SOLID FREEFORM FABRICATION AS A METHOD FOR CREATION OF

STRUCTURES WITH MULTIPLE MATERIALS

by

Hugh Brett Denham

Copyright © Hugh Brett Denham 2002

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College

THE UNIVERSITY OF ARIZONA

2002



UMI Number: 3089929

Copyright 2002 by
Denham, Hugh Brett

All rights reserved.

®

UMI

UMI Microform 3089929
Copyright 2003 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



o

THE UNIVERSITY OF ARIZONA @
GRADUATE COLLEGE

As members of the Final Examination Committee, we certify that we have

read the dissertation prepared by Hugh Brett Denham

entitled Solid Freeform Fabrication as a Method for Creation

of Structures with Multiple Materials

and recommend that it be accepted as fulfilling the dissertation

requirement for the Degree of Doctor of Philosophy

e L { 2 [0

Paul Cal\e Date
;2/20/0 P
Brléd Z 1nsk1 Date
c_,/;m [ /2/20/52
“ s Date

Joseph Cesarano III

Date

Date

Final approval and acceptance of this dissertation is contingent upon
the candidate's submission of the final copy of the dissertation to the
Graduate College.

I hereby certify that I have read this dissertation prepared under my
direction and recommend -thtat it be accepted as fulfilling the dissertation

requirement. e
s /10 /03

Dlssertatloﬂ Director Paul Calvert Date




STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at The University of Arizona and is deposited in the University Library
to be made available to borrowers under rules of the Library.

Brief quotations from this dissertation are allowable without special permission, provided
that accurate acknowledgment of source is made. Requests for permission for extended
quotation from or reproduction of this manuscript in whole or in part may be granted by
the copyright holder.

SIGNED: /@/% Lectlpsre



ACKNOWLEDGEMENTS

I would like to acknowledge the support of my advisor Professor Paul Calvert. Paul
accepted me as a student and showed confidence in my abilities, in addition to providing
a good example of knowledge and work ethic. I also want to express my appreciation to
Joe Cesarano at Sandia National Laboratories who, under the advice of Paul, allowed me
the opportunity to work in his lab. Joe is a unique mixture of science and fun, he is quick
with a joke but also very knowledgeable about colloidal science. I value the interactions
I have had with Paul and Joe as they both inspire me to reach higher goals. A major part
of the graduate experience is the other students one interacts with either technically or
socially, and the group in the MSE department was a great bunch. I thank Jeff Dawley
for the many technical discussions we shared and his assistance in measuring dielectric
constants. Along with Jeff, Mike Seddon helped to make the coursework side of this
degree more enjoyable as we went through classes together. Paul’s other students, John
O’Kelly, Bob Crockett and Trey Huntoon all provided assistance and insights and saved
me time on many occasions with their knowledge of working for Paul. John Lombardi
was an irreplaceable asset for discussions of polymers and chemistry, as well as a good
friend. Sajiv Boggavarapu started working for Paul around the same time as I, and has
provided a long-term friendship as well as humorous evaluations of most any situation.

This work was funded in part by Lockheed Martin Corporation, specifically The Skunk
Works in Palmdale, CA, and I thank them for the support and opportunity to work on
such an exciting project. This was a joint effort with the mechanical engineering
department and gave me the privilege to work with Todd Anderson who helped with the
impact testing of composites. Additional work was performed at Sandia National
Laboratories in Albuquerque, NM. This gave me the pleasure of working with Bruce
King, John Stuecker and Jim Smay, all of whom were valuable assets for technical
discussions. Additional thanks go to Heidi Ruffner who helped with the cleaning and
sputtering of ceramic preforms. Sandia is a multiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin Company, for the United States Department of Energy
under Contract DE-AC04-94A1.85000.



DEDICATION

I dedicate this work to my loving family; without their tireless support this would not
have been possible. Specifically to my wife, Karen, who has been with me throughout
my education and has tolerated the student lifestyle longer than most would. I also wish
to apologize to my daughters, Shannon and Rachel, for the time I spent away from them
while writing this document, as well as thank them for providing a dose of silliness when
I needed it. To my parents and my wife’s parents I give my thanks for their support,

patience and understanding of the difficulty of balancing family, work and thesis writing.



TABLE OF CONTENTS
LIST OF ILLUSTRATIONS ... .ottt e e et stte e s sseessearneessnnaae e 9
LIST OF TABLES ..ottt ettt et ereeeteesaseeteseaestaesssesensesensessseeesseessssesssenaas 16
ABSTRACT ..ottt e et e et e et e e e ar e e sae s sans e e s aneseessteeesnnaesseneseeonannees 17
1. INTRODUCGTION ...ttt sttt eeberesernteste s e saaessaresesassessenseeessnnessosnnntessssssens 19
2. LITERATURE REVIEW ..ottt ettt ettt et 22
2.1 Solid Freeform FabriCation ........coccceovviviviiiiieiiceceeeee et evenneeee e 23
2.2 Metal-Ceramic MOnOKthS .........c.ooouiiiiiceeeeeeeeeeeee e 24
2.2 1 FIDEr Based .......ooeieoieeieieiee ettt et 25
2.2.2 Particulate Based ......c..ooouiiiiiieieieeeeeeeece et 27
2.2.3 Laminate Based ........ccccveeiviiiiiiieciee ettt et et 30
2.2.4 CO-CONLIMUOUS....eeeevereiereeeettieeteeeereeerresestreensreeensreseesrsreessseesessssssssssens 33
2.3 EMDEAAEA SENSOTS ..occirvieieiirieieertie e ceteeeeerrreeeeervee e eetaer e esenraeeeessesaranrseeseenes 35
2.3.1 Fiber OptiC SENSOTS......cceeiiieiieieerieeiteenieeieeeee et et et eesreeeebee e saeeean 37
2.3.2 P1Z0€lECtIiC SEISOTS ....eovvvvreeiciiieeceerieecetnre e e et e e e e eeerreereeeesntrnrereeeeens 39
2.3.3 PVE2 SEIIS0IS. . uutrtrieieeririiriirreeseseseienrrreressiesssrreseseseessessenssssssnsenssssssones 41
3. EXPERIMENTAL PROCEDURE .......cootittieit ettt ettt ee e en 44
3.1 Metal-Ceramic COMPOSILES......couererrerreererieieteniirieeteneeseesieeeseeseesseevessseeanns 44
3.1.1 SEFF ATUINNA. ...oviiiieiieieceiieie ettt e eeeae e e eeennreeeeeeenataeereeeeeen 44
3.1.1.1 Materials and Methods.......ccccoevveeveveeeeirieieeeceeec e 45
3.1.1.1.1 Slurry Batching........c.cceovvmrieerienieiresiei e 45
3.1.1.1.2 RODOCASING ..c..eeveeurerureieieeeeriteeet ettt 45
R0 0 O R 20 2 5 - OO PRSP UR 47
3.1.1.2 Mechanical Properties........coccevervvreererneeniericrneeseesieesneesvenns 47
3.1.2 SFF Aluminum-Alumina CompoSites........cccevvvervrierireerireeiirersiesennnens 48
3.1.2.1 Robocast Alumina Preforms ....cocvvveeeeeivivinvevrevierinceeceeeeeeeiee e, 48
3.1.2.2 Metal INfIHration .......ccoveiieivieiieiie ettt ee e 49
3.1.2.2.1 Metal-Ceramic Wetting........ccceecvevveerieeenireensneeeenreennnns 49
3.1.2.2.2 Metal Infiltration ...........ccocveevveeeeireeecieeeeeeeecceieeeeeene 50
3.1.2.3 Mechanical TEeStINZ ......ccoevverrrerirreniaenrerrrreieeriersreeseeesenessnesseens 50
3.2 Computer MOAEING .....cc.eeiiriiiiiirieerteneee ettt sttt 51
3.2.1 Verification MOdelS.........ccooeeoiiieiieeeeieecee et 53
3.2.2 OOF Thermal MOdelS........ccoeevieiiiiiiiiieieeeee ettt eeeevvee e e eenaen 53
3.2.3 OOF Mechanical IMOAELS........ccccoorvvrmrririiiieiiirrreeriieeieereessssnsnnsnnsennens 53
3.3 PVEF2 SENSOTS .....uviiiieiieeeciee ettt ettt e e ere e e s tte e e e et e e e e s e s rabea e e e s abteaeeeseennnnns 54
3.3.1 Sensor Size and Shape......ccccccvveeviiieniiiieriee et e s e 55
3.3.2 Signal ACQUISIEION ..eouveevieriiiereereeeieeseeseesererraeesrressteessbeesseneessaeesennans 55
3.3.2.1 Lead Wire Attachment .......ccccoooovvviieiiiiieriiiiieeeeeceeieneeeeee e 55

3.3.2.2 OSCIIOSCOPES ..ecuveiririeeieeirerienirerieeseeesieessrressrnessaesssnnessseassanes 57



TABLE OF CONTENTS - Continued

3.3.3 PVF2 Sensor Characterization...........cccveueveeerreenrinerieenreseseenieesessnennas 57
3.3.3.1 Measurement of d3; via Direct Method........cccovvvvvevvvveeeennnnnnn. 57

3.3.3.2 Measurement of d3; via Indirect Method ........ccoovvvvvenvevennnnn. 58

3.4 Embedding PVF2 Sensors......cccviiiriiieicieiiiiecrniiesinecesieesesnteesenteeeessseeesnesssssenans 60
3.4.1 Cyanate Ester Resin System .......cccceeevierveniienieenienniinniensesiienreessesieens 60
3.4.1.1 Step Loadings Post CUIe.......ccccevvervverieenerceieriercresiesceeesie e 61

3.4.1.2 Impacting During CUre .........coceevevvereererceesienerensreneeseeneesnennns 61

3.4.1.3 Impacting Post Cure........cc.ccccveeenrenenenecienenennieeeeneseenee 62

3.4.2 Composite Sandwich Structures with Embedded PVF2 Sensors......... 62
3.4.2.1 Impact TeSING.....ccccecirriiieiriiriiiiiitectene et 63

3.4.3 Cure Monitoring of EPON 828.......cccociiiiiiiiiiiciiiicirincrieec e 64
3.4.3.1 Impacting During Cure .........cceceevvereceveeieerrererncnninneesseereneeesnns 65

3.4.4 SFF with Embedded PVF2 Sensors.......cccceceeeveeiienieneenneeeneeneeneennienns 65
3.4.4.1 Impact Response Through Glass Transition Temperature....... 66

4. EXPERIMENTAL RESULTS ...ttt ettt esre st esves i esreesaeeseaesraens 80
4.1 Metal-Ceramic COmPOSILES......evvrrerreerreriieterereieseseessesseeessessseeseessessseesassnne 80
4.1.1 SFF ATUMINQ...ccttiriiiiiiiiienreeieesientenientresreessveesreesneesbeesneeesaesssnees 81
4.1.1.1 Mechanical Properties..........cccoceererneneneeieeneneeieneneeeeeene 81

4.1.2 SFF Alumina-Aluminum COmpoSIteS .........cccererceerrerrrerrrereereereenenenns 83
4.1.2.1 Robocast Alumina Preforms ........c.cccocveeveevveenvnneeneennenneennen. 83

4.1.2.2 Metal Infiltration ........cccceeceereeienienienieneeeeseenieeee v 84

4.1.2.2.1 Metal-Ceramic Wetting.........cccccevveevrervernrersieeneerneenn, 85

4.1.2.2.2 Metal Infiltration .........ccccevveeeereeneeneeniennieeneeneesvennne 86

4.1.2.3 Mechanical TeStING ........cccververreeneererireeieniereesie e eieesaeeeveas 87

4.1.2.3.1 Metal in TenSioN........ccevierueereeeveeeerreierereeiesseereaseeens 87

4.1.2.3.2 Ceramic in TeNSION.......cevvveeieeeiirnriesrie st reeresrae s 87

4.2 Computer Modeling ..o 88
4.2.1 Analytical SOIULIONS.......ccoveeiiiiiiiierierreierrct et 89
4.2.1.1 Thermal SOIUHON. ....ccccerieiririerieieecriee e 89

4.2.1.2 Mechanical SOIION ......cccovvvveriieiirnernienieerienieeie e enieesve s 94

4.2.2 OOF Thermal Models........cccceveririenieniennieieneecieneeeeneseeseeeeesseessenns 96

4.2.3 OOF Mechanical Models..........cocuevvrvieiinnieniiiineeeeseeee e, 97

4.3 Embedded PVF2 SENSOrs .......ccooviiiiiiiiiiiiiicritciec et ssane e 98
4.3.1 Cyanate Ester Resin System ..., 99
4.3.1.1 Step Loadings Post CUre........cocevoiervierieenieeiiieeeiee et 100

4.3.1.2 Impacting During Cure .........ccceceveveerveerceenieenieesireesneesenes 102

4.3.1.3 Impact of Cured Cyanate Ester Laminates...............ccceeunen.e. 102

4.3.2 Composite Sandwich Structures with Embedded PVF2 Sensors....... 103
4.3.2.1 IMPact TESHNG......cceeceeeereienieneneeirenrrerteeteeiesee e e sreeenn s 104

4.3.2.1.1 Foam Core Sandwich Composites..........c...ccercureruneen. 104



TABLE OF CONTENTS - Continued

4.3.2.1.2 Honeycomb Core Sandwich Composites................... 106

4.3.3 Cure Monitoring of EPON 828.......ccccocieiieeiineeeeieciecie e 108

4.3.3.1 Impacting During CUre .........ccoccevvveereererienseeceeeeeereeneenns 108

4.3.4 PVF2 Sensors SFF EPON 828 Silica Composite.........ccccveeerverrveeenne 108

4.3.4.1 Impact Response Through Glass Transition Temperature..... 109

5. DISCUSSION .....tiitteteetiertertereeteett et et st s etesteesrt et e s it e te bt sstesneesasesntesneesssaassessesesseen 139
5.1 Metal-Ceramic COMPOSILES.....coeereeeererrrerierertiierteseesieesieesieesieesseessnessseens 140

5.1.1 SFF Alumina Preforms........ccccecereeneneinienecneeieneeeience e eee e 140

5.1.2 Aluminum Metal Infiltration ..........cccoceerieiiiniiiniiieeeee, 142

5.1.3 Thermal Effects ........ccoceevieiiriineiiineeieeneeeteete et 142

5.1.4 Mechanical Performance ...........coeevevuevmenienienenieneesieneneesreesiesvnens 147

5.1.4.1 Modeling with Ceramic in Tension..........cccecceeceveceerreenreennnen. 148

5.1.4.2 Modeling with Metal in Tension............cccceevvieerereecrerncnnennee. 150

5.1.4.3 Modulus Variations.......c...coceeveeereeeenmeenieerierieeneeseesiesensenneens 152

5.2 Embedded Sensors .......ccceoieoiieieniiiiniereeeeeecte ettt st 152

5.2.1 PVF2 Sensors Characterization ..........ccceeeeereeernereeeenienneeenienseeensessnnes 154

5.2.2 PVF2 Sensors Within a Static HOSt.........cccceeiiiiiiiniiiiniicinieeeee 156

5.2.3 PVF2 Sensors Within a Dynamic Host .......cccccovvveevieeiieciieccneenen. 158

5.2.3.1 Sensors Within a Neat EPOXY ....c.ccceeiviveivniernienieeceeeieenen 159

5.2.3.2 Sensors Within SFF EPOXY ......ccccerueeveniieriieeieeeseeseeeie e 161

6. CONCLUSIONS..... ..ottt ettt et e st e ste et esbe s e et e e e snse s e aesaesssasnsesnesessees 188
APPENDIX - Thermal Solution For Metal-Ceramic Bilayer........c.cccccoeevveveieevenneennen. 195

REFERENCES ...ttt ettt st sttt st sne e 200



LIST OF ILLUSTRATIONS

Figure 3.1: Diagram of Robocaster, developed at Sandia National Laboratories, NM.
Highly loaded ceramic slurries are dispensed from a syringe in a controlled
pattern, building a three-dimensional part in a layerwise process. Computer
controls motion of x-y table as well as syringe height and dispensing rate.
Drawing courtesy Dr. Bruce H. King. .......ccccoooeeiieirveiiieee e

Figure 3.2: Idealized build paths showing bridging (upper) and slumping (lower) of
a depositing bead building over a gap in previously deposited layers......................

Figure 3.3: Schematic of different robocasting build paths. At the top is the
lengthwise path that consists of rasters along the length of the bar only. The
middle shows the widthwise path which consists of rasters along the width of
the bar only. The bottom is the crosshatch path that consists of alternating
lengthwise and widthwise paths.........ccccceoriinininiii e

Figure 3.4: Schematic of 4-point bend test orientations of the various build paths.
Rods show pins of test fixture, dots show bead orientation within layers. The
lengthwise build paths were broken so that the fracture was across the beads.
The widthwise build paths were broken so that fracture was between the beads
(or at least in that direction). The cross-hatch build paths bars were broken in
two different orientations, one where the fracture path alternated between across
the beads and between the beads, and one where fracture would occur between
the beads along the build direction (labeled transverse). .......ccccevceeeeevvenciensveneennen.

Figure 3.5: Layerwise build paths for the graded egg crate structure. Part was built
with layers in numerical order after building two solid layers as a base. .................

Figure 3.6: The 4 levels of porosity for graded structure, as seen from top of part.
This porosity results from the alternating raster paths from the previous figure.
Top of structure is at top of figure. ...

Figure 3.7: Cross-sectional drawings used for OOF finite element modeling (top)
along with a top view of a representative ceramic preform showing the
slumping case. The cross-sections here are taken through the lowest level of
ceramic (low), the middle level of ceramic (med) and the highest level of
ceramic (hi). Additionally the edge of the raster overlaps was included (edge)......

Figure 3.8: OOF finite element model for 4-point bend test. Loading conditions are
shown for the ceramic and metal surface in tension, boundary condition of a
mirror plane at the right €dge. ......ccoovuiiiiiiiiee e

Figure 3.9: Piezoelectric axes notation, shown relative to film processing. 1
designates the film stretch direction, 2 the transverse direction, and 3 the
thickness and poling direCtion. ..........coceeviererrieriirreeieiiestetese et

Figure 3.10: PVF2 sensor geometry, top and bottom surfaces shown. Lead wire
attachment area acts as film orientation marker. ........c.cccovvvvvrieiiicnnicine e

67

70

71

72

74

75



10

LIST OF ILLUSTRATIONS - Continued

Figure 3.11: Piezoelectric direct effect weight stand. Weights placed on top platen,
load is transferred to small radius contacting piezoelectric film. ...........cc.ccceevenenee. 75

Figure 3.12: Dropped-weight impact test apparatus. Weight can be dropped from
controlled height onto sample clamped to table below. Latching mechanism
catches the impact mass on the first bounce, preventing multiple impacts.
Drawing courtesy Dr. Todd ANderson. .........ccecvevverviniiniiniinicnniciincniineneenes 76

Figure 3.13: Schematic of sandwich composite layup with embedded sensor. Sensor
is placed between facesheet and core. Lead wires run out to edge of panel
between facesheet and COTe.......c.coveviiiiriiiiiiiiiii e 77

Figure 3.14: Schematic of PVF2 sensor embedded within Epon 828 epoxy resin,
showing top view (above) and side view (below). Lexan polycarbonate sheets
provide stability and window screen provides a constant thickness of epoxy

Figure 3.15: Schematic of rod drop impact test rig, clamps holding composite in
place not shown. Rod is dropped from a controlled height and impacts
composite directly over embedded SENSOr. .......c..cccevvvevereiiiiiiiiceneceees 79

Figure 4.1: Flexural strength of A-15 alumina for various traditional processing
routes, along with Robocast processed parts. The robocast alumina was also
tested as a function of build path and orientation, with the build paths and
orientations described PrevioUSIY. ......cccvvveviiriirinieneriereer et 110

Figure 4.2: Four-Point bend testing for robocast samples fabricated with the cross-
hatch pattern, showing the variability of the strength..........ccccoceveeiniiniiininnn 111

Figure 4.3: Photomicrographs of the fracture surfaces of the robocast alumina parts
showing the different build paths; (a) lengthwise, (b) widthwise, and (c) cross-
NALCH. ..t e b e s e 112

Figure 4.4: Photomicrographs of the fracture surface of a cross-hatch build path
robocast alumina bar tested in the transverse orientation. Both low
magnification (top) and higher magnification reveal the morphology of
INAIVIAUAL DEAAS. 1oeviiiieciiiiereceeee ettt e ae e s esnae s 113

Figure 4.5: Photographs of robocast alumina egg crate structure showing the levels
of porosity created, top view (above) and angled view (below). Individual beads
are about 1mm in Width. ....ccovveviiiiriiiiiiiiiiirererrrrr et rer e seesaeaaeeaes 114

Figure 4.6: Cross-section of metal-ceramic composite fabricated by robocasting of
alumina ceramic followed by subsequent aluminum metal infiltration. Ridges
formed by the layerwise fabrication can be seen along with a bridging event of
the ceramic phase that is fully wet by the metal phase such that the round bead
appears to be floating. .......ccooeeviiiiiiiiiiee ettt 115



11

LIST OF ILLUSTRATIONS - Continued

Figure 4.7: Schematic of wetting angle convention, upper image is non-wetting,
JOWET IMAZE 1S WEHHINE. c..evveuveviereriieiieeniieie ettt st e s e ieseeete s e ssaesasssassaessas 116

Figure 4.8: Cross-section of metal-ceramic composite fabricated by robocasting of
alumina ceramic followed by subsequent aluminum metal infiltration, contrast
of the ceramic region altered. The metal phase is seen to wet the ceramic phase
completely forming an interpenetrating StruCture. .........cceeveverrveriverieeeseeeseeennnan. 117

Figure 4.9: Stress-Deflection curves for alumina-aluminum graded composites
under 4-point bend loading, along with a typical curve for a pure alumina part
formed by robocasting. Parts were tested with the metal surface in tension (at
the base of the test fIXIUIE). ...c.ovvveviriiiirieeee e 117

Figure 4.10: Photographs of the sides of the alumina-aluminum graded composite
test bars, tested with the metal surface in tension. The metal surface is at the
bottom of the pictures, the ceramic surface at the top. ......ccccceveeverienvennieninnnnns 118

Figure 4.11: Load-Deflection curves for alumina-aluminum graded composites
under 4-point bend loading, along with a typical curve for a pure alumina part
formed by robocasting. Parts were tested with the ceramic surface in tension (at
the base of the test fIXTUIE). ......eovvrvieecieeeee e 119

Figure 4.12: Photographs of the alumina-aluminum graded composite test bars,
tested with the ceramic surface in tension. Upper photo shows the side view
with the ceramic surface at the bottom of the picture, the metal surface at the
top. The lower photo is from the base (ceramic) of the sample looking into the
fraCtUIEd TEZIOML ....evviveereeiteteerterte ettt et see s et e sb e e bnebae s s e baeabesteessens 120

Figure 4.13: The fracture surface of alumina-aluminum graded composite test bar,
tested with the ceramic surface in tension. ..........cccccceveverveneninreneneceene e 121

Figure 4.14: Fracture surfaces for the metal (top) and ceramic (bottom) portions of
the alumina-aluminum graded composite structure. Typical ductile failure is
seen in the metal and brittle failure is seen in the ceramic. .......cccceevveveciecreenniennn, 122

Figure 4.15: Difference between OOF finite element model and theory for stresses
in metal-ceramic strip subjected to thermal cooling. .........cccecveeieeceeieeercneenenane, 123

Figure 4.16: Diagram of the geometry and forces for the 4-point bend analytical
solution. The edge labeled center of bar was given the boundary conditions of a
IMIITOT PlAIIE. c.iiiiiniiiiiiiiiiiie ettt et st e s e s eseree e s sssssseaesessssnsnneaeasanan 123

Figure 4.17: Stress at the ceramic surface of the metal-ceramic composite after
cooling from infiltration, determined by OOF finite element model. Stresses are
plotted as relative values as the actual values were not determined by this elastic
model. Plot shows the effect of grading type for four different metal contents.
Note that a positive stress is tensile and a negative stress compressive. ................ 124



12

LIST OF ILLUSTRATIONS - Continued

Figure 4.18: OOF model predicted stress for the metal-ceramic composite at the
ceramic surface for 4-point bending with ceramic surface in tension and a load
of 900 N. Plot shows the effect of grading type for four different metal
[470) 41153 01T SO U PR UR ORI 125

Figure 4.19: OOF model predicted stress of the metal-ceramic composite at the
ceramic side of the metal-ceramic interface closest to the metal side or top of
egg crate structure. Model of 4-point bending with metal surface in tension and
a load of 1200 N. Plot shows the effect of grading type for four different metal
COMEBIILS. ..ottt ettt et e st et et et e e s e e e e emn e sabe bt e n e e sseesseesseeraseesamneennseean 126

Figure 4.20: OOF model result for 4-point bend test of hi cross-section with perfect
bridging, tested with the metal surface (top of model) in tension. ..........c.cocvveneeene 127

Figure 4.21: Response of PVF2 sensor, embedded between sheets of cyanate ester
resin and cured, to a series of weight removals. ......cccoceeverierieeerenieniiinreeeeeens 128

Figure 4.22: Response of PVF2 sensor, embedded between sheets of cyanate ester
resin prepreg, impacted during the cure Cycle. .......coovvevieviieiicienienieniencenieeeene 129

Figure 4.23: Impact response of embedded PVF2 sensors cured between strips of
cyanate ester resin prepreg. Curves for the force transducer in the impact
weight and sensor output are SHOWN. ........cocveivieiieiiiiirnenitiiiic e 130

Figure 4.24: Dropped weight impact test force transducer output for impact onto
foam core sandwich composite from a height of 28”. Numbered features of
curve are discussed N tEXL. .o.vevviriiiiiiiiiiiici e 131

Figure 4.25: Dropped weight impact test force transducer output and embedded
PVF?2 sensor output. Impact onto foam core sandwich composite from a height
08 28 ettt s sttt et st ae s 132

Figure 4.26: Dropped weight impact test force transducer output and embedded
PVF2 sensor output. Impact onto foam core sandwich composite from a height
08 28 ettt sttt st st e sat e bt e e be e are e saeeenteens 133

Figure 4.27: Dropped weight impact test force transducer output and embedded
PVF2 sensor output. Impact onto foam core sandwich composite from a height
of 48”. Flat line in sensor response starting near the 4 second mark was due to
the sensor wire being knocked loose from the sensor due to severity of impact.... 134

Figure 4.28: Dropped weight impact test force transducer output and embedded
PVF?2 sensor output. Impact onto honeycomb core sandwich composite from a
REIGIt OF 287, .ttt ettt e e ere st e e e raeenaaens 135

Figure 4.29: PVF2 sensor response to impacting while embedded in Epon 828
epoxy resin and cured at room tEMPEratUre. .........ccvevverreerireriireeeiieesireeereesrneeeneens 136



13

LIST OF ILLUSTRATIONS - Continued

Figure 4.30: PVF2 sensor response to impacting, while embedded in Epon 828
epoxy during the heating portion of the cure cycle for the epoxy. .......ccceeuvnnenne.. 137

Figure 4.31: PVF2 sensor response to impacting, while embedded in Epon 828
epoxy during the cooling portion of the cure cycle for the epoxy. ......ccccuveuvenenee. 138

Figure 5.1: Top image shows the model for low grading with an abrupt interface, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C.........cc.cocirviiiiiiinniinneeeee e 163

Figure 5.2: Top image shows the model for low grading with an abrupt interface, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C............ccocerveriiniiniriercee et 164

Figure 5.3: Top image shows the model for high grading with an abrupt interface,
the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal)
brought about by a temperature change of 100°C. ........ccccevvreiecieciecicrecceecnens 165

Figure 5.4: Top image shows the model for high grading with an abrupt interface,
the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal)
brought about by a temperature change of 100°C. ........cccocevivcirviirieniececeeeenee, 166

Figure 5.5: Top image shows the model for low grading with bridging, the ceramic
region is at the base of the model and darker in color. Bottom image is OOF
model stress profile for stress in the x direction (horizontal) brought about by a
temperature change of 100°C. .......cooiiiiiiiriiieeeerre e e ere e 167

Figure 5.6: Top image shows the model for low grading with slumping, the ceramic
region is at the base of the model and darker in color. Bottom image is OOF
model stress profile for stress in the x direction (horizontal) brought about by a
temperature change of 100°C. .......ooiiiiiiiiiieiecercrere e e et eere e e 168

Figure 5.7: Top image shows the model for medium grading with slumping, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C.............ooooiiiiiieieeee e 169

Figure 5.8: Top image shows the model for medium grading with bridging, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C.........ccccooiiiiririiecce et 170



14

LIST OF ILLUSTRATIONS - Continued

Figure 5.9: Top image shows the model for high grading with slumping, the ceramic
region is at the base of the model and darker in color. Bottom image is OOF
model stress profile for stress in the x direction (horizontal) brought about by a
temperature change of 100°C. .....c..cooivieriiririiieercecee e 171

Figure 5.10: Top image shows the model for high grading with bridging, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C..........ccccoiivirinriieneeeee et 172

Figure 5.11: Top image shows the model for edge grading with bridging, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C.........c.cocovivininininnieeneee e 173

Figure 5.12: Top image shows the model for high grading with slumping, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C..........c.ccocoviriiniinininiiniiceceeeeen 174

Figure 5.13: Stress-deflection curves for the metal-ceramic monoliths compared
with a pure alumina ceramic formed by Robocasting. Tension surfaces during
the 4-point bend test are NOted. .......ccovveiiieiriiiniceeeee e 175

Figure 5.14: OOF predicted stress at the ceramic surface for 4-point bending with
the ceramic surface in tension and a load of 1000 newtons, the load where initial
failure was seen in the mechanical teSting. ........cocereereneiineerenieneeeerteeeevee e 176

Figure 5.15: Top image shows the model for low configuration with an abrupt
interface, the ceramic region is at the base of the model and darker in color.
Bottom image is OOF model stress profile for stress in the x direction
(horizontal) brought about by a four-point bending with the ceramic in tension
and a loading of 100 NEWLOMS. ......cccceeieiirrieriiieeieeree ettt e 177

Figure 5.16: Top image shows the model for low configuration with bridging, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a four-point bending with the ceramic in tension and a loading of 100
TIEWEOTIS. 1.vuveeenireeenetereeteee et e s bt e sttt e s ereeeene e e s betesabesesabeeeueeesaneeeeaanaeessnsaeessnraaessnsaaasan 178

Figure 5.17: Top image shows the model for low configuration with slumping, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a four-point bending with the ceramic in tension and a loading of 100
TIEWLOTIS. «..eeeiuieeteeetteeee sttt e e st e e e et es s e e e e e n e smresatesmnesaseesaseesaseesaseesaneessnseaesnses 179



15

LIST OF ILLUSTRATIONS - Continued

Figure 5.18: Top image shows the model for medium configuration with bridging,
the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal)
brought about by a four-point bending with the ceramic in tension and a loading
OF 100 NEWLOIIS. c.eviieiiiieieeie ettt ettt st a e e st e e e e s e e be b e eneenresrsenteennes 180

Figure 5.19: Top image shows the model for high configuration with bridging, the
ceramic region is at the base of the model and darker in color. Bottom image is
OOF model stress profile for stress in the x direction (horizontal) brought about
by a four-point bending with the ceramic in tension and a loading of 100
NIEWEOTIS. .euviiiiiirenite ettt et e sr et et e et e sbee e sab e e eemb e e ebeseeabteesmte e e s ntaessssnaessstsanannn 181

Figure 5.20: OOF model of deflection at the center of the mechanical test bar when
tested with the ceramic surface in tension and a load of 100 newtons. .................. 182

Figure 5.21: OOF predicted stress at the ceramic surface for 4-point bending with
the metal surface in tension and a load of 1000 newtons, slightly lower than the
load where initial failure was seen in the mechanical testing.........c..ccceevervevunnnnens 183

Figure 5.22: Top image shows the model for low configuration with an abrupt
interface, the ceramic region is at the base of the model and darker in color.
Bottom image is OOF model stress profile for stress in the x direction
(horizontal) brought about by a four-point bending with the metal in tension and
2 10ading of 100 NEWLONS. ...cccceeiiiiiiiiieiiiiieee ettt eree e stee e sree s araesaneanns 184

Figure 5.23: Top image shows the model for the high configuration with slumping
grading, the ceramic region is at the base of the model and darker in color.
Bottom image is OOF model stress profile for stress in the x direction
(horizontal) brought about by a four-point bending with the metal in tension and
a loading of 100 NEWLONS. ...c...eiiiiiiiiiciiete et e s 185

Figure 5.24: Top image shows the model for the high configuration with bridging
grading, the ceramic region is at the base of the model and darker in color.
Bottom image is OOF model stress profile for stress in the x direction
(horizontal) brought about by a four-point bending with the metal in tension and
a 10ading of 100 NEWLONS. ...c.cceeiiiiiiieiiirieeciee ettt ae e r e e s s e s e stee e sbaae e 186

Figure 5.25 PVF2 sensor response to impacting while embedded in Epon 828 epoxy
resin and cured at room temperature. The ratio of the first peak in the PVF2
sensor response curve to the corresponding reflected peak is shown..................... 187

Figure A.1 Schematic of bi-material strip, with ceramic material at top and metal
material at the DOTIOML. .......cooviiiriiiiiie e 199



16

LIST OF TABLES

Table 3.1 Robocasting parameters for building graded alumina preform structures........ 49
Table 3.2 Properties of Kureha KF Piezo Film.........cccccevieieeeveninrenirieiececeeecee e 54
Table 3.3 Piezoelectric d3; constant as measured by weight removal. ..........c..ccveeevvennns 58
Table 3.4 Piezoelectric d33 constant as measured by electric impulse. ........cccccvveeuvennenns 59
Table 4.1: Minimum wetting angle for aluminum metal on alumina ceramic for each

step in the substrate preparation for Wetting. .........ccccecveveerieveneennnieneecreree e 86
Table 4.2: Observed damage for foam core panel impact tests. Impacting mass was

4.177 1b, with a one inch diameter hemisphere. ........cccoccevvurriviriereerieeneeeee e 106
Table 4.3: Observed damage for honeycomb core panel impact tests........c..ccccvrrueennee. 107

Table 5.1: Relative stress at the surface of the ceramic for several modulus
variations as determined by OOF finite element model for a cooling temperature
0f 100°C. Tensile Stresses are POSITIVE. ....c..eveeereeeeirinierereenseesreneresrenreseeseeseeens 146

Table 5.2: Stress in the ceramic for several modulus variations as determined by
OOF finite element models of 4-point bending performed with either the metal

OF CEramic SUrface 1N tENSION. ...eicveriverrreerierireeeieeeieeereeeesritesteesseesreesseesseesrsnnesns 152
Table 5.3: OOF model of PVF2 sensors within a curing epoxy showing the relative

SIIESS 1M the SEISOT. .uvveieeriiiiiiieiieeiie ettt et e et e e e ate e s snr e e s eenese 161
Table A.1 Materials specific variables...........cocviveririenininenenie e 195

Table A.2 Non-materials Specific variables .........ccoceverveeerereeniirneniieeieeiereenieeniee e 195



17

ABSTRACT

Solid freeform fabrication (SFF) methods enable the creation of new structures with
multiple materials. While the ability to put any material in any location during the
building process allows the freedom to create most any combination, it does not readily
suggest the best combination for a given task. The performance demands of a structural
member differ from those of a sensor and hence would have different criteria for optimal
structures. The methods used herein begin to show how the interaction of the different
materials impacts their performance experimentally and can be modeled to determine
preferred structures. In this work structures were formed by SFF comprising multiple
materials with two areas examined: metal-ceramic monoliths and embedded polymer

sensors within composite structures.

The Metal-ceramic monoliths consisted of a SFF ceramic preform which was
subsequently infiltrated with metal resulting in a graded structure, pure ceramic on one
side and nearly pure metal on the other. These structures showed improved toughness
over pure ceramic structures when tested in bending. Different metal-ceramic interface
gradings were modeled based on the experimental samples, including variations of
ceramic content. The model showed that the optimal structure was dependent on the
orientation during mechanical testing, or application, as well as the ceramic content of the

monolith.

Embedded poly vinylidene fluoride (PVF2) sensors were used to monitor internal stresses

in composite systems. The PVF2 sensors were shown to be capable of detecting damage
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over the range light tapping to severe impact. More importantly the sensors were able to
detect barely visible impact damage (BVID), which can lead to deterioration of
mechanical performance without visible evidence. Additionally the PVF2 sensors were
used to monitor cure of epoxy systems by sensing the modulus of the matrix. It was
shown that for a fixed impact level the sensor response varied as the relative modulus of
matrix to sensor changed. Modeling confirmed that when the sensor modulus is much
higher than the matrix the stress level in the sensor is higher. The model also showed that
the stress level in the sensor is dependent on the geometry and loading, with smaller

sensors performing better.
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1. INTRODUCTION

Solid freeform fabrication (SFF) is a relatively new approach to the building of three-
dimensional structures. The basic idea is fairly straightforward: the building of a
structure layer by layer until the structure is complete. There have been numerous
approaches to accomplishing this goal with a variety of materials ranging from polymers
to metals to ceramics. What began as a research tool for creation of simple geometries
slowly became a method for more complicated geometries and eventually matured to the
point of being able to create very intricate and complex structures. As the ability to
create complex geometries developed so did the ability to build structures with multiple
materials. It doesn’t take much extrapolation to envision building most any structure
with this approach. But before embarking on the solid freeform fabrication of a puma,

certain freedoms of the method come into question.

If one has the ways and means to put whatever materials one wants wherever one wants
to put it, during the creation of a structure or object, suddenly one is faced with the
question of what material does one want and where should one put it? To find examples
of this question being answered in complicated structures, consisting of multiple
materials, one only needs look at nature. Natural composite structures, such as shells,
teeth, bone, and wood, have different levels of complexity and tend to be very well suited
to their function. This evolutionary approach to refining a structure has resulted in an
abalone shell that is both very tough, to deter the prying efforts of the hungry sea otter

and also wear resistant, to slow the grinding intrusion by star fish. The science behind



20

the properties of seashells has been thoroughly studied to allow for synthetic approaches
to materials with similar toughness. This approach, while successful, does not really
allow for the creation of a new structure for a new application but rather draws on
centuries of evolutionary engineering in an attempt to use those designs to create

similarly tough materials.

Without the evolutionary timescale to develop the optimal structure, solid freeform
fabrication with multiple materials needs to address the question of what to put where.
The SFF process lends itself quite readily to iterative approaches as the control of where
materials are placed is usually a computer drawing or solid model, and trying new
designs can be implemented in rapid succession. It would be a more elegant process if
there were a way to readily define the criteria for creation of structures rather than the

trial and error approach.

This work will address what can be done with the SFF method to build multiple materials
into monolithic objects, attempting to answer the question of what material should be
placed where for optimal performance. Extrusion SFF offers a simple system as
switching between materials during the build process is often as easy as switching
syringes used to deposit the material. The extrusion SFF approach will be used in two
areas: the creation of metal-ceramic monoliths, and the embedding of sensors within

composite structures.

The metal-ceramic study will address the potential of adding toughness to a ceramic
through the addition of metal at strategic points within the structure. Metal-ceramic

monolithic structures have been made by various methods in the past but tend to have a
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one-dimensional performance. SFF methods allow for the precise placement of materials

such that a location specific performance can be achieved.

Embedded sensors are often necessary to monitor the health of composite materials to
avoid catastrophic failures. Solid freeform fabrication lends itself nicely to the placement
of sensors within a structure, as it is a layerwise fabrication process. The issue of what a
sensor senses was explored by altering the environment that the sensor was embedded
within. Piezoelectric polymer sensors were used to explore the interaction of the sensor

with its surroundings, by embedding in a variety of structures.

Finite element modeling was used to supplement the experimental work and examine

internal stress states within the metal-ceramic monoliths as well as embedded sensors.

This manuscript is divided into sections to allow the reader rapid access to areas of
interest. The work begins with a review of relevant literature to provide a basis for the
experimental work and discussion thereof. What follows are detailed descriptions of the
experimental methods used. The results and discussion of the experiments will be
subdivided into sections dealing with first the metal-ceramic structures and second the
embedded sensors. In the conclusion these two examples of utilizing SFF for the creation

of objects with multiple materials will be summarized.
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2. LITERATURE REVIEW

Composite materials can have properties that differ greatly from other materials, even
from the materials they are composed of. The interactions between the constituent
materials within a composite can dictate the relative success the composite will have. All
living things consist of composite materials of a very complex nature. Tooth, bone, and
shell are examples of intricate composite structures with highly specialized and
functionalized performance'. Nature has used an evolutionary approach to developing
and refining these structures, and some are quite intricate’. People have begun to study
these natural structures to uncover the secrets of their performance, and attempts have

been made to duplicate these structures.

Solid freeform fabrication (SFF) allows for the building of complex structures with single
or multiple materials. This ability is both an asset and a liability. It’s an asset in the
sense of creating most any arbitrary structure with true control over materials placement.
It’s a liability in that poor choices in either materials or placement, or both, can result in
poor performance. For this reason the work herein will examine the use of SFF methods
to form multimaterial composites. There will be two areas explored: metal-ceramic

monolithic composites and embedded polymer sensors.

This review will be divided into three sections, the first of which will be on solid
freeform fabrication. As the technique is fairly mature this section will be brief and focus

primarily on extrusion based SFF methods.
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The second section will provide background on metal-ceramic composites. While there
are many approaches to this the review will focus on toughening of these structures. The
types of structures reviewed will include fiber based, particulate based, laminates and co-
continuous structures. This background will provide the basis for the approach used

herein, and support the evaluation of the performance measured.

The third section will give an overview of embedded sensors in composite materials. The
use of fiber optic based sensors has seen extensive use and will be addressed first. This
will be followed by piezoelectric sensors and finally a review of poly vinylidene fluoride
(PVF2) sensors, which were used herein. This section will give a perspective of both the

need for embedded sensors in composite materials and the limitations of their application.

2.1 Solid Freeform Fabrication

Solid freeform fabrication is a fairly recently developed route to manufacturing solid
objects. The basic idea is to build a three dimensional object by building thin layers and
stacking them to obtain the desired three-dimensional shape. There are many ways to
accomplish this goal that will not be covered here as the techniques are fairly established,
a review of the various methods may be found here’. Of interest in this work is the
technique called robocasting. This involves the layerwise deposition of ceramic slurry

with a robotically controlled syringe4. The details of this process will be covered within

the main text.

The essence of solid freeform fabrication (SFF) lies in the manufacture of three-

dimensional parts layer by layer. The fabrication of individual layers can occur through
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many routes, with the most common being additive methods although there can be
subtractive steps involved. In general a computer is used to take a solid model of the
desired part and slice it into layers that are then built one atop the other. The benefit of
the SFF process is that parts may be made that would be very difficult or impossible by
traditional methods. Numerous SFF methods have been developed for polymer systems,
which will not be addressed here save for how they are used for ceramic systems.
Extrusion based systems lend themselves readily to deposition of multiple materials,

often merely requiring the switching of syringes filled with different materials.

2.2 Metal-Ceramic Monoliths

Structural ceramics have yet to achieve the performance and robustness that is required
by many applications, and hence methods for strengthening and toughening have been
pursued. However, lacking the evolutionary time scale to develop highly specialized
composite materials, synthetic approaches have limitations in what they can achieve.
There are essentially two questions, how to strengthen or toughen and where to
strengthen or toughen. The how is a matter of deciding which method would suit the

needs while the question of where requires more consideration.

The combination of metals and ceramics into a single structure has often been extremely
difficult due to both processing temperature requirements for the ceramic phase, and
thermal expansion mismatch between the metal and ceramic resulting in the development
of large stresses. Early work on metal-ceramic combinations was typically for joining

purposes, but has become more common over the years as a route to toughen ceramics.
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The methods for strengthening were based on success in other composite materials and
can be categorized as essentially two types, and four methods. The two types are adding
a ceramic to a metal, usually to increase stiffness, and adding metal to a ceramic, usually
to increase toughness. The methods that will be addressed below are fiber based,

particulate based, laminate structures, and co-continuous structures.

2.2.1 Fiber Based

Ceramic matrix composites reinforced with brittle, continuous fibers were the subject of
an older review that highlighted the general issues in mechanical behavior, providing a
good basis to begin discussions’. As is the case with polymer matrix fiber composites®,
the strength of the interface has a strong influence on the properties and ultimate
usefulness of the composite. If the interface is infinitely strong (cannot debond) the
material will exhibit a behavior of a typical brittle material with a linear stress-strain
curve up to the point of failure, resulting in no toughening. There are three failure modes
described, mode I failure in which the matrix cracks and the fibers fail resulting in fiber
pull-out, and mode II failure in which the matrix cracks and the fibers do not, and a
mixed mode I and II. The failure of these materials exhibits a combination of debonding
of fiber-matrix interface and fiber sliding after debonding has occurred. It is the
debonding and sliding that results in toughness. The balance of strong fibers with weak
interfaces results in the highest toughness. Often coatings are required on the fibers to

keep the interface bond weak. The optimal combination is to have a fiber-matrix debond
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toughness ratio less than Y4, with a small residual strain such that the interface is in

tension, and fiber properties that encourage long pull out lengths.

A more general review on high toughness ceramics gives the background of the
development as well as a detailed look at fiber based toughening’. The methods for
toughening ceramics are broken down into five categories; transformation,
microcracking, metal dispersion, whiskers/platelets, and fibers. The two most favorable
routes for toughening with composites are metal dispersion, with toughness around 25

MPa-m”, and fibers with toughnesses in excess of 30 MPa-m” being reported.

A review of mechanical properties of fiber reinforced composites draws the distinction
between brittle matrix and ductile matrix composites, citing that in brittle matrix, fiber
reinforced composites the interface plays a dominant role®. Again the difficulty lies in
balancing this interface strength, as many materials have a strong interface by this
definition. At this point modeling of uniaxial, continuous fiber reinforced composites in

tension was fairly accurate.

A large summary of fiber reinforced brittle matrix composites was compiled outlining the
current models and experimental work and making a case for the need for more accurate
models®. Better models could be used to predict behavior for design purposes as well as
improve reliability.

Some more novel methods for creation of brittle matrix composites were developed at the

10, 11

University of California at Santa Barbara ™~ *". Essentially ceramic fibers are combined

with a ceramic powder, fired to neck the particles and form a porous body, then this
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porous body is infiltrated with a precursor to an inorganic phase which is subsequently
reacted to fill some of the porosity. This results in a damage-tolerant composite, with a
cost effective process. The key to this increase in damage-tolerance lies in the powder
and fiber mixture. By filling some of the void space between fibers with powder, the size
of crack-like voids is reduced. As one of the classic issues with brittle materials is flaw

size, this approach makes sense.

2.2.2 Particulate Based

Particulate-based systems can include chopped fiber as well as platelet or other shaped
particulates to help provide increased toughness via crack bifurcation or ligament crack
bridging. Unlike the continuous fiber approach particulate systems have more processing
options as well as their own set of limitations. A broad range of particulate loading levels
may be attempted, but the homogeneity may not be as stable as with continuous fiber

systems, resulting in non-uniform behavior.

Ductile particles in a brittle matrix have been shown to toughen a brittle material(need
refs from Bao paper). During crack extension of the brittle matrix, the ductile phase will
bridge the crack and plastically deform, reducing the stress at the crack tip. This effect
has been studied and modeled with a rectilinear tracking law to make estimations of
performance’?. A weak interface between the matrix and particle results in larger debond
lengths reducing the stress and increasing the toughness. However if the interface is
extremely weak the particulates will debond completely and not contribute any enhanced

toughness to the composite.
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One route to particulate reinforcement of a metal matrix was based on powder mixing
and hot pressing to yield SiC particulates within an aluminum alloy matrix'>. Particulate
sizes of 3, 10, and 30 pm were used in ratios of 5, 10, and 20-volume fraction of SiC.
The modulus increased over the pure metal alloy, with higher values seen for higher
particulate loading and fairly independent of particle size. Enhancement of the ultimate

strength required a balance of particle size, loading and heat treatment.

Particulate reinforced metals are available commercially, with one source being Duralcan
in San Diego, CA. Duralcan casts aluminum alloys with Al,O3 particulate fillers. Some
of these alloys with 15 volume percent particulates have been studied for their behavior
over a range of temperatures from cryogenic to 300°C'*. It was found that the fracture
toughness decreased slightly from room temperature to 190°C and then dramatically at
300°C. Behavior at lower temperatures was dependent on the aluminum alloy. At lower
temperatures the failure was attributed to reinforcement fracture, which progressively

changed to interfacial decohesion as the temperature increased.

A comparison of particulate shape was done between particulate Al,O3 and short fiber
ALO; in aluminum alloys". It was found that the damage development rate is strongly
influenced by the matrix state, with the less ductile and more strengthened composites
having higher rates. The particulate-reinforced samples showed more damage than the

short fiber versions.

A novel method aimed at reducing clustering in particulate-based metal matrix
composites has been termed flux casting'®. Essentially a fluxing type agent is used to

remove the oxide layer on particulates allowing for better wetting of the metal, and
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potentially less clustering. Aluminum is combined with 10 volume percent TiC
particulates and the microstructure and properties examined. Though clustering was
reduced it was not eliminated. The modulus measurements were in close agreement with
Tsai-Halpin stiffness models, attributing that to the high interface strength due to the

wetting of aluminum metal to the TiC particles.

A detailed look at ligament bridging and how it imparts toughness and strength reveals
that there are trades between the two'’. The best combination would be to have ligaments
with high yield strength as well as high fracture toughness. Trouble is that most materials
don’t have both of these properties. The exception may be some laminate structures
where the layers are aligned along the ligaments. Once these requirements for toughness
are optimized, it is then preferred to have small ligaments as they will result in more

strength.

The effect of particulate loading for mullite-Al,O; in aluminum was studied'®. The
volume of the 20 pm-sized particulates was varied from zero to thirty percent in five
percent increments. The particulates were mixed with metal powder and pressed and
sintered to achieve monoliths. The modulus was seen to increase with particle loading
with diminishing returns at higher loadings. At the higher loadings clustering was seen
along with pore formation and fracturing of particulate regions and this would have
reduced gains in modulus. The strength was enhanced when particulates were added but
no significant changes with loading levels were seen. The strain to failure decreased

linearly with increased particulate loading.
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2.2.3 Laminate Based

Following the advances of polymer matrix fiber reinforced composites, reinforced
ceramic laminate structures began to be explored. There are very similar, continuous
fiber laminate structures as with the polymer matrix versions along with some more
unique, non-uniform composite laminates, including all ceramic laminates which exploit

19, 20

thermal expansion differences to deflect cracks ~ ©°. Many of these laminate structures

offer new materials processes and challenges®'.

Glass lamella with SiC fibers were stacked in a 0°/90° cross ply pattern to create
composite structures for evaluation of the mode I fracture resistance of biaxial fiber
compositeszz. Samples were tested in bending of notched beams with the notch front
being perpendicular to the lamination so as to induce mode I cracking. The matrix
cracking is accompanied by fiber fracture near the crack front but out of the crack plane
resulting in fiber pull out and traction resistances. The experiments were modeled and a

bridging stress of 80 to 160 MPa would fit the data.

A new type of laminate consisting of layers of pure glass or pure ceramic alternated with
a carbon fiber reinforced epoxy extended the idea of laminates to include a two phase

system23 el

This novel approach allows for low temperature systems to be combined
with ceramic sheets, which would have otherwise had temperature prohibitive processing
requirements. The relative ratio of ceramic to reinforcement can be controlled by layer

thicknesses. Samples were tested in tension and bending with the bending samples

failing one ceramic layer at a time yielding a staircase stress-strain curve. This
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dramatically improves the toughness. Modeling of this system followed, with good

correlation to experimental efforts® 2°,

Another approach to laminating layers of pure ceramic is to use a metal layer instead of a
reinforced polymer. This method also allows for ease of construction but does have some
thermal expansion issues that lead to internal stresses. Nickel was used in alternate layers
with AlO; ceramic to create laminate structures with a range of layer thicknesses which
use the thermal expansion mismatch to leave the ceramic in compression and metal in
tension within the plane of the laminate®’. The laminate structure was seen to have
dramatically increased strength over a pure Al;O; ceramic, with the thickness of the
metal layer having little effect. Ligament bridging was seen in the fractured samples. By
varying the thickness of the outer ceramic layer it was shown that the strength increased
with decreasing layer thickness, and hence higher residual compression. Surface cracks
were induced at different levels and showed that the laminate structure was not strongly

influenced by flaw size.

A separate study looked into the effects of interface roughness of Al,O; - nickel
laminates®®. It was determined that as the roughness of the metal ceramic interface
increased the strength increased while the work of fracture decreased. It was proposed
that as the interface is roughened the ductility of the metal phase is restricted leading to

higher strength but lower strain to failure.

The lamination of ceramic sheets is limited to flat geometries, but experiments have
looked into the possibility of using a mosaic like approach to enable more complicated

structures to be created”. In this work AL Os layers were alternated with a carbon fiber



32

reinforced epoxy to create wide structures both with continuous ceramic and with a
mosaic approach. There was a small drop in stiffness seen for the mosaic structure but
the mechanical properties were similar. It is suggested that the small size of the mosaic

tiles makes up for the “cracks” between them by having a smaller distribution of flaws.

By alternating layers of ceramic and a fiber reinforced ceramic matrix composite a more
oxidation resistant composite was formed®’. This study included three different ceramic
materials as well as three different ceramic matrices for the fiber composite layers, and
variations in ratios of ceramic to ceramic-matrix composite were explored. Both tensile
and flexural testing was used to characterize the properties. The flexural strength was
seen to increase when the volume fraction of ceramic matrix composite was increased, as
would be expected as that is the toughening portion of the composite. Additionally the
onset of single to multiple cracking was determined, and models were made to support
the results. Continued efforts®' looked at thermal behavior and delamination resistance.
It was found that the delamination was sensitive to the matrix phase in the ceramic matrix

composite layer.

Stress distribution and creep in Al;Os-aluminum multilayers were examined®?. This
study and model found that the thermal cycling could lead to different deformation

mechanisms at different locations through the thickness.

Bilayers and multilayers of ceramic and metal were accomplished with a brazing route to
examine the properties when tested with the ceramic layer in tension and compression®>.
A titanium alloy was used as the metal, Al,Os as the ceramic and a silver-copper-titanium

brazing alloy for bonding. This study found that the stress for first damage to occur was
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lower than the yield stress of the metal. When the bilayer is tested with the ceramic layer
in tension, the behavior was similar to the multilayer samples. When the bilayer is tested
with the ceramic layer in compression the strength was improved.

Fracture of metal ceramic laminates was studied to determine the transition from single to

34,35, Al,0O5 ceramic

multiple cracking, as well as toughness and crack growth resistance
sheets were alternated with metal layers of aluminum, copper or nickel in different
thickness ratios and subjected to mechanical characterization. Tensile specimens were
precracked to the central metal layer, while the flexural samples were notched to the
central ceramic layer. It was shown that for thin metal layers single cracking dominated
and with thicker metal layers multiple cracking was dominant. The exact transition point
depended on the strength of the metal and was different from model predictions of others.

Load displacement graphs showed the typical stair step feature that is seen when the

brittle layers fail in sequence.

Laminate structures preserve separate phases to separate layers and have proven quite
effective for increasing toughness and notch insensitivity. These structures are however
limited for the most part to planar geometries. They have the same performance

throughout the structure and hence are not tailored to a specific task.

2.2.4 Co-continuous

A step further down the road to metal ceramic monoliths is the interpenetrated or co-
continuous structure. Both phases remain separate but bonded and each interpenetrates

the other to form a monolithic composite. These structures unlike the laminate versions
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tend to be isotropic in performance, and more complicated to model. One notable

commercial version of this is the Lanxide process.

One route to formation of an interpenetrating metal ceramic composite is to partially
sinter a ceramic and subsequently infiltrate it with metal. This approach was used to
combine Al,O3 and aluminum with metal fractions ranging from 12 to 34 percent’®. The
strength was seen to decrease with increased metal loading while the toughness
increased. Fractographic analysis revealed deformed metal ligaments indicating that

bridging was the reason for increased toughness.

By altering the process conditions for making Al,O; porous preforms for subsequent
metal infiltration, a variety of pore sizes were created for equivalent overall porosity’’.
This enabled a study of the effect of ligament size as well as metal content. Both the
toughness and the strength increased with increased metal content over the porous
preform, with the increase in strength being small. As the ligament diameter increased
the toughness increased, while the strength was highest for the middle-sized ligament in

this study.

A novel route to metal ceramic structures involves the liquid phase reaction of aluminum
metal with solid SiO,*®. A pure SiO, ceramic is submerged into molten aluminum and
the aluminum displaces the silicon and is carried away into the aluminum melt, leaving
AlyO3 and aluminum metal with a metal content of 35 percent by volume. This structure
has been termed C4 for co-continuous metal-ceramic composite. Modeling of this
structure for modulus and elastic and plastic behavior was performed to verify

mechanical behavior”. This study found that the C4 material deforms in a bilinear
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fashion determined by the Young’s modulus and an elastic-plastic modulus. The data for
the Young’s modulus as a function of metal content was best fit with a Hashin and

Shtrikman equation.

These co-continuous metal ceramic monoliths draw on the learning from laminate
structures and move it to a new level of complexity. While processing these materials
can be simple or complicated, they do possess more isotropic behavior and more
complicated shapes can be accommodated than laminates. At present there are no
methods in place to functionalize the monoliths by altering the composition throughout
the composite. For functional devices this would be an ability that would open new

horizons.

2.3 Embedded Sensors

Many composite structures can benefit from embedded sensors for a variety of
applications. Simple sensors such as the wire that is embedded in the road to act as a
sensor for traffic lights are a sensor aimed at detecting things other than the state of the
composite material. Bridges and other structural concrete applications often contain
sensors to monitor the health of concrete. Polymer based composites also can benefit
from embedded sensors, particularly in the areas of cure monitoring and damage

detection.

Fiber composites have very high strength to weight ratios, but tend to be less stiff than
desired in many applications. In an effort to provide stiffness without too much

additional weight, sandwich composite structures were developed. Sandwich composites
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consist of a low-density core material to provide stiffness, surrounded by fiber composite
laminates often termed skins. This combination of materials provides a good balance of
strength with a high degree of stiffness. This structure holds the most promise for
structural composites, such as aircraft wings. As sandwich structures are more complex
than laminates, there is a greater need for methods of monitoring the integrity of the
composite. It has been shown that damage to the composite structure that is not readily
visible on the surface can significantly weaken the composite. The reason behind this is
the way in which impact events interact with the skin and core. This type of damage is

called barely visible impact damage (BVID), and is usually of interest for sensor use.

For sensors, there are basically two choices for attaching to a structure, external or
embedded. External sensors are generally easier to attach and implement as they can be
attached to a finished part and are not exposed to processing events. They are however
exposed to the exterior environment during use, which in the case of an aircraft wing
might be very extreme. Embedded sensors require that they are able to survive processing
of the composite part as well as allow for instrumentation. Surviving these goals benefits
the sensor in that it becomes a part of the structure and will be protected from the external
environment. There is the question of the effect of the embedded sensor on the integrity

of the composite.

Composite materials behave differently than other materials in that there are discrete
regions of different materials. In the area of fiber composite materials, the properties of
the material are very dependent on the history of the material. They are often very

sensitive to small-scale damage that may or may not be visible or recognizable before a
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failure occurs. For this reason a sensor system would seem appropriate, one that could
monitor the state of the composite to allow for failure prediction.

40,41

2

Embedded sensors fall into several types, including thermocouples and strain gauges
but the most promising are either fiber optic or piezoelectric. These will be discussed

individually.

2.3.1 Fiber Optic Sensors

The most common approach to embedding sensors in fiber based composite systems is to
use fiber optic sensors. This makes sense at a simple level, adding another fiber to the
composite to use as a sensor would be easy to implement. The difficulty lies in the fact
that fibers in composites are tens of nanometers in diameter, while fiber optic fibers are
hundreds of micrometers in diameter. This difference in size does not allow the sensor
fiber to enter the composite without having an impact on the geometry. Instrumentation
of fiber optic sensors is generally expensive and difficult to implement on a large scale

(many sensors).

Fiber optic sensors can utilize several sensing techniques with the majority of research
using Fabry-Perot interferometry. Regardless of the specific sensing technique there are
still the issues of embedding the sensor and then monitoring the sensor, both

instrumentation as well as signal definition. These issues and others were discussed by

Davidson in a small review*? , and will not be detailed here.

The impact of the embedded fiber optic sensors on the mechanical integrity of the

surrounding composite has been an active field of research. The placement of embedded
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fibers was shown to not influence the transverse crack spacing seen during failure®.
However Case found that the orientation of the optical fiber relative to the composite
fibers was dramatic. Fibers oriented ~30° from parallel were as disruptive as those
oriented perpendicular to the composite fibers**. Many experimental efforts have shown
that the embedded fibers have little influence on the mechanical strength of the
composite. Finite element modeling did however predict that the fiber is the most likely
origin for failure of the composite™. One thorough study concluded that there was no
effect on the strength, modulus or Poisson ratio, but there was a large effect on the fatigue

properties, especially those of the optical fibers*.

Often multiples sensors are used to allow detection of combined loadings, both thermal
and mechanical or combined mechanical. Haslach has presented a mathematical design
for a fiber optic sensor system that utilizes two sensors to detect combined loads”.
Putting the theory into practice can often prove difficult as seen by Sirkis®®. In this work,
several different fiber optic sensors were evaluated at their ability to detect multiple

loadings. Most of the sensors showed errors in detecting states properly.

Application efforts of embedded fiber optic sensors are often aimed at cure monitoring or
damage detection. Fiber optic cure monitoring was achieved by looking at the shift in
signal and intensity drops by one group49. While other cure monitoring efforts have
combined solid freeform fabrication methods and allowed light to pass through the curing
resin to the optical fiber that was connected to a N-IR spectrometer’. By mounting

external and embedded fiber optic EFPI sensors, delaminations were successfully

detected®’. This work used ultrasound as an input to the sensors. Another possible
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approach is to use Raman interference for a stress sensor with direct laser and embedded
optical fibers. This work showed good results for stress measuring but was very difficult
and costly to implement™. A large and comprehensive experimental effort toward the
use of embedded fiber optic sensors to detect damage in composite aircraft wings has

been headed by Measures™ >

. The rules for placing embedded optical fibers to achieve
optimal sensitivity are shown, along with the derivation of the theory. The types of fiber

optic sensing systems used include Fabry-Perot, Michelson strain sensors, and Bragg

grating sensors.

2.3.2 Piezoelectric Sensors

Piezoelectric sensors will respond to changes in stress or strain in the sensor material. A
stress will generate a potential difference across the sensor that can easily be measured
with fairly simple and inexpensive electronics. Piezoelectric sensors usually are thin
sheets of small dimension. These sensors are readily mounted onto surfaces and can be
embedded between laminate layers. When embedded the sensor will basically act as a
delamination to the composite, in the sense of the ultimate strength of the structure, but
the size may be made small enough to minimize the effects on the strength. Wiring of
multiple sensors is still an issue with piezoelectric devices but the electronics equipment

used is generally inexpensive.

The feasibility for using piezoelectric sensors has been modeled at several levels. Rees

used numerical analysis to show the potential of using piezoelectric sensors to monitor

56

crack growth in patched-repaired structures™. Another group spin coated tensile bars
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with a VDF/TrFE blend. This allowed for verification of local strain sensing by
comparison with traditional mechanical testing methods®’. The process of design and
fabrication of a PVF2 stress gauge was shown by Charest™. A more thorough study of
the versatility of embedded PVF2 sensors was demonstrated by Campbell®. In this work

a variety of testing methods were utilized including strain sensing, delamination detection

via pulse-echo techniques, and sensing of low velocity impacts.

There are essentially two major methods for implementation of piezoelectric sensors,
static and dynamic. Static sensors are used to detect impacts or other quasi-static events,
while dynamic sensing is used to monitor vibrations. The two methods differ in the
timescales used for analysis as well as the specifics of what is monitored. They will be

treated separately.

A common application for dynamic sensing is modal analysis. This can lead to some
creative applications as seen in piezoelectric wires®. Both vibrational modes and some
impact testing were performed. This work involved wires coated with piezoelectric zinc
oxide used as embedded sensors, which compared well with surface mounted strain
gauges. Surface mounted PVF2 sensors were used with modal analysis to sense
delaminations in composites®’. The input signal in these experiments was either a PZT
actuator or a hammer. In this sense, the damage event was not detected as it happened
but rather sensed remotely later. In another study utilizing modal analysis and surface

mounted sensors, delaminations were detected using modal analysis®.

Piezoelectric sensors have seen successful use in joint areas to monitor the integrity. By

combining embedded and surface mounted PVF2 sensors, adhesive joints were checked
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for porosity and delamination, using ultrasonic input®. Embedded PVF2 sensors were

also used to measure the peel stress in adhesive joints®*.

2.3.3 PVF2 Sensors

Poly vinylidene fluoride, PVF2, is a polymer with the repeat unit -(CH,-CF,)- that is
formed from the reaction of vinylidene fluoride (CH,CF;). The polymer is semi-
crystalline with a high degree of head-to-tail configuration. While a useful polymer for
many applications due to its UV absorption and chemical resistance® it has become more
famous as a piezoelectric polymer®® ®’. Kawai showed that by stretching a film of PVF2
and subjecting it to an electric field, the film could be made piezoelectric, and was
credited with this discovery in 1969%®. While other polymers exhibit some level of

piezoelectricity® ’°, PVF2 has shown the highest piezoelectric coefficients.

The normal crystalline form for PVF2 when cooled from the melt is the o form, which is
not oriented and has no bulk dipole. The stretching of a film will lengthen the polymer
chains by straightening the carbon backbone. Applying an electric field at the same time
will orient the fluorine and hydrogen molecules along the chain. This process is called
poling and a great deal of research into this process has occurred. This crystal structure
of the polymer is the 3 phase and is piezoelectric. Following Kawai’s discovery of the

piezoelectric properties of PVF2 research began to determine the method of poling that

would produce the highest piezoelectric coefficients. PVF2 was found to have at least
three crystalline phases with the o phase being the most common and non-piezoelectric,

and the piezoelectric B phase resulting from stretching and poling’".
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2 .
70,7273 and include use as both sensors and

The uses for piezoelectric pvf2 films are many
actuators. Of interest here is the sensing of stress or strain. For this application PVF2
sensors are capable of sensing over a large range of frequencies, from near static to
gigahertz. The sensitivity to forces covers the range from fractions of a millipascal to
gigapascals’>. Most manufacturers claim the maximum use temperature of PVF2 films to
be 80°C, but there has been some diminished use up to 130°C’°. The limitations on
temperature are based on the polymer itself, which melts around 170°C. The melting of
the polymer would result in the rearrangement of the polymer chains and the loss of
piezoelectric activity, as the crystalline form resulting from cooling from a melt is the o
phase. An anomaly to this expected behavior was found at 180°C by Eberle, et al’*. In
this work the remnant piezoelectricity was studied as a function of temperature exposure.
A continued loss of polarization was seen with increased temperature but at 180°C there
was a jump in polarization from a few percent of original levels to about 40 percent of
original. The experiments were conducted using a test rig that held the PVF2 films
constrained during the experiment. This constraint may have led to the increase in
remnant polarization. The stretching of the PVF2 films during the poling process
straightens the chains. If these chains were constrained at the ends it would be difficult
for them to melt in the classical sense. Studies of the effects of pressure on the
crystallization of PVF2 were done by Hattori et al””. They found that the melting

temperature of the beta phase was over 200°C, and at a pressure of 300 MPa the melting

temperature was nearly 300°C.
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The piezoelectric strain coefficient, d, was seen to increase with increased temperature up
to 80°C’®, or up to 100°C for heat-treated films”. Through the use of profilometry a
larger increase was seen in films’’, but the results were questionable above 65°C. The
films in this study were not properly constrained and some bubbling beneath the films
most likely led to the large increases in deformation and correspondingly high
piezoelectric coefficients. The effect of time and temperature on PVF2 films was
investigated’”’. The piezoelectric coefficients were seen to diminish only a few percent
over hundreds of days at temperatures below 50 °C, with about 60% of original levels for
films held the same time at 90°C. The decay time to relatively constant coefficient values

was less than one day.

Finite element models of PVF2 thermal interactions suggest that the thermal strain effect
is minimal”®. The effects of hydrostatic pressure were also studied”” along with the

effects of pressure cycling. Small changes were seen for very large changes in pressure.
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3. EXPERIMENTAL PROCEDURE

The experiments described herein are separated into two sections, one dealing with
metal-ceramic composites and the other dealing with embedded sensors. The metal-
ceramic composites section deals with the solid freeform fabrication (SFF) of alumina
ceramic preforms and subsequent infiltration with aluminum metal, followed by
mechanical testing. The embedded sensor section deals with the embedding of
piezoelectric polymer sensors into a variety of polymer based composite materials for the

purposes of cure monitoring and damage detection.

3.1 Metal-Ceramic Composites

Metal-ceramic monolithic composites were made by a sequetial process. First an
alumina-ceramic preform was fabricated by a solid freeform fabrication route with a
graded structure. This preform was fired to densify and subsequently infiltrated with

molten aluminum-metal to create a graded composite.

3.1.1 SFF Alumina

An extrusion based SFF method called Robocasting was used to deposit aqueous slurry
of ceramic in a controlled fashion to build a three-dimensional structure. The technique
required a balance of materials performance in both the slurry and processing detailed

below.
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3.1.1.1 Materials and Methods

This section details the materials and methods used herein for successful Robocasting of

alumina-ceramic.

3.1.1.1.1 Slurry Batching

Alumina slurries were made with A-15 supergrind alumina powder (Alcoa Alumina and
Chemicals, Bauxite, AR), citric acid, Darvan 821A dispersant (RT Vanderbilt, Bethel,
CT) and de-ionized water. Slurries were batched to 60 volume percent alumina, 0.15
weight percent Darvan 821A, and 0.05 weight percent citric acid, with the balance being
deionized water. Alumina milling media were added and the batch ball milled for 10
days. At this stage the slurries were very fluid and could be poured easily. To attain the
desired pseudoplastic rheology, these slurries had to be thickened. This was
accomplished by adding a small amount of aluminum nitrate to poison some of the

dispersant, causing the slurry to attain a pseudoplastic state.

3.1.1.1.2 Robocasting

Robocasting was performed with machines built at Sandia National Laboratories,
Albuquerque, New Mexico. They consist of robotically controlled x-y table, and a z-axis
with a syringe mount, shown schematically in Figure 3.1. The syringe extrudes the slurry
through a small dispensing tip at a controlled rate, while the x-y table is moved below the
tip in any pattern desired. Since robocasting relies only on drying for the transition from

pseudoplastic to dilatent mass, it was found that drying was a critical issue for building
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parts. Parts built on Mylar substrates tended to warp during drying. It was found that the
ideal substrate for warp-free parts was wet plaster. The plaster appears to help balance

the drying from both the top and bottom of the part, yielding very flat parts.

Robocasting essentially requires that the part have no overhangs, as the depositing slurry
needs support. It has been shown that a 30° outward taper can be built. An interesting
case arises when there are small gaps to be built across. As extruded from the syringe, a
fluid bead of slurry is deposited onto the substrate, if there is no direct support for the
bead to deposit on the rheology and drying become more critical to the behavior of the
deposited bead. The bead of slurry can either slump down to fill the gap if it is fluid
enough, or bridge across and span the gap if it is thicker or rapidly drying, or something
in between these two extremes. These two extremes are shown schematically in Figure
3.2. It should be appreciated that the slumping or bridging behavior is also a function of

length of the gap to be spanned.

Robocasting usually uses a raster pattern to fill space when making solid parts, as starting
and stopping the flow from the syringe is difficult due to the elasticity of the system. For
a simple rectangular box shape there are essentially three ways to build the part using
orthogonal raster patterns. The raster pattern within any single layer is not changed, but
the pattern for individual layers may change from layer to layer. This results in build
paths that will be referred to as lengthwise when the raster paths follow the longer
dimension of the layer, widthwise when the raster paths follow along the shorter

dimension of the layer, and cross-hatch which consists of alternating layers of rastering
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along the longer and shorter dimensions, and are shown in Figure 3.3. A square part

would have no difference between the lengthwise and widthwise build paths.

3.1.1.1.3 Firing

Robocast alumina parts were allowed to air-dry overnight, noting that the humidity in
New Mexico tends to be below thirty percent. Parts were then bisque fired at 1050°C for

2 hours. Sintering was done at 1650°C for two hours, yielding 96% theoretical density.

3.1.1.2 Mechanical Properties

Robocast alumina bars made by all three building schemes were sent to Chand Kare
Technical Ceramics (Worcester, MA) for machining into bars for mechanical testing.
Four-point bend testing was used, following MIL-STD 1942b specifications. A surface
finish is not specified in the standard, and for this work the bars were machined using a
surface grinder with a 300-grit wheel. This yielded parts 3 mm in thickness, 4 mm in
width, and 50 mm in length. The build paths and machining orientations allowed for 4
different types of test, shown schematically in Figure 3.4, with the beads of the build path
being represented as rods. During machining, the original orientation of the part was
tracked, so that it was known which surface was closest to the plaster substrate used
during robocasting. Samples were tested with each surface, closest to plaster and furthest
from plaster, in tension to look for effects of the layerwise build process. The bend bars
were tested on an Instron (Canton, MA) model 5565 machine, with a 4-point bend fixture
and a crosshead speed of 0.5 mm/min. The inner span was 20 mm and the outer span 40

mm.
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3.1.2 SFF Aluminum-Alumina Composites

This section details the combination of SFF of a ceramic preform and subsequent

infiltration with metal.

3.1.2.1 Robocast Alumina Preforms

To create a graded ceramic to metal part a ceramic preform was made via robocasting
and subsequently infiltrate with metal. The design was a graded structure that was solid
ceramic at the base with gradually increasing porosity through the height. Since the
preform would be infiltrated with molten metal, it was also necessary to build a
containment wall around the edge of the preform. This graded geometry was created by
building ceramic layers with an alternating lengthwise and widthwise raster pattern and
increase the spacing between lines layer by layer, from overlapping to widely spaced.
Figure 3.5 shows a schematic of the layer-wise build paths and their ordering. As these
parts were built with slurry rheology that promoted some slumping, Figure 3.6 shows the
four levels of porosity created with this pattern. The resulting fired dimensions were 70
mm length by 12 mm width. A structure that resembles an egg crate was the result. The

build parameters used for robocasting of the alumina preforms are shown in Table 3.1.
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Table 3.1 Robocasting parameters for building graded alumina preform structures.

Table speed 10 |mm/sec
Table temperature 40 [°C
Dispensing Tip OD 1.27 |mm
Dispensing Rate 10.16 |mm®/sec

3.1.2.2 Metal Infiltration

To facilitate wetting of the aluminum to the alumina, a cleaning and coating process was
used on the alumina. The process involved three steps: solvent washing, ozone cleaning
and sputter coating of a metal layer to enhance wetting. The solvent washing consisted of
a 15-minute ultrasonic bath in tetrachloroethylene (TCE), followed by a 15-minute
ultrasonic bath in acetone, followed by a 15-minute ultrasonic bath in ethanol. Following
the washing cycle the part was air-dried. The second cleaning step was 30 minutes in an
UV ozone oven. The sputtering of titanium was performed at ambient temperature at a

rate of roughly 1000 A/min, to the desired thickness.

3.1.2.2.1 Metal-Ceramic Wetting

A wetting angle study was performed to identify the necessary steps in wetting aluminum
to alumina. Alumina substrates from CoorsTek Ceramics, Inc. (Golden, CO) were used
for the alumina, and high purity aluminum rod was used for the aluminum. The
condition of the alumina substrates was varied, while the aluminum was cut to shape and
cleaned with an acetone ultrasonic bath followed by an ethanol ultrasonic bath. The

surface state of the ceramic substrate used was varied: as received, after solvent washing,
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after ozone cleaning, and after sputter coating a 2000 A layer of titanium onto the

alumina substrate, representing each step in the substrate preparation sequence.

A small piece of aluminum was placed in the middle of the prepared alumina substrate
and placed in a vacuum tube furnace. The furnace atmosphere was controlled as rough
vacuum, high vacuum, or gettered argon, with high vacuum providing the best resuits. A
telegoniometer allowed for measurements of the contact angle during the experiment.
The furnace was heated to 1050°C at a ramp of 20°C/min, then ramped at 10°C/min to
1100°C and held for 30 minutes. Contact angles were measured every 20°C during

heating and every minute during the isothermal hold.

3.1.2.2.2 Metal Infiltration

The results of the wetting angle study were used to guide the infiltration of the alumina
egg crate preforms. The alumina preforms were prepared for infiltration by chemical and
ozone cleaning as described above, followed by a 6000 A coating of titanium. A block of
1100 aluminum alloy was cut to fit within the alumina egg crate structure, of a size to
assure ample material for infiltration, and chemically cleaned as described above. This
block of metal was placed in the alumina preform as it was loaded into the tube furnace.
Infiltration was performed at 1100°C in an atmosphere of high vacuum for 10 minutes.

The cooling rate was 20°C/min.

3.1.2.3 Mechanical Testing

As aresult of infiltration with an excess of metal, the infiltrated alumina egg crates had a

dome of metal above the containment wall. It was necessary to machine away this metal
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to create a test bar for mechanical testing. The metal was removed with a surface grinder
until the alumina containment wall had been reached and a flat surface was obtained.

The ceramic surface was not machined.

These metal-ceramic composites were then tested in four-point bend. An Instron model
5565 mechanical test machine was used with a 5 kN load cell. A four-point bend fixture
was used with the lower span 40 mm and the upper span 20 mm. Tests were conducted
with a crosshead speed of 0.5 mm/min using Merlin software, recording the load and
deflection over time. The tests were continued until the deflection was above 1.5 mm,
but below the point where the samples threatened to contact the bend fixture. Samples
were tested with either the metal surface in tension and the ceramic surface in tension, by

placing the appropriate side facing down for the test.

3.2 Computer Modeling

OOF is a finite element solver developed by the Center for Theoretical and
Computational Materials Science of the National Institute of Standards and Technology
(Gaithersburg, MD) and available to the public. It is a two-dimensional finite element
code that resolves out of plane effects using the conditions of either plane stress or plane
strain. Models are input as images and thus may be photographs of grain structures or
drawings. Once the image is input, properties for each region or material in the image are
chosen (including orientation for anisotropic materials), and the choice of plane stress or

plane strain is made, along with the dimensions of the image. A mesh size is chosen or
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the code will attempt an adaptive mesh. The model may then be run applying thermal or

mechanical loadings to various points in the mesh.

For the computer modeling of the metal-ceramic graded composite several cross-sections
representing different compositions and morphologies of grading were considered.
Idealized cross-sections taken along the length of the graded composite were used. These
are shown in Figure 3.7, along with a photograph of a robocast ceramic preform with the
cross-sections labeled for clarity. The first row, labeled ‘Low,’ represents a cross-section
from the lowest ceramic content, 22.86 percent, portion of the composite. The second
row, labeled ‘Med,’ represents the middle level of ceramic content, 37.14 percent, and the
third row, labeled ‘Hi,” a higher level of ceramic content, 51.43 percent. The fourth row,
labeled ‘Edge,’ represents a cross-section taken at the edge of the sample where the raster
paths are changing direction, the highest level of ceramic content, 61.43 percent. This
cross-section can be better understood by looking at the even numbered build layers in
Figure 3.5, where at the edge of the sample there is material deposited along the length of
the sample. The first column shows the grading that would result from perfect bridging
of the ceramic beads during freeform fabrication. The second column shows the grading
that would result from perfect slumping of the ceramic beads during freeform fabrication.
The third column has an abrupt metal-ceramic interface with the same ratio of ceramic to
metal as those in the same row, providing a measure of the benefits of grading the

interface.
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3.2.1 Verification Models

To verify the finite element code, problems readily solvable analytically were run. For
thermal loading, a bi-material strip model was run for the alumina-aluminum case.
Thermal load was from cooling over a temperature range up to 600°C, roughly the
difference between the solidus of aluminum (630°C) and room temperature. The
thicknesses of the two constituents were varied and resulting stresses compared to
theoretical solutions. For mechanical models, 4-point bend of a single material beam was

modeled and compared with analytical solutions.

3.2.2 OOF Thermal Models

OOF thermal models were run to examine the residual stresses present due to the metal
infiltration route. When the metal infiltration takes place, the molten metal solidifies and
begins to contract at a higher rate than the ceramic due to higher thermal expansion. The
sintered ceramic will contract thermally at a much lower rate than the metal. This
thermal expansion mismatch results in residual thermal stresses in the composite part.
These models were run on the various cross-sections of the graded composite structure

(Figure 3.7), with temperature changes up to 600°C cooling.

3.2.3 OOF Mechanical Models

OOF mechanical models were run to examine the stresses induce by 4-point bend tests.
These models were run on the various cross-sections of the graded composite structure

(Figure 3.8). Four-point loading was modeled for both the cases of interest for this



54

graded structure, ceramic surface in tension and metal surface in tension, shown in Figure
3.8. The OOF mechanical models were run for both cases of ceramic in tension and
metal in tension. For simplicity, the geometry of the model was not changed, the loads
were applied in an opposite fashion for each case. The load for these models was 100 N,
which could be easily scaled to other values of interest, due to the linear nature of the

elastic model.

3.3 PVF2 Sensors

PFV2 sensors were provided by Kureha Chemical Industry Co., Ltd. of Japan, which
markets the films under the trade name KF Piezo film. The films were poled and
electroded on both sides with nickel. The films came in 10 cm by 10 cm sheets, 30 pm in

thickness. Typical film properties are shown in Table 3.2.

Table 3.2 Properties of Kureha KF Piezo Film.

Property Symbol | Value Units
Thickness r 30 pm
Piezoelectric Strain Constant ds; 20-30 pm/V

ds; 4t05

ds;z 25-35
Permittivity £ 106 pF/m
Capacitance C 379 pF/cm’
Density 0 1.78 g/em’
Young's Modulus Y 2 GPa
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3.3.1 Sensor Size and Shape

PVF2 sensors are anisotropic and hence some control over orientation was necessary.
PVF2 is made piezoelectric by a process of stretching and poling of the polymer film.
The piezoelectric constants are different in the different directions and require notation to

keep track of them. The directionality and notations are shown in Figure 3.9.

Sensors were cut to shape from the received films with a scalpel and straight edge. The
sensor shape chosen was for ease of fabrication as well as ease in identifying film
orientation. A sensor area of 1 cm® was chosen arbitrarily as easy to handle and would
most likely represent the largest size of interest. A small area was added to this shape for
alignment and to allow for lead wire attachment. The sensor design is shown in Figure

3.10.

3.3.2 Signal Acquisition

To obtain a signal from a PVF2 sensor, it is necessary to attach lead wires to the
electroded surfaces of the film, and run the lead wires out of the composite structure the
sensor is embedded in. Copper lead wire 0.11 mm in diameter was used. Lead wires
were cut to a convenient length, 5-10 cm, and attached to the films prior to embedding

and subsequently connected to an oscilloscope for measurements.

3.3.2.1 Lead Wire Attachment

Lead wires were attached to the PVF2 sensors by one of three routes: copper tape,

conducting epoxy, and a colloidal silver suspension. The copper tape was from 3M
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(Minneapolis, MN), product number 1181, and consisted of a one-ounce dead soft copper
foil with a conductive adhesive on one side. The thickness of the copper was 0.04 mm,
and width 6.35 mm. The lead wire was placed between the adhesive layer and the sensor
electrode. Two conducting epoxies were used, from Master Bond, Inc. (Hackensack,
NJ), both having high nickel content to yield conductivity. The first was EP76M, a two-
part epoxy that would cure at room temperature. The lead wire was placed on the sensor
electrode and a small amount of conducting epoxy placed onto it. This was allowed to
cure overnight before placing between the prepreg sheets. The second conductive epoxy
was Supreme 10HTN, which is a one-part epoxy that cures at 120°C. When using this
epoxy it was necessary to place the sensor, lead wires and epoxy into the prepreg
laminates while the epoxy was uncured. Curing of the epoxy would then occur along
with the cure of the cyanate ester resin. The colloidal silver suspension was simply
colloidal silver in a solvent. For attachment the lead wire was placed onto the sensor

electrode and a drop of the silver placed onto it and allowed to dry.

The lead wires were attached to the oscilloscope with smooth jawed, copper alligator
clips. The copper clips were then attached to the alligator clips at the ends of the
oscilloscope cable. This cable provides known impedance and is a calibrated part of the
oscilloscope’s measurement system. The polarity of the sensors was adjusted by
inverting the oscilloscope output when necessary. This was done so that an impact event

would result in a signal with negative voltage.
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3.3.2.2 Oscilloscopes

The oscilloscope used in most all experiments was a Tektronix (Beaverton, OR) model
2200. The oscilloscope was used in trigger mode with a 50% pre-trigger sweep. The
only data output on this model is the ability to print an image of the screen to a plotter.
Data was output from the oscilloscope by freezing the signal image on screen, and
sending the plotter file of the screen image to a serial port on a computer. The plotter file

was then converted from HPGL format to ASCII x-y data, using appropriate scaling.

For the impact testing of the composite sandwich structures a Tektronix TDS 320 digital
oscilloscope was used. The TDS 320 has a bandwidth of 100 MHz and is capable of up
to 500 Msamples/sec. This model has GPIB output, which was used in conjunction with

LabView software to capture the signals from the PVF2 sensor.

3.3.3 PVF2 Sensor Characterization

Before using the PVF2 sensors in an embedded process, the films were first tested to
validate their piezoelectric constants. Of interest for our proposed sensor use was the di3
constant as this represented the direction of planned impact testing. This constant was
compared to the specifications provided by Kureha in both the direct and indirect

methods.

3.3.3.1 Measurement of d3; via Direct Method

To measure the piezoelectric ds; constant by the direct method a weight was placed on

the sensor and then rapidly removed. When the weight was removed, the signal from the
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sensor was recorded. To allow for more accurate measurements a weight removal stand
was constructed and is shown in Figure 3.11. The stand consisted of a weight holding
plate and a rod to transfer that load to a 1.382 mm diameter tip, which sits atop the

sensor. The results for the weight removal experiments are shown in Table 3.3.

Table 3.3 Piezoelectric d3; constant as measured by weight removal.

Capacitance (pF) Force (N) | dVscope (mV) |ds; avg (pC/N) |St. Dev.

1.00 9.34 78 17 1.60
1.56 9.34 54 20 2.30
2.29 9.34 26 18 221

It is seen that the value for the ds; constant varies with the capacitance used in the circuit,
but is roughly 20 pC/N. This value was lower than the 25-30 pC/N specified by the
manufacturer, but within the normal range for PVF2. The weight removal expertment
was very time dependent. Due to the losses from the sensor, if the weight was removed
slowly, there was very little signal. If removed very slowly there was no signal at all.
The weight was removed by hand as fast as possible, by way of a pulley system, but still

not the instantaneous time scale desired.

3.3.3.2 Measurement of dj3; via Indirect Method

To measure the piezoelectric d3; constant by the indirect method, a voltage was applied
and the deflection of the sensor measured. To measure the small displacements an
optical lever was used. The MTI-2000 Fotonic Sensor and 2032RX High Resolution

Module, manufactured by Mechanical Technology, Inc. (Albany, NY), was used. This is
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a modular system, consisting of a base unit (MTI-2000), which holds the electronics for
analysis and communication, and removable fiber optic probe modules. This device had
a resolution of 2.5 angstroms with the setup used. The results for the indirect testing are

summarized in Table 3.4.
The dj3; constant can be determined from the relation:

Equation 3.1

_ Strain Developed Along Axis3 _m/m _m
*  Field Applied Along Axis3  V/m V

Table 3.4 Piezoelectric d33 constant as measured by electric impulse.

Spot#3 Spot #2
Voltage(V) 30 40 30 40 50
Signal Average (mV) 1.6 2.1 1.3 1.9 2.0
Signal St. Dev. (mV) 0.2 0.3 0.1 0.1 0.4
ds; (pm/V) 29 28 24 25 22
Error (pm/V) 1 1 1 1 2

These d3; values were within the range of 25-30 pC/N specified by the manufacturer.
This method was more controlled, as there was no issue of how rapid the weight removal
was. The PVF2 sensors were found to have a ds; piezoelectric constant very close to that

specified by the manufacturer, 30 pm/V.
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3.4 Embedding PVF2 Sensors

Piezoelectric polymer sensors were embedded within several different composite
systems. Detailed here are the high curing temperature cyanate ester system, a lower
temperature fiber composite prepreg system used to create sandwich composites,

embedding in a neat resin, and embedding during extrusion SFF of epoxy.

3.4.1 Cyanate Ester Resin System

The cyanate ester resin prepreg was manufactured by BASF (Mount Olive, NJ) with the
title of experimental product 5575-2, and provided by Lockheed, Inc (Palmdale, CA).
The prepreg consisted of woven glass fibers and 35% cyanate ester resin by weight. The
prepreg was stored in a freezer to inhibit the curing reaction, and cut to desired shape
with a razor blade knife. For most tests the prepreg was cut into 2.54 cm by 15.24 cm
strips. PVF2 sensors were embedded by placing a cut sensor, with lead wires attached,
between two strips of prepreg and curing. Aluminum foil was used around the prepreg to

allow for easy release after curing.

Curing of the cyanate ester prepreg was accomplished by oven cure. Stacks of prepreg,
sensors, and aluminum foil were placed under a stack of aluminum blocks to provide
constraint during the cure. The whole assembly was placed into a convection oven and
cured at 177°C for two hours. The oven was allowed to cool below 60°C before

removing the cured composite laminate.
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3.4.1.1 Step Loadings Post Cure

The cured cyanate ester resin test coupons with embedded PVF2 sensors were subjected
to a series of step loads. The composite coupons were clamped to an aluminum block
with the embedded sensor area exposed. A small weight was placed on the composite
over the sensor with oscilloscope connected. The weight was removed rapidly and the
sensor response captured. This was repeated using 50, 100 and 200-gram weights.
Cyanate ester resin test coupons, with embedded PVF2 sensors, cured at 187°C for two

hours were also tested in this manner.

3.4.1.2 Impacting During Cure

To impact the cyanate ester composite coupon with embedded PVF2 sensor during the
cure required a different approach. For proper curing the composite assembly needed to
be constrained by the aluminum blocks that provide pressure for adhesion as well as
ensuring flatness. Therefore, the impact could not be directly on the composite located
over the sensor area, but rather atop the stack of blocks that provide the constraint during
the cure. A metal rod was used for this purpose and was dropped from a constant height
onto the stack of aluminum blocks constraining the curing composite assembly. The
magnitude of the impact was not measured but was held constant, and was large enough

to provide a good signal from the sensor.
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3.4.1.3 Impacting Post Cure

The cured cyanate ester resin test coupons with embedded PVF2 sensors were subjected
to low velocity impact testing. The dropped-weight impact test apparatus (shown in
Figure 3.12 and described in section 3.4.2.1) was still under construction during these
preliminary tests. Test fixtures for holding composite samples were not completed, so
the composite coupons were placed on a block of wood with no other constraints. Wood
was used to protect the impact head from contacting a rigid, hard surface. The goal of
these impact tests was to see if the embedded sensor would respond to impacts on the

same time scale as the impact event, so the lack of proper constraint was not important.

3.42 Composite Sandwich Structures with Embedded PVF2 Sensors

Composite sandwich structures were fabricated using two different core materials, a
facesheet prepreg system, and PVF2 sensors. The facesheet was LTM45EL/CF0111, a
carbon fiber 4x4-twill pre impregnated fabric manufactured by the Advanced Composites
Group, Inc. (Tulsa, OK). The two core materials were foam and honeycomb. Rohacell’s
(Rohm, GmbH, Darmstadt, Germany) polymethacrylimide foam core was used, with a
density of 0.05 g/cm”® and a thickness of 1.27 cm and Hexcel’s (Pleasanton, CA) HRH-10
honeycomb core with 1/8 inch diameter cells was used, with nearly the same density and

the same thickness, 1.27 cm.

The layup for the sandwich core structures is shown in Figure 3.13. The outer layers, or
facesheet, consisted of three layers of prepreg, with 0°/90°/0° orientation. The facesheets

surround the core material, either foam or honeycomb. Due to the facesheet being
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conductive, the embedded PVF2 sensors had to be insulated. The lead wires were
covered with a polymer sheath, 0.48 mm diameter, to prevent shorting. The PVF2
sensors were covered on one side with Kapton tape (DuPont High Performance Films,
Circleville, OH) to prevent contact of the electroded surface with the conductive
facesheet. The PVF2 sensors were placed between the facesheet and the core during the
assembly, with the lead wires run out between the facesheet and core. Panels were made
17 cm by 25 cm, containing 6 embedded PVF2 sensors located at the centers of 7.62 cm
by 7.62 cm squares. The panels were cut into 7.62 cm by 7.62 cm test coupons with a

diamond-coated saw.

Vacuum bag curing was used for fabrication of composite sandwich structures. The
sandwich layup assembly was placed onto an aluminum plate, over that was placed a bag.
This assembly was placed into an oven, vacuum applied to the bag and curing
accomplished with heat. The cure cycle for the facesheet prepreg, and hence the

composite sandwich system, was 80°C for 10 hours.

3.4.2.1 Impact Testing

The sandwich composite test coupons were subjected to low velocity impact tests by way
of a dropped weight. The dropped-weight impact test apparatus is shown in Figure 3.12.
This device was built by the mechanical engineering department at the University of
Arizona and is identical to one at the NASA Langley Research Center, Hampton, VA.
The device consists of an instrumented drop weight that records the force as a function of

time. The mass of the impactor and the drop height are variable, providing a large range
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of impact energies. The aim of this work was to look at damage ranging from barely
visible impact damage (BVID) to facesheet penetration, with the goal of being able to
sense BVID with the embedded sensors. The tip of the impactor was a one-inch diameter
sphere. There is a catching device that will catch the impact mass after the initial impact
to avoid additional impacts. The force transducer in the drop weight was connected
through National Instruments (Austin, TX) hardware. The whole setup was controlled
and data recorded with LabView software (National Instruments). The test panels are
clamped into a fixture that supports them along the perimeter of the square sample

coupon.

3.4.3 Cure Monitoring of EPON 828

PVF2 sensors were embedded in Epon 828 epoxy resin, manufactured by Shell Chemical
(Houston, TX), using sheets of polycarbonate to provide structure. This is shown in
Figure 3.14, with squares of window screen, nominal thickness of 0.75 mm, used to
provide a constant thickness of epoxy. A 6.35 mm thick polycarbonate sheet was cut into
strips 2.54 cm by 15.24 cm. Squares were cut from a window screen 2.54 cm by 5.08
cm, and placed at the ends of the polycarbonate strips. A drop of epoxy was placed in the
center of the strip of polycarbonate, the sensor placed on the epoxy, then an excess of
epoxy was poured over the entire strip of polycarbonate. The top piece of polycarbonate
was then placed over this. This assembly was then clamped forcing the excess epoxy to

flow out from the edges.
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3.4.3.1 Impacting During Cure

The epoxy-polycarbonate composite structure was impacted during the cure. The rod
drop impact device is shown in Figure 3.15, and consists of a dowel impact rod and guide
channel. The rod was dropped from a specific height and the sensor response recorded.

This was repeated every 5 minutes during the 2-hour room temperature cure.

3.4.4 SFF with Embedded PVF2 Sensors

To enable use in a solid freeform fabrication route, Epon 828 epoxy was loaded with a
filler to provide the proper rheology for extrusion through a small syringe tip. Aerosil
R805 fumed silica from Degussa, Inc. was used. This powder is roughly 12 nm in size,
with a surface area of about 150 m%g. It was determined that a 10% addition of fumed
silica by weight, would yield an epoxy suitable for freeform fabrication. The epoxy and
curing agent, Jeffamine from Huntsman Performance Chemicals (Houston, TX), were
mixed together by hand, then the fumed silica was added. This was mixed and then de-
aired in a vacuum chamber to reduce the amount of trapped air in the thickened epoxy

mixture.

The epoxy mixture was loaded into a disposable syringe and mounted on an Asymtek
(Carlsbad, CA) gantry system equipped with a stepper motor to actuate the syringe
plunger. A computer program would then move the syringe in a raster pattern while
dispensing epoxy from the syringe at a controlled rate. A rectangular bar, 60 mm by 15
mm by 6 mm height, was made layer by layer in this fashion. After 4 layers of the 8

layer build process, a PVF2 sensor was placed on the surface at the middle of the bar and
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building continued. This resulted in an embedded PVF2 sensor within a filled epoxy
resin. Once completed the part was allowed to partially cure at room temperature

overnight. This provided sufficient rigidity in the epoxy to sustain impacting with a rod.

3.4.4.1 Impact Response Through Glass Transition Temperature

After the initial room temperature cure, the freeformed epoxy samples were placed in the
rod drop test rig described before (Figure 3.15) and placed in a convection oven. The
impact rod extended through a hole in the top of the oven, along with the sensor lead
wires, allowing for impact testing at elevated temperatures. The samples were impacted
every 20°C during heating to 120°C. The oven was held at 120°C for 2 hours and then

cooled, with the samples impacted every 20°C during cooling.
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Syringe

x-y table

Figure 3.1: Diagram of Robocaster, developed at Sandia National Laboratories, NM.
Highly loaded ceramic slurries are dispensed from a syringe in a controlled pattern,
building a three-dimensional part in a layerwise process. Computer controls motion of x-
y table as well as syringe height and dispensing rate. Drawing courtesy Dr. Bruce H.
King.
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Figure 3.2: Idealized build paths showing bridging (upper) and slumping (lower) of a
depositing bead building over a gap in previously deposited layers.
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Figure 3.3: Schematic of different robocasting build paths. At the top is the lengthwise
path that consists of rasters along the length of the bar only. The middle shows the
widthwise path which consists of rasters along the width of the bar only. The bottom is
the crosshatch path that consists of alternating lengthwise and widthwise paths.
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Figure 3.4: Schematic of 4-point bend test orientations of the various build paths. Rods
show pins of test fixture, dots show bead orientation within layers. The lengthwise build
paths were broken so that the fracture was across the beads. The widthwise build paths
were broken so that fracture was between the beads (or at least in that direction). The
cross-hatch build paths bars were broken in two different orientations, one where the
fracture path alternated between across the beads and between the beads, and one where
fracture would occur between the beads along the build direction (labeled transverse).
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Figure 3.5: Layerwise build paths for the graded egg crate structure. Part was built with
layers in numerical order after building two solid layers as a base.
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Top of part

Base of part

Figure 3.6: The 4 levels of porosity for graded structure, as seen from top of part. This
porosity results from the alternating raster paths from the previous figure. Top of
structure is at top of figure.
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Figure 3.7: Cross-sectional drawings used for OOF finite element modeling (top) along
with a top view of a representative ceramic preform showing the slumping case. The
cross-sections here are taken through the lowest level of ceramic (23%, low), the middle
level of ceramic (37%, med) and the highest level of ceramic (51%, hi). Additionally the
edge of the raster overlaps was included (61%, edge).
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Figure 3.8: OOF finite element model for 4-point bend test. Loading conditions are
shown for the ceramic and metal surface in tension, boundary condition of a mirror plane
at the right edge.

3
Axis Notation
2
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direction

I Poling

dl [

Film stretch direction g

Figure 3.9: Piezoelectric axes notation, shown relative to film processing. 1 designates
the film stretch direction, 2 the transverse direction, and 3 the thickness and poling

direction.
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stretch
direction

lead wires

A\ 4

Figure 3.10: PVF2 sensor geometry, top and bottom surfaces shown. Lead wire
attachment area acts as film orientation marker.

Weight sits here

PVF2 Sensor

Figure 3.11: Piezoelectric direct effect weight stand. Weights placed on top platen, load
is transferred to small radius contacting piezoelectric film.
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Figure 3.12: Dropped-weight impact test apparatus. Weight can be dropped from
controlled height onto sample clamped to table below. Latching mechanism catches the
impact mass on the first bounce, preventing multiple impacts. Drawing courtesy Dr.
Todd Anderson.
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Figure 3.13: Schematic of sandwich composite layup with embedded sensor. Sensor is
placed between facesheet and core. Lead wires run out to edge of panel between
facesheet and core.
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Screen Epoxy Resin
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Side view

Figure 3.14: Schematic of PVF2 sensor embedded within Epon 828 epoxy resin,
showing top view (above) and side view (below). Lexan polycarbonate sheets provide
stability and window screen provides a constant thickness of epoxy resin.
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Guides Dowel rod

Embedded sensor

Composite

Figure 3.15: Schematic of rod drop impact test rig, clamps holding composite in place
not shown. Rod is dropped from a controlled height and impacts composite directly over
embedded sensor.
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4. EXPERIMENTAL RESULTS

This work was performed to examine the potential to add toughness or strength to a
brittle material (ceramic) by adding a ductile material (metal). Two separate areas were
examined, graded structures to determine enhancement and embedded sensors to examine
the potential for improved design of composite structures. The graded structures were
metal-ceramic composites, with the performance of the composite compared with that of
a pure ceramic. For embedded sensors the focus was to explore the issues of what is
sensed relative to the material properties of the sensor and the matrix it is embedded in,
and to explore this by using the sensor for cure monitoring or damage detection.
Computer modeling with finite element code was used to enhance the understanding of

the internal stress states for both the metal-ceramic systems and embedded sensors.

4.1 Metal-Ceramic Composites

One route to formation of a metal-ceramic composite is to form the ceramic then infiltrate
the structure with metal. The use of solid freeform fabrication for the ceramic allows for
ease of designing and building complex structures, in this case controlled macro-porosity.
Ceramic preforms were fabricated by an extrusion solid freeform fabrication route called
Robocasting, a technique developed at Sandia National Laboratories in New Mexico, and
subsequently infiltrated with metal to yield a metal-ceramic graded structure. The
resulting mechanical properties of these structures were compared with ceramic
monoliths. A study of the internal stresses from both processing and grading morphology

was performed.
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4.1.1 SFF Alumina

Robocasting is a solid freeform fabrication route developed at Sandia National
Laboratories, Albuquerque, NM. The process involves the controlled deposition of
highly loaded aqueous ceramic slurries. As the slurry is dispensed from a syringe onto a
moving platform a bead of material is formed on the substrate or material being built
upon. This bead is dispensed down in a controlled path to yield a thin layer of any
desired shape. A second layer is then deposited atop the first layer, which can be the
same shape or different. This process is continued to build a three-dimensional part layer
by layer. This tool was used to create tailored metal-ceramic composite structures. The
formation of alumina ceramic parts was studied to get a measurement of the bulk

properties from the robocasting method.

4.1.1.1 Mechanical Properties

Bend bars for 4-point mechanical testing were made by robocasting with several different
build paths (Figure 3.3) and test orientations (Figure 3.4), to determine if there were
artifacts of the deposition route inherent in the final part, with a minimum of ten samples
for any build path. For comparison bars were also made from the same ceramic powder
by more traditional ceramic processing routes, with eight samples tested for each of the
pressing routes and 47 samples for the slip cast process. All of the processing routes
resulted in very dense (>96%) sintered alumina, as determined by Archimedes density
measurements. The robocast bars showed no evidence of porosity between the deposited

beads. The strengths of the robocast alumina are shown for the various build paths, and
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for the alternate processing routes in Figure 4.1, with some individual test curves shown
in Figure 4.2. It can be seen that the strength of the lengthwise build pattern has strengths
comparable to slip casting. The fracture in this case occurred perpendicular to the
individual beads of the build process. The widthwise build path had fracture occurring
parallel to the individual beads of the build process. The lower strength for this route
suggested that the fracture path was between individual beads so that even though there
was no porosity between the beads their mechanical strength was anisotropic. The cross-
hatch build path had alternating length and width build layers, so fracture would alternate
between perpendicular and parallel to the beads. That the cross-hatch build path has a
strength between the widthwise and lengthwise was not surprising as the strength of a
ceramic is very much a function of its weakest point. The transverse build path had
fracture occurring both across and parallel to the beads. This build path showed the
lowest strengths, again implying that there was some weakness between the beads, and in

this orientation this flaw would run across the entire thickness during the test.

To explain the differences in strengths, the fracture surfaces of the different build paths
were examined. Micrographs are shown in Figure 4.3. It was seen that the lengthwise
build path failed with a relatively featureless fracture surface. The widthwise and cross-
hatch build paths showed artifacts of the layerwise build process in their fracture
surfaces. The preferential fracture paths suggested that the strength across the beads was
higher than that along or between the beads. To examine this more closely, Figure 4.4
shows higher magnification of the fracture surface of a transverse build path. It can be

seen that the fracture path runs along individual beads, which in this case run through the
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bend bar in the fracture direction, accounting for the lower strength. Fracture strengths of
ceramics are very dependent on the maximum flaw size within the test span®. That the
fracture follows along the edge of individual beads proves that the material is weaker in

this area.

The overall strength of robocast alumina was comparable to more traditional ceramic
processing routes. The difference in strength with build path was only about 20%, which

is notable but not so large as to cause significant problems.

4.1.2 SFF Alumina-Aluminum Composites

Metal-ceramic composite structures were formed by robocasting alumina ceramic
preforms and subsequently infiltrated with metal. A grading on a macroscopic scale was
used in the ceramic preform that would yield a change from pure ceramic to pure metal
over a distance of about 7 mm. Once the ceramic was fired molten aluminum metal was
infiltrated into the preform creating a metal-ceramic composite upon cooling. The

mechanical properties of the metal-ceramic composite were examined.

4.1.2.1 Robocast Alumina Preforms

The robocast alumina preforms provided a graded porosity for subsequent metal
infiltration. The levels of grading can be seen in Figure 4.5, and as the structure
resembled an egg crate it will sometimes be referred to as such. The build path provides
different levels of porosity, with a small mesh at the base opening up to a larger mesh
during the build. The layerwise fabrication formed ridges between each layer, which

provided additional mechanical contact, increasing the bonding of ceramic to metal,
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shown in Figure 4.6. The outer wall above the graded region provided containment for

the aluminum metal during the infiltration operation.

There were essentially two possible events when the build path traversed a gap in the
previously built layers. They were termed bridging and slumping and were shown
schematically in Figure 3.2. The depositing alumina bead may be thought of as a rope. If
the rope were laid on the ground in a path that traversed a ditch, there would be the
possibility of keeping the rope taught so that it traverses the ditch without touching the
bottom, or allowing the rope to sag down into the ditch and touch the bottom. In this
fashion, the alumina bead maintaining its height across a gap in previously deposited
layers and forming a bridge across the gap was termed bridging. The bead slumping with
gravity and drooping down to contact the layer below the gap was termed slumping.
Slumping was very common in the lower build layers, as is evident in Figure 4.5.
Slumping allowed for creation of solid walls and discrete chambers in the egg crate
structure. Bridging would lead to gaps between the various layers resulting in an

interpenetrating metal-ceramic structure once infiltrated.

4.1.2.2 Metal Infiltration

For metal infiltration the molten metal must wet the ceramic and the entire structure must
survive the solidification of the metal. The wetting issue was solved with a surface
treatment of the ceramic preform. The survivability issue really involves the structure not
being ripped apart by thermal expansion mismatch between the metal and ceramic. The

aluminum alloy used was very soft and cooling from the melt provided the most
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forgiving temper in the sense of the metal stressing the ceramic. The other exploitation
was to grade the structure providing a macroscopic reduction in the abruptness of the
interface, and hence the potential for stress build up. It was found that the alloy used
combined with the grading present in the alumina preform was sufficient for the metal-

ceramic composite to survive the infiltration.

4.1.2.2.1 Metal-Ceramic Wetting

Wetting angles are defined as the angle the liquid makes with the substrate as shown in
Figure 4.7. With angles below 90° termed wetting and those above non-wetting, the
lower the angle the better the wetting. The wetting angles measured for aluminum on
alumina are summarized in Table 4.1. With the wetting angles accurate to about 2°, there
were essentially no differences between the three uncoated alumina samples. A contact
angle less than 40° was sought to facilitate the wetting into such a complex structure as
the alumina preform, which included a rippled surface and interpenetrating structure.
The effect of the titanium coating was very dramatic, changing the wetting from
marginally favorable to very favorable. It should be noted that the wetting angle of 16°
was the lowest measurement and occurred after 3 minutes at 1100°C, after which the
angle increased to 23°. It was found after removal from the furnace, that the metal had
wet the entire titanium coated region of the alumina substrate. The wetting angle then
became a function of the contact with the uncoated substrate, and the amount of molten
metal present. The lowest contact angle was an accurate measure of the wetting onto the

titanium coated alumina substrate.



86

Table 4.1: Minimum wetting angle for aluminum metal on alumina ceramic for each step
in the substrate preparation for wetting.

Alumina Substrate Condition Wetting Angle
As received 76°
Chemically cleaned 78°
Chemical & ozone cleaned 78°
Chemical & ozone cleaned, 2000 A Ti coated 16°

4.1.2.2.2 Metal Infiltration

Infiltration of the aluminum metal into the alumina preforms was achieved to varying
degrees. It was determined that the atmosphere during infiltration was important as well
as the thickness of the titanium coating. Without the proper conditions incomplete
infiltration of the aluminum into the alumina preform was the result. It was determined
that the conditions that promoted complete metal infiltration were a titanium coating of
6000 A, high vacuum atmosphere, and 1100°C for 10 minutes. Under these conditions
cross-sections showed complete infiltration, with the aluminum metal wetting all of the
alumina surfaces, as shown in Figure 4.8. This representative cross-section shows the
complete wetting of the aluminum metal to the dense ceramic. There are no signs of
pores or unwet areas, the metal has wet and bonded to the ceramic even underneath

bridging events, resulting in an interpenetrating structure.

With proper preparation to the alumina preform complete infiltration of aluminum metal
was achieved, yielding graded metal-ceramic bars. The effects of the titanium bonding

layer were not included in the analysis of the structures.
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4.1.2.3 Mechanical Testing

The metal-ceramic composite bars were tested in 4-point bending with either the metal or
ceramic surface in tension. This was done to look at the behavior of the graded
composite in the direction of the grading. The differences between having the brittle

ceramic in tension or compression were explored.

4.1.2.3.1 Metal in Tension

The results for the tests with the metal surface in tension are shown in Figure 4.9, along
with a comparison curve for a pure ceramic sample formed by the robocasting method.
The work of fracture is proportional to the area under the load-displacement curve. A
large work of fracture can be seen for the composite parts, with the pure ceramic
exhibiting typical brittle failure. The composite parts do not fail completely upon initial
yield, and did not break into two separate pieces before the tests were halted to prevent
the bars from contacting the test fixture. Photographs of the side of the test piece after
fracture are shown in Figure 4.10. Numerous crack paths were seen on the sides of the

ceramic preform structure.

4.1.2.3.2 Ceramic in Tension

The results for the tests with the ceramic surface in tension are shown in Figure 4.11,
along with a comparison curve for a pure ceramic sample. The work of fracture is larger
than a pure ceramic but lower than that for the metal surface in tension. The ceramic

region of the composite had failed, but there was enough ductile metal present to carry
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load. In these samples, like those with the metal in tension, the parts did not fail
completely but bent to the point they threatened to contact the test fixture and the test was

stopped.

Photomicrographs of a bar tested with the ceramic surface in tension are shown in Figure
4.12, showing the side of the graded composite as well as a view from the base, looking
into the failed region. The side view shows a single crack running fairly straight through
most of the part. When viewed from the base, regions of metal failure are seen between
the bridged regions of the ceramic preform structure. The fracture surface is shown in
Figure 4.13, showing that the fracture path was through a ceramic rich plane. Higher
magnification of the ceramic and metal regions is shown in Figure 4.14. Classic ductile
failure was seen in the metal regions with brittle, intergranular failure seen in the ceramic

regions.

The orientation of the metal-ceramic bar in bending was seen to have an effect on the
mechanical behavior. In both orientations tested there was a large work of fracture, with
the metal surface in tension having larger values. The brittle failure of the ceramic when

tested in tension was not sufficient to break the entire part.

4.2 Computer Modeling

To model the behavior of the metal-ceramic composite structures, finite element
computer code was used. The program used was OOF, a two-dimensional finite element
solver developed at NIST and available to the public. The desire was to examine the

stresses introduced during the metal infiltration, which arise due to thermal expansion
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mismatch. The code was then used to examine the interaction of the ceramic and metal

during the mechanical testing of the composite parts.

Three cases for grading were considered based on cross-sections of the metal-ceramic
graded composite (Figure 3.7). The first case represented perfect bridging during the
build, that is the bead was deposited at the level of the dispensing tip, regardless of
support material. The second case represented perfect slumping during the build, that is
the bead was deposited at the lowest point of support, regardless of the level of the
dispensing tip. The third case was an abrupt metal-ceramic interface, with material ratio
the same as the other two cases. The ceramic content of the cross-sections were 22.9%,
37.1%, 51.4%, and 61.4% for the cross-sections Jlow, medium, high, and edge

respectively.

4.2.1 Analytical Solutions

In order to verify the computer modeling software it was to be compared to cases that
were solvable through traditional mathematics. Simple composite geometries were used
with both thermal and mechanical loadings and analytical solutions generated. For the
thermal models the classic bimaterial strip problem was used. For mechanical solutions a

two layered beam under static loading was used.

4.2.1.1 Thermal Solution

The variables involved in calculating the stresses that arise from thermal contraction are

the elastic modului, £, or E,, the thermal expansion coefficients, o, or ,, the initial
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length, /,, the thickness of each material, ¢, or ¢, and the temperature change, AT, with
the subscripts ¢ and m representing ceramic and metal respectively. To solve this in two

dimensions, assuming unit width out of plane, three steps were taken.

First, the two materials are allowed to contract freely with the change in temperature. For

the ceramic:

Equation 4.1

I =1 (1+a,AT)
For the metal:

Equation 4.2

I, =1 (+a,AT)
Since AT is negative for cooling, the lengths are smaller than originally.

Second, forces are applied to bring the two materials to the same length, /; with the
restriction that the forces sum to zero. The stress necessary is simply the modulus times

the strain necessary:

Equation 4.3

1,1
|77

Which may be reduced to:



Equation 4.4

!
o, =E, [ll —(1+ aCAT)j

o

In a similar fashion the stress for the metal is:

Equation 4.5

o, = ((1 +a,AT)- IILJ

o

Now applying the condition that the forces sum to zero:

Equation 4.6

Cply, —0t, =0

Solving for the ratio of final length to initial length yields:

Equation 4.7

I, Et, (1+a,AT)+E,t, (1+a,AT)
lo (Ectc + Emtm)

Substituting into the stress equations Equation 4.4 and Equation 4.5 yields:

Equation 4.8

_E.E,t,(, —a )AT

comom

Et +E ¢,

g

c
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and

Equation 4.9

_E.Et(a,-a,)AT

m-—c

Et +E.¢,

g

m

Third, the materials are then considered to be bonded and the constraints released. The
forces produce a moment that bends the metal-ceramic strip. The radius of curvature, p,

for the metal-ceramic strip may be determined from the forces and geometry:

Equation 4.10

SIS

1
o,
where M is the moment produced by the force couple, E is the section modulus of the
part, and / is the moment of inertia about the neutral axis. The section modulus is needed
to determine the neutral axis for use in the moment of inertia calculation. The neutral
axis was determined using a transformation to get an equivalent cross-section of a single
material and perform the analysis on that®’. The process modifies the thickness of one
material to that of an equivalent thickness if it were composed of the other material. In
this fashion the thickness of the metal portion was reduced by a factor of E/E.. With
this change, the location of the neutral axis, #,, was found to be (taking the boundary

between the ceramic and metal to be zero):
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Equation 4.11

" 2(ECtC +Emtm)

This allows for substitution for M, E and 7, and yields:

Equation 4.12

16, +¢,)F,

p Egt +Et,
where F, is the force on the ceramic:

Equation 4.13

1 1 3(t, +1,)
+ +
Et, Et, Et +Eft

With the radius of curvature of the metal-ceramic beam, the strain from the bending at

any point may be calculated with the relation®':

Equation 4.14
goTY
yo)

where y represents the distance from the neutral axis. To this value we must add the
strain due to thermal contraction. The stress at any point may then be determined by

multiplying the strain by the modulus. This solution agrees with a published solution for
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a ceramic and metal system, which also considered yielding within the metal region®.
For comparison, the stresses at the ceramic surface, metal-ceramic interface (both stress

in the ceramic and metal), and metal surface were calculated.

The results for the thermal model, comparing the OOF simulation with analytical solution
are shown in Figure 4.15, which plots the difference between the OOF model and
analytical solution at the metal and ceramic surfaces as well as at the metal-ceramic
interface. The OOF code agreed with theoretical solutions to within 3% for most all
metal-ceramic compositions. There were larger discrepancies seen at the metal surfaces
at higer ceramic contents, but the interest here was the stress within the ceramic. At the
lowest ceramic loading the model differed from the analytical solution by eight percent,
this was noted during the analysis. At the ends of the strip, the model was not as

accurate, but the region of primary interest was within the bulk of the part.

The OOF code was found to be accurate to within a few percent of theory for thermal
modeling of metal-ceramic strips of various compositions. It was therefore assumed that

the code would model more complex geometries with a similar level of accuracy.

4.2.1.2 Mechanical Solution

For the mechanical loading of 4-point bend the solution is as follows. The inner span
was 20 mm and the outer span was 40 mm. To match the model, we cut the bar in half at
the center as is shown in Figure 4.16. Now we have a downward force at 10 mm and an
equal upward force 20 mm from the center. We chose an arbitrary load of 100 N. These

forces produce a net moment:
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Equation 4.15

M = force x distance
SO

Equation 4.16

M =100Nx20mm - 100N x10mm = 1IN -m

The flexure formula®' may be used to solve for the stress, o, at any point in the material:

Equation 4.17

Where M is the moment, y is the distance away from the neutral axis, and 7 is the moment
of inertia of the cross sectional area. As we are working with a rectangular bar this

moment of inertia®' is:

Equation 4.18

B bxh’
12

I

Where £ is the height of the bar, 7 mm in this case, and 4 is the out of plane thickness.
Combining Equation 4.16 through Equation 4.18, using a y value of 3.5 mm, gives us a

stress at the surface:
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Equation 4.19

To solve for a desired thickness (out of plane), simply divide by the desired thickness, b,

in meters.

The stresses in the OOF mechanical model were within one half percent of theoretical
solutions. It was therefore assumed that a similar level of accuracy would apply to OOF
models of more complex grading. It should be noted that the solutions here and in the
OOF code are assuming unit thickness in the out of plane direction, so must be scaled to

the desired thickness.

4.2.2 OOF Thermal Models

The initial cool down temperature used in the OOF model was 600°C, roughly the solidus
of aluminum minus room temperature. The stresses that developed in the model from
this temperature change were often greater than the yield strength of the metal alloy,
about 35 MPa. The OOF program treats materials as linear elastic; no yielding behavior
is included, so the stresses that develop are proportional to temperature. The cooling
temperature of the thermal model was therefore based on the yield strength of the metal
alloy that was melt infiltrated. To model the infiltration of the 1100 aluminum alloy used
in experiments, the cool down temperature was only 40°C. This corresponded to a stress
build up in the metal equal to its yield stress. Assuming no work hardening, beyond this

point, the metal will yield and will not take a higher load. As this alloy is about as soft as
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aluminum alloys get, combined with the lack of temper during cooling, this simplification

was reasonable. The ceramic will be stressed only up to the yield point of the metal.

It was seen that the graded structures exhibited lower stresses at the ceramic surface, as
shown in Figure 4.17. For all the grading configurations considered, the bridging case
had the lowest stress at the surface. For the case with the lowest ceramic content (the
‘low’ cross-section), the bridging configuration was sufficient to put the ceramic surface

into compression, while the other cross-sections still had tensile loads.

4.2.3 OOQOF Mechanical Models

Mechanical models were used to simulate 4-point bend testing of the metal-ceramic
graded composite bars. The same cross-sections as used for the thermal models were
used, with loading applied to put either the ceramic or metal surface in tension. Loads of
100 newtons were used at the pin locations of a 4-point loading fixture, which allowed
for easy scaling to any desired load. The OOF program assumes a unit thickness out of

plane, which must also be accounted for in analysis of the model.

The stress at the ceramic surfaces for the mechanical bending models with the ceramic
surface in tension are shown in Figure 4.18 for the various cross-sections. The load was
1000 N, or roughly the load at which initial failure occurred in the experimental samples.

The low configuration with slumping was seen to have the highest stress level. At this
load level the stress would be sufficient for failure to occur. The stresses for the other

configurations followed different trends which will be addressed in the discussion.
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The stress for internal ceramic interfaces for the mechanical bending models with the
metal surface in tension are shown in Figure 4.19 for the various cross-sections. The load
for these cases was 1000 N, slightly below the load at which initial failure occurred in the
experimental samples. Here it was seen that the internal stress changed with grading as
well as ceramic content. Figure 4.20 shows the stress profile for the hi cross-section with
perfect bridging. The stress at the highest portion of the ceramic, the white region, was
about the level for fracture. Failure in this region would not prove catastrophic as there is
metal surrounding the ceramic. Similar stresses were seen in the edge cross-section. The
low and medium cross-sections had stresses around 60% of the higher ceramic content

cross-sections. The level of ceramic content would contribute to this behavior.

One effect of the bridging configuration is that it puts more ceramic material toward the
metal rich region at the metal surface. As the metal surface was in tension in these
experiments, it makes sense that the stress levels in the ceramic nearer to the metal
surface would be higher. The load levels at these bridging cases were high enough to
expect failure of the ceramic at that location. Failure of the ceramic at those points does
not result in catastrophic failure of the entire part as the ceramic is somewhat isolated

from the rest of the part.

4.3 Embedded PVF2 Sensors

This work examined the benefits of embedding piezoelectric poly vinylidene fluoride
(PVF2) sensors within composite materials. Two issues for thermoset composite

materials are cure monitoring and damage detection. The mechanical properties of



99

thermoset composite materials are sensitive to its history, both thermal and mechanical.
It is important to know that the composite is fully cured and also to know if it has been
damaged, either by impact or exposure to harsh environments. The potential for use of
embedded PVF2 composites for cure monitoring and damage detection was studied. One
goal for this study was to show that an embedded sensor could be used to monitor the
cure during processing and then still be useful during the service of the composite,
providing some measure of health monitoring. Several systems were examined including
high and low temperature cure prepreg systems and an epoxy resin. Sensors were
embedded within woven fiber laminates, sandwich composites consisting of facesheet
laminates surrounding a core material, neat epoxy resin, and particulate filled epoxy resin
through the various processing routes described herein. The embedded PVF2 sensors
were subjected to external signals and their response monitored over time or temperature

or input level.

4.3.1 Cyanate Ester Resin System

To examine the usefulness of the PVF2 sensors in high temperature composite prepreg
systems a cyanate ester based system was used. With the cure temperature near the
melting point of the PVF2 polymer, this would likely be the limit for high temperature
applications. Initial tests showed that the PVF2 sensors remained piezoelectric after the
embedding between two sheets of cyanate ester/glass prepreg. PVF2 sensors were
embedded and tested for response both during the cure of the cyanate ester resin and post

cure for sensitivity and impact detection.
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The response to a weight lifted off the surface of a cured composite test strips with
embedded PVF2 sensors was used to validate that the sensor remained active after the
cure cycle and to determine the level of remnant piezoelectric activity. Dropped weight
impact tests on the prepreg with embedded PVF2 sensor during the cure cycle were used
for cure monitoring. Large-scale impact of fully cured composite test strips with

embedded sensors was also done.

4.3.1.1 Step Loadings Post Cure

The PVF2 sensor response to weight removals on the cured cyanate ester resin test strips
is shown in Figure 4.21, plotting the sensor peak response as a function of weight
removed. It can be seen that the response was linear with weight and was reduced for the
higher cure temperature. The linearity of the response was expected. The dj3; constant

can be defined by the relation:

Equation 4.20

_ Charge Per Electrode Area _ C/m> _ C

® 7 Stress Applied Along Axis3 N/m?> N
rearranging Equation 4.20 to solve for charge (Q):

Equation 4.21

Q =d,, xstress x area

Now, the capacitance (Cap) for a parallel plate capacitor is:
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Equation 4.22

& xarea
Cap=——"—
thickness

where the area is the metallized area of the film, the thickness is the thickness of the film
and ¢ is the dielectric constant of the polymer film, 12 for PVF2, times the permittivity of

free space (8.85x10"2 F/m). The voltage is then:

Equation 4.23

V =0Q/Cap
Substituting Equation 4.21 and Equation 4.22 into Equation 4.23 yields:

Equation 4.24

d,, xstressxarea  d,, x stress x thickness
&xarea g
thickness

14

The voltage is directly proportional to the stress, which is proportional to the weight.

The results showed that the sensor retained some piezoelectricity after the cure cycle and
that the sensor response was linear with weight. The embedded PVF2 sensors were able
to detect the small load of a 50-gram weight being removed from the surface of the
composite sample. The level of response for a given weight decreased for the higher cure

temperature.
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4.3.1.2 Impacting During Cure

As the curing prepreg and sensor must be constrained, impacting onto the sensor was not
achieved directly. Instead the impact was on the stack of aluminum blocks providing the
constraint to the curing test strip. The sensor response to this impact on the aluminum
stack during the oven cure is shown in Figure 4.22. The sensor response is seen to
diminish during the cure cycle, disappearing completely at around 170°C, very close to
the melting point of PVF2. The sensor response was not again seen during the cure
cycle, either the soak-time or the cool-down. Once the sample had completely cooled
and set overnight the sensor response was again seen, during tap tests. When impacting
during the cure cycle there are two effects that occur simultaneously, the effect of
temperature on the sensor and the effect of the cure on the surroundings, namely the
modulus of the resin. With the loss of signal during the cure cycle, it was not possible to

monitor the cure of cyanate ester resin system with this method.

4.3.1.3 Impact of Cured Cyanate Ester Laminates

The embedded PVF2 sensor response to a drop-weight impact on cured cyanate ester
resin test strip is shown in Figure 4.23. The impact event as measured by the force
transducer in the impactor is about 2 milliseconds in length. The first peak in the sensor
response was also about 2 milliseconds so the sensor responds to the impact on the same
time scale. This is followed by a reflected wave, typical for this type of impact. There
was a fair amount of noise in the signal from the sensor, and the severity and complexity

of the impact event made a quantitative result beyond the scope of this work.
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Considering the peak force of 5280 N from the force transducer, and estimating the
impact area to be 1 cm’, that would correspond to a sensor output of 447 volts (assuming
a ds; constant of 30pm/V). With a breakdown voltage over 4000 volts, the impact would
not overload the sensor. The peak signal from the sensor was about 9 volts, with a large
amount of noise. The scale of the impact was enough to damage the test coupons such

that they deformed in the impact area, and the wood support had a depressed region.

The purpose here was to determine if the sensor would respond to impacts, ideally on the
same time scale. In this respect the sensor did respond on the same time scale. The level
of response was not as large as expected and was very noisy. More controlled impacts
were necessary for determination of the impact detection characteristics of the embedded

PVF2 sensors.

4.3.2 Composite Sandwich Structures with Embedded PVF2 Sensors

Sandwich composite materials have come into use to provide stiffness in bending while
maintaining light weight in fiber composites. The addition of a low density core material
between facesheets of fiber composite has added bending stiffness with minimal weight
penalty. As the core materials are not very strong or dense, the sandwich structure is
vulnerable when the facesheets are damaged. Minimal cracking of the facesheet could
lead to water leakage and allow the core material to become water laden and dramatically
change the performance of the composite. Damage to the facesheets may not always be
obvious so a way of sensing this was desired. PVF2 sensors were embedded within

sandwich composite structures to determine if impact damage could be sensed. The goal
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was to determine if the embedded PVF2 sensors would be useful for detecting barely

visible impact damage (BVID).

4.3.2.1 Impact Testing

Sandwich composite structures with embedded PVF2 sensors were tested with a drop-
weight impact test rig, which had a sensor in the impactor for comparison with the sensor
embedded in the composite. Two different core structures were used a low density foam

and a honeycomb structure.

4.3.2.1.1 Foam Core Sandwich Composites

A damaging impact event on a foam core panel is shown in Figure 4.24, showing the
force transducer output from the impactor. For a perfectly elastic impact event the force
transducer output would be a smooth bell curve. The fact that it wasn’t indicates that
some impact energy was transferred to the sandwich composite, most likely in the form
of material damage®. The force transducer output, starting from the left, shows the
composite panel loading up as the impact event begins (1). When some material damage
occurs there is a dip in the curve as impact energy is absorbed and redistributed (2). The
material damage may be fiber damage, delamination, core crushing or buckling, or
facesheet cracking. The curve then rises again as the redistributed load is applied (3). A
large drop in the curve is seen (4), which for these tests almost always occurred in
samples where the facesheet cracked. This process of material damage and load
redistribution continues until the impact event is over and the load drops off (5). Force

transducer curves of this type are typical of impact events on fiber composites® .
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Figure 4.25 shows the same impact event displaying both the force transducer and
embedded PVF2 sensor output. The PVF2 sensor output has peaks corresponding to the
material damage points, with the size of the peaks roughly proportional to the dips in the

force transducer curve.

An impact event showing BVID is shown in Figure 4.26. The main difference in the
curves is that there is no large peak associated with large material damage (usually
corresponding to face sheet cracking). There are minor peaks during the impact event

corresponding to material damage occurring within the composite panel.

With peaks in the sensor output curves corresponding to dips in the force transducer
curves, even in the cases of minimal impact, the embedded PVF2 sensors were able to

detect BVID.

Table 4.2 summarizes the observed results for the foam core impact tests. The tests
ranged from BVID to foam core crushing to face sheet cracking. The drop heights up
through 18 inches exhibited BVID. At a drop height of 28 inches the damage was visible
in half the samples, so this was taken as the onset of visible damage. The highest drop
height of 48 inches produced the highest levels of damage. The sensors responded to the
impacts even when the damage was sufficient to break the lead wires off of the sensor, as
shown in Figure 4.27, where the signal from the sensor went to zero part way through the

test.

The embedded PVF2 sensors were able to detect impact damage over the range of

severity used in these experiments. The embedded sensors responded to the impacts on



106

the same time scale as the force transducer in the impacting mass, and were able to detect

BVID.

Table 4.2: Observed damage for foam core panel impact tests. Impacting mass was
4.177 1b, with a one inch diameter hemisphere.

Panel | Drop
Number | Height |Observed Damage
15 8”  [BVID, no visible cracks or crushing of foam
16 8” [BVID, no visible cracks or crushing of foam
17 8” [BVID, no visible cracks or crushing of foam
18 8’ |BVID, no visible cracks or crushing of foam

18” |BVID, no facesheet or foam cracking

18” |BVID, no facesheet cracking, small transverse cracks in foam

18” |BVID, no facesheet cracking, one small transverse crack in foam

18” |BVID, no facesheet cracking, one small transverse crack in foam

18” |BVID, no facesheet cracking, one small transverse crack in foam

1
2
3
5 18” |BVID, no facesheet cracking, no transverse cracks in foam
6
7
8

28” [facesheet cracked to edge along wire, significant foam crushing near

wires

9 28” |facesheet cracked to edge along wire, significant foam crushing near
wires

10 28” [BVID, no facesheet cracking, one small transverse crack in foam with
crushing

11 28” |BVID, no cracks in facesheet, transverse cracks in foam, core
crushing

12 48” |facesheet cracked to edge not along wire, significant foam
crushing/cracking, displaced quarter of foam

13 487 |Broke both lead wires off during test, facesheet cracked along wire to
edge, significant foam crushing/cracking

14 48”  |Broke one lead wire off during test, facesheet cracked along wire to

edge, significant foam crushing/cracking

4.3.2.1.2 Honeycomb Core Sandwich Composites

With the sensor was placed between the honeycomb core and the face sheet, the

interaction of the sensor with the core was not uniform. The sensor contacts the facesheet
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on one side and the honeycomb on the other, effectively changing the area over which
forces are distributed on the sensor. This resulted in a more complex panel-sensor
interaction. Because of this and the limited number of samples, proof of concept results
were all that were expected with the honeycomb core sandwich composites. A damaging
impact event on a honeycomb core panel is shown in Figure 4.28, showing the force
transducer output as well as the PVF2 sensor output. The face sheet cracked in this
panel. Table 4.3 summarizes the observed results for the honeycomb core impact tests.

The tests ranged from BVID to core buckling to face sheet cracking.

The embedded PVF2 sensors responded to the impacts much the same as with the foam
core panels. The sensors detected BVID and on the same time scale. The interaction
between the core and sensor was more complex in that the entire sensor area was not

exposed to the impact, but damage detection was achieved.

Table 4.3: Observed damage for honeycomb core panel impact tests.

Panel Drop
Number | Height |Observed Damage
10 8" |BVID, no facesheet cracks, no visible damage of core
11 8" |BVID, no facesheet cracks, no visible damage of core
12 8" |BVID, no facesheet cracks, no visible damage of core
1 18" |BVID, no facesheet cracks, one side with buckled core

18" |BVID, very small crack along one wire, no visible damage of core
18" [BVID, no facesheet cracks, no visible damage of core

28" [BVID, no facesheet cracks, two sides with buckled core

28" |Facesheet crack to edge along wire, core buckled on side with crack
28" |Facesheet crack to edge along wire, core buckled on 2 sides

48" |VID, small facesheet cracks, core buckled all 4 sides

48" [Facesheet cracked to edge not along wire, core buckled all 4 sides

O ool ~I| O\ | | Wi

48" |Facesheet cracked to edge along wire, core buckled all 4 sides
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4.3.3 Cure Monitoring of EPON 828

With the failure of high temperature cure monitoring with the cyanate ester resin system,
lower temperature cure systems were sought for cure monitoring. The Epon 828 epoxy
system was chosen for cure monitoring with embedded PVF2 sensors. The goal was to
embed the sensor for cure monitoring and have the sensor survive for subsequent use
within the final structure. The focus of cure monitoring is to have the ability to detect the
completion of cure with the emphasis on the last few percent of cure. Being able to

distinguish between 90 and 99 percent cured was desired.

4.3.3.1 Impacting During Cure

Impacts of a dowel rod onto a polycarbonate structure containing the Epon 828 epoxy
resin and embedded PVF2 sensor were performed during room temperature curing. The
results of the impacts during the cure are shown in Figure 4.29, highlighting the
maximum sensor response over time. The signal from the embedded PVF2 sensor was
seen to diminish over time, stabilizing after about 150 minutes, roughly the hardening
time for the epoxy. The sensor was embedded within the epoxy matrix and therefore

would see loads relative to the moduli of the sensor and matrix.

4.3.4 PVF2 Sensors SFF EPON 828 Silica Composite

To evaluate the use of embedded PVF2 sensors above room temperature a filled epoxy
system was used to provide some strength in the partially cured state. The PVF2 sensors

were embedded during a solid freeform fabrication route of particle filled Epon 828
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epoxy. This system partially cures overnight at room temperature and then will hold its
shape. The loaded epoxy then will fully cure at 120°C for two hours. The embedded

sensors received input from impacts to the freeformed epoxy bar.

4.3.4.1 Impact Response Through Glass Transition Temperature

The sensor response during the oven cure of the Epon 828 epoxy is shown in Figure 4.30
and Figure 4.31, showing PVF2 sensor response during heating and cooling, respectively.
During heating the peak heights were seen to increase along with the peak width. Upon

cooling the opposite was seen with the peak heights diminishing and getting narrower.
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Figure 4.1: Flexural strength of A-15 alumina for various traditional processing routes,
along with Robocast processed parts. The robocast alumina was also tested as a function
of build path and orientation, with the build paths and orientations described previously.
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Figure 4.2: Four-Point bend testing for robocast samples fabricated with the cross-hatch
pattern, showing the variability of the strength.
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Figure 4.3: Photomicrographs of the fracture surfaces of the robocast alumina parts
showing the different build paths; (a) lengthwise, (b) widthwise, and (c¢) cross-hatch.



113

Figure 4.4: Photomicrographs of the fracture surface of a cross-hatch build path robocast
alumina bar tested in the transverse orientation. Both low magnification (top) and higher
magnification reveal the morphology of individual beads.
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Figure 4.6: Cross-section of metal-ceramic composite fabricated by robocasting of
alumina ceramic followed by subsequent aluminum metal infiltration. Ridges formed by
the layerwise fabrication can be seen along with a bridging event of the ceramic phase
that is fully wet by the metal phase such that the round bead appears to be floating.
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Figure 4.7: Schematic of wetting angle convention, upper image is non-wetting, lower
image is wetting.
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Figure 4.8: Cross-section of metal-ceramic composite fabricated by robocasting of
alumina ceramic followed by subsequent aluminum metal infiltration, contrast of the
ceramic region altered. The metal phase is seen to wet the ceramic phase completely
forming an interpenetrating structure.

2000

1500 |

z

© 1000

]

o

|
ceramic
composite

500 composite
composite
composite
0 r
0 0.5 1 1.5

Extension (mm)

Figure 4.9: Load-Extension curves for alumina-aluminum graded composites under 4-
point bend loading, along with a typical curve for a pure alumina part formed by
robocasting (note that the pure ceramic test bar was dimensionally much smaller). Parts
were tested with the metal surface in tension (at the base of the test fixture).
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Figure 4.10: Photographs of the sides of the alumina-aluminum graded composite test
bars, tested with the metal surface in tension. The metal surface is at the bottom of the
pictures, the ceramic surface at the top.
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Figure 4.11: Load-Extension curves for alumina-aluminum graded composites under 4-
point bend loading, along with a typical curve for a pure alumina part formed by
robocasting (note that the pure ceramic test bar was dimensionally much smaller). Parts
were tested with the ceramic surface in tension (at the base of the test fixture).
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Figure 4.12: Photographs of the alumina-aluminum graded composite test bars, tested
with the ceramic surface in tension. Upper photo shows the side view with the ceramic
surface at the bottom of the picture, the metal surface at the top. The lower photo is from
the base (ceramic) of the sample looking into the fractured region.
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Figure 4.13: The fracture surface of alumina-aluminum graded composite test bar, tested
with the ceramic surface in tension. Orientation is the ceramic surface on the right and

metal surface on the left.



122

#0082

Figure 4.14: Fracture surfaces for the metal (top) and ceramic (bottom) portions of the
alumina-aluminum graded composite structure. Typical ductile failure is seen in the
metal and brittle failure is seen in the ceramic.
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Figure 4.15: Difference between OOF finite element model and theory for stresses in
metal-ceramic strip subjected to thermal cooling.
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Figure 4.16: Diagram of the geometry and forces for the 4-point bend analytical solution.
The edge labeled center of bar was given the boundary conditions of a mirror plane.
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Figure 4.17: Stress at the ceramic surface of the metal-ceramic composite after cooling
from infiltration, determined by OOF finite element model. Stresses are plotted as
relative values as the actual values were not determined by this elastic model. Plot shows
the effect of grading type for four different metal contents. Note that a positive stress is
tensile and a negative stress compressive.
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Figure 4.18: OOF model predicted stress for the metal-ceramic composite at the ceramic
surface for 4-point bending with ceramic surface in tension and a load of 1000 N. Plot
shows the effect of grading type for four different metal contents.
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Figure 4.19: OOF model predicted stress of the metal-ceramic composite at the ceramic
side of the metal-ceramic interface closest to the metal side or top of egg crate structure.
Model of 4-point bending with metal surface in tension and a load of 1000 N. Plot shows
the effect of grading type for four different metal contents.



Figure 4.20: OOF model result for 4-point bend test of hi configuration (51% ceramic)
with perfect bridging, tested with the metal surface (top of model) in tension.
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Figure 4.21: Response of PVF2 sensor, embedded between sheets of cyanate ester resin
and cured, to a series of weight removals.
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Figure 4.22: Response of PVF2 sensor, embedded between sheets of cyanate ester resin
prepreg, impacted during the cure cycle.
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Figure 4.23: Impact response of embedded PVF2 sensors cured between strips of cyanate
ester resin prepreg. Curves for the force transducer in the impact weight and sensor
output are shown.



131

500
4
400
o
300 o
o
O
L.
5 200 &
E
100
0
0 2 4 6 8 10
Time (ms)

Figure 4.24: Dropped weight impact test force transducer output for impact onto foam
core sandwich composite from a height of 28”. Numbered features of curve are
discussed in text.
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Figure 4.25: Dropped weight impact test force transducer output and embedded PVF2
sensor output. Impact onto foam core sandwich composite from a height of 28”.
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Figure 4.26: Dropped weight impact test force transducer output and embedded PVF2
sensor output. Impact onto foam core sandwich composite from a height of 28”.
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Figure 4.27: Dropped weight impact test force transducer output and embedded PVF2
sensor output. Impact onto foam core sandwich composite from a height of 48”. Flat
line in sensor response starting near the 4 second mark was due to the sensor wire being
knocked loose from the sensor due to severity of impact.
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Figure 4.28: Dropped weight impact test force transducer output and embedded PVEF2
sensor output. Impact onto honeycomb core sandwich composite from a height of 28”.
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Figure 4.29: PVF2 sensor response to impacting while embedded in Epon 828 epoxy

resin and cured at room temperature.
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Figure 4.30: PVF2 sensor response to impacting, while embedded in Epon 828 epoxy
during the heating portion of the cure cycle for the epoxy.
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Figure 4.31: PVF2 sensor response to impacting, while embedded in Epon 828 epoxy
during the cooling portion of the cure cycle for the epoxy.
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5. DISCUSSION

Solid freeform fabrication allows for the creation of structures difficult to produce by
other methods. Experiments within this work created an interpenetrating metal-ceramic
monolith with a grading from pure ceramic to pure metal. This structure would have
been difficult if not impossible to produce by other methods. The relative ease at which
different structures can be produced by this method gives rise to the question of what the
optimum structure would be. The answer will become clear that first the final application
of the device needs to be defined to allow for an optimal configuration to be determined.
In simple terms, the egg crate structure herein was designed for mechanical bending tests
across the grading, with either the metal or ceramic surface in tension. This structured
proved to perform better than a pure ceramic in this configuration but did not necessarily
perform optimally in impact, fatigue or temperature cycle testing. Natural structures have
used an evolutionary approach to reaching optimal design and performance for the
specific environment they are subjected to. These structures can be learned from but
ultimately the implementation of toughening and strengthening enhancement relies on

knowing what stresses the device will be subjected to.

One method for determining the stress state of a device would be to put sensors all over
the structure and monitor what stresses arise during its intended use. Part of the difficulty
of this method is that the sensor becomes part of the structure and hence changes the
behavior but also there is the question of what is really sensed by the sensor. This work

included the embedding of sensors within several systems for different purposes to look
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into the interaction of sensor and surroundings during manufacture and use of composite

materials.

The discussion is covered in two sections, the first dealing with the metal-ceramic

composites and the second dealing with embedded sensors.

5.1 Metal-Ceramic Composites

Metal-ceramic composite structures were built by an extrusion freeform fabrication of a
ceramic preform, which was subsequently infiltrated with liquid metal. It was found that

toughness could be increased by grading the transition from pure metal to pure ceramic.

5.1.1 SFF Alumina Preforms

The extrusion solid freeform fabrication of alumina ceramic materials was carried out by
the Robocasting process. Pure ceramic bars showed were shown to be fully dense for the
materials used and equivalent to traditional ceramic processing methods. The mechanical
performance was also similar to traditional ceramic processing methods showing brittle
failure at comparable loading although with some small variation with the build path used
to create the piece. The variation in strength with the build path was surprising at first as
the bulk material did not show any evidence of non-uniformities other than the ripples
between layers. The test pieces made with different build paths were visually
indistinguishable from one another after being machined into bars for mechanical testing.
This would make them appear isotropic, but upon testing the fracture surfaces showed
artifacts of the build process used. This showed that the failure was preferential along the

edges of the individual beads, parallel to the build path, with the fracture occurring
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between individual beads as evidenced by the curved nature of the fracture surfaces
(Figure 4.4). Other studies at Sandia National Laboratories have shown that there is
some variation in the density of the material on the scale of the bead, such that the outer
edges of the bead are weaker than the core. Whether this arises from drying or some

alignment of particles during the deposition was not clear.

The ceramic egg crate structures, while more intricate than the simple geometry used to
quantify the effects of build path on strength, were fabricated by the same Robocasting
method and showed the same density and integrity. This graded structure allowed for
two distinct composite structures to be made when the bridging and slumping behavior
was controlled. An egg crate made with only slumping during the build, easily achieved
with a less viscous slurry, the preform would act as a mold for the metal and were it not
for the rippling of the walls in the preform and metal-ceramic adhesion it might have
been possible to use the structure as a casting mold for the metal. An egg crate made
with bridging events created regions of the ceramic that could be surrounded by metal
and resulted in an interpenetrating metal-ceramic monolith once infiltrated. This
interpenetrating structure would increase the bonding of metal to ceramic by further
mechanical constraints. As the performance of the former would not have significant

toughness gains, the latter method was used for the samples that were mechanically

tested.
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5.1.2 Aluminum Metal Infiltration

Creating a metal-ceramic monolith by infiltrating a ceramic preform with molten metal
was a delicate balance of materials, surface preparation and atmosphere control during
the infiltration. While others®® *” have shown that pressure can be used to force molten
metal into ceramic preforms it was shown that with proper surface treatment, including a
thin layer of sputtered titanium, aluminum metal would readily wet an alumina ceramic.
With the intricacy of the egg crate structure low atmospheric pressure was needed to
degas the monolith and avoid trapped gas pockets, which would leave porosity within the
structure. Rigorous cross-sectioning was used to verify that the infiltration was complete

and no porous regions remained.

5.1.3 Thermal Effects

The first verification that thermal stresses were not too severe was that the metal-ceramic
monoliths survived the infiltration process without breaking apart. Metal-ceramic
bilayers can be constructed such that the ceramic phase is in compression®?, however the
ceramic layer ends up being fairly thin and abrupt interfaces can generate higher stresses.
A graded interface with a gradual transition from ceramic to metal was used with the egg

crate design.

The thermal models were run for a temperature change of 600°C, which was close to the
difference between the solidification temperature of aluminum and room temperature.
The stresses that developed in the metal phase in the model exceeded the yield point of

the metal significantly. As the metal cannot carry a load higher than its yield point a
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lower temperature was needed for the purely elastic model. Upon cooling from the melt
the aluminum will continually contract due to thermal expansion at a rate higher than the
alumina ceramic. As it begins to solidify it will still be in a very soft state and essentially
will plastically deform until it reaches a significant rigidity. For this reason the
temperature change in the model was changed to a temperature at which the metal phase
did not exceed its yield point. This amounted to a temperature change of about 40°C,
which is fairly small but the intent was to look at the relative stress distributions of the
various grading structures. This assumed a metal strength of the zero temper aluminum
(softest state) but the metal would be strained during the cooling as the ceramic does not
contract as much, resulting in a complex internal stress state. The fact that the metal-
ceramic part survived the infiltration was proof enough that the stresses were not so

severe as to cause catastrophic failure.

The OOF model results for the abrupt interface show expected behavior with the
composite bending toward the metal region which contracts more during cooling and
linear stress distributions through each of the materials as seen in Figure 5.1, Figure 5.2,
Figure 5.3, and Figure 5.4. The model images are half of the test specimen with a mirror
plane at the right edge that is the center of the bar. As the model was only used to look at

relative stresses, a cooling temperature of 100°C was used.

The stress developed at the surface of the ceramic was used as an evaluation criteria for
the potential to increase toughness. Ceramic materials are strong in compression and
weak in tension, so a grading that would lead to compression within the ceramic would

be beneficial. The thermal models were used to examine the stress at the surface of the
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ceramic as well as regions within the composite. It was shown previously (Figure 4.17)
that the gradings changed the stress level at the ceramic surface, with the bridging
configuration having consistently lower stress than an abrupt interface. The low
configuration with bridging proved to be a combination that resulted in a compressive
stress at the ceramic surface as shown in Figure 5.5. This configuration also had
compressive stresses within the isolated ceramic regions within the bulk of the metal, as
would be expected for particulates of lower thermal expansion. This configuration can be
viewed as an abrupt interface of ceramic to a metal with isolated ceramic regions within
the metal. The effect of this was to reduce the level of contraction of the metal region
and lower the stress at the ceramic surface. When the grading is changed to slumping the
interface becomes a series of pillars of ceramic of different heights as shown in Figure
5.6. These pillars build up stresses at the ceramic surface beneath them somewhat
proportional to their height. So the change from an abrupt interface to a stepped one with
tall pillars resulted in an increase in the stress at the ceramic surface while maintaining an
abrupt interface but also including some isolated bits of ceramic within the metal phase

dramatically reduced the stress.

The medium configuration with slumping grading is shown in Figure 5.7 and again has
pillars of ceramic at the interface but the increased thickness of the ceramic region the
stress at the ceramic surface was not very different from an abrupt interface. Figure 5.8
shows the bridging grading of this configuration, which has a combination of slightly

pillared interface along with isolated ceramic regions within the metal as well as isolated
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metal regions within the ceramic. The effect of the bridging configuration resulted in

slightly lowered stress at the ceramic surface than the abrupt interface.

The high configuration with slumping grading is shown in Figure 5.9 and further
continues the variation of pillars with a thicker ceramic base. The stress concentration
below the pillars was again reduced, while the overall stress at the ceramic surface was
similar to the abrupt interface. Figure 5.10 shows the high configuration with bridging
and begins to look similar to a laminate structure and had lower stress at the ceramic
surface than the abrupt interface. The overall behavior for the medium and high
configurations was very similar, with both structures having isolated bits of metal within

the ceramic region.

The edge configurations, bridging in Figure 5.11 and slumping in Figure 5.12, had lower
levels of symmetry and overall stress behavior similar to the low configuration with the

exception that the ceramic surface was never put into compression.

One freedom afforded with the finite element model was to alter material properties to
explore the contributions of the constituent materials. The modulus of the aluminum
metal was varied for the case of low configuration with slumping. The stress levels at the
ceramic surface as a function of the metal modulus are shown in Table 5.1. The modulus
for the aluminum alloy used in the experiments was 69 MPa, and was varied by a factor
of two in both directions. The results for varying the modulus were not surprising in the
sense that the stresses are arising from the thermal contraction but acting through the
modulus. A higher modulus metal can carry more load. It was interesting to see that

lowing the modulus resulted in changing the stress at the ceramic surface from
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compression to tension. Lowering the modulus has the same effect as thinning the metal
layer, which reduces the ratio of metal to ceramic. This means that metal selection can be
used to tailor the stress state resulting from thermal expansion. Another way to modify
the modulus would be to include particulates of a different modulus, keeping in mind that
the particulate phase could change the thermal expansion behavior as well. Changes in
the thermal expansion difference between the metal and ceramic would also result in

changes to the stress levels but it is the modulus that applies the load.

Table 5.1: Relative stress at the surface of the ceramic for several modulus variations as
determined by OOF finite element model for a cooling temperature of 100°C. Tensile
stresses are positive.

Aluminum modulus (GPa) Relative Stress
34.5 0.69
69 -1.70
138 -5.50

Thermal models of the type of grading showed that configurations with columns at the
metal-ceramic interface led to higher stresses at the surface of the ceramic than an abrupt
interface. Having isolated bits of either phase within the other lowered the stress at the
ceramic surface with the best results seen for ceramic isolated within the metal region.
The best performance of the configurations modeled herein was the lowest ceramic
content with an abrupt interface combined with isolated ceramic within the metal region,
referred to as the low configuration with bridging grading. This configuration could be

further refined by modeling other grading distributions and alterations to the metal phase.
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5.1.4 Mechanical Performance

The mechanical testing of the metal-ceramic monoliths showed that toughness was
increased over a pure ceramic material. There were differences in the performance when
the samples were tested with different surfaces in tension as shown in Figure 5.13. The
pure ceramic has brittle failure at a low strain. Composite monoliths tested with the
metal surface in tension showed higher strain to initial yield and then continued to carry
more load with intermittent drops in load most likely coinciding with cracking of the
ceramic regions. The samples tested with the ceramic surface in tension showed
differences within the sample set, but some general behaviors were noted. The initial
failure saw a sharp drop in load and in some cases there were additional drops in load
even at points exceeding twice the strain of the pure ceramic failure. This behavior is

similar to the stair-step failures seen in laminate metal-ceramic structures®2°

, and was
most likely indicative of the same type of failure. The interconnected nature of the
structure would allow for fracture to occur sequentially thru ceramic regions separated by
metal regions as shown previously. This was further evidenced in the fracture surfaces.
In Figure 4.12 metal can be seen protruding into the gap after fracture had occurred.

Further confirmed in Figure 4.13 and Figure 4.14 that showed brittle failure through the

ceramic regions and ductile failure in the metal regions.

The variations between samples were mostly due to fracture occurring at different areas

of the intricate structure.
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5.1.4.1 Modeling with Ceramic in Tension

Finite element models were used to examine the different grading structures for their
contributions to the mechanical performance of the metal-ceramic monoliths. The
predicted stress at the surface of the ceramic when tested with the ceramic in tension is
shown in Figure 5.14 for the various gradings with a load of 1000 newtons used in the
model. With the mechanical test samples showing initial failure around this loading, it
was not surprising that the model predicted stress levels that would be expected to have
failure with the ceramic phase having a failure stress around 300 MPa at best. The
different behaviors for the various gradings and metal loadings showed expected
behavior with the lower ceramic content samples (low) having the lowest stress levels,
and increasing the ceramic content increases the stress in most cases. The overall

difference in stress level was not very large.

In addition to the stress at the ceramic surface where failure was most likely to initiate in
bend tests, the model allowed for examination of the internal stress states of the different
configurations. The abrupt interfaces all showed very predictable distributions with a
typical model shown in Figure 5.15. As before the model image is half of a test specimen
with the right edge of the image being a mirror plane and hence the center of the bar. For
the lowest metal content, the bridging grading resulted in interesting stress profiles
around the isolated ceramic regions within the metal region but the distribution within the
ceramic at the base was fairly uniform, as shown in Figure 5.16. As this sample can be
thought of as an abrupt interface of ceramic to a metal with isolated ceramic regions

within, it was not surprising that the grading did not really change the stress distribution
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in the lower ceramic region. The slumping grading for the low configuration changes the
interface to a pillared one and the stress distribution is shown in Figure 5.17. The lower
ceramic region still shows a fairly uniform distribution and there are some compressive
areas at the top of the ceramic pillars. The other slumping gradings showed similar
behaviors and will not be discussed in detail. As the ceramic content is increased to the
medium configuration, the bridging grading begins to introduce isolated metal regions
within the ceramic region. The stress distribution for the bridging grading is shown in
Figure 5.18, where the upper horizontal ceramic is in compression. Again the base layer
of ceramic has a fairly uniform stress distribution but the inclusion of isolated metal
regions has allowed for a compressive zone in the ceramic that could help deter crack
growth. As the ceramic content is increase to the high configuration the bridging grading
adds more compressive ceramic regions. The stress profile is shown in Figure 5.19,
where there are three separate horizontal ceramic layers with increasing compressive

stress. The additional compressive layers would inhibit more crack growth.

Another criteria examined was the deflection of the middle of the mechanical test bar.
Reducing the deflection would result in lower strain at the surface of the ceramic. The
deflection for the various grading configurations and ceramic loadings is shown in Figure
5.20 for a load of 100 newtons. The amount of deflection is a function of the metal
loading so comparisons between metal contents were difficult to make. The two highest
ceramic loadings showed that the bridging grading reduced the deflection while the

slumping grading increased the deflection.
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Based on the modeling the stress at the ceramic surface can be lowered from an abrupt
interface case in all the ceramic contents except the lowest. The exact method to reduce
the stress was dependent on the ceramic content. The interior stress state showed some
general trends that can be employed to most ceramic contents. A pillared interface does
little to change the stress at the surface and offers small compressive regions at the tops
of the ceramic pillars. Similarly the inclusion of isolated ceramic regions within the
metal does not change the surface stress by much. The inclusion of isolated metal
regions within the ceramic region creates potentially continuous compressive layers in

the ceramic that could provide resistance to crack growth.

5.1.4.2 Modeling with Metal in Tension

Model results for testing with the metal surface in tension are shown in Figure 5.21,
showing the various gradings with a load of 1000 newtons used in the model. The region
that the stress was measured at varied with configuration as well as grading. The stress
was measured in the ceramic at the metal-ceramic interface closest to the metal surface.
So in some cases the stress was measured on an isolated ceramic region and in other
cases measured at the top of a ceramic pillar. The stress levels are lower in this test
orientation than in the previous orientation as expected with the ceramic being further
from the high tensile region of the test. The abrupt interface grading shows this effect
quite clearly with the stress increasing with the thickness of the ceramic where increased
thickness brings the ceramic interface closer to the tensile surface of the mechanical test.

The bridging grading saw very similar stress levels for all the configurations, which again
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makes sense with the ceramic located at the same distance from the metal surface in all
these cases. The slumping grading also followed expected patterns with the location of

the ceramic relative to the metal surface dictating the stress level.

The internal stress distributions for this test orientation were the focus of interest as the
ceramic surface would be in compression by nature of the test. The abrupt interface
gradings showed expected linear profiles with the low ceramic content shown in Figure
5.22. With the orientation of this test the models aren’t very interesting until there is
some ceramic near the metal surface. For the high ceramic configuration, the slumping
grading has pillars of ceramic that approach the metal surface. The stress profile for this
case is shown in Figure 5.23, where there are tensile stresses atop the ceramic pillars but
the bulk of the ceramic is in compression. The high configuration with bridging grading
has a continuous ceramic region near the metal surface and the model stress profile is
shown in Figure 5.24. The ceramic layer in this configuration is in tension and would

likely be the initial failure for the ceramic region.

Overall the orientation with the metal surface in tension had lower stresses in the ceramic
regions for a given loading. With the initial failure in test pieces higher than with the
ceramic in tension the models support the experimental results. The failure of isolated

ceramic regions within a continuous metal region was too complicated for the model to

address.
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5.1.4.3 Modulus Variations

Finite element models were also run for the low configuration with bridging grading and
the modulus of the metal varied with results shown in Table 5.2. The stresses shown are
for the maximum region in the ceramic, which was the ceramic surface when tested with
ceramic in tension and the ceramic, which was closest to the metal surface when tested
with the metal in tension. It was seen that as the modulus of the metal is increased the
stress in the ceramic decreased. As was shown earlier, the thermal expansion model also
had a reduction in stress at the ceramic surface as the modulus of the metal was
increased. This indicates that the modulus of the metal phase is another variable that
should be considered when designing structures, not just the thermal expansion

mismatch.

Table 5.2: Stress in the ceramic for several modulus variations as determined by OOF
finite element models of 4-point bending performed with either the metal or ceramic
surface in tension.

Aluminum modulus Stress (MPa) Stress (MPa)
(GPa) ceramic in tension metal in tension
34.5 337 185
69 304 147
138 269 102

5.2 Embedded Sensors

Sensors may be used to monitor the state of a material of interest, which will be referred
to as the host material. Sensors that are externally mounted do not in general affect the

performance of the host, but are rather impractical for continual use or in service use as
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they are exposed to the environment and may inhibit performance of the host. In the
interest of continual monitoring that is protected from the external environment,

embedded sensors are ideal.

An embedded sensor will respond to external input in a different fashion than if it were
not embedded. Input to an embedded sensor must first travel through the surrounding
host material. The embedded sensor will receive its input through interaction with the
host it is embedded within. It is this interaction that makes the sensor sensitive to
changes in the host material, whether due to externally induced forces, or internal forces
resulting from changes within the host. This interaction also means that the sensor will
only respond to its surroundings as well as the host can transfer stress to the sensor. One
can easily imagine sensor placements that would be sheltered from what they are meant
to measure. The field of sensor placement was not taken as the thrust of this work, but is
acknowledged as an issue. As the sensors in this work were located directly under the
impact regions it is assumed that the placement had minimal effect in the measurements

made.

This discussion will first address the characterization of the PVF2 sensors. This is
followed by experiments into how the sensor responds to external input within static
systems, wherein the host material does not change while the sensor is monitored. Next
the discussion will examine the sensor and matrix as they interact with both materials
changing. This involved sensors were placed into dynamic hosts wherein the host
material would change during the sensing experiments. The change in the host material

was the curing of a thermoset system.
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5.2.1 PVF2 Sensors Characterization

For a piezoelectric sensor the voltage produced from a weight can be calculated by first

determining the charge, O, induced by the force:

Equation 5.1

QO=d,xoxa

where d3; is the piezoelectric strain coefficient, o is the stress from the weight (force per

unit area), and a is the area. Which quickly reduces to:

Equation 5.2
Q=dyxf

where f'is the force, in this case mass times gravity. This charge will yield a voltage

based on the capacitance of the film, C,

Equation 5.3

y_ @

C

Substitution yields:

Equation 5.4

_dyx fxt

g, xa

y

where ¢ is the thickness of the sensor, and &, is the permittivity of free space. This shows
that the voltage is proportional to sensor thickness and inversely proportional to sensor

size. If the force was a pressure distributed over the sensor, the charge becomes,
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Equation 5.5

O=d,xoxa
The voltage in this case becomes:

Equation 5.6

- d,, xoxt
g

o

Now the voltage is independent of area but still varies with sensor thickness. The above
calculations assume that the entire sensor area is exposed to the external force. In the
experiments performed here, that was a reasonable assumption as the size of the impact

area in the sandwich composites was larger than the sensor size.

For piezoelectric sensors, the signal for an input force should remain for the duration that
the force was applied. This assumes that the sensor will act as a capacitor and store the
charge developed by the deformation. This requires that there be no leakage or losses in
the circuitry and the sensor must be isolated from ground. The system used here had
electronic equipment attached that was not free from leakage and losses. A short peak
response was seen from the sensors when a weight placed onto them was removed
rapidly. The decay time for the PVF2 sensors was determined from the time for the film
to discharge a capacitive charge. A battery was used to charge the PVF2 film capacitor
and was connected to the oscilloscope in the same manner as for sensor use. The decay
time was determined to be 2.2 milliseconds for complete loss of signal, and 0.4
milliseconds for two thirds of the signal to be lost. This latter measurement correlates to

the rise time for circuits. The decay times were fairly short, but longer than the time to
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remove the weight. So the sensor response to the weight removals would not reach the
full signal expected but would be consistent with the level of the loading. With this

leakage present the sensors would better respond to dynamic input.

The measurements of the piezoelectric coefficients for PVF2 were found to be within the
range specified by the manufacturer, dependent on the measurement method. The optical
lever technique had values ranging from 22 to 29 pm/V, matching the specifications from
Kureha (20-30 pC/N), while the weight removal measurements averaged 18 pC/N, just
below the Kureha specifications. The lower values for the direct method were attributed
to the leakage of the system combined with less than instantaneous removal of the

weights.

5.2.2 PVF2 Sensors Within a Static Host

The response to step loading performed post-cure on the PVF2/cyanate ester composite
was shown previously. The response was linear with weight, as expected, with larger
variations at higher weights. This would be consistent with the resolution of the
oscilloscope. The oscilloscope resolution is a function of the scale used. The settings on
the oscilloscope allow for the selection of number of volts per division on screen. The
resolution of the oscilloscope is 10 points per division for voltage, and 400 points per
division for time. This results in a sensitivity of one tenth of the selected range for

voltage, and one 400™ of the selected range for time.

The level of the response should give an estimate of the remnant piezoelectricity of the

embedded PVF2 sensor. If the weight was placed directly on a sensor, the piezoelectric
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constant of the sensor could be calculated solving equation (Equation 5.6) for the djs;

constant:

Equation 5.7

d Vxeg

33 = ;
stress x thickness

The stress would be the weight, say 100g, divided by the sensor area, 1 cm® For these
tests the sensor thickness was 30 pm. The signal for the 177°C case was about 180 mV,
which would yield a d3; constant of 65 pm/V. This value would be too high for the PVF2
films, but the embedded sensor geometry was not so simplified. The cure of the cyanate
ester resin would involve some shrinkage and this may have the resin pulling away from
the sensor in a less than uniform fashion. Additionally the woven fibers of the composite
will change the way that the load was transferred to the embedded sensor. The embedded
sensor is surrounded by resin and glass fibers, which do not distribute the load the same
way it would be if it were placed directly on the sensor. In the area of the sensor, the
fibers and resin can be considered loaded in series with the sensor. Away from the area
of the sensor it is only fibers and resin. Calculation of the exact stress configuration for
the embedded sensor would be very complex. Typically sensors are calibrated with
known inputs to compensate for the complex nature of their interaction with

surroundings.

Impact testing with an instrumented impactor provided a comparison of the impact as
seen from the object impacting the composite as well as the sensor’s view of the impact

from within the structure. The detailed results were presented in section 0, with the
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major point reiterated here. The impact events in these tests were of a much higher
energy than the rod impacts used for other sensor tests. These impacts were meant to
cause damage to the composite ranging from barely visible impact damage (BVID) to
actual cracking of the facesheet where damage was very visible. With such energenic
impact, the event becomes very complicated. For this reason these experiments were
taken as proof of concept in nature and it was desired to see if the embedded sensor
would have a signal relating to the signal from the impactor. In this respect the
embedded sensors performed very well, measuring the impact event on the same
timescale and sensing damage events visible in the impactor’s force transducer output.
The sensors were even able to sense the impact event when the damage was sufficient to
break the connection between the embedded sensor and oscilloscope, the sensor signal

going to zero at the point where the connection was severed.

These experiments showed that the PVF2 sensors were able to sense both static and
dynamic input. The sensor response within fiber-composite prepreg systems was still
present after the embedding process even with temperature exposure during the
processing. Due to the complex surroundings for the sensor with these fiber composites

the sensor behavior was qualitative in nature.

5.2.3 PVF2 Sensors Within a Dynamic Host

Intro here setup the sections for room temperature and elevated temp

With confidence that the PVF2 sensors were capable of detecting small impact events

within a static surrounding the experimental work focused on a dynamic surrounding to
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explore the interaction between the sensor and host matrix. Thermosetting epoxy resins
were used as a basis for this work as the properties of the epoxy are dependent on the
degree of cure which can be controlled by temperature and time. With the sensors
responding to tapping on a structure, it was straightforward to provide input to the sensor

while the epoxy was cured.

Essentially two systems were explored, room temperature curing of a neat resin and
elevated temperature curing of a particulate-loaded resin. The neat resin required some
surrounding structure to allow for input to the sensor while the resin was liquid and this
was provided by sheets of polycarbonate. Solid freeform fabrication was used to create
bars of particulate-loaded epoxy resin with embedded sensors. These structures were
allowed to gel overnight and then were tested at elevated temperature as the epoxy cured.

Finite element modeling with OOF code was used to support the analysis.

5.2.3.1 Sensors Within a Neat Epoxy

PVF2 sensors were embedded within a neat epoxy resin, supported by parallel sheets of
polycarbonate to allow for impacting to generate a signal from the sensor. As the impact
was constant, the only change to the system would be the state of cure of the epoxy resin.
The peak response of the embedded PVF2 sensor in this configuration was shown in
Figure 4.29, with the sensor response diminishing over time. The epoxy is curing as time
progresses with a cure time of just over two hours, so the degree of cure is increasing
with time. The signal stabilizes around one volt after 165 minutes with some fluxuations

from the testing method.
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A secondary effect can be seen when the peak height and reflection height are compared.
This was plotted as the ratio of the maximum peak height to the height of the reflection in
Figure 5.25. There was a region around 100 minutes where this ratio showed a maximum
and most likely coincides with the point at which the glass transition temperature has

reached the cure temperature.

The sensor and epoxy may be thought of as loaded in parallel. At the start of the
experiment the epoxy resin is very soft and cannot carry much load so the sensor sees the
entire load. As the epoxy cures the modulus increases and the modulus ratio of the
sensor to resin decreases. As the resin hardens it will bear more of the load relative to the
sensor. With the portion of the load carried by the sensor changing over time, the load
detected by the sensor will change as well. The diminishing response from the sensor as

the epoxy cures was largely due to this effect.

To verify this theory finite element models were created with the OOF code and a variety
of geometries and stress cases were run. Models consisted of a rectangular sensor within
a block of epoxy. The size and shape of the sensor were the same as used in the
experiment, 30 microns thick and one centimeter wide. The thickness of the epoxy
around the sensor considered several cases and the modulus of the epoxy was ranged
from 5 MPa to 50 GPa, while the modulus of the sensor was kept constant at 3 GPa. Two
different stress cases were examined to mock an impact which is really a dynamic event.
One case considered a stress over the entire top of the structure to represent an impacted
zone larger than the sensor size. The other case considered a stress located over a small

region (the center sixth) above the sensor, which represented an impacted area smaller
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than the sensor size. The stress in the sensor for a stress over the entire top surface is
shown in Table 5.3. It can be seen that as the epoxy thickness increases the stress level
carried by the sensor is larger at lower degrees of cure. A similar effect was seen for the

models with a smaller stressed region.

Table 5.3: OOF model of PVF2 sensors within a curing epoxy showing the stress in the
sensor in MPa.

Relative thickness Epoxy Modulus

of epoxy to sensor 50 MPa 500 MPa 5 GPa 50 GPa
2 4.02 4.03 4.08 3.96
10 3.94 4.03 4.00 2.74

5.2.3.2 Sensors Within SFF Epoxy

Solid freeform fabrication was used with a particulate filled epoxy to build simple bar
shapes with embedded PVF2 sensors. The sensors were embedded by placing them
between layers during the build process. These structures were allowed to gel overnight
to give them some strength to allow for impacting during a heated cure cycle. The
embedded sensors were monitored during the entire cure cycle with typical sensor
response curves for the heating cycle (Figure 4.30) and cooling cycle (Figure 4.31)
shown previously. During the heating the sensor responses show a higher ratio of peak
height to reflected height as was seen for the room temperature curing (Figure 5.25).
This higher ratio was apparent for the 40°C and 80°C curves but by the 120°C point that
ratio has diminished and a larger reflection was seen. The cooling curves show similar
ratios to the 120°C sample with a very reduced response upon reaching room

temperature. Unlike the sensors embedded within the fiber composite laminates, there
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was little constraint on the sensor and most of the piezoelectric activity was lost in the

thermal cycling.
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Figure 5.1: Top image shows the model for low grading (23% ceramic) with an abrupt
interface, the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C.
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Figure 5.2: Top image shows the model for medium grading (37% ceramic) with an
abrupt interface, the ceramic region is at the base of the model and darker in color.
Bottom image is OOF model stress profile for stress in the x direction (horizontal)
brought about by a temperature change of 100°C.
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Figure 5.3: Top image shows the model for high grading (51% ceramic) with an abrupt
interface, the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C.
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Figure 5.4: Top image shows the model for edge grading (61% ceramic) with an abrupt
interface, the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C.
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Figure 5.5: Top image shows the model for low grading (23% ceramic) with bridging,
the ceramic region is at the base of the model and darker in color. Bottom image is OOF
model stress profile for stress in the x direction (horizontal) brought about by a
temperature change of 100°C.
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Figure 5.6: Top image shows the model for low grading (23% ceramic) with slumping,
the ceramic region is at the base of the model and darker in color. Bottom image is OOF
model stress profile for stress in the x direction (horizontal) brought about by a
temperature change of 100°C.
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Figure 5.7: Top image shows the model for medium grading (37% ceramic) with
slumping, the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C.
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Figure 5.8: Top image shows the model for medium grading (37% ceramic) with
bridging, the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal) brought about
by a temperature change of 100°C.
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Figure 5.9: Top image shows the model for high grading (51% ceramic) with slumping,
the ceramic region is at the base of the model and darker in color. Bottom image is OOF
model stress profile for stress in the x direction (horizontal) brought about by a
temperature change of 100°C.
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Figure 5.10: Top image shows the model for high grading (51% ceramic) with bridging,
the ceramic region is at the base of the model and darker in color. Bottom image is OOF
model stress profile for stress in the x direction (horizontal) brought about by a
temperature change of 100°C.
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Figure 5.11: Top image shows the model for edge grading (61% ceramic) with bridging,
the ceramic region is at the base of the model and darker in color. Bottom image is OOF
model stress profile for stress in the x direction (horizontal) brought about by a
temperature change of 100°C.
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Figure 5.12: Top image shows the model for high grading (51% ceramic) with slumping,
the ceramic region is at the base of the model and darker in color. Bottom image is OOF
model stress profile for stress in the x direction (horizontal) brought about by a
temperature change of 100°C.
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Figure 5.13: Stress-deflection curves for the metal-ceramic monoliths compared with a
pure alumina ceramic formed by Robocasting (note that the pure ceramic curve was for a

smaller test specimen). Tension surfaces during the 4-point bend test are noted.
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Figure 5.14: OOF predicted stress at the ceramic surface for 4-point bending with the
ceramic surface in tension and a load of 1000 newtons, the load where initial failure was

seen in the mechanical testing.
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Figure 5.15: Top image shows the model for low configuration (23% ceramic) with an
abrupt interface, the ceramic region is at the base of the model and darker in color.
Bottom image is OOF model stress profile for stress in the x direction (horizontal)
brought about by a four-point bending with the ceramic in tension and a loading of 100
newtons.
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Figure 5.16: Top image shows the model for low configuration (23% ceramic) with
bridging, the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal) brought about
by a four-point bending with the ceramic in tension and a loading of 100 newtons.
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Figure 5.17: Top image shows the model for low configuration (23% ceramic) with
slumping, the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal) brought about
by a four-point bending with the ceramic in tension and a loading of 100 newtons.
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Figure 5.18: Top image shows the model for medium configuration (37% ceramic) with
bridging, the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal) brought about
by a four-point bending with the ceramic in tension and a loading of 100 newtons.
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Figure 5.19: Top image shows the model for high configuration (51% ceramic) with
bridging, the ceramic region is at the base of the model and darker in color. Bottom
image is OOF model stress profile for stress in the x direction (horizontal) brought about
by a four-point bending with the ceramic in tension and a loading of 100 newtons.
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Figure 5.20: OOF model of deflection at the center of the mechanical test bar when

tested with the ceramic surface in tension and a load of 100 newtons.
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Figure 5.21: OOF predicted stress at the ceramic surface for 4-point bending with the
metal surface in tension and a load of 1000 newtons, slightly lower than the load where
initial failure was seen in the mechanical testing.
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Figure 5.22: Top image shows the model for low configuration (23% ceramic) with an
abrupt interface, the ceramic region is at the base of the model and darker in color.
Bottom image is OOF model stress profile for stress in the x direction (horizontal)

brought about by a four-point bending with the metal in tension and a loading of 100
newtons.
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Figure 5.23: Top image shows the model for the high configuration (51% ceramic) with
slumping grading, the ceramic region is at the base of the model and darker in color.
Bottom image is OOF model stress profile for stress in the x direction (horizontal)
brought about by a four-point bending with the metal in tension and a loading of 100
newtons.
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Figure 5.24: Top image shows the model for the high configuration (51% ceramic) with
bridging grading, the ceramic region is at the base of the model and darker in color.
Bottom image is OOF model stress profile for stress in the x direction (horizontal)
brought about by a four-point bending with the metal in tension and a loading of 100
newtons.
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Figure 5.25 PVF2 sensor response to impacting while embedded in Epon 828 €poxy resin
and cured at room temperature. The ratio of the first peak in the PVF2 sensor response

curve to the corresponding reflected peak is shown.
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6. CONCLUSIONS

Solid freeform fabrication (SFF) methods allow for the creation of complex structures
from multiple materials. In theory if one can place any material in specific locations
while building a structure, all structures could be created. The reality of SFF is not quite
there yet and it would be difficult to say what the exact limitations of this method would
be. This study aimed to determine what the optimal structure would be, but instead
determined that the real limitation of the SFF method and its freedom to place materials
most anywhere is actually a liability. This potential of putting anything anywhere leaves
too many potentials to find the optimal structure for an arbitrary structure and instead the
final application of the structure, use and environment, must be known in order to design

an optimal structure.

The use of SFF to create monolithic structures comprising 'multiple materials was
explored in two areas: the creation of tough metal-ceramic composites, and the

embedding of polymer sensors within polymer composites.

It was shown that the addition of metal to a ceramic would improve the toughness of the
composite structure. Ceramic preform structures were freeformed with a graded porosity
such that when filled with molten metal the monolith would be graded from pure ceramic
at one surface to pure metal at the other. The toughening was not surprising but the way
in which the monolith was graded had a dramatic effect on the performance and internal
stress states. An abrupt interface is the minimal configuration and different gradings of

the interface were compared to that. For a graded metal to ceramic part, roughening the
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metal-ceramic interface with columns or steps led to increased thermal stresses at the
ceramic surface from thermal processing and also when tested in four-point bend with the
ceramic surface in tension. Inclusions of isolated regions of one material in regions of
the other reduced the thermal stresses, with the inclusion of isolated ceramic within the
metal having a stronger effect. This inclusion of isolated regions actually modifies the
effective modulus, as well as the effective thermal expansion, of the region and hence the

ability for thermal stresses to arise.

The mechanical performance of the graded metal-ceramic monoliths showed that the best
grading for each level of ceramic content and test configuration was different. When
tested with the metal surface in tension, a low loading of ceramic resulted in lower stress
within the ceramic regions while the opposite was true when tested with the ceramic
surface in tension. The type of grading of the interface that resulted in the lowest stresses

also depended on the ceramic content of the structure.

Piezoelectric polymer sensors were embedded in a variety of polymer composite systems
to examine the interaction of the sensor and surroundings. Poly vinylidene fluoride
(PVF2) sensors were seen to survive high temperature processing during embedding
provided that adequate constraint was present. The PVF2 sensors were able to detect
simple loads as well as complex impact events, proving the concept of their use for
damage detection. It was found that the relative modulus of the sensor and surroundings
has an impact on the stress within the sensor and hence what is actually sensed.

Additionally in polymer systems the glass transition temperature of the surroundings can



190

change the way the sensor responds. Polymers above their glass transition temperature

act as rubbery materials which have losses during elastic events.

In both cases studied of SFF with multiple materials, the exact nature of the application
and environment must be known to allow for optimal design. Based on the findings
herein an approach for creation of functional SFF structures with multiple materials may
be outlined. The aim is to achieve a less iterative approach to building optimal structures.
The process consists of choosing a structure, determining the environment of use and
determining the material property bounds. Then computer modeling may be used to

explore various structures prior to solid freeform fabrication of test structures.

As an example of this method consider a turbine blade as the structure. A turbine blade is
a fairly simple shape with high performance requirements and have traditionally been
made from high performance metal alloys. Ceramic materials can often tolerate higher

temperatures but suffer from catastrophic failure.

The next step is to determine the use environment, in this case high temperature and
possibly corrosive. The interior of a turbine engine sees high temperatures as well as
high rotation speeds. The environment is not only high temperature but also consists of
burned fuel gases. The turbine will also be cycled in temperature during the lifetime use,

but will primarily be operated at high temperature.

The property bounds are the material performance requirements and are dictated by the
exact application. In general they would include stiffness, strength, strain to failure,

thermal expansion, thermal cycle tolerance, impact resistance, and non-catastrophic



191

failure. Without going into the detailed analysis of each criteria, it should be appreciated
that most of these performance requirements would be known to some degree and most
are likely well defined. The definition of these properties will determine the boundary

conditions and criteria which the computer models will employ.

Now the design process can begin. The overall geometry would be dictated by the
specific part and will be essentially fixed. Turbine designs will not be addressed here as

the goal is to create a new composite structure with SFF not a new turbine design.

The use environment for the turbine blade suggests a pure ceramic material with the high
temperature and potentially corrosive gases. However the property bounds put limits on
the success that might be achieved with a pure ceramic. Therefore a metal-ceramic
composite will be designed. An outer ceramic layer would provide temperature tolerance
as well as resistance to corrosion. An interior metal and ceramic combination will then
be needed to provide the remaining performance criteria, principally the strain to failure

and damage tolerance such that there is no catastrophic failure.

The inner structure of the turbine blade will contain some metal and ceramic but the ideal
arrangement is not obvious. Finite element modeling would then be used to explore the
effects of different morphologies on the overall performance. To begin the modeling
process it is necessary to identify the criteria that the model will be evaluated by. When
determining the property bounds, minimum performance criteria were determined and it
is against these values that the models will be judged. The work herein looked at thermal
stresses as well as mechanical strength in bending. Modeling allows for the freedom to

alter properties individually to identify trades in performance. Care must be taken during
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the modeling process to use morphologies that can readily be made with solid freeform

fabrication routes.

Prototyping of candidate structures by SFF would then take place to verify models. The
fabrication of test structures and testing in the intended use environment would be
necessary to determine the relation of performance to model as well as the ability to build
the structure modeled. Cross-sections from the SFF parts may be used for new input to
the model to compare ideal structures with those fabricated. The testing of candidate
structures would then be analyzed and used to further refine the morphology towards the

optimal structure.

To implement this outline based on the work herein, several starting points can be
identified. As this work considered thermal, mechanical, and modulus variations, the
trends determined would be a good point to start. The overlapping performance goals for

the turbine blade would be strength in bending, toughness, and thermal stresses.

Residual compression at the surface of the turbine blade would improve strength and
should also help with impact tolerance. With the graded metal-ceramic composite work,
the stress at the ceramic surface was modeled for thermal contraction and compressive
stress of 107 MPa at the surface of the alumina ceramic was seen for one of: the low
ceramic content with perfect bridging Figure 4.17. A compressive stress at the ceramic
surface will add to the strength as the compressive stress must be overcome. This
increase was significant as the typical strength of robocast alumina was about 300 MPa.
The model also showed that this stress can be made even more compressive by increasing

the modulus of the metal used.
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To increase toughness and also reduce catastrophic failure in the turbine blade an
interconnected metal-ceramic structure would be sought. It was shown that a graded
metal-ceramic monolith had increased toughness and did not fail catastrophically when
tested with either the metal or ceramic surface in tension, Figure 5.13, so changing this
structure to be a ceramic outer layer with internal metal regions should not lead to
catastrophic failure provided that there is enough metal present to carry load once the
ceramic has failed. While the optimal grading structure depended on the ratio of metal to
ceramic, grading of some form generally outperformed an abrupt interface. The failure
of the metal-ceramic structures showed that there was metal ligament bridging in the
interconnected structure, Figure 4.13, so morphologies that place metal regions in the

fracture paths would be preferred.

Strength could also be improved by having internal compressive regions within the
structure. The compression could slow crack growth within the ceramic. This can be
accomplished with isolated metal regions within the bulk ceramic region. Again, an

interconnected structure helps accomplish this goal.

These trends suggest that an initial structure to consider would be similar to the low
ceramic content with perfect bridging, mirroring the structure so that the grading
transitions from ceramic to metal to ceramic through the thickness of the turbine blade as
depicted in Figure 6.1 (A). This structure had improved strength for the metal-ceramic
monolith and the addition of another ceramic layer might increase the strength by a factor
of two. Another approach worth considering would be a stair stepped metal-ceramic

interface with the pillars staggered such that there would be no pure ceramic path thru the
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thickness as depicted in Figure 6.1 (B). The pillar structure had shown tensile stress
concentrations at the ceramic surface below the pillars with compressive zones at the top
of the pillars, Figure 5.6, so a crack traveling through the pillars would have to overcome
this compression and then would lead to bulk metal regions where ductile failure would
dominate. This structure may not increase the strength dramatically but would have

toughness on the order of the metal-ceramic monoliths.

This outlined approach for SFF of a turbine blade was meant as an example of the
methods learned herein for multiple material structures. There will be numerous
possibilities for other structures and applications that can be made following this general

approach.

®)

Figure 6.1: Potential cross-sections for turbine blade.
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APPENDIX - Thermal Solution For Metal-Ceramic Bilayer

To iterate the mathematics behind the equations used in the body of this manuscript, this
appendix is provided to show the detail in the solution to the classic bilayer of two
materials and how they behave under thermal loading. The materials specific variables
involved are outlined in Table A.1. The other variables that are not material specific are

outlined in Table A.2.

Table A.1 Materials specific variables.

Property Metal Ceramic
Modulus E, E.
Coefficient of thermal expansion O a,
Thickness ty f.
Thermal strain Em &
Stress to constrain to same length Oim o,

Table A.2 Non-materials Specific variables

Property Variable
Initial length I,
Final length [
Temperature change AT
Location of neutral axis ty
radius of curvature p

The geometry considered in this solution is shown schematically in Figure A.1. This
figure shows the original materials, their desired final shape if they were not bound
together, and the resulting final length when they are constrained. The top of the figure is
the ceramic layer, with its variables labeled. The bottom of the figure is the metal layer,
with its variables labeled. To calculate the thermal solution for these two layers bonded

together, there are several steps. First the two layers are considered to be separate and
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allowed to expand (or contract) freely with a chosen temperature change, A7. Then the
stress necessary to constrain the two materials to the same final length (J) is calculated,
with the constraint that the forces sum to zero. The final length may then be determined,
with the resulting internal stresses defined by this deformation. This calculation
essentially breaks down into defining the stresses necessary to constrain the two
expanded materials to the same length, summing the forces to zero, then determining the

resulting length.
The stress required to stretch the ceramic region to the final length is:

Equation A.1

o =E¢, = E{l_lo (”“CAT)} = EC[IL—(lﬂchT)}

[

[ o

The stress required to contract the metal region to the final length is:

Equation A.2

o, =E,éz, =Em{l”(1+almAT)_l}=Em{(1+amAT)—lL}

m m

o o

To determine the final length sum the forces to zero:

Equation A.3

Now substituting Equation A.1 and Equation A.2 into Equation A.3:
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Equation A.4

Et, [li —(1+ acAT)} =Et, {(1 +a,AT)- IL]

o o

Simplifying:
Equation A.5
Ezt, [ILJ —Et(1+a,AT)=-E,t, LILJ +Et,(1+a,AT)
Equation A.6
IL(ECtC +Et )=Et(+a AT)+E,t (1+a,t,)
Then:

Equation A.7

| Et(+aAT)+E,t, (1+a,AT)

) Et +E.t,

o

So the final length can be determined from the materials properties and the change in

temperature. Now we substitute Equation A.7 back into Equation A.1:

Equation A.8
o - E!t (1+a AT)+EE,t, (1+a,AT) E((1+aATYEt +E,t,)
) Et +Et, Et,+E.t,

Simplifying:
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Equation A.9

E* (1+a AT)+E.E,t, (1+a,AT)-EX (1+a,AT)-EE,t (1+a,AT)

(4
Et +E ¢,

o =

4

Equation A.10

_EE.t (l+a,AT-1-a AT) E,E,¢t, (a,-a )AT
- Et +E,.t, ~ Et +Ez,

g

4

So the stress required on the ceramic portion can also be determined from the materials
properties and the change in temperature. In a similar fashion substituting Equation A.7

into Equation A.2 reveals:

Equation A.11
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The location of the neutral axis may be determined, but first there is a need to specify a
reference frame. For this, the interface will be taken to have a y value of zero, and the
ceramic region will be the positive y direction and the metal region the negative y
direction (as per Figure A.1). The out of plane thickness will be represented by £ for the
ceramic portion, and by (E,/Ek for the metal region (as per method of sections®'). The

location of the neutral axis is then:

Equation A.12
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Simplifying:
Equation A.13

Ejt; —E,L,
t =
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The location of the neutral axis is strictly a function of geometry and material properties

and is independent of temperature change.
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Figure A.1 Schematic of bi-material strip, with ceramic material at top and metal material
at the bottom.






