�t�w�e�e�n� �t�o�w�s� �w�i�t�h�i�n� �a� �s�p�o�o�l� �a�s� �w�e�l�l� �v�a�r�i�a�t�i�o�n� �b�e�t�w�e�e�n� �s�p�o�o�l�s� �a�n�d� �l�o�t� �n�u�m�b�e�r�s� �[�1�5�3�]�.� 

�T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�t�r�e�n�g�t�h�s� �i�s� �o�f�t�e�n� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� �W�e�i�b�u�l�l� �d�i�s�t�r�i�b�u�t�i�o�n� �g�i�v�e�n� �b�y�,� 

�F�=�1�-� �e�x�p�}� �l�o� �-� �0�,� �)� �/�o�]�"�}� �(�2�.�6�3�)� 

�w�h�e�r�e� �L� �i�s� �t�h�e� �f�i�b�e�r� �g�a�u�g�e� �l�e�n�g�t�h�,� �m� �i�s� �t�h�e� �"�W�e�i�b�u�l�l�"� �m�o�d�u�l�u�s�,� �o� �1�s� �t�h�e� �f�i�b�e�r� �t�e�n�s�i�l�e� 

�s�t�r�e�n�g�t�h�,� �O�p� �i�s� �a� �s�c�a�l�i�n�g� �p�a�r�a�m�e�t�e�r�,� �O�y� �i�s� �a�n� �a�r�b�i�t�r�a�r�y� �p�a�r�a�m�e�t�e�r� �w�h�i�c�h� �i�s� �o�f�t�e�n� �s�e�t� �e�q�u�a�l� �t�o� 

�z�e�r�o�,� �a�n�d� �F� �i�s� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �p�r�o�b�a�b�i�l�y� �o�f� �f�a�i�l�u�r�e� �[�2�4�3�]�.� 
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�a�l�u�m�i�n�u�m� �t�a�b� �(�1� �m�m� �t�h�i�c�k�)� 

� � 

�c�o�n�s�t�r�u�c�t�i�o�n� �o�l�l�o�l�l�o� 
�p�a�p�e�r� �s�t�r�i�p� 

�N�N� 
� � � � 

�c�a�r�b�o�n� �_�_�_� �P�T�F�E� �s�p�a�c�e�r� �(�1� �m�m� �t�h�i�c�k�)� 
�f�i�b�e�r� � � � � � � � � � � � � � � � � 

�e�p�o�x�y�  ��~�|� 
�a�d�h�e�s�i�v�e� � � � � � � 

�1� 
�a�l�u�m�i�n�u�m� �p�l�a�t�e� 

� � � � 

� � � � � 

�b�a�l�a�n�c�e� 

�m�i�n�i�a�t�u�r�e� 
�v�i�s�e� 

�e�l�e�v�a�t�o�r� 

�F�i�g�u�r�e� �2�.�2�8� �M�e�a�s�u�r�e�m�e�n�t� �o�f� �c�a�r�b�o�n� �f�i�b�e�r� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�.� 
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�T�h�e� �v�a�l�u�e� �o�f� �F� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �m�e�a�s�u�r�e�m�e�n�t�s� 

�b�y� �f�i�r�s�t� �r�a�n�k�i�n�g� �t�h�e� �d�a�t�a� �i�n� �a�s�c�e�n�d�i�n�g� �o�r�d�e�r� �a�n�d� �t�h�e�n� �a�s�s�i�g�n�i�n�g� �a� �c�u�m�u�l�a�t�i�v�e� �p�r�o�b�a�b�i�l�i�t�y� 

�(�F�)� �t�o� �e�a�c�h� �a� �d�a�t�a� �p�o�i�n�t�.� �T�h�e� �c�u�m�u�l�a�t�i�v�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �a� �d�a�t�a� �p�o�i�n�t� �o�f� �r�a�n�k� �(�R�)� �f�a�l�l�s� 

�s�o�m�e�w�h�e�r�e� �i�n� �t�h�e� �i�n�t�e�r�v�a�l�,� 

�R�-�l� �e�R� �(�2�.�6�4�)� 
�N� �N� 

� � 

�w�h�e�r�e� �N� �i�s� �t�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �d�a�t�a� �p�o�i�n�t�s�.� �F�o�r� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �d�a�t�a� �p�o�i�n�t�s�,� �t�h�e� �p�r�e�c�i�s�e� 

�d�e�f�i�n�i�t�i�o�n� �o�f� �F� �b�e�c�o�m�e�s� �u�n�i�m�p�o�r�t�a�n�t�.� �E�q�u�a�t�i�o�n� �2�.�6�5� �i�s� �o�n�e� �w�a�y� �o�f� �a�s�s�i�g�n�i�n�g� �a� �v�a�l�u�e� �t�o� �F�.� 

� � �F�=� �R� �(�2�.�6�5�)� 
�N�+�1� 

�I�f� �e�q�u�a�t�i�o�n� �2�.�6�3� �i�s� �r�e�a�r�r�a�n�g�e�d� �t�o� �g�i�v�e�,� 

�I�n�(�-�I�n�(�1� �-� �F�)�)� �=� �m�i�n�(�o�-�0�,�,�)�-� �m�i�n�(�o�,�)� �+� �I�n�L� �(�2�.�6�6�)� 

�m� �a�n�d� �G�o� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �s�l�o�p�e� �a�n�d� �t�h�e� �i�n�t�e�r�c�e�p�t� �o�f� �a� �l�i�n�e�a�r� �p�l�o�t� �o�f� �I�n�(�-�I�n�(�1�-�F�)�)� 

�v�e�r�s�u�s� �I�n� �o�.� �T�h�e� �a�v�e�r�a�g�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �f�i�b�e�r� �(� �G�)� �i�s� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� �2�.�6�7�,� 

�G�=�0�,�+� �o�m� �r�(�1� �+�  ��)� �(�2�.�6�7�)� 

�w�h�e�r�e� �T�°� �i�s� �t�h�e� �c�o�m�p�l�e�t�e� �g�a�m�m�a� �f�u�n�c�t�i�o�n�.� 

�2�.�2�.�8� �A�n�a�l�y�s�i�s� �o�f� �E�t�h�y�l�e�n�e� �P�l�a�s�m�a� �P�o�l�y�m�e�r� 

�2�.�2�.�8�.�1� �T�h�e�r�m�o�g�r�a�v�i�m�e�t�r�i�c� �A�n�a�l�y�s�i�s� �(�T�G�A�)� 

�D�y�n�a�m�i�c� �t�h�e�r�m�o�g�r�a�v�i�m�e�t�n�i�c� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �P�e�r�k�i�n� �E�l�m�e�r� �T�G�A�7� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �r�e�l�a�t�i�v�e� �t�h�e�r�m�a�l� �s�t�a�b�i�l�i�t�i�e�s� �o�f� �t�h�e� �p�o�l�y�m�e�r� �f�o�r�m�e�d� �i�n� �t�h�e� �e�t�h�y�l�e�n�e� �g�a�s� 

�p�l�a�s�m�a� �a�n�d� �c�o�n�v�e�n�t�i�o�n�a�l�!� �l�o�w� �d�e�n�s�i�t�y� �p�o�l�y�(�e�t�h�y�l�e�n�e�)� �f�r�o�m� �E�a�s�t�m�a�n� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�.� 

�T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �h�e�a�t�e�d� �i�n� �c�n�m�p�e�d� �a�l�u�m�i�n�u�m� �p�a�n�s� �i�n� �a�n� �a�i�r� �a�t�m�o�s�p�h�e�r�e� �a�t� �a� �r�a�t�e� �o�f� 
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�1�0�°�C� �p�e�r� �m�i�n�u�t�e�.� �T�h�e� �w�e�i�g�h�t� �l�o�s�s� �o�f� �t�h�e� �s�a�m�p�l�e� �w�a�s� �m�e�a�s�u�r�e�d� �a�s� �a� �f�u�n�c�u�o�n� �o�f� 

�t�e�m�p�e�r�a�t�u�r�e�.� 

�2�.�2�.�8�.�2� �D�i�f�f�e�r�e�n�t�i�a�l� �S�c�a�n�n�i�n�g� �C�a�l�o�r�i�m�e�t�r�y� �(�D�S�C�)� 

�D�i�f�f�e�r�e�n�t�i�a�l� �s�c�a�n�n�i�n�g� �c�a�l�o�r�i�m�e�t�r�y� �w�a�s� �c�o�n�d�u�c�t�e�d� �o�n� �a� �P�e�r�k�i�n� �E�l�m�e�r� �D�S�C�7� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �r�e�l�a�t�i�v�e� �m�e�l�t�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �t�h�e� �l�o�w� �d�e�n�s�i�t�y� �p�o�l�y�(�e�t�h�y�l�e�n�e�)� �a�n�d� �t�h�e� 

�p�o�l�y�m�e�r� �f�o�r�m�e�d� �i�n� �t�h�e� �e�t�h�y�l�e�n�e� �g�a�s� �p�l�a�s�m�a�.� �D�S�C� �s�c�a�n�s� �w�e�r�e� �r�u�n� �u�n�d�e�r� �a� �n�i�t�r�o�g�e�n� 

�a�t�m�o�s�p�h�e�r�e� �a�t� �1�0�°�C� �p�e�r� �m�i�n�u�t�e�.� 

�2�.�2�.�8�.�3� �F�o�u�r�i�e�r� �T�r�a�n�s�f�o�r�m� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�o�s�c�o�p�y� �(�F�T�-�I�R�)� 

�T�h�e� �p�l�a�s�m�a� �p�o�l�y�m�e�r� �p�o�w�d�e�r� �w�a�s� �a�n�a�l�y�z�e�d� �w�a�s� �p�r�e�s�s�e�d� �w�i�t�h� �d�r�y� �K�B�r� �t�o� �f�o�r�m� �a� 

�p�e�l�l�e�t�.� �T�h�e� �s�a�m�p�l�e� �p�e�l�l�e�t� �w�a�s� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �a� �N�i�c�o�l�e�t� �5�1�0� �F�o�u�r�i�e�r� �t�r�a�n�f�o�r�m� �i�n�f�r�a�r�e�d� 

�s�p�e�c�t�r�o�m�e�t�e�r� �w�i�t�h� �a� �r�e�s�o�l�u�t�i�o�n� �o�f� �4� �c�m�-�!�,� �T�h�e� �s�p�e�c�t�r�o�m�e�t�e�r� �b�e�n�c�h� �w�a�s� �p�u�r�g�e�d� �w�i�t�h� �d�r�y� 

�n�i�t�r�o�g�e�n� �p�r�i�o�r� �t�o� �a�n�a�l� �v�s�i�s�.� 

�2�.�3� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�2�.�3�.�1� �A�n�a�l�y�s�i�s� �o�f� �"�A�s� �R�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �C�a�r�b�o�n� �F�i�b�e�r�s� 

�2�.�3�.�1�.�1� �S�u�r�f�a�c�e� �C�h�e�m�i�c�a�l� �C�o�m�p�o�s�i�t�i�o�n� 

�C�a�r�b�o�n�,� �o�x�y�g�e�n�,� �a�n�d� �n�i�t�r�o�g�e�n� �w�e�r�e� �d�e�t�e�c�t�e�d� �o�n� �t�h�e� �A�U�-�4� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e� �u�s�i�n�g� 

�X�P�S�.� �C�a�r�b�o�n�,� �o�x�y�g�e�n�,� �a�n�d� �n�i�t�r�o�g�e�n�,� �a�s� �w�e�l�l� �a�s� �a� �t�r�a�c�e� �a�m�o�u�n�t� �o�f� �s�o�d�i�u�m� �w�e�r�e� �d�e�t�e�c�t�e�d� 

�o�n� �t�h�e� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �e�a�c�h� �e�l�e�m�e�n�t� �d�e�t�e�c�t�e�d� �i�n� �t�h�e� 

�f�i�b�e�r� �s�u�r�f�a�c�e�s� �i�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�8�.� �T�h�e�r�e� �w�a�s� �m�o�r�e� �o�x�y�g�e�n� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �A�S�-�4� 

�c�a�r�b�o�n� �f�i�b�e�r� �t�h�a�n� �o�n� �t�h�e� �A�U�-�4� �c�a�r�b�o�n� �f�i�b�e�r�.� �T�h�i�s� �w�a�s� �t�h�e� �r�e�s�u�l�t� �o�f� �t�h�e� �o�x�i�d�a�t�i�v�e� �s�u�r�f�a�c�e� 

�t�r�e�a�t�m�e�n�t� �t�h�a�t� �t�h�e� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r� �r�e�c�e�i�v�e�d� �d�u�r�i�n�g� �p�r�o�d�u�c�t�i�o�n�.� �T�h�e� �s�o�d�i�u�m� �p�r�e�s�e�n�t� �o�n� 
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�f�o�r� �t�h�e� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s�,� �c�o�m�p�i�l�e�d� �i�n� �T�a�b�l�e� �2�.�9�,� �v�a�r�i�e�s� �o�v�e�r� �a� �c�o�n�s�i�d�e�r�a�b�l�e� 

�r�a�n�g�e�.� �T�h�i�s� �m�a�y� �b�e� �d�u�e� �t�o� �v�a�r�i�a�t�i�o�n� �a�m�o�n�g� �f�i�b�e�r� �l�o�t�s� �a�n�d� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �f�i�b�e�r�s� 

�d�u�r�i�n�g� �h�a�n�d�l�i�n�g� �a�n�d� �s�t�o�r�a�g�e�.� 

�D�e�s�i�m�o�n�i� �a�n�d� �c�o�w�o�r�k�e�r�s� �s�t�r�e�s�s�e�d� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �c�l�e�a�n�i�n�g� �c�a�r�b�o�n� �f�i�b�e�r�s� �p�r�i�o�r� �t�o� 

�X�P�S� �a�n�a�l�y�s�i�s� �[�2�0�7�]�.� �W�h�e�n� �t�h�e�y� �p�l�a�c�e�d� �c�a�r�b�o�n� �f�i�b�e�r�s� �i�n� �a� �5�0�°�C� �u�l�t�r�a�s�o�n�i�c� �b�a�t�h� �o�f� �c�a�r�b�o�n� 

�t�e�t�r�a�c�h�l�o�r�i�d�e� �f�o�r� �t�h�i�r�t�y� �m�i�n�u�t�e�s�,� �s�t�o�r�e�d� �t�h�e� �f�i�b�e�r�s� �i�n� �a� �v�a�c�u�u�m� �d�e�s�s�i�c�a�t�o�r� �f�o�r� �t�w�e�l�v�e� �h�o�u�r�s�,� 

�a�n�d� �t�h�e�n� �h�e�a�t�e�d� �t�h�e�m� �i�n� �a�n� �a�i�r� �o�v�e�n� �f�o�r� �t�h�i�r�t�y� �m�i�n�u�t�e�s�,� �t�h�e� �X�P�S� �O�/�C� �r�a�t�i�o� �o�f� �H�M�U� �c�a�r�b�o�n� 

�f�i�b�e�r�s� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �0�.�1�6� �t�o� �0�.�0�5�.� �E�v�i�d�e�n�c�e� �o�f� �a�d�s�o�r�b�e�d� �o�x�y�g�e�n� �c�o�n�t�a�i�n�i�n�g� �s�p�e�c�i�e�s� �o�n� 

�c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�s� �h�a�s� �a�l�s�o� �b�e�e�n� �p�r�e�s�e�n�t�e�d� �b�y� �D�r�z�a�l� �a�n�d� �c�o�w�o�r�k�e�r�s�,� �L�a�v�i�e�l�l�e� �a�n�d� 

�S�c�h�u�l�t�z�,� �V�u�k�o�v� �a�n�d� �G�r�a�y�,� �a�n�d� �W�i�l�k�i�n�s�o�n� �[�3�2�,� �2�4�4�-�2�4�7�]�.� �D�r�z�a�l� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�2�4�4�]� 

�c�o�n�c�l�u�d�e�d� �t�h�a�t� �p�h�y�s�i�s�o�r�b�e�d� �w�a�t�e�r�,� �c�a�r�b�o�n� �m�o�n�o�x�i�d�e�,� �a�n�d� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �a�r�e� �v�o�l�a�u�l�i�z�e�d� 

�f�r�o�m� �b�o�t�h� �h�i�g�h� �s�t�r�e�n�g�t�h� �a�n�d� �h�i�g�h� �m�o�d�u�l�u�s� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� �2�0�0�°�C�.� �I�t� 

�h�a�s� �a�l�s�o� �b�e�e�n� �f�o�u�n�d�,� �u�s�i�n�g� �i�n�v�e�r�s�e� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �t�h�a�t� �h�e�a�t� �t�r�e�a�t�m�e�n�t� �o�f� �c�a�r�b�o�n� 

�f�i�b�e�r�s� �a�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n�c�r�e�a�s�e�s� �t�h�e� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t� �o�f� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �[�2�4�5�-� 

�2�4�7�]�.� �T�h�i�s� �i�n�c�r�e�a�s�e� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �d�e�s�o�r�p�t�i�o�n� �o�f� �s�p�e�c�i�e�s� �s�u�c�h� �a�s� �w�a�t�e�r� �a�n�d� 

�c�a�r�b�o�n� �d�i�o�x�i�d�e� �f�r�o�m� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�.� 

�I�n� �t�h�i�s� �w�o�r�k�,� �a�t�t�e�m�p�t�s� �t�o� �c�l�e�a�n� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �u�s�i�n�g� �u�l�t�r�a�s�o�n�i�c� �s�o�l�v�e�n�t� �b�a�t�h�s� �a�n�d� 

�h�e�a�t� �t�r�e�a�t�m�e�n�t�s� �d�i�d� �n�o�t� �d�e�c�r�e�a�s�e� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �o�x�y�g�e�n� �o�n� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e�.� 

�E�x�p�o�s�u�r�e� �o�f� �t�h�e� �f�i�b�e�r�s� �t�o� �a�m�b�i�e�n�t� �c�o�n�d�i�t�i�o�n�s� �p�r�i�o�r� �t�o� �X�P�S� �a�n�a�l�y�s�i�s� �a�n�d� �m�o�r�e� �i�m�p�o�r�t�a�n�t�l�y�,� 

�h�e�a�t�i�n�g� �t�h�e� �f�i�b�e�r�s� �i�n� �c�o�n�t�a�m�i�n�a�t�e�d� �a�i�r� �o�v�e�n�s� �a�f�f�e�c�t�e�d� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �c�l�e�a�n�i�n�g� �r�e�s�u�l�t�s�.� 

�F�o�r� �e�x�a�m�p�l�e�,� �i�n� �o�n�e� �c�l�e�a�n�i�n�g� �a�t�t�e�m�p�t� �a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �s�i�l�i�c�o�n� �w�a�s� �d�e�t�e�c�t�e�d� �o�n� �t�h�e� 

�c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�.� �T�h�i�s� �s�i�l�i�c�o�n� �w�a�s� �d�e�p�o�s�i�t�e�d� �o�n� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �w�h�e�n� �t�h�e� �f�i�b�e�r� �t�o�w� 

�w�a�s� �h�e�a�t�e�d� �i�n� �a�n� �a�i�r� �o�v�e�n� �i�n� �w�h�i�c�h� �m�a�t�e�r�i�a�l�s� �c�o�a�t�e�d� �w�i�t�h� �a� �s�i�l�i�c�o�n� �c�o�n�t�a�i�n�i�n�g� �r�e�l�e�a�s�e� 

�a�g�e�n�t� �h�a�d� �r�e�c�e�n�t�l�y� �b�e�e�n� �h�e�a�t�e�d�.� 
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�a�s�y�m�m�e�t�r�i�c� �t�a�i�l�i�n�g� �t�o�w�a�r�d� �h�i�g�h�e�r� �b�i�n�d�i�n�g� �e�n�e�r�g�y� �v�a�l�u�e�s�.� �T�h�i�s� �t�a�i�l� �a�r�i�s�e�s� �p�a�r�t�l�y� �f�r�o�m� �t�h�e� 
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�o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n�-�c�o�n�t�a�i�n�i�n�g� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �[�2�0�7�,� �2�4�8�]�.� �I�n� �t�h�i�s� �s�t�u�d�y�.� �t�h�e� �c�a�r�b�o�n� �I�s� 
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�[�2�0�7�,� �2�4�8�]� �a�n�d� �o�n� �t�h�e� �w�o�r�k� �o�f� �B�e�a�m�s�o�n� �a�n�d� �B�r�i�g�g�s� �w�i�t�h� �n�i�t�r�o�g�e�n�-�c�o�n�t�a�i�n�i�n�g� �p�o�l�y�m�e�r�s� 

�[�2�4�9�]�.� �D�e�s�i�m�i�n�i� �e�t� �a�l�.� �[�2�0�7�,� �2�4�8�]� �c�o�m�p�i�l�e�d� �t�h�e� �c�a�r�b�o�n� �1�s� �a�s�s�i�g�n�m�e�n�t�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�0� 

�f�r�o�m� �p�a�p�e�r�s� �o�f� �S�h�e�r�w�o�o�d� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�1�7�2�,� �2�5�0�-�2�5�3�]�.� 

�T�h�e� �f�i�r�s�t� �p�e�a�k� �w�a�s� �f�i�t� �a�t� �2�8�4�.�6� �e�V� �a�n�d� �a�s�s�i�g�n�e�d� �t�o� �b�o�t�h� �t�h�e� �g�r�a�p�h�i�t�i�c� �a�n�d� �a�l�i�p�h�a�t�i�c� 

�c�a�r�b�o�n� �t�o� �c�a�r�b�o�n� �b�o�n�d�i�n�g�.� �T�h�e� �s�e�c�o�n�d� �p�e�a�k� �w�a�s� �f�i�t� �a�t� �2�8�5�.�9� �e�V� �a�n�d� �w�a�s� �a�s�s�i�g�n�e�d� �t�o� 

�c�a�r�b�o�n� �s�i�n�g�l�y� �b�o�n�d�e�d� �t�o� �o�x�y�g�e�n� �a�n�d� �t�o� �c�a�r�b�o�n� �s�i�n�g�l�y�,� �d�o�u�b�l�y�,� �o�r� �t�r�i�p�l�y� �b�o�n�d�e�d� �t�o� 

�n�i�t�r�o�g�e�n�.� �T�h�e� �t�h�i�r�d� �p�e�a�k� �w�a�s� �f�i�t� �a�t� �2�8�7�.�3� �e�V� �a�n�d� �w�a�s� �a�s�s�i�g�n�e�d� �t�o� �c�a�r�b�o�n�y�l� �a�n�d� �N�-�C�=�O� 

�g�r�o�u�p�s�.� �T�h�e� �f�o�u�r�t�h� �p�e�a�k� �w�a�s� �f�i�t� �a�t� �2�8�8�.�7� �e�V� �a�n�d� �w�a�s� �a�s�s�i�g�n�e�d� �t�o� �c�a�r�b�o�x�y�l�i�c� �g�r�o�u�p�s�.� �T�h�e� 

�f�i�f�t�h� �p�e�a�k� �w�a�s� �f�i�t� �a�t� �a�b�o�u�t� �2�9�0�.�0� �e�V� �a�n�d� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �c�a�r�b�o�n�a�t�e� �g�r�o�u�p�s� �a�n�d� �t�o� 

�a�d�s�o�r�b�e�d� �C�O�2�.� �A� �p�l�a�s�m�o�n� �l�o�s�s� �p�e�a�k� �w�a�s� �f�i�t� �a�t� �2�9�1�.�4� �e�V� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �P�r�o�c�t�o�r� �a�n�d� 

�S�h�e�r�w�o�o�d� �[�2�5�0�]�.� �T�h�e� �c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� �e�a�c�h� �c�a�r�b�o�n� �I�s� �c�u�r�v�e�-�f�i�t� �p�e�a�k� �f�o�r� �t�h�e� �"�a�s� �r�e�c�e�i�v�e�d�"� 

�A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s�,� �e�x�p�r�e�s�s�e�d� �i�n� �p�e�r�c�e�n�t� �o�f� �t�h�e� �t�o�t�a�l� �c�o�m�p�o�s�i�t�i�o�n�,� �a�r�e� 

�s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �2�.�1�1�.� 

�T�h�e� �p�e�a�k� �a�t� �2�8�4�.�6� �e�V� �w�a�s� �n�o�t� �f�i�t� �w�i�t�h� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �h�i�g�h� �b�i�n�d�i�n�g� �e�n�e�r�g�y� 

�a�s�y�m�m�e�t�r�i�c� �t�a�i�l� �e�x�h�i�b�i�t�e�d� �b�y� �g�r�a�p�h�i�t�i�c� �m�a�t�e�n�a�l�s�.� �S�m�a�l�l� �c�h�a�n�g�e�s� �i�n� �t�h�e� �s�y�m�m�e�t�r�y� �o�f� �t�h�i�s� 

�p�e�a�k� �c�a�n� �c�a�u�s�e� �a� �c�o�n�s�i�d�e�r�a�b�l�e� �d�i�f�f�e�r�e�n�c�e� �t�n� �t�h�e� �a�m�o�u�n�t� �o�f� �o�x�i�d�i�z�e�d� �c�a�r�b�o�n� �f�e�a�t�u�r�e�s� �t�h�a�t� 

�c�a�n� �b�e� �f�i�t�t�e�d� �t�o� �t�h�e� �c�a�r�b�o�n� �I�s� �r�e�g�i�o�n� �[�2�0�7�]�.� �N�a�k�a�y�a�m�a� �a�n�d� �c�o�w�o�r�k�e�r�s� �s�h�o�w�e�d� �t�h�e� �e�f�f�e�c�t� 

�o�f� �u�s�i�n�g� �e�i�t�h�e�r� �a�n� �a�s�y�m�m�e�t�r�i�c� �g�r�a�p�h�i�t�i�c� �p�e�a�k� �s�h�a�p�e� �o�r� �a� �s�y�m�m�e�t�n�i�c� �a�l�i�p�h�a�t�i�c� �p�e�a�k� �s�h�a�p�e� 

�f�o�r� �t�h�e� �c�a�r�b�o�n� �1�s� �p�h�o�t�o�p�e�a�k� �o�n� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �o�x�y�g�e�n� �g�r�o�u�p�s� �[�2�5�4�]�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e� �c�a�r�b�o�n� �1�s� �p�h�o�t�o�p�e�a�k� �a�t�t�r�i�b�u�t�e�d� �t�o� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�o�g�e�n� 

�f�u�n�c�t�i�o�n�a�l�i�t�y� �i�n� �T�a�b�l�e� �2�.�1�1� �1�s� �p�r�o�b�a�b�l�y� �s�k�e�w�e�d� �t�o� �a� �h�i�g�h� �v�a�l�u�e�.� 
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�2�%� �2�3�4� �2�9�2� �2�9�0� �2�8�8� �2�8�6� �2�8�4� �2�8�2� 

�B�i�n�d�i�n�g� �E�n�e�r�g�y� �(�e�V�)� 

�F�i�g�u�r�e� �2�.�2�9�.� �C�u�r�v�e�-�f�i�t� �c�a�r�b�o�n� �1�s� �p�h�o�t�o�p�e�a�k�s� �o�f� �"�a�s� �r�e�c�e�i�v�e�d�"� �(�a�)� �A�U�-�4� �a�n�d� �(�b�)� �A�S�-�4� 
�c�a�r�b�o�n� �f�i�b�e�r�s�.� 
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�T�a�b�l�e� �2�.�1�0�.� �B�i�n�d�i�n�g� �e�n�e�r�g�i�e�s� �o�f� �c�a�r�b�o�n� �1�s� �X�P�S� �s�i�g�n�a�l�s� �[�2�0�7�,� �2�4�8�]�.� 
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�C�a�r�b�o�n� �A�t�o�m� �T�y�p�e� �B�i�n�d�i�n�g� �E�n�e�r�g�y�*� 
�(�e�V�)� 

�G�r�a�p�h�i�t�e�,� �a�r�o�m�a�t�i�c�s� �2�8�4�.�6� 

�A�l�i�p�h�a�t�i�c�s�,� �B�-�c�a�r�b�o�n�s� �2�8�5�.�1�-�2�8�5�.�3� 

�A�l�c�o�h�o�l�s�,� �p�h�e�n�o�l�s� �2�8�6�.� �1� 

�K�e�t�o�-�g�r�o�u�p�s� �2�8�7�.�6� 

�C�a�r�b�o�x�y�l�i�c� �g�r�o�u�p�s� �2�8�9�.�1� 

�C�a�r�b�o�n�a�t�e�,� �C�O�2� �2�9�0�.�6� 

�P�l�a�s�m�o�n� �l�o�s�s� �2�9�1�.�3� 
� � 

�*�U�n�c�e�r�t�a�i�n�t�y� �o�n� �t�h�e� �c�a�r�b�o�n� �I�s� �c�o�n�t�n�b�u�t�i�o�n�s� �t�s� �+� �0�.�3� �e�V�.� 
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�T�a�b�l�e� �2�.�1�1�.� �C�a�r�b�o�n� �I�s� �c�u�r�v�e�-�f�i�t�t�i�n�g� �r�e�s�u�l�t�s� �f�o�r� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� 
�f�i�b�e�r�s�.� 
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�F�I�B�E�R� �B�i�n�d�i�n�g� �E�n�e�r�g�y�*� �(�e�V�)� 

�2�8�4�.�6� �2�8�5�.�9� �2�8�7�.�3� �2�8�8�.�7� �2�9�0�.�0� �2�9�1�.�4� 

�A�U�-�4� �6�8�.�8�+�0�.�1� �1�4�1�4�1�9� �6�3�4�0�3� �4�1�+�0�1� �2�9�+�0�8� �3�.�8�+�0�.�6� 

�A�S�-�4� �6�5�.�5�+�0�.�2� �1�6�.�7�4�0�8� �6�8�+�0�.�2� �5�.�5�+�0�.�3� �2�.�7�+�0�.�1� �2�.�8�+�0�.�3� 

�O�R�I�G�I�N� �C�-�H�x� �C�-�O�H� �C�=�O� �O�=�C�-�O�H� �O�-�C�O�-�O� �p�l�a�s�m�o�n� 
�l�o�s�s� 

�C�-�O�-�C� �N�-�C�=�O� �O�=�C�-�O�R� �O�=�C�-�O�-� 

�C�-�N� �O�=�C�=�O� 

�C�=�N� 

�C�=�N� 

�P�E�A�K� �1� �2� �3� �4� �5� �6� 
�N�O�.� 
� � 

�*�U�n�c�e�r�t�a�i�n�t�y� �o�n� �c�a�r�b�o�n� �I�s� �c�o�n�t�r�i�b�u�t�i�o�n�s� �i�s� �+� �0�.�1� �e�V�.� 
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�T�h�e� �a�s�s�i�g�n�m�e�n�t� �o�f� �t�h�e� �o�x�y�g�e�n� �I�s� �r�e�g�i�o�n� �i�s� �e�v�e�n� �m�o�r�e� �c�o�m�p�l�e�x� �o�w�i�n�g� �t�o� �u�n�c�e�r�t�a�i�n�t�y� 

�i�n� �t�h�e� �b�i�n�d�i�n�g� �e�n�e�r�g�y� �v�a�l�u�e�s� �o�f� �t�h�e� �v�a�r�i�o�u�s� �o�x�y�g�e�n� �s�p�e�c�i�e�s�.� �P�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �r�e�p�o�r�t�e�d� �t�h�e� 

�o�x�y�g�e�n� �b�i�n�d�i�n�g� �e�n�e�r�g�i�e�s� �a�n�d� �a�s�s�i�g�n�m�e�n�t�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�2� �[�2�4�8�]�.� �T�h�e� �a�l�c�o�h�o�l�i�c� �g�r�o�u�p� 

�f�a�l�l�s� �i�n� �t�h�e� �r�a�n�g�e� �5�3�2�.�2�-�5�3�3�.�3� �e�V� �a�n�d� �t�h�e� �c�a�r�b�o�n�y�l� �g�r�o�u�p� �f�a�l�l�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �5�3�1�.�1�-�5�3�1�.�8� 

�e�V�.� �W�a�t�e�r� �f�a�l�l�s� �a�t� �5�3�5�.�5�-�5�3�6�.�1� �e�V�.� �T�h�e� �o�x�y�g�e�n� �1�s� �p�h�o�t�o�p�e�a�k� �o�f� �t�h�e�  ��a�s� �r�e�c�e�i�v�e�d�"� �c�a�r�b�o�n� 

�f�i�b�e�r�s� �w�a�s� �f�i�t� �w�i�t�h� �t�h�r�e�e� �p�e�a�k�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�0�.� 

�T�h�e� �f�i�r�s�t� �p�e�a�k� �w�a�s� �f�i�t� �a�t� �a�b�o�u�t� �5�3�2�.�0� �e�V� �a�n�d� �w�a�s� �a�s�s�i�g�n�e�d� �t�o� �o�x�y�g�e�n� �d�o�u�b�l�y� �b�o�n�d�e�d� 

�t�o� �c�a�r�b�o�n� �a�n�d� �t�o� �o�x�y�g�e�n� �s�i�n�g�l�y� �b�o�n�d�e�d� �t�o� �t�w�o� �c�a�r�b�o�n� �a�t�o�m�s�.� �T�h�e� �s�e�c�o�n�d� �p�e�a�k� �w�a�s� �f�i�t� �a�t� 

�5�3�3�.�5� �e�V� �a�n�d� �w�a�s� �a�s�s�i�g�n�e�d� �t�o� �o�x�y�g�e�n� �s�i�n�g�l�y� �b�o�n�d�e�d� �t�o� �c�a�r�b�o�n�.� �T�h�e� �t�h�i�r�d� �p�e�a�k� �w�a�s� �f�i�t� �a�t� 

�5�3�6�.�2� �e�V� �a�n�d� �w�a�s� �a�s�s�i�g�n�e�d� �t�o� �a�d�s�o�r�b�e�d� �w�a�t�e�r� �a�n�d�/�o�r� �m�o�l�e�c�u�l�a�r� �o�x�y�g�e�n�.� �T�h�e� �o�x�y�g�e�n� �I�s� 

�c�u�r�v�e�-�f�i�t� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� 

�T�a�b�l�e� �2�.�1�3�.� 

�C�u�r�v�e�-�f�i�t�t�i�n�g� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �n�i�t�r�o�g�e�n� �1�s� �p�h�o�t�o�p�e�a�k� �i�s� �n�o�t� �o�f�t�e�n� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� 

�X�P�S� �l�i�t�e�r�a�t�u�r�e� �d�u�e� �t�o� �t�h�e� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e� �a�n�d� �t�o� 

�t�h�e� �p�o�o�r�l�y� �r�e�s�o�l�v�e�d� �n�i�t�r�o�g�e�n� �p�e�a�k�.� �I�n� �t�h�i�s� �w�o�r�k�,� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �n�i�t�r�o�g�e�n� �1�s� �p�h�o�t�o�p�e�a�k� 

�c�h�a�n�g�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �w�h�e�n� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �w�e�r�e� �e�x�p�o�s�e�d� �t�o� �a�n� �a�m�m�o�n�i�a� �p�l�a�s�m�a�,� �s�o� �a�n� 

�a�t�t�e�m�p�t� �w�a�s� �m�a�d�e� �t�o� �c�u�r�v�e�-�f�i�t� �t�h�e� �n�i�t�r�o�g�e�n� �1�s� �p�h�o�t�o�p�e�a�k�s�.� �T�h�e� �n�i�t�r�o�g�e�n� �1�s� �p�h�o�t�o�p�e�a�k�s� �o�f� 

�t�h�e� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �w�e�r�e� �f�i�t� �w�i�t�h� �f�i�v�e� �p�e�a�k�s� �a�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�.�3�1�.� �P�e�a�k� �a�s�s�i�g�n�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �b�a�s�e�d� �o�n� �t�h�e� �w�o�r�k� �o�f� �S�h�e�r�w�o�o�d� �a�n�d� 

�c�o�w�o�r�k�e�r�s� �[�2�5�3�]� �w�i�t�h� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�n�d� �t�h�e� �w�o�r�k� �o�f� �B�e�a�m�s�o�n� �a�n�d� �B�r�i�g�g�s� �w�i�t�h� �n�i�t�r�o�g�e�n� 

�c�o�n�t�a�i�n�i�n�g� �p�o�l�y�m�e�r�s� �[�2�4�9�]�.� 

�T�h�e� �f�i�r�s�t� �t�h�r�e�e� �p�e�a�k�s� �a�r�o�u�n�d� �3�9�7�.�8�,� �3�9�9�.�1�,� �a�n�d� �4�0�0�.�8� �e�V� �w�e�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �c�y�a�n�o�,� 

�a�r�o�m�a�t�i�c� �a�m�i�n�e� �a�n�d� �-�C�=�N�H�,� �a�n�d� �a�l�i�p�h�a�t�i�c� �a�m�i�n�e� �g�r�o�u�p�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �f�o�u�r�t�h� �a�n�d� 

�f�i�f�t�h� �p�e�a�k�s� �a�t� �4�0�1�.�9� �a�n�d� �4�0�3�.�8� �e�V� �w�e�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �N�H�3�+� �g�r�o�u�p�s� �a�n�d� �s�h�a�k�e�-�u�p�.� �T�h�e� 

�n�i�t�r�o�g�e�n� �1�s� �c�u�r�v�e�-�f�i�t�t�i�n�g� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� 

�l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�4�.� 
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�T�a�b�l�e� �2�.�1�2�.� �B�i�n�d�i�n�g� �e�n�e�r�g�i�e�s� �o�f� �o�x�y�g�e�n� �1�s� �X�P�S� �s�i�g�n�a�l�s� �[�2�4�8�]�.� 
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�O�x�y�g�e�n� �A�t�o�m� �T�y�p�e� �B�i�n�d�i�n�g� �E�n�e�r�g�y�*� 
�(�e�V�)� 

�A�l�c�o�h�o�l�,� �C�-�O�H� �i�n� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d�s� �5�§�3�2�.�3�-�5�3�3�.�3� 

�K�e�t�o�n�e�,� �C�=�O� �i�n� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d�s� �o�r� �5�3�1�.�1�-�5�3�1�.�8� 
�c�a�r�b�o�n�a�t�e�s� 

�A�d�s�o�r�b�e�d� �w�a�t�e�r� �5�3�5�.�5�-�5�3�6�.� �1� � � � � � � 

�*�U�n�c�e�r�t�a�i�n�t�y� �o�n� �o�x�y�g�e�n� �1�s� �c�o�n�t�r�i�b�u�t�i�o�n�s� �i�s� �+� �0�.�3� �e�V�.
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�F�i�g�u�r�e� �2�.�3�0�.� �C�u�r�v�e�-�f�i�t� �o�x�y�g�e�n� �1�s� �p�h�o�t�o�p�e�a�k�s� �o�f� �"�a�s� �r�e�c�e�i�v�e�d�"� �(�a�)� �A�U�-�4� �a�n�d� �(�b�)� �A�S�-�4� 
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�T�a�b�l�e� �2�.�1�3�.� �O�x�y�g�e�n� �1�s� �c�u�r�v�e�-�f�i�t�t�i�n�g� �r�e�s�u�l�t�s� �f�o�r� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� 
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�f�i�b�e�r�s�.� 
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�F�I�B�E�R� �B�i�n�d�i�n�g� �E�n�e�r�g�y�*� �(�e�V�)� 

�5�3�2�.�0� �5�3�3�.�5� �5�3�6�.�2� 

�A�U�-�4� �5�8�.�0� �+� �3�.�1� �4�0�.�6� �+� �1�.�2� �1�4�+�1�.�9� 

�A�S�-�4� �4�4�.�9�+�1�.�5� �5�1�.�9�+�2�.�1�  �� �3�.�2� �4�0�.�7� 

�O�R�I�G�I�N� �C�=�O� �C�-�O�H� �a�d�s�o�r�b�e�d� 
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�B�i�n�d�i�n�g� �E�n�e�r�g�y� �(�e�V�)� 

�F�i�g�u�r�e� �2�.�3�1�.� �C�u�r�v�e�-�f�i�t� �n�i�t�r�o�g�e�n� �1�s� �p�h�o�t�o�p�e�a�k�s� �o�f� �"�a�s� �r�e�c�e�i�v�e�d�"� �(�a�)� �A�U�-�4� �a�n�d� �(�b�)� �A�S�-�4� 
�c�a�r�b�o�n� �f�i�b�e�r�s�.� 
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�A�U�-�4� �6�.�0� �+� �2�.�6� �1�1�.�5�4�1�.�2� �4�3�.�7�+�3�.�8� �3�0�.�3� �+� �0�.�9� �8�.�6� �+� �0�.�2� 

�A�S�-�4� �4�3�4�1�.�4� �2�1�.�6�+�0�.�1� �4�6�.�6� �+� �1�.�9� �2�1�.�0�+�2�.�0� �6�.�5� �+� �2�.�6� 

�O�R�I�G�I�N� �-�C�N� �P�h�-�N�H�2� �a�l�i�p�h�a�t�i�c� �N�H�3�+� �s�h�a�k�e�-�u�p� 
�a�m�i�n�e� 

�-�C�=�N�H� �s�h�a�k�e�-�u�p� 
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�T�h�e� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �w�e�r�e� �a�l�s�o� �s�t�u�d�i�e�d� 

�u�s�i�n�g� �a�n�g�l�e� �d�e�p�e�n�d�e�n�t� �X�P�S�.� �T�h�e� �f�i�b�e�r�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �a�t� �t�a�k�e�-�o�f�f� �a�n�g�l�e�s� �o�f� �1�5�°� �a�n�d� �9�0�°� 

�t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e� �f�i�b�e�r� �a�t�o�m�i�c� �c�o�m�p�o�s�i�t�i�o�n� �v�a�r�i�e�d� �w�i�t�h� �t�h�e� �X�P�S� �s�a�m�p�l�i�n�g� �d�e�p�t�h�.� �T�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �c�a�r�b�o�n�,� �o�x�y�g�e�n�,� �n�i�t�r�o�g�e�n�,� �a�n�d� �s�o�d�i�u�m� �d�e�t�e�c�t�e�d� �i�n� �t�h�e� �A�U�~�4� �a�n�d� �A�S�-�4� 

�c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�s� �a�t� �t�a�k�e�-�o�f�f� �a�n�g�l�e�s� �o�f� �1�5�°�,� �4�5�°�,� �a�n�d� �9�0�°�i�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�5�.� �B�a�r� 

�c�h�a�r�t�s� �w�h�i�c�h� �c�o�m�p�a�r�e� �t�h�e� �O�/�C� �a�n�d� �N�/�C� �r�a�t�i�o�s� �o�b�t�a�i�n�e�d� �a�t� �t�a�k�e�-�o�f�f� �a�n�g�l�e�s� �o�f� �1�5�°� �a�n�d� �9�0�°� 

�a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�2�.� 

�T�h�e� �O�/�C� �r�a�t�i�o�s� �o�f� �t�h�e� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �i�n�c�r�e�a�s�e�d� �a�s� �t�h�e� 

�X�P�S� �t�a�k�e�-�o�f�f� �a�n�g�l�e� �a�n�d� �s�a�m�p�l�i�n�g� �d�e�p�t�h� �w�a�s� �d�e�c�r�e�a�s�e�d�.� �I�t� �w�a�s� �t�h�e�r�e�f�o�r�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� 

�t�h�e�r�e� �w�a�s� �m�o�r�e� �o�x�y�g�e�n� �o�n� �t�h�e� �o�u�t�e�r�m�o�s�t� �s�u�r�f�a�c�e� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �t�h�a�n� �i�n� �t�h�e� �b�u�l�k�.� 

�T�h�e� �N�/�C� �r�a�t�i�o� �o�f� �t�h�e� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r� �d�i�d� �n�o�t� �v�a�r�y� �s�i�g�n�i�f�i�c�a�n�t�l�y� �b�e�t�w�e�e�n� �1�5�°� �a�n�d� �9�0�°�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �N�/�C� �r�a�t�i�o� �o�f� �t�h�e� �A�U�-�4� �c�a�r�b�o�n� �f�i�b�e�r� �w�a�s� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �a�t� �9�0�°� �t�h�a�n� �a�t� �1�5�°�.� 

�T�h�e� �c�a�r�b�o�n� �1�s� �p�h�o�t�o�p�e�a�k�s� �o�b�t�a�i�n�e�d� �a�t� �t�a�k�e�-�o�f�f� �a�n�g�l�e�s� �o�f� �1�5�°� �a�n�d� �9�0�°� �w�i�t�h� �t�h�e� �"�a�s� 

�r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�3�.� �T�h�e�r�e� �w�a�s� �n�o� 

�s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �c�a�r�b�o�n� �1�s�,� �o�x�y�g�e�n� �I�s�,� �a�n�d� �n�i�t�r�o�g�e�n� �1�s� 

�p�h�o�t�o�p�e�a�k�s� �o�b�t�a�i�n�e�d� �a�t� �t�a�k�e�-�o�f�f� �a�n�g�l�e�s� �o�f� �1�5�°� �a�n�d� �9�0�°�.� 

�2�.�3�.�1�.�2� �T�o�p�o�g�r�a�p�h�y� 

�S�E�M� �p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s� �o�f� �t�h�e� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� 

�m�a�g�n�i�f�i�e�d� �1�2�,�5�0�0�X� �a�n�d� �5�0�,�0�0�0�X� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �2�.�3�4� �a�n�d� �2�.�3�5�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�t�a� 

�m�a�g�n�i�f�i�c�a�t�i�o�n� �o�f� �1�2�,�5�0�0�X�,� �l�o�n�g�i�t�u�d�i�n�a�l� �r�i�d�g�e�s� �a�r�e� �c�l�e�a�r�l�y� �e�v�i�d�e�n�t� �o�n� �b�o�t�h� �t�h�e� �A�U�-�4� �a�n�d� 

�A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s�.� �T�h�e�s�e� �a�x�i�a�l� �s�t�r�i�a�t�i�o�n�s� �a�r�e� �c�r�e�a�t�e�d� �d�u�r�i�n�g� �e�x�t�r�u�s�i�o�n� �o�f� �t�h�e� �P�A�N� 

�p�r�e�c�u�r�s�o�r� �f�i�b�e�r� �[�2�2�5�]�.� �A�t� �5�0�,�0�0�0�X�,� �t�h�e� �s�u�r�f�a�c�e� �a�p�p�e�a�r�s� �t�e�x�t�u�r�e�d�,� �b�u�t� �t�h�e� �s�u�r�f�a�c�e� �s�t�r�u�c�t�u�r�e� 

�i�s� �p�o�o�r�l�y� �r�e�s�o�l�v�e�d�.� 
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�a�t� �t�a�k�e�-�o�f�f� �a�n�g�l�e�s� �o�f� �1�5�°�,� �4�5�°�,� �a�n�d� �9�0�°� �(�X�P�S�)�.� 
�T�a�b�l�e� �2�.�1�5�.� �S�u�r�f�a�c�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s� �o�b�t�a�i�n�e�d� 

� � 

� � 

� � 

� � 
� � 

� � � � 

�C�O�N�C�E�N�T�R�A�T�I�O�N� 
�F�I�B�E�R� �v�N�e�e�e� �(�<�a�t�o�m�i�c� �%�>� �+� �G�y�.�)� �f�o�r� �3� �s�a�m�p�l�e�s�)� 

�C�a�r�b�o�n� �O�x�y�g�e�n� �N�i�t�r�o�g�e�n� �S�o�d�i�u�m� 

�1�5�°� �8�9�.�6� �8�.�8� �1�.�6� �n�s�p�*� 

�A�U�-�4� �4�5�°� �9�1�.�9�4�0�9� �6�0�4�0�8� �2�.�1�+�0�.�2� �n�s�p� 

�9�0�°�  �� �|� �_�_�9�2�.�7� �5�.�2� �2�.�1� �n�s�p� 

�1�5�°� �8�2�.�9� �1�3�.�9� �2�.�9� �0�.�3� 

�A�S�-�4� �4�5�°� �8�7�8�+�1�.�2� �9�3�4�1�0� �2�.�7�+�0�.�1� �0�.�2� �+� �0�.�1� 

�9�0�°� �8�8�.�0� �8�.�8� �2�.�9� �0�.�3� 
� � 

�*�n�o� �s�i�g�n�i�f�i�c�a�n�t� �p�e�a�k� 

� 



� � 

� � 

� � � � � � � � � � � 

� � � � � � � � � � 

� � 

� � 

� � � � � � 

�(�a�)� �0�.�2�0� 
�|� �1�5�°� �t�a�k�e�-�o�f�f� �a�n�g�l�e� 

�[�4� �9�0�°� �t�a�k�e�-�o�f�f� �a�n�g�l�e� 

�0�.�1�5� �4� 

�O�I�C� 

�0�.�1�0�7� 

�0�.�0�5� �5� 

�0�.�0�0� �1� 
�A�U�4� �A�S�4� 

�(�b�)� �0�.�0�4� 
�1�5�°� �t�a�k�e�-�o�f�f� �a�n�g�l�e� 

�C�G� �9�0�°� �t�a�k�e�-�o�f�f� �a�n�g�l�e� 

�0�.�0�3� �4� 

�,� 
�N�/�C� 

�0�.�0�2� �-� 

�0�.�0�1� �7� 

�0�.�0�0� �*� � � � � � � � � � � � � 

�A�U�4� �A�S�4� 

�F�i�g�u�r�e� �2�.�3�2�.� �(�a�)� �O�/�C� �a�n�d� �(�b�)� �N�/�C� �r�a�t�i�o�s� �o�b�t�a�i�n�e�d� �a�t� �t�a�k�e�-�o�f�f� �a�n�g�l�e�s� �o�f� �1�5�°� �a�n�d� �9�0�°� �w�i�t�h� 
�"�a�s� �r�e�c�e�i�v�e�d�"� �A�U�-�4� �a�n�d� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s�.� 
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� � � � 

�2�9�%� �2�9�4� �#�2�9�2� �4�2�0�0� �«�2�8�8� �©�2�2�8�6� �«�2�8�4� �~�©�2�8�2� 

� � 
�4�.� �4�  ��_�,� �a�d�s�,� 

�v� �T� �r� 

�2�9�%� �2�9�4� �2�0�2� �2�0�0� �2�8�8� �2�8�6� �2�8�4� �~�#� �2�8�2� 
�B�i�n�d�i�n�g� �E�n�e�r�g�y� �(�e�V�)� 

�F�i�g�u�r�e� �2�.�3�3�.� �C�a�r�b�o�n� �|�s� �p�h�o�t�o�p�e�a�k�s� �o�b�t�a�i�n�e�d� �a�t� �t�a�k�e�-�o�f�f� �a�n�g�l�e�s� �o�f� �1�5�°� �a�n�d� �9�0�°� �f�o�r� �"�a�s� 
�r�e�c�e�i�v�e�d�"� �(�a�)� �A�U�-�4� �a�n�d� �(�b�)� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r�s�.� 
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�(�a�)� 

� � 

�(�b�)� 

� �  �� �0�.�8�0� �y�m� 
�1�2�,�5�0�0�X� 

�F�i�g�u�r�e� �2�.�3�4�.� �S�E�M� �p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s� �o�f� �"�a�s� �r�e�c�e�i�v�e�d�"� �(�a�)� �A�U�-�4� �a�n�d� �(�b�)� �A�S�-�4� �c�a�r�b�o�n� 
�f�i�b�e�r�s� �a�t� �a� �m�a�g�n�i�f�i�c�a�t�i�o�n� �o�f� �1�2�,�5�0�0�X�.� 
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