
NASA Contractor Report 4437

A Study of Aluminum-Lithium

Alloy Solidification Using

Acoustic Emission Techniques

Daniel P. Henkel

Lehigh University

Bethlehem, Pennsylvania

Prepared for

Langley Research Center

under Grant NGT-50417

National Aeronautics and
Space Administration

Office of Management

Scientific and Technical

Information Program

1992





Acknowledgements

I would like to express my gratitude to my advisor, Dr. John D. Wood, for his

support during the course of this work. His patience, especially at the beginning of the

program, helped to transform a production-oriented engineer into a research-oriented

scientist. Special thanks are also due to Dr. William Prosser of NASA Langley Research

Center and to Dr. Adrian Pollock of Physical Acoustics Corporation for their limitless

assistance in many technical and personal aspects of this program. The interest and

suggestions of the remainder of my committee: Provost Alan Pense, Dr. John Ochs, and

Dr. David B. Williams, have been indispensable and are truly appreciated.

During the course of my graduate program I have had the good fortune to be

associated with many fine people. Among those, I would like to extend special thanks

to: Dr. John Fisher, Dr. Joseph Heyman, Dr. Douglas Granger, and Dr. Eric Kaufmann

for sharing their expertise and providing many useful suggestions. Also, special thanks

are due to Bill and Karen Prosser for their hospitality during my visits to Langley.

The support of my family throughout this midlife "crisis" requires more than just

thanks and can never be fully repaid. Above all, the professional and personal sacrifices

of my wife, Julie, have been the most important ingredients for the successful completion

of my graduate studies. Her drive kept me moving at a steady pace, her understanding

showed me the importance of optimism, and her altruistic support was often the decisive

catalyst to finish. We have worked equally hard on this project and the rewards should

be equally shared.

iii

!

pi:_ECFJ)iN6 PA_E BI.A_ NGT F!_,MED



Grateful acknowledgement is given to the following organizations that made this

dissertation possible: The Alcoa Technical Center for supplying materials; Physical

Acoustics Corporation, NASA Langley, and Lehigh University's NSF supported ERC for

Advanced Technology Center of Large Structural Systems (ATLSS) and the Department

of Materials Science and Engineering for providing equipment. A special word of thanks

is due to ATLSS and the Graduate Students Research Program (GSRP) of NASA Langley

Research Center for providing financial support.

iv



Table of Contents

Certificate of Approval

Acknowledgements

Table of Contents

List of Figures

List of Tables

List of Nomenclature

Abstract

I. Introduction

1. Background

2.1 Acoustic Emission

2.1.1 History

2.1.2 AE - The NDE Method

2.1.2a General

2.1.2b Conventional Analysis

2.1.2c Waveform Analysis

2.1.3 AE - The Physical Phenomenon

2.1.3a General

2.1.3b Source Characteristics

ii

iii

V

ix

XVIII

xix

1

3

5

5

5

10

10

12

16

22

22

24

V



1I. Background (continued)

2.2 Solidification

2.2.1 General

2.2.2 Thermal History Curves

2.2.3 Porosity Development

2.3 Aluminum-Lithium Alloys

2.3.1 General

2.3.2 Physical Metallurgy

2.4 Summary of Background

26

26

32

34

39

39

42

46

III. Experimental Procedures

3.1 Materials

3.2 Casting

3.3 Data Acquisition

3.3.1 Temperature

3.3.2 Acoustic Emission

3.4 Metallographic Analysis

47

47

49

52

52

59

62

vi



IV. ResultsandDiscussion-AcousticEmissionSystemResponse

4.1 Introduction

4.2 TransducerResponse

4.2.1 General

4.2.2 TransducerCharacteristics

4.2.3 PreamplifierandFilter Effects

4.3 WaveguideResponse

4.3.1 Boron Nitride Characteristics

4.4 SystemNoise

4.5 Summaryof AE SystemResponse

65

65

67

67

70

8O

84

85

91

96

V°

5.1

5.2

5.3

Results and Discussion - Acoustic Emission During Solidification

Introduction

Solidification Kinetics

Acoustic Emission from Pure Aluminum Castings

5.3.1 Conventional Analysis

5.3.2 Waveform Analysis

5.4 Acoustic Emission from Aluminum-Lithium Alloy Castings

5.4.1 Conventional Analysis

5.4.2 Waveform Analysis

98

98

100

105

106

117

124

124

142

vii



5.5

5.5.1

5.5.2

AcousticEmissionfrom Aluminum-CopperAlloy Castings

ConventionalAnalysis

WaveformAnalysis

5.6 Summaryof AcousticEmissionDuring Solidification 153

VI. MetallographicAnalysis

6.1 Ultra-PureAluminum

6.2 Aluminum-Lithium Alloy

6.3 Aluminum-CopperAlloy

VII. Conclusions

VIII.Suggestionsfor FutureWork

References

Vita

146

146

150

155

155

157

168

170

173

176

185

°°°

VIII



List of Figures

2.1 Generation and detection of acoustic emission. ! !

2.2 Definition of AE waveform parameters in conventional analysis. 13

2.3 Typical acoustic emission plotting formats: (a) cumulative lille plot,

(b) histogram, and (c) non-cumulative point plot. 14

2.4 Functional elements of a signal processing system. 17

2.5 Conversion of (a) an analog signal to (b) a digital plot and

(c) a numerical array. 18

2.6 A typical acoustic emission signal generated during solidification

as shown in Ca) the time domain and (b) the frequency domain (power spectrum). 20

2.7 Classification of acoustic emission signals: (a) burst and b) continuous. 22

2.8 Types of dendritic structures: (a) equiaxed and (b) columnar. 27

2.9 Microscopic inhomogeneities that develop during solidification:

trapped inclusions (black circles), pushed inclusions (white circles),

and microporosity (voids). 28

2.10 Schiel plot for AI-4.7wt%Cu derived from phase diagram. 30

2.11 Types of grain structure: (a) equiaxed dendritic and (b) columnar dendritic. 32

2.12 General cooling behavior of (a) fully columnar and (b) fully equiaxed grain

structure. 33

2.13 Equilibrium solubility of hydrogen at atmospheric pressure in

UHP aluminum 1551. 35

ix



2.14 Types of microporosity in aluminum: (a) interdendritic, (b) intergranular

and (c) free gas pores [581.

2.15 Microporosity profiles in aluminum ingots: (a) equiaxed, grain-refined,

(b) columnar- equiaxed, grain-refined and (c) columnar, course-grained 1581

illustrating lines of equal volume percent of porosity.

2.16 Definition of short transverse direction.

3.1 Experimental resistance furnace casting system.

3.2 Temperature and AE conversion and conditioning circuits.

3.3 Temperature-phase relationships for the experimental aluminum alloys [70].

3.4 Circuit diagram of variable differential input operational amplifier.

3.5 Temperature-voltage calibration plots (a) before and (b) after adjustment

to 0 VDC @ 5000C illustrating the elimination of a -0.55 V DC offset by

potentiometer adjustment.

3.6 Flow diagram of voltage conditioning circuit to display thermocouple

temperature on digital storage oscilloscope.

3.7 Thermocouple positioning (a) before and (b) after melting of the

experimental aluminum alloy.

3.8 Diagram of experimental AE data acquisition system.

4.1 Schematic diagram of piezoelectric transducer network coupled to a test

specimen.

4.2 Frequency response from an AE signal by a (a) carefully and (b) loosely

bonded transducer [7 II.

X

37

38

41

5O

53

54

54

56

57

58

60

67

68



4.3 Frequencyresponsefrom a commonAE signal using (a) pine resin and (b)

W400 couplant I711.

4.4 Time and frequency domain response of an $9208 broadband transducer to a

20 Khz - 1.5 Mhz constant amplitude swept sine input function.

4.5 Time and frequency domain response of an R151 resonant transducer to a

20 Khz - I Mhz constant amplitude swept sine input function.

4.6 Time and frequency domain response of a VP-1093 broadband transducer to a

20 Khz - 2 Mhz constant amplitude swept sine input function.

4.7 Time and frequency domain response to a pencil lead break of an $9208

transducer coupled to a BN rod using (a) a 1 _f shunt capacitor and

(b) a 100-H filter.

4.8 Time and frequency domain response to a pencil lead break of a VP-1093

pinducer coupled to a BN rod using (a) a 1 _uf shunt capacitor and

(b) a I(I()-H filter.

4.9 Time and frequency domain response to a pencil lead break of an R15I

transducer coupled to a BN rod without filtering.

4.10 Comparison of the $9208 response and an integrated form of the VP-1093

response to a pencil lead break [751.

4.11 Comparison of the $9208 and theoretical displacement responses to a lead

pencil lead break [75].

69

71

72

73

75

76

77

78

79

xi



4.12A constantamplitudesweptsinefunctionwith a rangeof 10Khz - 1 Mhz

shownin time (centerplot) and frequency(lower left plots)domains. 81

4.13Time (center)andfrequency(lower left) responseof a 60 dB preamplifierwith

a 1pf shuntcapacitorto a 2 mVp_p constant amplitude swept sine function

in the range 1() kHz - 1 MHz. 82

4.14 Frequency response of a 60 dB preamplifier with a 100 KHz high-pass filter

(top) and with a 1 pf shunt capacitor (bottom) to a constant amplitude swept

sine function. 83

4.15 (a) The coupling arrangement of an ultrasonic transducer and a broadband

acoustic emission transducer to observe: (b) the response (bottom plot) to

a single cycle sine wave (top plot) after 60 dB amplification. 86

4.16 (a) The coupling arrangement of an ultrasonic transducer, a BN rod and a

broadband acoustic emission transducer to observe: (b) the response of the rod

(bottom plot) to a single cycle sine wave (top plot) after 60 Db amplification. 88

4.17 (a) The coupling arrangement of a BN rod and a broadband acoustic emission

transducer to observe: (b) the response to a pencil lead break (lower plot)

on the free end of the rod and a time expansion of the first two peaks

(upper plot). (1) indicates arrival of first extensional mode wave,

(2) flexural wave, (3) reflection of extensional wave, (4) surface wave and

(5) reflection of flexural wave. 89

xii



4.18 Plotsof noise generated by a coupled $9208 transducer and BN rod in time

and frequency domains. 92

4.19 Plots of noise generated by a coupled $9208 transducer, BN rod, and

preamplifier in the time and frequency domains. 93

4.20 Plots of system noise including the effects from the transducer, BN rod, and

pre- and main amplifiers in the time and frequency domains. 94

4.21 Plots of a typical AE signal during solidification illustrating the presence of

system noise in the time and frequency domains. 95

4.22 Expanded frequency plot of signal and noise shown in Figure 4.21. 96

5.1 Nucleation and growth plots of solidification in (a) ulna-pure aluminum and

(b) an AI-Li alloy. 101

5.2 Detectability of acoustic emission signals by considering source velocity as a

function of source area 1811. 1(12

5.3 Fraction of solid as a function of solidification time for (a) a 2.7 g

UHP aluminum and (b) a 2.7 g AA2090 AI-Li alloy specimen cooled at the

same rate. 104

5.4 Plots of cumulative acoustic emission hits v. time during the solidification

of UHP aluminum from two experiments with similar volume specimens. 107

5.5 Cooling curve of 2.7 g ultra-pure aluminum casting indicating temperature

range that corresponds to high acoustic emission activity. 11)8

xiii



5.6 Acousticemission(a) amplitude,(b) rise time, (c) duration,and(d) energy

asa function of time during solidificationof anUHP aluminum. 111

5.7 Acousticemission(a) hits and (b) durationasa function of amplitudeduring

solidification of an UHP aluminum. 112

5.8 Plots of cumulative acoustic emission hits v. time during the solidification

of a 5.2g ultra-pure aluminum casting. (a) The upper plot is a time expansion

of the first 1,000 seconds of (b) the lower plot. 113

5.9 Cooling curve of a 5.2 g ultra-pure aluminum casting indicating temperature

ranges that correspond to periods of high acoustic emission activity. 114

5.1(7 Acoustic emission signals recorded from (a) beginning to (b) end

of the solidification of an ultra-pure aluminum casting and displayed in the

time and the frequency domains. 118-119

5.11 Expansion of first wave arrivals in signals shown in Figure 5.10. I20

5.12 Acoustic emission signals recorded from (a) beginning to (d) end of a

second solidification experiment using UHP aluminum. 122-123

5.13 Typical cooling curve of 2.7 g aluminum-lithium alloy casting indicating

temperature ranges that correspond to high acoustic emission activity. 125

5.14 (a-d) Results of four experiments illustrating cumulative AE hits

v. time (upper plots) and AE hit rate (lower plots) for 2.7g AI-Li alloy

castings. 129-130

xiv



5.15 (a)NormalizedcumulativeAE hits v. time and (b) normalized AE hit rate

for four AI-Li alloy solidification experiments. 131

5.16 Cascade plot of AE hit rate v. time for five aluminum-lithium alloy castings

cast under similar conditions. 132

5.17 Plots of (a) cumulative AE hits and (b) AE signal duration as functions of

temperature and phase. 133

5.18 Cumulative AE hits v. time during the solidification of a 10.8 g

AI-Li alloy. 134

5.19 Grain size v. AE hits for 2.7 g AI-Li castings with columnar and

equiaxed grain structure. 139

5.20 Acoustic emission (a) amplitude, (b) rise time, (c) duration, and

(d) energy as a function of time during the solidification of an

AI-Li alloy. 140

5.21 Acoustic emission (a) hits and (b) duration as a function of amplitude

during the solidification of an AI-Li alloy. 141

5.22 Time and frequency domain analysis of four signals recorded during

solidification of an AI-Li alloy. (a and b) illustrate the first period

of AE activity and (c and d) the second period of AE activity. 144

5.23 AE activity v. time during the solidification of a 2.7 g

AI-4.7wt%Cu alloy. 146

XV



5.24 Acoustic emission Ca) amplitude, (b) rise time, (c) duration, and

(d) energy as a function of time during the solidification of an

AI-4.7wt%Cu alloy. 148

5.25 Acoustic emission (a) hits and (b) duration as a function of amplitude

during solidification of an AI-4.7wt%Cu alloy. 149

5.26 Acoustic emission signals recorded from (a and b) the first period of AE

activity and (c and d) the second period during the solidification of an

AI-4.7wt%Cu alloy. 151-152

6.1 Microstructure of ultra-pure aluminum (unetched, 32x). 156

6.2 Equiaxed dendritic growth of nuclei in UHP aluminum (Kellers, 32x). 156

6.3 lnterdendritic porosity in Ca) the center and (b) the bottom of an AI-Li

alloy casting (both Kellers Reagent, 32x). 159

6.4 Illustration of columnar dendritic growth in an A1-Li alloy casting

(Kellers Reagent, 32x). 160

6.5 Comparison of (a) equiaxed and (b) columnar grain structure in two AI-Li

alloy castings solidified under different heat extraction conditions

(both unetched, 32x). 161

6.6 Microstructure of an AI-Li alloy at (a) 32x, (b) 100x, (c) 320x illustrating

the presence of additional phases dispersed throughout the matrix (Kellers

Reagent). 162-163

xvi



6.7 Elemental x-ray microprobe maps of relative (a) aluminum, (b)copper,

(c) iron and (d) zirconium concentrations in an AI-Li alloy casting. 164-165

6.8 (a-d) Micrographs of an A1-Li alloy illustrating the presence of solidification

cracking, dendrite tip fracture, interdendritic porosity, and coring. 166-167

6.9 Microstructure of the (a) top and (b) bottom of an AI-Cu alloy casting

illustrating intergranular porosity and an equiaxed grain structure with

the 0 phase segregated at the grain boundaries

(both Kellers Reagent, 32x). 169

7.1 Hot stage microscopy system with acoustic emission monitoring

capabilities. 174

xvii



List of Tables

2.1 Effect of alloy additions on mechanical properties of AI-Li alloys.

3.1 Chemical analysis of experimental materials.

3.2 Nominal physical properties of experimental specimens prior to

solidification.

5.1 Relationship of microstructure and second period AE hits in an

aluminum-lithium alloy.

5.2 Correlation of AE activity and percent of porosity as a function of mass

and composition.

5.3 Summary of AE results for the alloy AI-4.5Cu-0.2Ti !14].

45

48

49

127

137

138

ooo

XVIII



List of Nomenclature

AE - acoustic emission

AI-Li - aluminum lithium

8 - Al3Li phase

_'- AILi cubic phase

BN - boron nitride

CA-DTA - computer-aided differential thermal analysis

CE - composition of eutectic

C L - composition of liquid

C O - initial composition

C r - specific heat

C, - composition of solid

D.S.O. - digital storage oscilloscope

Db - decibel

DIC- differential interference contrast

EMI - electromagnetic interference

f- frequency (Hz)

fE - fraction of eutectic

FFT - fast Fourier transform

fs - fraction of solid

GPa - gigapascals

xix



HDT - hit definition time (ms)

k - equilibrium partition ratio

L - lengthof rod (m)

L' - latentheatof solidificationat time, t

LC - inductive-capacitive

LiH - lithium hydride

Lro.r,,a_- total latentheatof solidification

MARSE - measuredareaundertherectified signalenvelope

MPa- megapascals

n - wave number

NDE - non-destructiveevaluation

p-wave- longitudinalmodeacousticwave

PAC - PhysicalAcousticsCorporation

ppm - partsper million

S-T - short transverserolling direction

SCC- stresscorrosioncracking

STP- standardtemperatureandpressure

ots_- supersaturatedsolid solutionof phase

t - time (seconds)

T_ - A12CuLihexagonalphase

TC - thermocouple

T E - equilibrium temperature

xx



TiB - AI-10w%Ti-0.4w%B alloy grain refiner

T M - melting temperature

T N - undercooling temperature

UHP- ultra-high purity

v - velocity of solidification front (m/s)

xxi





Abstract

Physicalphenomenaassociatedwith thesolidificationof analuminum-lithiumalloy,

an aluminum-copperalloy, and ultra-pure aluminum have been characterizedusing

acousticemission(AE) techniques.This studyhasshownthatrepeatablepatternsof AE

activity may be correlated to microstructural changes that occur during solidification.

The acoustic emission approach is based on the measurement of strain energy that is

released as a material transforms from a liquid to a solid. If the source moves rapidly

enough, stress waves will be generated with sufficient energy to reach a free surface of

the specimen and develop detectable vibrations. A transducer coupled to this surface

converts the displacements of the vibrations to voltage signals which may be amplified,

filtered, or stored for post-acquisition processing. These signals have been analyzed to

relate periods AE activity to the fraction of solid, or stage of solidification.

The influence of the experimental system on generated signals has been examined in

detail. Time and frequency domain analysis of the response of a boron nitride waveguide

materials and three transducers has been performed. The analysis has been used to show

how an AE signal from a solidifying metal is changed by each component of the

detection system to produce a complex waveform.

Acoustic emission during solidification has been studied using two methods:

conventional and individual waveform analysis. Conventional analysis has shown that a

period of high AE activity occurs in ultra-pure aluminum, an AI-Cu alloy and an AI-Li

alloy as the last fraction of solid forms. A model is presented which attributes this

activity to internal stresses caused by grain boundary formation. Another period of AE

activity occurs in the two alloys as the first fraction of solid forms. This activity was not



observed in the non-porous ultra-pure aluminum. A model is presented which attributes

this activity to interdendritic porosity. A mixture of low and high intensity signals

occurred during each period but specific trends in waveform characteristics were not

identified. The waveform is dominated by resonant effects from the waveguide or, if

high-pass filtering is used, the transfer function of the transducer controls the waveshape.
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!. Introduction

Material scientists are as interested in developing new methods of evaluating material

properties as they are in developing new materials. One relatively new method of

evaluation, approximately forty years old, which has been receiving substantial research

interest is acoustic emission (AE). A new class of metals which has also evolved over

this same time period is aluminum-lithium (AI-Li) alloys. The popularity of both topics

has gone through simultaneous peaks in the early 1960's and 70's and troughs towards

the end of those same decades. The current consensus is that a conservative approach is

required to identify specific applications for each with the understanding that neither is

an absolute replacement for conventional methods or materials.

Acoustic emission has a combination of features which no other materials evaluation

method can provide. Its range of detection extends from the movement of microscopic

dislocations in metals to the movement of massive platelets below the earth's surface.

Applications as diverse as railroad car proof-testing and magnetic transformation detection

are commonly practiced. AE can also detect, in real-time, the formation of a defect and

locate its position. One major research effort has been source characterization or the

ability to distinguish one type of defect from another by their acoustic emission signals.

However, to date, removing effects of signal convolution during its propagation to a

detector has been an unsolvable problem except in simple laboratory experiments. Many

believe that the full potential of AE will only be realized when this inherent problem is

overcome and defects can be identified as well as located by their AE signals. In addition

3



to acousticemission,which is itself an interestingtopic, thepresentresearchinvestigates

the solidificationof A1-Li alloys, anotherfield attractingattentiontoday.

Aluminum-lithium alloys offer lowerdensityandhighermodulusthanconventional

aluminumalloys. Demandsfrom theaerospaceindustryfor improveddamagetolerant,

weight efficient structureshavebeenthe incentivefor their development. The major

technicalproblemsconfronting the producershave been: (1) porosity during primary

processingand (2) low toughnessandstresscorrosioncrackingresistancein thefinished

product. As with acousticemission,thefull potentialof AI-Li alloyscannotbeachieved

until suchinherentproblemshavebeenresolved.

This study evaluatesthe solidification of A1-Li alloys using acoustic emission

technology. Emphasishas been placedon the mechanismsof solidification, defect

developmentduringsolidification,andthecharacterizationof thosedefectsusingacoustic

emission. One strategicinitiative wasimprovementof aluminum-lithiumsolidification

technologyby providing an understandingof defect formationand real-timedetection.

Another was the evaluation of AE source characterizationtechniquesthat could

distinguish sourcesgeneratedduring AI-Li solidification. Through comparisonsof

material microstructuresand acousticemissiondata, two sourcesof AE have been

distinguished. The knowledgebaseof evaluationmethodsto reducecastingdefectsin

metal hastherebybeenbroadenedby this study.



I1. Background

2.1 Acoustic Emission

2.1.1 llistory

Earthquakes, magnetic transformations, and micro-fracture in metals have at least one

thing in common - they generate acoustic emission. Although on much different scales,

all of the above mechanisms radiate energy in the form of elastic waves as a result of

applied stress.

Acoustic emission history has been arbitrarily divided into four general periods [1].

The "Tin-Cry" period, beginning around the turn of this century, included investigations

in which audible sounds were reported as observations during experiments on metals. An

example is Czochralski's work which found an association between twinning of tin or

zinc and the simultaneous sound emitted which has been termed "cry" [2].

The second period or "Age of Discovery" involved major research efforts to

understand the acoustic emission phenomenon. The first instrumented experiment,

conducted in Germany, was published in 1936 by Forster and Schiel [3]. They recorded

noises caused by martensitic transformation in 29% Ni-steel. Joseph Kaiser's doctoral

thesis [4] is considered the first comprehensive investigation specifically on acoustic

vibrations originating from within stressed polycrystalline metals. The phenomenon was

termed acoustic emission (AE) since the stress waves came from within the material in

response a release of strain energy. Although Kaiser's first paper examined

polycrystalline aluminum, some of his later research involved studies of AE during

solidification in metal alloys such as Sn-Bi [5].
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Many definitions of AE have since been formulated. The following is a generalized

definition developed by the author that takes into account theories and models brought

forth in the course of this research:

Acoustic emission is a transient elastic wave or set of waves generated by

a rapid release of energy fi'om localized sources within a material.

The description specifically excludes the limiting terms solid, metal, strain, and non-

destructive which are used in the traditional definitions. The reasons will be explained

throughout this paper. The term acoustic emission is also applied to the evaluation

method used to detect and analyze the elastic waves.

The level of sound associated with the emission process is very low, being at least

an order of magnitude smaller than that produced by the stroking of a specimen with the

end of a frayed cotton thread [6J. In the present study it was necessary to amplify the

signals 90 Db (100,l)00x) for reliable data acquisition. Although AE has been observed

and recorded for ahnost forty years, no unified explanation of its source mechanisms has

been achieved. Only in the simplest cases of point sources in infinite and thick plates has

a complete analytical description of the stress waves in the vicinity of the source been

made 171.

In 1960, Tatro 181 listed several reasons for studying acoustic emission:

(.1) the phenomenon exists, (2) it is subject to measurement, (3) it is related to structure-

sensitive properties of materials about which there is well-established information, (4) it

may develop into a direct NDE method for structure-sensitive properties, (5) science will

develop faster by probing new methods than by continuing to use only the established

6



methods. Thirty yearsmay havepassedbut thesereasons,particularly the third, could

againbeusedasthe incentiveto studysolidification in aluminumand its alloys by the

acousticemissionmethod.

Reviews have been well documentedfor many AE topics including source

characteristics[9], signal processing[10], instrumentation[11], history [12], and

applications[13]. From an acousticemissionperspective,the presentdissertationis

mainly concernedwith thecharacteristicsof acousticsignalsgeneratedby solidification

andhow thesesignalsmaybeprocessedaftertheirwaveformsandfrequencyspectrahave

beenalteredby the detectionsystem.

Sourcesof acoustic emissionduring the solidification of aluminum have been

proposedby others. FeurerandWunderlin[ 14]showedthat, asthe fractionof porosity

increasesfrom thereleaseof supersaturatedhydrogenin solidifying AI-4.5%Cu-II.2%Ti

aluminum, the AE activity increases proportionally. Their experiments, however, were

not atmosphere-controlled and did not take into consideration oxidation, gas absorption,

thermal cooling rates, micro-cracking, crucible friction or grain size. The only source of

AE was assumed to be pore formation and the only analyzed parameter was the

cumulative number of AE events.

They also discussed two stages of acoustic emission activity during solidification.

The first, at the beginning of solidification, was attributed to smaller pores forming

between dendrite arms and the second, at the end of solidification, to larger pores in the

liquid between dendrites. A similar two stage pattern was observed in AI-Li and AI-Cu

alloys during the present study. A model is proposed for this behavior and will be

7



comparedwith Feurer and Wunderlin's model in SectionsIV and V, Results and

Discussion.

Kumarand Prabhakar[15] examinedtheacousticemissionduring thecastingof A1-

11.6%Si and AI-4.1)%Cu alloys. Tile copper-containingalloy hada tendencyfor hot

tearing, the silicon-containingalloy did not. Their efforts were concentratedon the

embeddedwaveguidethat was designedto maintaincontact after the melt solidifies.

They concludedfrom plots of cumulativeAE eventsversusamplitudethat a different

patternexistswhen hot tearing is present. However,they did not give an explanation

other than the AI-11.6%Sialloy had a higherAE energythan theAI-4.0%Cualloy.

Sharma,et al.[16] inducedhot tearingin threealuminumalloys (commercialpurity

aluminum,AI-3.0%Cu,andAI-4.0%Cu)byusingincreasingdegreesof specimenrestraint.

Their resultsindicatedthat the total acousticenergy increasesasa visible teardevelops

in thefinal stagesof solidification. TheyconcludedthatAE signalsarisefrom hot tearing

but concededthat AE signalsarealso detectedin castingswithout visible tears. They

suggestedthis is due to breakingof contactsbetweendendriteswhich aresubsequently

healedby the surroundingliquid. In castingssolidifiedunderno restraint,a certainlevel

of AE wasalsoobserved.Their explanationwasthatit is probablydueto theformation

of poresasobservedby FeurerandWunderlin. In the presentstudyAE wasrecorded

from castingsthat wereneitherresUainednor porous.

A much different model by Xiufang, et al.[171proposesgrain formation as an

acousticemissionsource. Using the transparentorganiccompoundmaleic anhydride

(C4H203)they observedAE signalscorrespondingto its nucleationand growth during

8



solidification. Theystatethatif thegrainstructureis equiaxed,thenthenumberof grains

is directly proportionalto the numberof AE signalsper unit time, the count rate. No

bubblesor hot tearswere seenduring the solidificationperiod and signalsfrom such

sourceswere discounted. Their secondexperiment with an eutectic AI-Si alloy

demonstratedan increasein theAE count rateduringthe primary stageof solidification

asthenumberof grains in theprimary stageincreased.

The Xiufang model of acoustic emission, generatedby nucleation, begins by

addressingthechangefrom atomicshortrangeto longrangeorderasaprocessof energy

liberation. The releaseof latentheatof crystallizationis one form. Acousticemission

is anotherwhich, they wrote, "resultsfrom a variation in the speedof variouspartsof

interiormattercausinga wave". Theyareimplyingthat thegrowingsolidnuclei generate

wavesin the surroundingliquid which aredetectedat the surfaceasAE signals. They

concluded that the greater the number of nuclei, the stronger the acoustic emission signal.

AE was also observed during the dendritic growth period in the form of weaker

continuous signals.
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2.1.2 AE - The NDE Method

2.1.2a General

Acoustic emission, in addition to a physical phenomenon, is also a term applied to

a relatively new nondestructive evaluation (NDE) technique. While looked upon as an

interesting subject for almost twenty years, its usage was limited by instrumentation speed

and sensitivity until the late 1970's [18]. Today, however, it is gaining acceptance as an

important materials evaluation method with features shared by no other technique.

AE is a passive technique that uniquely depends on the material to produce its own

stress wave sources. It may be used to continuously monitor a material and may do so

globally or within a limited zone. Applications are diverse. They have included fracture

analysis [I 9], corrosion monitoring [20], deformation studies [21], machinery diagnostics

[22], geotechnical applications [23], pressure vessel monitoring [24], and materials

characterization [25], among others.

Two of the most significant features of AE from the standpoint of this paper include:

1. Detection of energy released from within the system rather than that supplied to

the system.

2. Detection of dynamic degradation of the system thereby permitting real-time

monitoring of system changes.

Any material under stress and containing internal defects has elastic strain energy.

This energy may be released by an event such as crack propagation, volumetric changes,

or diffusionless phase transformations. While most of the stored energy is converted to

heat or surface area changes, a small percentage (approximately 1%) is released as
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acoustic stresswaves with someresidual storedelastic energy [26]. As the waves

propagateto boundariesof the material,small surfacevibrationsare generated(Figure

2.1). A transducercoupled to the surfacewill convert the displacementsof these

vibrationsto proportionalvoltages.If thesesignalsareproperlyamplified andprocessed,

theymay be usedto analyzethe materialchangewhich activatedthe acousticemission

sources.

Preamplifier Filler(s) Amplifier

l'ran_tsc_ __

W_,,'el_iicle 1. _ [ Flee Su, f,_e

[ _ \ Sire s_ n'cs
O

Acou_lic Emission

Source

-_Omillc_co_ I

-_ Cotmler I

Figure 2.1 Generation and detection of acoustic emission.

Information about both the location and characteristics of the source may be derived

from the processed signals, although the latter is much more difficult. The development

of acoustic emission as a viable NDE method has been impeded by the inability to

determine the source characteristics, poor data interchangability due to nonstandard

detection systems, and a lack of mathematical and physical understanding of the acoustic

emission waves. Until recently, the signals have been regarded as the output of a black

box consisting of the structure, transducer, and coupling.
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hi general,AE is a transient non-repeatable phenomenon sensitive to the geometry,

composition, and stress condition of the material, as well as orientation of ti_e source to

the transducer (271. Although the acoustic emission monitoring equipment is non-

destructive to the material, the technique cannot be applied unless the material releases

strain energy.

2.1.2b Convenlional Atmlysis

Conventional acoustic emission analysis is the term used in the present study to

describe data interprelation based on parameters of the AE signal exceeding a preset

threshold. It was used throughout most of the testing in this study to characterize burst

signals during solidification. As shown in Figure 2.2, these signals have amplitudes

above the b_ckgrouud noise and are of short duration ( a few microseconds to a few

milliseconds). Parameters derived from the bursts include the "hit" which rises rapidly

to a peak amplitude during the "rise time" and decays exponentially to the background

noise level. The total time of the hit is defined as the "duration" and the number of times

that the damped sinusoid exceeds the tllreshold are the "counts". Also, a pseudo-energy

term known as the "measured area under the rectified signal envelope (MARSE)" is

electronically calculated by integrating the area above the threshold of a rectified AE

signal 1281.
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Figure 2.2 Definition of AE waveform parameters in conventional analysis.

The data may be displayed in many forms depending on tile objective of the

application. Common methods of plotting used in this study include, among others:

I. Cumulative hits or counts v. time to display rates or periods of strong AE

activity. The independent variable may be changed to applied load or

temperature to correlate the AE with mechanical or thermal changes (Figure 2.3a).

2. Cumulative hits or counts v. amplitude to indicate in histogram format trends

in signal intensity (Figure 2.3b). For example, a large number of hits at a

specific amplitude may be indicative of a particular type of signal.

3. Non-cumulative point plots which may show clustering as an indicator of

common sources (Figure 2.3c). Two clusters of hits with long and short

durations in a common amplitude range may indicate two types of sources.
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Figure 2.3 Typical acoustic emission plotting formats:

(a) cumulative line plot, (b) histogram, and (c) non-cumulative point plot.

There are limitations of the conventional AE method. One is that the data is strongly

dependent on the magnitude of the selected threshold. If it is set too high, potentially

significant data which may be above the background noise, yet below threshold, will not

be recorded. At the other extreme, a low threshold may record background noise as

viable signals. Voltage signals generated by electromagnetic interference, inductive

motor noise, or line voltage fluctuations may appear as periods of strong AE activity.

Lowering the threshold on a specific signal has the effect of increasing the measured

duration, rise time, and energy. It may also increase the number of counts. The only

parameter which is not affected by the threshold is the peak amplitude. However, this

too may be altered by changing the gain. A higher gain will increase the amplitude and,
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if the threshold is held constant, may also increase the duration, number of counts, rise

time and energy.

A second limitation, although not generally a problem, is based on the hit definition

time (HDT). If the time allocated for hit detection is too short, one signal may extend

into the next HDT and be recorded as two events. A long ttDT, on the other hand, may

combine two short duration events into one hit [29].

Finally, the conventional method is a digitizing procedure which converts an analog

waveform into approximately eight discrete data fields. Once recorded, the original

waveform is lost along with valuable characteristics related to frequency. This may not

be a problem in applications involving thousands of events in a short period of time.

However, in research where the waveform may hold the key to source characterization

the conventional AE analysis method must be supplemented by waveform recording

techniques and processing.
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2.1.2c Waveform Analysis

Waveform analysis of acoustic emission signals is the expression applied in the

present study to describe the examination and comparison of individual waveforms from

AE signals. The intent is to find characteristics of the waveforms(s) in either the time

or frequency domain that may identify the source(s). Another objective is to compare

many signals for trends of these characteristics and, thereby establish statistical confidence

in the source identification. This section will present an overview of signal and spectral

processing as it was applied to the solidification experiments.

Figure 2.4 depicts a system for measuring and recording an acoustic emission signal

during solidification. It illustrates the functional blocks found in most signal processing

systems. The source, which occurs during cooling of the molten metal, has produced an

analog signal in the input transducer. It is called this because the continuously varying

voltage signal is similar or a,alogous to the surface displacements of the waveguide and

crucible which are in contact with the liquid metal. The input processor prepares the

electrical information for transmission to the output processor and transducer. At the

destination it may be displayed as a chart record, or video image, among others.
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Figure 2.4 Functional elements of a signal processing system.

The goal of perfect signal transmission is hampered by attenuation, distortion,

interference and noise. The contributions of these effects in each component of the

measurement system will be reviewed in Sections IV, Results and Discussion - AE Signal

Analysis. It should be noted that they occur during mechanical transmission of the

acoustic signal from the melt to the transducer as well as during electrical transmission

to the recording destination.

Attenuation, caused by energy losses within the system, reduces the signal intensity

or amplitude. Distortion is any alteration of the waveform due to nonlinearities.

Interference is contamination by extraneous signals, while noise comes from natural

sources internal to the system. Successful transmission requires signal processing to

correct these problems at the input and output. Examples are: amplification to

compensate for attenuation, filtering to reduce interference and noise, and frequency

translation or modulation to obtain a signal that better suits the characteristics of the

system.
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In addition to these four effects, a fifth is loss of signal fidelity by analog-digital

conversion. By nature of the measurement equipment and for speed of computational

signal analysis, the continuous-time analog waveform is sampled at equally spaced or

Nyquist intervals to produce a discrete-time signal.

quantizing the amplitude to generate a digital signal.

This is further processed by

The digital signal may then be

considered either as a graphical display of points on an x-y coordinate plot or as a binary

array. Figure 2.5 illustrates the conversion of a 100 KHz IVp_p (peak-to-peak) sine wave

to an 8-bit (28=256) single dimension lx17 integer array which is also shown

numerically.

"d

.!
5 10

Time, us

(a)

k

256

121t

0 ¸

[ 128,...256 ..... 128,...0,... 1281 (C)

Figure 2.5 Conversion of (a) an analog signal to (b) a digital plot and (c) a numerical array.
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Two primary concepts should be understood after examining Figure 2.5.

that the true waveform has not been recorded in the digital signal.

decreases the reproducibility of the original signal also decreases.

The first is

As the sampling rate

The second is that,

although some of the waveshape is lost, the signal has been converted to a form which

is easily processed as a mathematical array.

The integer array may be multiplied or shifted by constants to recreate the original

signal format of time-voltage or to produce an amplified or expanded version of the

signal. It may also be integrated, differentiated, convolved or catenated with other

signals, or converted to the frequency domain using a fast Fourier transform (FFT)

algorithm.

The FFT algorithm of the ASYSTANT-GPIB program [30] requires that the data be

a power of two in length (maximum = 4096 bits) and is defined as

f(k) = "-_i=0Y,f(j)e --i2Ili_jk/"_ (k = 0,1 ..... n-l) (Equation 2)

For real signals the magnitude of the FFT returns a symmetrical spectrum showing both

real and aliased frequencies. However, it is conventional to display only the real

frequencies and to scale the x-axis for frequency in Hertz. The power spectrum is defined

to be the squared magnitude of the Fourier transformation. A typical acoustic emission

signal generated during solidification is shown in Figure 2.6. The upper plot is the time

domain representation and the lower plot is the power spectrum.
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Figure 2.6 A typical acoustic emission signal generated during solidification as shown

in (a) the time domain and (b) the frequency domain (power spectrum).

The experimental system of the present study uses many of the ideas just presented.

Waveform processing is accomplished using:

(a) a piezoelectric crystal as the input transducer to provide an analog voltage

representation of the acoustic emision signal,

(b) an analog amplifier with frequency filtering to boost the signal intensity and

remove interference before transmission,

(c) coaxial cables to transmit the signals to the first output processor, the main

amplifier,
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(d) coaxial cables to transmit signals to the second processor, the digital storage

oscilloscope, where the signal is sampled and digitized,

(e) an IEEE-488 bus to transmit the digitized signals to the third output processor, the

waveform processing software and

(f) the destinations are computer storage, a video display, and an x-y plotter.

In many cases the waveform processing was done in parallel with conventional

acoustic emission recording. While the number of hits, durations, et cetera, were being

continuously monitored, individual

throughout the solidification process.

waveforms were recorded at regular intervals

These were stored as single dimension arrays,

typically 1-2 Kbytes long, that could be converted to both time and frequency domain

representations at a later time. To do so, information such as sampling rate (points/see)

and voltage sensitivity (V/div) was recorded for each waveform and stored with the

arrays.
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2.1.3 AE - The Physical Phenomenon

2.1.3a General

Acoustic emission waves are, in most materials, ultrasonic, but some are audible.

They are also known to be of wide-band nature [31]. The energy of the wide-band

excitation emitted by the source is disseminated among the natural modes of vibration of

the specimen. Therefore, any measured AE signal at the surface reflects mainly the

frequency characteristics of the transmission path, eg. medium and transducer, rather

than that of the event. The bandwidth limitation of the transducer further modifies the

frequency content of the measured surface displacement. Because of these factors and

reverberation within the transmission medium, a recorded AE signal is a poor facsimile

of the original event at the source.

Two types of AE signals have been recognized and classified [32]: burst and

continuous (Figure 2.7). A burst is a short duration (50 -500 #s) transient signal in the

form of a complex decaying oscillation. A continuous signal is low level activity with

an appearance similar to band-limited noise.
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Figure 2.7 Classification of acoustic emission signals: (a) burst and (b) continuous.
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Kaiser [4J believed that the acoustic vibrations originated in the grain boundaries of

polycrystailine metals as the result of boundary movements under applied stress. He

noted that for a given metal there exists a characteristic spectrum of frequency and

amplitude related to the stress level. In 1955, B.H. Schofield J33] disproved Kaiser by

observing emissions from single crystals without finding any characteristic spectra of

frequency or amplitude. In 1962, Kroll [341 studied simulated AE in order to select the

proper frequency range to monitor. Three distinctive frequencies were found to be

excited: (1) the fundamental longitudinal resonance frequency of the specimen, (2) the

first harmonic frequency of the transducer crystal, and (3) the fundamental frequency of

the transducer crystal.

The bandwidth of acoustic emission events at the source extends much beyond that

of a conventional transducer 135]. High frequency components are severely attenuated and

the spectrum of the AE signal is dominated by the resonant response of the specimen due

to its boundary conditions. Therefore, it has been very difficult to identify differences in

frequency spectra from a finite thickness specimen using a band-limited transducer. An

important fact is that the transducer has a finite mass and size which changes the

measured signal due to mechanical impedance. It is also difficult to compare spectra

from different experiments since they vary with changes in specimen shape, transducer

type, and coupling between the transducer and specimen [36].
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2.1.3b Source Characteristics

The detected surface motion due to an AE source contains information about both the

location and the characteristics of the source. Although the sources can be detected and

located with a high degree of accuracy, their characterization is much more difficult.

Because of this, a significant part of today's research has been directed towards the so-

called inverse problem which is concerned with distinguishing AE sources based on

analysis of the recorded voltage waveforms. Fortunately, in any given application there

is interest in finding only one or two major AE sources rather than all those present.

The deconvolution method of solving the inverse problem has received considerable

research interest during the past twenty years. It is a filtering technique which may be

performed electronically or mathematically depending on the state of the signal. Kishi

137J described the linear response theory as a detected signal, V(t), being the convolution

(indicated by *) of the system transfer function, S(t), the dynamic Green's function, G(t),

and the source function of the AE signal D(t).

V(t) = S(t)*G(t)*D(t) (Equation 1)

Deconvolution suggests that if the transfer functions of the system (including transducer)

and medium are determined by pencil lead breaks or computer simulation, then the effects

of measurement may be filtered, leaving the acoustic emission source function.

Park and Kiln [38], on the other hand, have shown that calculations based on Green's

functions under elastic assumptions lead to erroneous results in a highly attenuating or

dispersive medium. The elastic restriction does not consider attenuation and dispersion

which leads to an unrealistic source function. Kline and Ali [39] demonstrated that the
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dispersion effects are small in comparison to attenuation. For aluminum, the actual result

of moving the transducer farther from a calibrated source is a small increase in rise time

along with the expected decrease in surface displacement.

Ohtsu [40] showed that deconvolution analysis only provides information on the time

dependency of the AE source. The orientation of a dipole source: e.g. a crack, also

affects the results. Therefore, it must be determined for each source before deconvolution

is performed. His proposed source inversion procedure involved four steps. The first was

waveform collection on at least five channels. Using longitudinal or "p-wave" arrival

times, each wave was located. Moment tensor analysis then distinguished the crack type

and orientation based on p-wave amplitudes. The final step was the deconvolution

analysis to determine the source-time function.

Another method of quantifying acoustic emission signals was proposed by Yu and

Clapp [41]. Based on previous work by Sato [42] and Savage [43], they provide evidence

that the first node frequency of the amplitude spectra of an acoustic emission signal is

proportional to the final radius of the expanding source. They also develop formulae on

the source growth velocity in terms of the rise time of the p-wave. In other words, the

first node frequency and the rise time of the p-wave, in theory, may be used to determine

the final size and average growth velocity of an AE source. This would, of course, be

very useful if the source during solidification were thought to be an expanding nucleus

or pore. Each has a growth velocity that may be estimated and a measurable final size.
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It can beseenthat therearemanyways to distinguishone signalfrom another. In

additionto theabove,a study[44] hasusedhomomorphicfiltering whichusestheinverse

log of the fourier transform, the Hilbert Transform, of each signal rather than

deconvolution.Patternrecognitionbasedonclusteringof statisticalparametershasalso

been implemented[45J. The present study takes all of the previous work into

consideration;but without the goalof determiningthe original sourcewaveforms. The

assumptionthroughouttheexperimentswas that, if the systemdoesnot change,it will

havethesameeffecton everysignal. If two signalsaredifferentat the source,theywill

bedifferent at the detector. If they aresimilarat the source,they will be similar at the

detector. Therefore,trendsin detectedsignalsshouldindicatemajor sourceswhich may

besubstantiatedby thermalor metallographicanalysis.

2.2 Solidification

2.2.1 General

Solidification is the transformation of a metal or alloy from a non-crystallographic to

a crystallographic state. The mechanisms that are involved in this transformation affect

parameters such as cooling rate, and alloying and ultimately, the mechanical properties

of the casting. It is the intent of this section to provide some of the concepts of

solidification modelling so that correlated models of acoustic emission sources that occur

during this transformation may be developed in Section V - AE During Solidification.
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Under suitableconditions,whereliquid metalis supercooledbelow its equilibrium

meltingtemperature, there exists a driving force for solidification. One might expect that

this would occur spontaneously. However, the transformation must first begin by the

formation of solid nuclei. In pure metals, growth of the solid nuclei is controlled by the

rate at which latent heat of solidification can be conducted from the solid into the liquid.

Depending on the degree of supercooling, a spherical nucleus may continue to grow with

a planar solid/liquid interface or may become unstable and form arms known as

dendrites.

Primary dendrite arms will develop in preferred crystallographic directions and break

up into secondary and tertiary arms. The commonest dendrite is equiaxed with similar

dimensions in all directions (Figure 2.8a). If a steep thermal gradient exists, dendrites

will grow perpendicular to the gradient and are known as columnar dendrites (Figure

2.8b) [46].

(a) (b)

Figure 2.8 Types of dendritic structures: (a) equiaxed and (b) columnar.
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While a pure metal freezes at a specific temperature over a range of time, an alloy

freezes over a range of temperature and time. When it occurs over a relatively wide

range of temperature and the thermal gradient of the metal from outside to inside is not

steep, the fully liquid zone disappears early in solidification and a fully solid zone does

not appear until the solidification is almost complete. During most of the process, liquid

and solid coexist throughout the casting although the compositions of both phases change

during cooling.

During solidification, one also encounters two types of inclusions. One type is

trapped by growing dendrites; the other has a tendency to be pushed by the growing

metallic solid into the spaces between the dendrites. The pushed inclusions are free to

move and, therefore, collide with each other forming clusters. Small vacant spaces,

known as microporosity, also form as a result of shrinkage or the evolution of gas during

solidification or a combination of the two. Figure 2.9 illustrates these microscopic

inhomogeneities. _ - ._.... ... • .... '

•i :.:
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Figure 2.9 Microscopic inhomogeneities that develop during solidification: trapped

inclusions (black circles), pushed inclusions (white circles), and microporosity (voids).
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Whereas,thesolidification rateof puremetalsis controlledonly by heatconduction,

alloy solidification is controlled by solute diffusion and conduction. The simplest

descriptionof a solidifying alloy is basedonequilibrium solidificationwheretheprocess

is presumedto proceedat sucharatethatthereis completediffusion in boththe solidand

liquid states.A morepracticaldescriptionof theprocessis givenby the non-equilibrium

leverrule or Schielmodel147]. It predictsthesoluteconcentrationasa function of solid

fraction

C, = kCo(l-fs)H (Equation3)

whereCsis thecompositionof the isoconcentrateenclosinga weight solid fraction fs.

Cois the initial averagecompositionand k is the equilibrium partition ratio derived from

the phase diagram (Figure 2.10). This ratio is defined as:

k = Cs / Ct. (Equation 4)

where C,. is tile composition of the liquid.
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Figure 2.10 Schiel plot for AI-4.7%Cu derived from phase diagram.

Important assumptions of this model are local equilibrium at the interface, negligible

supercooling before nucleation, no mass flow in or out of the volume element, and

negligible solid diffusion. The equation may be used from 0 to 5.65 wt% Cu, the

maximum solubility of copper in solid aluminum. It predicts that the first solid to form

(the centers of the dendrites) will have a composition of 0.799 wt% Cu increasing to

5.65 wt% Cu at t,=0.91 (near the edge of the dendrites). The remaining fraction (0.91-

1.00) freezes as an interdendritic eutectic with an average composition of 33% Cu. The

volume fraction of eutectic, fB, in a casting may be predicted by
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where

f_ = (C_ / Co ),/_k-1_

C E - eutectic composition

Co - initial composition

k - partition coefficient

(Equation 5)

for AI-4.7 wt% Cu the volume fraction of eutectic is:

fE = ( 33/4.7 )l/t017-n = 9.56% (Equation 6)

This segregation leads to constitutional supercooling which is responsible for dendrite

formation (perturbation of advancing planar solidification front) in aluminum-copper

alloys.

Eventually the metal is completely solid as the dendrites collide and form grains.

At the scale of crystal grains, ranging from millimeters to centimeters, one finds that each

grain is composed of tens to tens of thousands of dendrite arms. All of the arms within

a grain, however, developed from the same initial growth point, the nucleus, and their

crystallographic orientation is approximately the same (Figure 2.11). It is customary to

say that the grain consists of a single dendrite [48].
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Figure 2.11 Types of grain structure: (a) equiaxed dendritic and (b) columnar dendritic.

2.2.2 Thermal History Curves

The general behavior of the thermal history or cooling curve obtained during

solidification of an alloy of finite freezing range is well known [49]. Generally, initial

undercooling is observed. Then, recalescence is followed by a period of temperature

arrest. Finally, continuously descending temperature occurs during the remainder of

growth of the primary solid phase. After some undercooling the growth of non-

equilibrium eutectic occurs at constant temperature.

Typically, in a thermal history curve (Figure 2.12a) obtained from a casting having

a fully columnar structure, initial cooling is usually followed by a relatively long plateau

period. In a columnar-equiaxed or fully equiaxed structured ingot, a well defined

recalescence following the initial thermal undercooling (Figure 2.12b) is characteristic

of the thermal behavior.
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Figure 2.12 General cooling behavior of (a) fully columnar and (b) fully equiaxed

grain structure.

Thermal arrest on a cooling curve is the stage of the solidification process at which

the instantaneous rate of release of latent heat of fusion exceeds the instantaneous heat

withdrawal rate from the metal. Thermal arrest occurs during the period of nucleation.

The plateau periods correspond to the growth period of columnar dendrites in a fully

columnar structured casting. The nominal rate of advance of the dendritic solidification

front can be estimated by dividing the growth distance by the plateau period on the

corresponding thermal history curve. [50] The dendritic solidification front advances at

a higher rate with increasing solute content and cooling rate under comparable casting

conditions.
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The nominal growth velocity of the solidification front, v, is given by

v -- constant x fin where t = time of grain growth (Equation 6)

Therefore, by measuring the time of grain growth from the thermal history curve and the

average grain size from metallography, the velocity of the dendrite and grain growth may

be determined. It will be discussed in Section V - AE During Solidification how this is

useful in modelling acoustic emission sources during solidification.

2.2.3 Porosity Development

Porosity has been proposed by others [ 141 to be a source of AE during solidification.

Therefore, it has critically been evaluated in the present study. Its development is a

complex interaction of gas content in the metal and cooling rate during solidification. A

short review will now be presented to understand the role of porosity in the mechanisms

of liquid to solid phase transformations. Special emphasis will be placed on current

theories of porosity development in aluminum-lithium alloys.

The low ductility and fracture toughness of aluminum-lithium alloys as compared

with conventional aluminum alloys have been primary areas of research during their

product development history. Most of this research has been directed towards designing

alloys and processes that inhibit planar slip, the factor generally considered responsible

for low ductility in these alloys. Other research suggests that it may be caused by the

formation of a stable lithium hydride (LiH) phase during ingot casting, not planar slip

[511. A later investigation [521 found no evidence of the hydride phase but did find

34



significant improvement in fracture toughness and ductility when the hydrogen content

decreased.

The behavior of hydrogen in aluminum-lithium alloys differs in several respects from

other aluminum alloys [53]. These differences will be discussed below after a review

of its solubility in pure aluminum and a survey of porosity development and morphology.

Except for hydrogen, common elemental gases and elements of the halogen group

do not exhibit detectable liquid solubility in aluminum, although they do readily form

compounds. In fact, hydrogen is appreciably soluble in both solid and liquid aluminum

with the latter being much higher. Ransley and Neufeld [54] have reported solubilities

of liquid and solid aluminum to be 0.04 cc/100g at NTP (20°C and 760 mm pressure)

and 0.004 cc/lO0g, respectively. Figure 2.13 shows the solubility of hydrogen in

aluminum from 500-800°C (930-1470"F) [551.
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Figure 2.13 Equilibrium solubility of hydrogen at atm. pressure in UHP aluminum [55].
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The amount of hydrogen found in solid aluminum can be greater than the equilibrium

amount either because of excess amounts present during solidification or because of

reactions of moisture on the surface of the metal with subsequent diffusion of hydrogen

into the body of the solid [561. This excess hydrogen along with solidification shrinkage

are two factors which interact with each other to promote pore formation in aluminum

castings.

Although porosity has been virtually eliminated in ingots of wrought aluminum alloys

by the introduction of degassing during the continuous casting process, interdendritic

porosity still occurs, particularly in the central regions of the ingots. Investigators suggest

that this too can be eliminated if the hydrogen content of the melt is sufficiently reduced

before casting. 157]. Therefore, interdendritic porosity is a casting defect of immediate

concern.

lnterdendritic porosity is generated by the rejection of hydrogen nucleated in the

liquid fraction during solidification. As the solidification proceeds hydrogen is rejected

from the growing solid crystals into the adjacent liquid as a consequence of the difference

of solubility between the solid and liquid metal. The hydrogen content in the liquid rises

until it reaches a value sufficient to nucleate gas bubbles. Since this condition is reached

near the end of solidification the gas bubbles are restricted to occupy the spaces between

the growing dendrites, and the bubbles become irregular gas-filled cavities.

Entwistle, et al. [58] examined porosity types, distributions, and the influence of

hydrogen content in aluminum alloys. Their major conclusion was that porosity follows

a definite pattern until gas concentrations become abnormally high. In fine grain castings
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with lower amounts of porosity a fine interdendritic morphology was found (Figure

2.14a). As the grains coarsen, the porosity becomes intergranular which is more

continuous and more irregular in nature (Figure 2.14b). Intergranular porosity occurs

on a scale larger than the size of a dendrite and is caused by a combination of thermal

contraction and improper feeding. At high hydrogen concentrations the pores are of a

spherical gas bubble shape (Figure 2.14c). For the latter case, it is the gas level, rather

than interdendritic feeding which determines the type of porosity.

-. - II_- .

(a) (b) (c)

Figure 2.14 Types of microporosity in aluminum: (a) interdendritic, (b) intergranular,

and (c) free gas pores [58].

Entwistle, et al. also plotted porosity profiles as shown in Figure 2.15 for 10 cm x

10 cm ingots of an AI-4.5 wt% Cu alloy. Figure 2.15a shows an ingot containing a

refined equiaxed grain structure. The iso-pores, lines of equal volume percent of
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porosity, show that the greatest percent of porosity is concentrated at the top center of

the casting. For a coarse columnar-equiaxed dendritic structure formed in refined grains,

the distributions became more concentric (Figure 2.15b). Finally, the irregular profile

of a coarse-grained ingot in Figure 2.15c reflects the difficulty of feeding long

interdendritic channels.

!
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1.41.0 _3

(a) (b) (c)

Figure 2.15 Microporosity profiles in aluminum ingots: (a) equiaxed, grain refined, (b)

columnar-equiaxed, grain-refined and (c) columnar, coarse grained [58] illustrating lines

of equal volume percent of porosity.

Their results indicate that over a range of hydrogen concentration of 0.19 to 0.46 ml

H2(STP)/100g AI in AI-Cu alloys that the dissolved gas content is not an important

variable in determining porosity distribution or mean porosity. The solidification
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conditions, rather than the hydrogen content itself, have the major influence in

microporosity formation. If the gas level is too high, shrinkage is of little importance in

determining porosity formation. If the gas level is too low, the solidification shrinkage

is itself ineffective in producing pores, The interesting feature of porosity is that in the

intermediate range, although both gas and shrinkage act together, it is the shrinkage (the

solidification mechanism) which determines where pores form and their total volume.

Another conclusion of Entwistle, et al is that there is a dependence of the volume

percent of porosity on the local solidification time at lower superheats (50"K) where

interdendritic porosity is found. At higher superheats (175-300"K) where much coarser

porosity is found, there is no dependence of the amount of porosity on local freezing

time. The amount of microporosity increases as the freezing time increases, ie., as the

cooling rate decreases. Greater microporosity is associated with more slowly cooled and

somewhat coarser structures.

2.3 Aluminum-l,ilhium Alloys

2.3.1 General

Research on the alloying of lithium with aluminum began in Germany in the 1920's

159]. The first commercially available aluminum-lithium (AI-Li) alloy, x2020, was used

in 1957 in the wings and horizontal stabilizers of an experimental Navy aircraft. It

contained about 1.1 wt% lithium. In 1969, the alloy was removed from production

because of segregation effects, low toughness and ductility, and problems during casting

because of the high reactivity of lithium. The stimulus to again produce aluminum-
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lithium alloys was the emergenceof fiber-reinforcedcompositesaspossiblesubstitutes

for conventionalaluminumin aircraft.

Besidesberyllium,which formsanextremelytoxic oxide,lithium is theonly alloying

elementthat bothdecreasesthedensityandincreasesthe elasticmodulusof aluminum.

The low solubility of beryllium in aluminum(lessthan 0.03 wt%), however,leadsto

massive segregationof the beryllium-rich phase upon solidification.[60] and poor

mechanicalpropertiesresult.

For each 1 wt% lithium addition,the densitydecreasesby about 3% and Young's

modulusincreasesby about6%for lithium additionsup to 4 wt% [61]. It is not possible

to continue to simply increasethe lithium contentbeyonda level of about 3 wt% in

productionsincedeleteriouseffectsareobservedon the toughnessandductility.

Someof theoriginal industrialandmilitary goalsof AI-Li researchhaveincluded:

a) an alloy to replaceflacture-tough2024-T3x,

b) an alloy to replacehigh strength7075-T6xand

c) analloy to replacemoderate-strength,stresscorrosion-resistant7075-T73x.

Currently, thereis still no commercialA1-Li alloy havinga significant reductionin

densitythathasboththestrengthandtoughnessof conventional7075-T6xor the strength

andstresscorrosionresistanceof conventional7075-T73x. Themajortechnicalproblem,

only recently recognizedby the aluminum producers,is that commercial aluminum-

lithium alloysarenotdirect substitutesfor conventionalaluminumalloys. Thedifference

betweenAI-Li and conventionalaluminumalloys hasbeencomparedto that of carbon

steelsand stainlesssteelalloys.J62]
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The reduction in densityof commerciallyavailablealuminum-lithiumalloys is not

asgreatasresearchersoriginally anticipated.Currentalloyshave7-9 % lower densities

than7075. Thepromotionalclaim of theearly 1970'sthat AI-Li alloysmayoffer a 10%

reduction is now almost forgotten. Severalnewly developedAI-Li alloys have been

producedwith better toughnessand stresscorrosioncracking resistancethan 7075but

with equivalentmechanicalproperties[62].

There many reasonsfor the developmentalproblemsof aluminum-lithium alloys.

They are harder to cast without experiencingcracking becauseof the segregationand

porosity which aredifficult to control. There is also a decreasein toughnessand stress

corrosioncracking(SCC)resistancewith increasinglithium content. AI-Li alloysusually

delaminatealong the normal short-transverse(S-T) direction (Figure 2.16) during

fracture. As the toughnessis increasedby aging, the SCC resistancedecreases,

particularly in the S-T direction.

L-longitudinal _ f]

direction J J S

I__ *----"T- transverso _

direction " S-T Delaminatlol_

Figure 2.16 Definition of short transverse direction.
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The commercial AI-Li alloy that was selected for testing contains major constituents

of copper and zirconium in addition to the lithium. The following review of its physical

metallurgy explains the purpose of each constituent, some basics of how the commercial

alloys achieve their desired properties, and an introduction to the microstructural

development in cast AI-Li alloys.

2.3.2 Physical Metallurgy

Precipitation-hardened aluminum-lithium alloys obtain their strength from the

formation of a large volume fraction of a meta-stable, ordered and coherent _5' (AI3Li)

phase having a LI2 type superlattice structure. [63] The L12 lattice structure consists of

eight shared corner sites occupied by lithium and six shared faces occupied by aluminum

similar to the Cu3Au structure. In AI-Cu-Li alloys additional strength is achieved by the

co-precipitation of copper-rich phases independent of the 5' precipitation. For example,

in high lithium-low copper alloys (>2wt% Li, <2wt% Cu) the decomposition of the

supersaturated solid solution (oq_) occurs by the reaction:

_5' (AI3Li) .... _, (AILi), cubic B32 (NAT1)

ot,s

_--T I (AI2CuLi), hexagonal

The less than optimal deformation and fracture behavior of AI-Li type alloys has been

attributed to one or several of the following:
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a) strain localizationthatresultsfrom planarslip of shearableprecipitates,

b) formationof coarseintermetallicsduring slow solidification,

c) high levelsof trappedhydrogenand

d) grain boundarysegregationof trampelementssuchas sodium,potassium,and

sulfur.

Unlike lithium, thesetrampelementshavevirtually nosolid solubility in aluminum and

may leadto grain boundarysegregation.

During plastic deformationof AI-Li the coherent5' precipitatesare shearedby

dislocations. The planar slip associatedwith 8' shearingleads to heavy localized

dislocation pile-ups at grain boundarieswhich, in turn, generatestressconcentrations

acrossgrainboundaries.

AI-Li alloys have been reported to contain over ten times the amount of hydrogen

normally found in high strength, non-lithium aluminum alloys [64]. This has been

attributed to a large increase in the solubility of hydrogen in the lithium-alloyed matrix,

and to the formation of a hydrogen-rich phase during solidification. Investigators have

suggested that the poor ductility of AI-Li alloys might be caused by the formation of a

stable hydride of either lithium as LiH or of aluminum and lithium as Li3AIH.

Some of the approaches for improving toughness in AI-Li-X alloys involve [65]:

a) encouraging dislocation cross-slip or precipitate by-passing in the alloy by

modification of the lattice parameters to increase mismatch in the AI-AI3Li

system,

b) introducing secondary precipitation systems and
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c) usinga dispersionhardeningsystemin additionto theprecipitationsystem.

Other approachesinclude grain refinementvia additions of Mn, Zr, Cr or Co and

minimizing thepresenceof trampelements(potassium,sodium,andsulfur).

Zirconium has been found to be the most effective element for inhibiting

recrystallization in AI-Li alloys 1661. An addition of 0.2 wt% Zr is sufficient to

completelypreventrecrystallization.Thebenefitis thatunrecrystallizedalloyshavemuch

higher strengthsthaneitherpartially or fully recrystallizedalloys.

Theclosematchbetweenthelatticeparametersof theprecipitateandmatrix in AI-Li

alloys results in a small misfit strain and leads to a homogeneous distribution of coherent,

spherical 5' precipitates 1671. This particular precipitate mechanism is analogous to the

8-8' (Ni-Ni_AI) system which gives nickel-based superalloys their high temperature

ductility.

The improvements in elastic modulus and density in the alloy occur whether the

lithium is present in solid solution or as 5' precipitates. However, improvement in

strength accompanies the nucleation and growth of 5' and the magnitude of the effect

increases with the volume fraction and size of 8 '[681. Copper is added to increase the

strength and aid in homogenizing deformation since it co-precipitates to form T 1 with 5'.

Table 2.1 illustrates changes in strength and ductility accompanying these alloy additions.

The last alloy listed in the table is similar to the commercial alloy used in the present

experiments.
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Table2.1 Effect of alloy additionson mechanicalpropertiesof AI-Li alloys.

Alloy

(wt %)

PureA1

AI-1.5Li

AI-2.3 Li

ElasticModulus

(GPa)

68.0

76.5

80.5

79.4

Yield

Strength

(MPa)

12

46

195

455

Tensile

Strength

(MPa)

47

94

278

504

Ultimate

Elongation

(%)

6O

30

4
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2.4 Summary of Background

Acoustic emission and aluminum-lithium alloys are two ostensibly unrelated subjects

which have evolved over the same time periods with a common lack of acceptance. Both

have immense potential yet both have inherent problems that have not been overcome.

The present research uses one topic to study the features of the other with the intent of

improving the value of both.

A short history of each subject has been presented including discussions of previous

investigations. The physical metallurgy of AI-Li alloys was summarized to emphasize the

purpose of each alloying element. The current status of research in AE signal

characterization was reviewed. The two methods of acoustic emission monitoring that

were used in the experiments, conventional and waveform processing, have also been

described.

A more detailed discussion of solidification kinetics and mechanisms will be given

in Section V, Results and Discussion - AE During Solidification as it applies to aluminum

alloys. More specific information on the interpretation of acoustic emission signals,

including the effects of noise, the transducer, and transmission media, will be presented

in Section IV, Results and Discussion - AE Signal Analysis.
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11I, Experimental Procedures

3.1 Materials

Three materials were used in this investigation, each from a single heat obtained from

the Alcoa Technical Center [691. They include ultra-high purity aluminum, an A1-4.7wt%

Cu binary alloy, and a commercial grade aluminum-lithium alloy (AA2090). The sample

materials were received in the form of a 2.5x3.Sx96.5 cm extruded bar, a triangular notch

bar ingot, and a 2.5x25x25 cm ingot slice, respectively. Elemental and impurity analyses

are listed in Table 3.1.

The as-received materials were saw cut into bars approximately 10x 10x 150 mm, then

machined on a lathe and cut into cylindrical pellets approximately 9 mm diameter x16

mm long. The nominal weights, volumes, and densities are listed in Table 3.2.
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Table 3.1 ChemicalAnalysisof ExperimentalMaterials

Element

Li

B

Mg

P

Ti

V

Cr

Mn

Fe

Ni

Cu

Zn

Zr

Si

Ultra-pure AI

wt %

< 1.3 x 10 .7

4.0 x 10 .7

8.1 x 10 .5

7.0 x 10 .5

2.5 x 10.4

1.8 x 10.5

4.2 x 10.5

1.2 x 10 .7

6.4 x IO 5

< 2.2 x 10 _

1.3 x 10 .4

3.2 x 10 -5

1.1 x 105

3.9 x 10.4

AI-Cu Alloy

wt %

.11

.01

4.70

.11

A1 - Li Alloy

wt%

1.82

.0002

.01

.021

2.52

.02

.10
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Table 3.2 Nominal PhysicalPropertiesof ExperimentalSpecimensPrior to

Solidification.

Aluminum A1-CuAlloy A1-Li Alloy

Density(g/cc) 2.70 2.98 2.60

Mass(g) 2.70 3.00 2.70

Volume (co) 1.00 1.00 1.02

3.2 Casting

The materialslistedin Table3.1weretypically castby placing a machinedpellet, as

describedin Section3.1, into the boron nitride crucible and heating to a temperature

abovethe liquidus of the materialin a resistancefurnace. As shownin Figure 3.1 the

temperatureof the furnacewascontrolledby a variablepower supply. The atmosphere

surroundingthecastingwascontrolledby placingthecrucible insidea 15mm diameter

fusedquartz tubeapproximatelyonemeterlong which wassealedwith a rubberplug at

the topand silicone sealantat thebottom. Inlet andoutlet ventswereprovided to allow

thecontrolledatmosphereof argonor Ar-4.1%H 2 to flow through the tube and, therefore,

blanket the casting with a continuous flow of low pressure gas. A type-J (iron-

constantan) thermocouple was inserted through the top seal and into the tube so that the

T.C. bead would maintain contact with the pellet and monitor direct temperature of the

melt. Methods of maintaining contact are described in Section 3.3.1, Temperature.
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Silicone Sealant
Arian Outlet

Figure 3.1 Experimental resistance furnace casting system.

When the temperature of the pellet exceeded its liquidus, the pellet melted. A

temperature of 40°C above the liquidus was maintained to ensure a uniform liquid state

and the melt was permitted to soak for 30 minutes. This was intended to allow diffusion

of the grain refiner or hydrogen gas, if used, within the casting. The power supply was

then turned off and the system permitted to slow cool in the controlled atmosphere.

Cooling rate was regulated by a controlled application of compressed air on the

waveguide at the base of the furnace. The casting was removed from the furnace after

being cooled to room temperature and then placed in a dessicated chamber until

metallographic analysis was performed. No post-solidification chemical analysis was

performed.
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At the suggestion of metallurgists in the primary processing division of the Alcoa

Technical Center, a grain refining chemical additive was used in a series of tests. A 0.03

wt% concentration of Al-10wt%Ti-0.4wt%B, more commonly known as TiB, was added

to the melt. In a 3 gram pellet, for inktance, the TiB addition would be a 0.0009 gram

particle. The intended effect of the TiB addition was a 1000:1 reduction in grain size

without changing the transformation temperatures or cooling rate. It was added by

drilling a small hole in the top of the pellet, inserting the TiB, and peening the hole

closed.

In another series of tests the ultra-high purity argon atmosphere was replaced by a

95.9% At- 4.1% H 2 mixture during the melting and solidification processes. The intent

was to permit additional hydrogen to diffuse into the melt and produce castings with

increased porosity. The procedure was done to help identify whether or not acoustic

emission signals are generated by the formation of porosity.

The last series of tests involved larger castings than the standard sizes listed in Table

3,2. The larger castings ranged in volume up to four times the standard sizes. By using

a few pellets in a larger crucible, the diameter and volume of the casting increased as well

as the number of grains. This permitted distinguishing acoustic emission signals as

functions of volume as well as number of grains.
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3.3 Data Acquisition

3.3.1 Temperatura

The temperature of most interest in the present study was that of the casting itself.

Therefore, a Type J thermocouple (T.C.) was initially positioned such that the bead was

in contact with the top of the specimen. As the molten metal exceeds its liquidus the

thermocouple is pressed into the molten aluminum. A high temperature glass sheathing

was surrounded the 24 gauge iron-constantan T.C. wires which have a maximum

operating temperature of 704°C. The furnace was carefully monitored to prevent going

above this temperature. A Type J was selected for compalability with an available

temperature controller.

The thermocouple junction was formed by welding using a micro-torch which had

a maximum pinpoint temperature of 2857°C (5200°F) developed from burning a mixture

of butane and nitrous oxide. The other end of each thermocouple wire was connected

to an Omega Model 310 temperature controller (Figure 3.2) to provide a linearized

temperature output. The parabolic relationship of T.C. junction voltage to temperature

was electronically converted by the controller to a 1 mV/°C output.

The output of the Model 310 was connected to an Omega Omni-Amp III (Figure 3.2)

which amplifies the voltage by a factor of 10x, 100x, or 1000x depending on an internal

switch position and has an input impedance of 16 Mohm. It was set throughout all of

the tests to 10x which provides an output of 0 to 7 VDC for 0 to 70ff'C.

Initially, the full scale temperature range (0-70if'C) was displayed on the Phillips

Model PM3335 digital storage oscilloscope (D.S.O.) which has an eight bit vertical

resolution, ie., 256 points. Since 700"C divided by 256 points only provides a
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2.75°C/point temperature resolution, this was inadequate for identifying critical changes

in cooling rate, such as recalescence. Therefore, in the interest of improving the

resolution it was determined that the critical temperature range was 500-700°C. All

phase transformations of interest in the present study are in this range (Figure 3.3).

....... .----.------. .................... . ...... .

AE Conditioning
Circuit + 28 VDC

Power
Supply

Transducer

AE _I¢
Source _/_

100 Kllz
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Power
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40 dBrAmn , [Philhp,.---..__,_,_
'1°7 ,,,°,_°-

I I Power [

! • { Supply [ .

TypeJ .____.____ ' _' _ I
TC.____J Omega I IOmega I I" "_ I

C__lUog_,og?l _oT.,-,°p_
, [______J I [ [ V_ilea_al input

Operational Amp._.................................... [__oy::_?..:,_,,_,,?..
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ASYSTANT

I
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Figure 3.2 Temperature and AE conversion and conditioning circuits.
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Figure 3.3 Temperature-phase relationships for experimental aluminum alloys [70].

Changing the full scale temperature range from 0-700°C to 500-700°C was

accomplished with an operational amplifier in the differential input mode (Figures 3.2

and 3.4).

O
V in

+10 V 10 K

V+ _ + 6.Suf

100 K

2

10 K

I0

-IOV

lw-

0
V out

Figure 3.4 Circuit diagram of variable differential input operational amplifier.
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By adjusting the variable input to remove 5 VDC from the Omni-Amp lll's output, the

full scale voltage output is reduced from 7 to 2 VDC. This corresponds to a change in

full scale temperature range from 0-7000C to 500-700°C. In other words, a 5000C

temperature at the input will produce 0 VDC at the amplifier output, whereas, a 700'_C

input will produce 2 VDC. Therefore, the range was 0-2 VDC displayed over 256 points

on the D.S.O.'s vertical scale. The resolution, which improved from +/- 2.750C to +/-

0.78°C, was adequate for detecting small changes in temperature. The output from tile

PM3335 D.S.O. was connected by an IEEE 488 bus to a microcomputer provided with

ASYSTANT GPIB software from ASYST Software Technologies, Inc. A temperature

versus voltage plot was made to determine potentiometer adjustments on the differential

operational amplifier for temperature calibration. To accomplish this, the temperature was

increased to 680°C then cooled to 50(1°C. Measurements were taken during both heating

and cooling and it was found that the offset should be increased by 0.055 VDC to give

0 VDC at 5()11"C. Figure 3.5a illustrates the negative offset (-0.55 V DC = 500 C) before

adjustment and Figure 3.5b shows the calibrated voltage-temperature relationship which

provides between 0 V DC @ 500 C and 2.0 V DC @ 700 C.
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Figure 3.5 Temperature-voltage calibration plots (a) before and (b) after

adjustment to 0 VDC at 500°C illustrating the elimination of a -0.55 V DC

offset by potentiometer adjustment.
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The vertical resolution setting on the D.S.O. was also adjusted to 0.15 V/div.

This provided a 1.2 V/scan which, by refering to either Table 3.3 or Figure 3.5 permits

a temperature range of 500-680°C to be displayed on the screen. A flow diagram using

two example input voltages and their corresponding temperatures is shown in Figure 3.6.

4 H Hvo .H,,oOmnt-Amp Ill Difrl lnpul
TypeTCJ Omega 310 _donal

Amplifier

! I ! !
I ! I I

1.5 mY @ 25 C 25 mV @ 25 C 250 mY @ 25 C 0 V @ 25 C

39.0 mV @ 700 C 700 mY @ 700C 7.00 Y @ 700C 2.0 V@ 700C

Figure 3.6 Flow diagram of voltage conditioning circuit to display thermocouple

temperatures on a digital storage oscilloscope.

To insure that the thermocouple maintained contact with the casting as the machined

aluminum pellet changed shape during melting, a stainless steel weight, an alumina

sheath, and a boron nitride spacer were arranged as shown in Figure 3.7. As the metal

melted and conformed to the shape of the crucible walls the boron nitride spacer

maintained pressure on the melt thereby providing good coupling from the casting

through to the transducer.
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_"_'_ High lemperature Glass Insulation ._

Fllumlna Sheath

Metal Weight

Boron Nltride Spacer

• Aluminum Speclmen_

lype-J Thermocoupl

BN Cruclble/Waveguide

(a) (h)

Figure 3.7 Thermocouple positioning (a) before and (b) after melting of the

experimental aluminum alloy.

The use of a thermocouple to monitor the melt temperature caused problems in

addition to requiring the new circuitry for improved resolution. A primary one involved

selection of the proper wire gauge. When a thin gauge was used it was difficult to form

a bead with the micro-torch without vaporizing the constantan prior to melting the iron.

On the other hand, a heavy gauge thermocouple formed a large bead which remained on

the top of the melt because of surface tension and, therefore, was not in full contact with

the melt. As the furnace cooled the rigidity of the heavy gauge wires caused the casting

to pull away from the crucible by tilting, thereby reducing acoustic emission coupling.

Since the cooling rates of the three materials were closely controlled it was decided

that only a few of the tests would be temperature-monitored; the others were time-

monitored. The time-monitored tests could then be plotted as a function of temperature,

if necessary, using the time-temperature relationship of the cooling curve.
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3.3.2 Acoustic Emission

The purpose of the rod, in addition to support for the crucible, was to act as an

acoustic wave transmitter. Signals generated within the melt propagated through the

crucible and rod to a cool region outside the furnace where heat would not damage the

transducer. The maximum operating temperature of the transducers was 250°C.

In early tests an alumina crucible was cemented using a high temperature silicate

cement to various 12.7 mm diameter by 0.9 m long rods. Three rod materials were

evaluated: 304 stainless steel, fused quartz, and copper. The fused quartz worked best

since the coefficient of expansion was low and comparable to the alumina. The cemented

interface, therefore, remained intact with the fused quartz but fractured during heating

with the metal rods.

The transducer was coupled to the bottom of the rod using silicone adhesive. Surface

displacements at the bottom of the rod, corresponding to AE signals in the melt, were

converted by the piezoelectric transducer to low amplitude voltage signals. Depending

on the transducer selected, a separate preamplifier, set at 60 dB, was sometimes necessary

with either a 100 Khz high pass filter or a l_Jf shunt capacitor added at the output of the

preamplifier (Figure 3.8).

The final stage before digitizing the signals was the main amplifier. After several

tests failed to show any acoustic emission signals during solidification the gain of the

main amplifier was increased to 30 dB with the preamplifier set at 60 dB.
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Figure 3.8 Diagram of experimental AE data acquisition system.

Conventional AE analysis was performed as discussed in Section 2.1.3b using only

one of the four channels in a Physical Acoustics Corporation (PAC) Model 3104 AE

Computer. The thumbwheel threshold setting was 0.5 V for most of the tests and the

reasons will be described in detail later. The output of the Omni-Amp III amplifier was

connected to the main parametric input of the PAC 3104 to record temperature. The

conversion was 1.0 VDC/1000°C +/-20°C. This would permit plotting of acoustic
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emission as a function of temperature although the resolution was not small enough to

identify phase changes.

The following acoustic emission data was recorded for each test:

1. Hit Number,

3. Duration, lus,

5. Energy, V-s,

7. Rise Time, las,

2. Event Time,_s,

4. Counts, per hit,

6. Peak Amplitude, dB,

8. Temperature, V/°C.

The computer is capable of post-acquisition plotting of any combination of the above

parameters in point, line, or histogram format and as either cumulative or non-cumulative

plots. A numerical printout of all data, known as a dump, was another option.

Waveform analysis was performed by storing individual AE waveforms on the

Phillips PM3335 D.S.O. and transferring them as digital arrays to the ASYSTANT GPIB

waveform processing program through an 1EEE 488 connection. A discussion of the

digitizing method and its implications in frequency spectrum analysis was given in

Section 2.1.3c, Waveform Analysis.
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Typical settingsof the PM3335for the solidificationtestsareas follows.

1. Vertical Scaling - 0.5 V/div (eight division vertical scale permits display of full

signal since signals do not generally exceed 4 V p-p).

2. Sweep Speed - 0.5 ms/div (twenty division horizontal scale permits fast fourier

transformation to a l MHz bandwidth frequency spectrum).

3. Pre-trigger display - -2 div (shows 2 divisions of signal prior to triggering).

4. Trigger Level - 0.5 VDC (corresponds with threshold setting of PAC 3104;

equivalent to one division).

5. Coupling - AC (removes any DC offset such as that caused by the 28 VDC

phantom power required for the transducer with an integral preamplifier).

6. Mode - Digital (permits auto-, multiple, or single trigger and holds signal in

memory until cleared).

Approximately ten signals were recorded for each solidification experiment at regular

intervals during periods of strong AE activity. As described in Section 2.1.3c Waveform

Analysis, the ASYSTANT GPIB program was used to calculate the power spectrum of

each signal.
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3.4 Melallographic Procedures

Preparation of specimens for metallographic examination included diamond saw

cutting the small castings along the longitudinal axis, in most cases, but along the radial

axis of a few other castings. One half of the specimen was then mounted in a catalytic-

hardening epoxy resin. Before the resin cured, the specimen was placed in a vacuum

chamber for ten minutes to extract air bubbles. After initial curing of eight hours, it was

heated at 75°C for an additional two hours to ensure complete hardening. The mounted

specimen was rough polished consecutively with 120, 240, 320, 400 and 600 grit silicon

carbide papers. Intermediate polishing was done with 6 and 3 lum diamond paste in oil

slurries for ninety seconds each. Final polishing was accomplished on stationary wheels

with 1 and 0.3 pm alumina and 0.03 pm silicon dioxide in water slurries. At each of

these three stations, the specimen was rotated clockwise for two minutes with reduced

pressure during the last ten seconds. The specimen was cotton-swabbed in a water rinse,

sprayed with alcohol, and hot air dried to prevent water spots. Vibratory polishing with

cerium oxide was attempted in place of the silicon dioxide but resulted in corrosion, in

the form of pitting, in all three aluminum materials. Magnesium oxide was also tried in

place of the alumina, but scratching of the specimen face resulted.

Final preparation for optical metallography involved placing the specimen face up

(AI-Cu and AI-Li alloys) or facing side (pure aluminum) in Keller's etch for five seconds,

followed by a water rinse, alcohol spray, and hot air dry. The five second procedure was

repeated until the desired microstructural surface relief was achieved. This included

observation of dendrite arms, porosity, and second phases, if present. Overetching
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resulted in a pitted and blackened surface that required repolishing. Specimens prepared

for microstructural analysis were placed in a desiccator immediately after etching and

were examined and photographed within hours of the preparation.

Optical metallographic analysis was performed on a Reichert-Jung MeF3 metallograph

using cross-polarization and Normarski differential interference contrast (DIC). This

provided exceptional resolution of microcracks and secondary phases. X-ray microprobe

analysis was accomplished with a JEOL Model 733 Microprobe and a Tracor Model 5000

Digital Computer.
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IV. RESUI,TS & DISCUSSION - ACOUSTIC EMISSION SIGNAL ANALYSIS

4.1 Introduction

A general objective of the present study was to monitor acoustic emission during the

solidification of aluminum and aluminum-lithium alloys. More specifically, the intent was

to develop models of the sources of AE and to characterize these signals so that the

sources may be distinguished by their AE parameters. During the course of this work it

was found, not unexpectedly, that the received signal at the detection network is a poor

facsimile of the generated signal within the aluminum. The following discussion will

describe in detail the causes for the variations in the signals and the methods that were

undertaken to improve the repeatability.

Acoustic emission was found to be a useful tool in monitoring solidification.

However, the key to its effective use is realizing that it should be a complementary rather

than stand-alone method for solidification studies. In this study two other methods used

were temperature rnonitoring and metallography. The first was critical in early tests to

determine the solidification kinetics; the second provided post-facto information about

possible acoustic emission sources. Results from both were correlated with the AE data

to describe when the emissions were occurring and what the causes were.

The research was completed in three general, and many times overlapping, stages.

The first was acquiring a thorough understanding of the effects of the experimental

system on the recorded AE data. Changes in the AE data were found to be caused by

electronic noise, mechanical impedances, and specimen geometries. The second stage

involved experiments intended to induce suspected sources of acoustic emission,
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specifically, grain formation, porosity and solidification cracking. The final stage

compared metallographic and thermal data with the acoustic emission to identify the AE

source mechanisms. The following sections are arranged in this pattern beginning with

responses to known signals through known media and ending with practical models of AE

sources from aluminum-lithium castings.

As stated, the intent of the first stage of research was to examine each major

component in the AE signal path from generation to recording and to determine its effect

in time and frequency domain on the original signal. The components included the

transducer, waveguide, and amplification and data acquisition systems. Four transducers,

three waveguides, two amplification and two data acquisition systems are discussed and

compared. The purpose of the analysis was to develop an optimum combination of

components for measuring acoustic emission during solidification of aluminum-lithium

alloys. The effects of the transducer will be the first to be discussed.
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4.2 Transducer Response

4.2.1 General

Acoustic emission transducers detect dynamic motion from AE events and convert

these surface displacements to voltage-time signals. All subsequent analysis of the events

are based on this converted signal. Therefore, a thorough understanding of changes that

occur during this energy conversion is critical to AE source, ie., material defect

characterization.

Although several types of transducers will be discussed, all those used were

piezoelectric having a construction similar to Figure 4.1. All of the transducer networks

include a preamplifier and a main amplifier. In one case the preamplifier is termed

integral, within the housing, to preamplify the signal before subsequent noise is imposed.

A 28 V DC voltage powers the preamplifier and AE signals from the transducer are

superimposed on this DC offset as they travel to the main amplifier. There, the DC

component is filtered out and the AE signal is amplified a second time. Frequency

filtering may also be done at the preamplifier by adding a simple LC (inductive-

capacitive) or shunt capacitive circuit. The usefulness of both a 100 kHz high-pass (100-

H) filter and a 1 /_f shunt capacitor will be discussed in a later section.
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Schematic of piezoelectric transducer network coupled to a test specimen.
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It has been suggested [71] that the coupling conditions strongly affect the

reproducibility of the AE waveform. If the transducer coupling is poor or different

couplants are used, the phase and amplitude components may be severely altered.

Examples of changes in the frequency domain for different methods of coupling are

shown in Figures 4.2 and 4.3. In an effort to reduce the number of variables, however,

all present experiments were performed using silicone couplant with approximately 10

pounds of pressure and these effects were not considered.
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Figure 4.2 Frequency response from an AE signal by a (a) carefully and (b) loosely

coupled transducer [71].

68



180

0
o
in

¢o
c"
(1

-180
0 ! 2

FREgUENCY (MHz)

3

Figure 4.3

180

-180
0 ! 2

FREgUENCY (HHz)

b

Frequency response from a common AE signal using (a) pine resin and (b)

W400 couplant [711.

69



4.2.2 Transducer Characteristics

Three transducers were examined and compared to determine which would be most

suitable for the solidification experiments.

1. The Model $2908, manufactured by Physical Acoustics Corporation (PAC), is

classified as a broadband displacement-sensitive transducer. It has a typical operation

range of 20-1000 kHz and a maximum operating temperature 121°C. Dimensions

are 25.4 dia.x 25.4 Ht. ram. The housing and face materials are both 304 stainless steel.

2. The Model RI5I, also a displacement-sensitive transducer from PAC, has a typical

range of 100-450 kHz, an approximate resonant frequency of 160 kHz, an integral

40 dB preamplifier, and a maximum temperature of 110"C. Dimensions are 28.6 mm

dia. x 31.1 mm Ht. The housing material is 304 stainless steel and the face plate is

ceramic.

3. The Model VP-1093 Pinducer from Valpey-Fisher Corporation is described as a

broadband velocity-sensitive transducer with a range of DC to 1.5 MHz. It has

dimensions of 24 mm dia. x 33 mm ttt. with a small active crystal area of 13 mm dia.

An internal brass barrel serves as a damping element behind the ceramic piezoelectric

crystal. The housing is nickel-plated brass and there is no wear plate.

Figure 4.4 shows the time and frequency response of the $9208 to a constant

amplitude 20 kHz-l.5 MHz swept sine surface vibration generated by an ultrasonic

sending transducer coupled to the $9208 wear plate. The swept sine function is

described in more detail in Section 4.2.3, Preamplifier and Filter Effects. A prominent
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resonantpeakis observedat 300 kHz on the fast fourier transform(Figure 4.4b) along

with severalotherminor peaks. It shouldbenotedthat this is not the methodof sensor

calibrationdescribedin ASTM Ell06 [72] but is simply a way of comparing sensor

responsesundersimilar conditions.

Figure 4.4 Time and frequencydomainresponseof an$9208broadbandtransducer

to a 20 kHz - 1.5MHz constantamplitudesweptsineinput function.

71



If the VP-1093 and RI5I are analyzed in the same manner the latter can be seen in

Figure 4.5 to have a strong resonant response at 160 kHz and the former (Figure 4.6)

a virtually flat response up to 1.0 MHz. It should be remembered, however, that Figure

4.6 illustrates a power spectrum of a velocity-sensitive transducer. The amplitude

response of the RI51 is an order of magnitude higher than either the $9208 or the VP-

1093 which are approximately the same. In all three tests, the total amplification of the

signal was 40 dB with a 1 #f shunt capacitor at the output of the preamplifier.
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Figure 4.5 Time and frequency domain response of an RI5I resonant to a

20 kHz - 1 MHz constant amplitude swept sine input function.
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Figure 4.6 Time and frequency domain response of a VP-1093 broadband transducer

to a 20 kHz - 2 MHz constant amplitude swept sine input function.

Sensor calibration was also done using pencil lead breaks as specified in ASTM E946

[73]on the free end of a round rod of compacted boron nitride powder having an HCP

crystal structure. The other end of the rod was coupled to the transducer. For each of

the three cases, two tests were done. The first used a 40 dB preamplifier with a 1 _f

shunt capacitor; the second replaced the capacitor with a 100 kHz high pass filter,

hereafter described as a 100-H filter.

Figure 4.7(a) is a plot in time and frequency domain of a pencil lead break

transmitted through the BN rod to an $9208 transducer. Although Figure 4.4 shows it
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to be a broadband sensor, the spectrum in Figure 4.7a is resonant at 8,000 Hz. As will

be shown in Section 4.3, Waveguide Response, this is the resonant frequency of the BN

rod. If the capacitor is replaced by the 100-H filter to suppress the resonance of the rod,

then the 300 kHz resonant frequency of the transducer begins to appear (Figure 4.7(b)).

No characteristic spectrum or waveform is apparent for the AE source. The plots are

instead dependent on the geometry of the waveguide and the transfer function of the

transducer.

A similar effect is seen using the VP-1093 pinducer. The plots in Figure 4.8(a) are

from a system with a 1 pf capacitor in the preamplifier and those in Figure 4.8(b) with

a 100-H filter. The resonance of the rod dominates in the former when the response is

broadband. But as the low frequencies are suppressed in the latter, the response of the

transducer appears. In the case of the resonant R15I transducer, the preamplifier is inside

the sensor housing. No effect of the rod is seen (Figure 4.9) because of the strong

resonant component at 160 kHz of the transducer.
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Figure 4.7 Time and frequency domain response to a pencil lead break of an $9208

transducer coupled to a BN rod using (a) a 1 /zf shunt capacitor and (b) a 100-H filter.
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Figure 4.9 Time and frequency domain response to a pencil lead break of a RISI

transducer coupled to a BN rod without filtering.

Although it may first seem as if each sensor responds differently to a common AE

source and that all source characteristics are lost in the system transfer, a different

examination reveals that this is not necessarily true. Recalling that the pinducer is

velocity-sensitive and the $9208 is displacement-sensitive, the two responses may be

compared by differentiating the $9208 response (Figure 4.10). Good agreement is shown

during the initial part of the signal. A comparison in Figure 4.11 of the $9208 response

versus a theoretical displacement, based on generalized ray theory [74], again shows
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good agreement. Differences, however, are due to bandwidth limitations of the

transducer since the large active area reduces high frequency response [75].
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Figure 4.10 Comparison of an $9208 transducer and integrated VP-1093 pinducer

response to a pencil lead break I75].
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Figure 4.11 Comparison of an S9208 transducer response and a theoretical displacement

response to a pencil lead break on the surface of a thick plate [75].

In summary, the choice of transducer for the solidification tests was reduced to the

broadband $9208 and the VP-1093 pinducer. Although the R15I had a higher sensitivity,

the frequency spectrum would consistently be a 160 kHz resonant peak with little useful

information. The final choice was the $9208 since the signals would not have to be

integrated and the mounting area of the crystal was the same as the waveguide.
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4.2.3 Preamplifier and Filter Effects

The preamplifier and frequency filter, for this discussion, will be considered part of

the transducer circuit. An effective method of measuring the response of these

components to an input signal is the use of a swept sine function. This is a signal which

increases linearly in frequency with time. In Figure 4.12 the rate of increase is 200

Khz/ms while the amplitude remains constant at 2 Vp.p. The time domain signal is shown

in the center and the frequency domain in the lower left corner. The 10 Khz - 1 Mhz

signal was generated with a Hewlett-Packard HP3314A function generator and recorded

on a LeCroy 9400A digital storage oscilloscope. The frequency domain plot is a 25,000

point fast fourier transform (FFT) with a relative amplitude based on a LeCroy standard

reference voltage. The horizontal scale is 200 kHz/div with the final frequency point at

6.25 div or 1.25 Mhz. Figure 4.12 shows that the result is an input signal that has a

uniform amplitude with increasing frequency.
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Figure 4.12 A constant amplitude swept sine function with a range of 10 kHz-1

MHz shown in time (center plot) and frequency (lower left plot) domains.

For direct comparison with Figure 4.12, the input signal was reduced in amplitude

by a factor of 1,000 to 2 mVpp then coupled to a Physical Acoustics Corporation (PAC)

Model 1220A pre-amplifier set at 60 dB (1,000x) with a 1 #f shunt capacitor. The

output shown in Figure 4.13 shows that the preamplifier changes the flat input signal in

two ways. Signal response below 100 kHz is distorted and approximately 0.6 Vp.p of

electronic noise has been added. This is equivalent to 0.212 VRMS or 46 dB. Therefore,

although the frequency distortion is slight and is in a range typically below the bandwidth

of AE transducers, the added noise requires that the threshold of the AE detection system

be set above 46 dB or 0.25 V to avoid recording invalid signals.
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Figure 4.13 Time (center) and frequency (lower left) response of a 60 dB preamplifier

with a 1 /_f shunt capacitor to a 2 mVp+ constant amplitude swept sine function in the

range 10 kHz-1 MHz.

A 100-H high-pass filter was installed in place of the 1 t_f capacitor to compare a

filtered response of the preamplifier with the broadband response shown in Figure 4.14a.

The filter was a two pole LC filter and a sharp cut-off was not expected. Figure 4.14b

shows a fiat response above 350 kHz with a gradual decrease in amplitude from 70 to

35 V at 100 kHz, ie., a 3 dB or 50% decrease, as required for a 100 kHz filter.
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Figure 4.14 Frequency response of a 60 dB preamplifier with a 100 kHz

high-pass filter (top) and with a 1 uf shunt capacitor (bottom) to a

constant amplitude swept sine function.

It was found through the course of the work that it was important to observe low

frequency components of the signal as well as high. Therefore, most of the experiments

were conducted with the 1 #f shunt capacitor instead of the 100-H filter. Another

important fact is that the LC filter only filters the signal between the transducer and the
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main amplifier. Low frequency noise present at the wall outlet will enter the input line

of the measuring and detection circuits and will be superimposed on the AE signal at the

main amplifier input or thereafter before being stored.

Line noise was a severe problem in the solidification laboratory. Large generators,

HVAC (heating, ventilation, air-conditioning) equipment, and rotating machinery in the

building resulted in random inductive spikes, line voltage fluctuations, electro-magnetic

interference (EMI), and low frequency hums to occur at random. The 100-H filter was

ineffective at reducing any of this noise. Therefore, steps taken to reduce this interference

included using an isolation transformer, choke filter, foil-wrapped wires, and also testing

during the night. It should be noted that a "quiet" line was available in another laboratory

for the calibration and system response tests. A more detailed discussion of noise

generated within the measurement system will be given in Section 4.4, System Noise.

4.3 Waveguide Response

The selection and design of the crucible and waveguide was paramount to the success

of this study. The ideal design would transfer acoustic emission signals from the

solidifying metal to the transducer without any distortion of the waveform. At the least

its effect on the signal should be discernible and minimal. In the beginning, the crucible

and waveguide were considered to be two components that would be coupled prior to

testing.

The choice of crucible material was limited to either graphite or boron nitride because

of its contact with a molten aluminum-lithium alloy. In a conversation with personnel
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at theAlcoa TechnicalCenter[76], it waslearnedthatthesearetheonly proven materials

which do not react with or alter the composition of the AI-Li alloys. Their

recommendation was boron nitride since it is virtually inert and is not wetted by the

molten AI-Li alloys. The low coefficient of friction and the non-wetting feature of BN

would prove it to be an ideal crucible material for an acoustic emission study since it

would not add frictional noise during shrinkage of the casting.

As stated in Section 3.3.2 three waveguide materials were initially investigated: fused

quartz, copper, and boron nitride. It was decided that the initial geometry would be a 1.3

mm dia.x 30 cm long round bar. Comparisons of signal responses were done by coupling

each to an $9208 transducer and performing standard pencil lead breaks on the opposite

end.

4.3.1 Boron Nitride Rod Response

It was informative to observe the response of the $9208 transducer to a single cycle

100 kHz sine wave because the changes to a known waveshape can readily be seen. The

top waveform of Figure 4.15b shows the input signal to a sending transducer and the

lower waveform is the output from a preamplified $9208 coupled to it (Figure 4.15a).

The ringing due to reflections within the sending and receiving transducer crystals is

obvious. The original sine wave does not appear distorted or dispersed.
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Figure 4.15 (a) The coupling arrangement of an ultrasonic transducer and a broadband

acoustic emission transducer to observe: (b) the response (bottom plot) to a

single cycle sine wave (top plot) after 60 dB amplification.

At first it may seem that little attenuation has occured. However, input voltage was

transformed to mechanical energy by the sender, transferred across a couplant to the

receiver, converted back to an electrical signal, and amplified 60 dB. Close attention to
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the vertical scales (Channel 1 at top: 1 V/div and Channel 2 at bottom: 5V/div) shows

that the 2 V peak-peak amplitude of the input signal has decreased to an output of 12 mV

peak-peak, before amplification.

The added effect of introducing a boron

receiving transducers is shown in Figure 4.16.

nitride rod between the sending and

The output has been displaced by 66.4

pts from the input. Therefore, since a 30.5 cm rod was used, the longitudinal (p-wave)

velocity of boron nitride has been calculated to be 4,590 m/s. A time displacement of

131.9 _s was measured to the first reflection (not shown) and the velocity for a round

trip of 61.0 cm is 4,622 m/s. From these measurements an average longitudinal mode

velocity for boron nitride was determined to be 4,600 m/s.

It can be seen by comparing the outputs with and without the BN rod that the

frequency and amplitude are virtually unchanged except for the time delay (see Figure

4.15 and 4.16). Damping of the third and fourth cycle is greater with the rod although

the effect is minimal. It should be noted that the 100 kHz single sine wave input may

be considered a low ultrasonic frequency and higher frequencies may be attenuated to a

greater degree.

A more practical acoustic emission source calibration signal than the sine wave is the

pencil lead break in accordance with ASTM E976 [73]. Figure 4.17 is a plot showing

the response of an $9208 transducer and BN rod to a lead break on the free end of the

rod. The upper figure is a time expansion (10 p.s/div) of the first two peaks in the lower

figure (50 _as/div).
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Figure 4.16 (a) The coupling arrangement of an ultrasonic transducer, a BN rod and a

broadband acoustic emission transducer to observe: (b) the response of the rod

(bottom plot) to a single cycle sine wave (top plot) after 60 dB amplification.
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Figure 4.17 (a) The coupling arrangement of a BN rod and a broadband transducer to

observe: (b) the response to a pencil lead break (lower plot) on the free end

of the rod and a time expansion of the first two peaks (upper plot). (1)

indicates arrival of first extensional mode wave, (2) the first flexural mode

wave, (3) a reflection of the extensional wave, (4) the first surface wave, and

(5) a reflection of the flexural wave.
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The 133 ps time difference between the first and third peaks of the lower plot

indicates that the latter is a reflected wave of the former. It is in close agreement with

the 131.9 ps time difference for the previously discussed sine wave response. Since this

is the response to a downward source aimed at the transducer it is reasonable to assume

that the first peak is the arrival of the longitudinal mode wave. If it is also assumed that

the second peak, which is displaced from the first by 44 ps, is the flexural mode or shear

wave velocity may be calculated

30.5 cm/(66.4 + 44 ps) x 0.01 m/cm = 2,760 m/s

which is 60% of the longitudinal velocity. Peak #4 is not a reflection of the flexural

wave since the time difference is too short. It may either be the tail end of the

extensional reflection or the arrival of a new mode, the first surface wave. Peak #5,

however, has the correct time difference to be a reflection of the slower velocity flexural

wave.

Rise times of 1 to 5 [as and durations of 30 to 40 ras were recorded for the various

modes. Therefore, an oscilloscope setting of 20 ps was determined to be appropriate for

detailed observation of AE waveforms during solidification of aluminum and its alloys.

A consequence of determining the wave velocity of the BN bar and knowing its

geometry is the ability to calculate its resonant frequency. Since 1.9 cm was bored from

the end to form a crucible the effective length was 28.6 cm. Using the simple

relationship for the resonance of a bar [771
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where:

nf = v / (2 x L)

n = wave number

v = wave velocity

f = frequency

L = length of rod

(Equation 7)

the fundamental resonant frequency for a boron nitride rod is 8,050 Hz with the first and

second harmonics being 16,100 and 24,150 Hz, respectively.

4.4 System Noise

Since an objective of the present study was AE source characterization, it was

important to understand which part of the signal was acoustic emission and which part

was noise. A simple set of tests was performed which clearly shows the noise

contribution of each system component and how it affects an actual AE test signal.

Figure 4.18 is a plot of noise generated directly from a 13 mm dia. x 30 cm long

boron nitride rod sitting vertically on a PAC Model $9208 transducer. As described in

Experimental Procedures this is the test arrangement for solidification. The BN rod was

bored at the top end to provide an integral casting crucible. It was coupled to the

transducer using silicone adhesive. The output of the transducer was sent directly to the

oscilloscope. Therefore, it is a plot of noise generated by the piezoelectric crystal itself

along with mechanical resonance of the rod and transducer casing. Although the RMS

voltage is less than 0.005 V the frequency spectrum shows low frequency components of

60 and 120 Hz from EMI fields generated by nearby machinery. There was also an 800

Hz component which was thought to be mechanical resonance from small vibrations on

the testing table.
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Figure 4.18 Plots of noise generated by a coupled $9208 transducer and BN rod in time

and frequency domains.

The above arrangement was modified by connecting a PAC 1220A preamplifier with

a 1 /_f shunt capacitor to the output of the $9208. The 1220A preamplifier output was

coupled to a PAC 3104 AE data recorder with the main amplifier set at 0 dB gain. As

shown in Figure 4.19, the noise has increased by an order of magnitude but the 800 Hz

resonance seen in the preceding figure is now masked. A strong 120 Hz component is

observed as a result of inductive motors operating at the time of test in another part of
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the building. The noise from the machinery had been transmitted through the power line

into the 3104 and was superimposed on the recorded signal. Without the careful use of

an oscilloscope or spectrum analyzer at the time of testing, this interference may have

been recorded as valid acoustic emission data. Because of this observation, each test

thereafter was examined for this component and the results were invalidated if present.
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TIME (s)
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Figure 4.19 Plots of noise generated by a coupled $9208 transducer, BN rod, and

preamplifier in the time and frequency domains•
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As the main amplifier setting was increased to 30 dB, the noise increased to an RMS

level of approximately 0.07 V as shown in Figure 4.20. This is the total system noise

for a solidification experiment. The machinery was not active and the 120 Hz noise was

not present during this test. The frequency spectrum shows it to be essentially white

noise with the exception of an unidentified 2,000 Hz component. Based on this

information, a threshold setting of 0.5 V DC was selected for all solidification

experiments.

.050 .150 .250 .350 .450

TIME (s)

Figure 4.20 Plots of a typical AE signal during solidification illustrating the presence

of system noise in the time and frequency domains.
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An exampleof thecontributionof noiseto therecordedacousticemissionsignal is

shownin Figure 4.21. The plot is an actual signal recordedduring melting of the

aluminumin thesystemdescribedabove•Thesystemnoisemayhavea significanteffect

on the shapeof the waveformin the time domain• However, in thefrequencydomain,

the low frequencynoisecomponentsandthewhite noisedo not interfere with observing

the prominentAE frequencycomponents. In this casethere is a fundamentalpeakat

9,200 Hz as shownin theexpandedfrequencyplot (Figure 4.22) which correspondsto

theresonantfrequencyof the boron nitride rod. This wasdescribedin more detail in

Section4.3.1, WaveguideResponse.
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Figure 4.21 Plots of a typical AE signal during solidification illustrating the presence

of system noise in the time and frequency domains.
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Figure 4.22 Expanded frequency plot of signal and noise shown in Figure 4.21.

4.5 Bummary of AE System Response

This Section has provided a detailed discussion based on the response of acoustic

emission signals to transducers, waveguides, and noise. Transducer coupling pressure

and materials were investigated; silicone adhesive at 10 psi pressure was selected as the

standard. Boron nitride was the choice as a primary crucible material because of its low

friction and non-wetting features; alumina was used in alternate tests for comparison.

A round rod made with an integral crucible was chosen as a waveguide joining the melt
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to the transducer. The length was adjusted to provide thermal isolation from the furnace

and to provide a low frequency resonance that is generally below the bandwidth of

transducers. A broadband displacement-sensitive transducer was selected for its unique

combination of properties.

The swept sine function was used not only for demonstrating system component

response but also to show distortions caused by the amplification circuits. The

effectiveness of the high-pass filter was displayed using this flmction. Pencil lead breaks

were used in a similar manner as a calibrated acoustic emission source for determining

the transfer functions of the system components.

It has been shown that considerable noise has been added to the signal as a result of

the measurement system. The frequency domain representation of a signal clearly

displays the mechanical resonance contributions of the waveguide and transducer. The

source components are overwhelmed by these effects and are difficult to distinguish

unless the low frequency resonance is filtered. Unfortunately, the low frequency

components contain the majority of the signal power and filtering them leaves a weak

signal that may be below the noise level. It was decided that (a) a high-pass filtering

would be used for source characterization using waveform processing and (b) broadband

detection, i.e., no filtering, would be used for maximum sensitivity to solidification

signals.
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V. EXPERIMENTAL RESULTS & DISCUSSION: AE During Solidification

5.! Introduction

As describedin Section IV, the system for measuring acoustic emission during

solidification of aluminum-lithium alloys has been optimized by selecting a crucible,

waveguide, transducer, and recording equipment that will transmit the amplified signals

with a minimum of added noise, distortion, interference, or attenuation. Two methods of

AE data acquisition were employed; simultaneously, in many cases. These include the

conventional method (Section 2.1.3b) and the waveform analysis method (Section 2.1.3c).

The former method would record all signals above a preset threshold but store only

specific information about each event. Data such as the cumulative number of hits was

extremely useful in presenting acoustic emission activity as a function of time or

temperature. However, other parameters which are based on signal intensity or length

(eg. duration, rise time and amplitude), provided little information on understanding the

solidification mechanisms or identifying sources of AE.

The latter method, waveform analysis, would record only specific signals but stored

virtually the entire waveform for post-acquisition analysis. Since the integrity of the

waveform was maintained,

transformation were possible.

signal processing such as deconvolution and Fourier

The method was used for critical evaluation of a few

signals from each test recorded at regular intervals during the solidification process.

Analysis in the frequency domain proved very helpful in understanding the complexily

of waveform changes that occur as a result of the components in the measurement system.
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Analysis in the time domainprovided valuable information on wave speedsand the

effectsof boundaries.

An objective of the experimental protocol was to maintain virtually constant test

conditions while changing one variable at a time. Changes in acoustic emission behavior

could then be attributed to that particular variable. The variables were chosen because

of their effect on solidification mechanisms. For example, the addition of copper to the

aluminum would result in two phases forming as the liquid solidified. Therefore, the

acoustic emission changes that might occur could be correlated with the change in

solidification mechanism.

The objective of changing one variable at a time was achieved with varying degrees

of success. More than ninety experiments were performed on the three materials

described in Section 3.1, Materials. Many of the initial tests simply constituted a learning

curve. This led to a thorough understanding of how subtle variations in the measurement

system can lead to dramatic changes in acoustic emission data. Each change in the

system caused some change in the acoustic emission signal. This will be discussed in

detail.

Another variation, in addition to the three materials, included the furnace atmosphere

which was inert in some cases and contained hydrogen in others. Effects of metal mass,

number of grains, transducer response, and specimen geometry were also investigated.

A portable single channel AE detection system was built for low noise measurements.

It was attached to a hot stage microscope for preliminary experiments which directly

observed the solidifying surface of aluminum (Section VIII Suggestions for Future Work).
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Discussion Section V concludes by considering how microstructures from the

experimentalspecimensprovidea metallurgicalcomparisonto theacousticemissiondata

andjustify the proposedmodelsof AE sources.

5.2 Solidification Kinetics

Before an analysisof acousticemissionsignalsgeneratedduring solidification is

presented,a morecompletedescriptionof solidificationkineticsandmechanismswill be

given. A completemodelwould includea macromodeldescribingheattransferfrom the

melt to the mold wall as welt asa micromodelof solidificationkinetics and fluid flow

in the mushyzone. However,becauseof the small scaleof the castingsand the high

thermal conductivities of the metals, the macromodelwill not be considered. The

emphasiswill beon morphologicalchangesin the castingandtheir time-dependency.

The transformationof a liquid to a fully solid phaseis a nucleationand growth

processthatoccursover a periodof time. Therearecurrentlyat leasttwo approachesto

the first process:continuousand instantaneousnucleation. Investigatorsevendiffer on

thedefinitionof continuous.Oldfield 178]suggestsaparabolicdependenceof thenumber

of nuclei onundercoolingandpredictsnucleationuntil theonsetof recalescence.Thevos

179]assumescontinuousnucleationbetweenthe equilibrium temperature,TE,and the

maximumundercoolingtemperature.Nucleation,asproposedby Stephanescuet al [80],

predictsthe instantaneousformationof solidnucleiataspecificundercoolingtemperature,

T N•

100



For the practical purposes of the present study it is sufficient to know that nucleation

begins at the moment the cooling rate deviates from its equilibrium conditions (Figure

5.1). Dendritic growth then follows until grains form. The solidification process is

complete when equilibrium cooling resumes.

i_Nucleation Region

Growth Region _

_iq _, _ ,iq
Liq.+Sol. II _ _

_Sol." _' Liq. + Sol.
I II Sol'_.

Time Time

(a) (b)

Figure 5.1 Nucleation and growth plots of solidification in (a) ultra-pure aluminum

and (b) an AI-Li alloy.
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Figure 5.2 illustrates that AE waves can only be detected if the velocity of a specific

size source is above a threshold of detectability. If similar threshold values are used for

the present solidification study as were used in the fracture studies [81], then, by

knowing or approximating the source size and velocity, the detectability of the source

may be determined. The method used to estimate the source velocity in the present study

is computer-aided differential thermal analysis (CA-DTA) [82]. The first step in this

method was to determine the fraction of solid, f., as a function of time which was

derived from the thermal history or cooling curves.
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Figure 5.2 Detectability of acoustic emission signals by considering source velocity

as a function of source area [81].
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The latent heat of solidification,L', at a specific time, t, was calculated by using the

following difference equation with the upper limit of integration being that time, t.

L' = C e larea under (dT/dt)cc - area under (dT/dt),c] (Equation 8)

where: C o - specific heat

cc - cooling curve in the temperature region where solidification occurs.

zc - zero curve, based o11cooling curve in temperature region after solidification

has occurred.

Once the latent heat is known at a sufficient number of times during solidification, the

fraction of solid as a function of time is given as

f_ = L' / LI.OTAL (Equation 9)

Using the cooling curves of Figure 5.1, the fraction of solid was plotted for castings

of ultra-high purity (UHP) aluminum and an aluminum-lithium alloy (Figure 5.3). Both

curves are slightly parabolic and clearly show the time dependency of solidification.

Within the first minute, approximately 20 % of each specimen has solidified. One minute

before the end of the transformation, less than 1(I % of the liquid remains. Complete

solidification of the UHP aluminum casting requires over six and a half minutes, whereas,

the A1-Li alloy casting takes a minute less. Cooling curves for the aluminum-copper alloy

used throughout this study provide similar results.
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Figure 5.3 Fraction of solid as a function of solidification time for

(a) a 2.7 g LIHP aluminum and (b) a 2.7 g AA2090 AI-Li alloy specimen

cooled at the same rate.

To put the solidification rate in perspective, the average grain size of a small

aluminum-lithium casting was determined to be 0.3 ram. Assuming the nucleus forms

in the center of the grain, the grain radius of 0.15 mm may then be considered to be the

total growth distance during solidification. The estimated growth rate, therefore, is

0.15mini400 s or approximately 4x10 n m/s. Even considering that the secondary

dendrite arm growth velocity may be several orders of magnitude greater than the
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primary, it is still very slow and does not compare with the 100 m/s velocity of inclusion

cracking which does release detectable acoustic emission. It is concluded that growth

and impact of dendrites during the formation of grain boundaries is not a viable source

of acoustic emission.

At the onset of the experiments, nucleation was considered as a possible AE source

as proposed by Xiufang [17]. If the instantaneous nuclealion model of Stephanescu [80]

is considered then it is conceivable that the expansion rate of a developing nucleus would

be fast enough to generate a detectable stress wave within the remaining liquid. The key

to verifying this would be detection of AE signals during the narrow nucleation

temperature range. This was a critical part of the present experiments and will be

discussed in the same sections listed in the previous paragraph.

Likewise, porosity, which develops as hydrogen evolves from the solidifying casting,

has also been proposed by others [14] as an AE source. If the rapidly expanding pores

generate acoustic stress waves, then the measurable percent of porosity would be

proportional to the cumulative number of acoustic emission hits. This was also

investigated, as described in III. Experimental Procedures, by varying the percent of

hydrogen in the furnace atmosphere. Other acoustic emission sources that were

considered include: dislocation motion and micro-cracking from residual stresses during

solidification, dendrite fracture, liquation cracking, and oxide cracking.
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5.3 Aooustio Emission from Pure Aluminum Castinqs

S. 3.1 Conventional _nalysis

Over thirty tests were performed on :2.7 gram specimens of ultra-high purity

aluminum. They were conducted in an inert argon atmosphere using an integral BN

crucible and waveguide. Initial trials collected few acoustic emission hits. The reason

was poor coupling of the specimen with the crucible bottom and, therefore, with the

transducer. Even in an ultra-high purity (UHP) argon atmosphere the polished specimen

developed a thin oxide coating which acted as its own crucible. The oxide coating

prevented the specimen from assuming the shape of the crucible, and good transmission

of the AE signals was impaired. When additional weight was placed on top of the melt,

the liquid metal was able to break through cracks which formed in the oxide filling the

bottom of the crucible. As a result, acoustic emission signals were detected when the

weight was added.

Insertion of the thermocouple into the melt also caused poor AE detection. As the

specimen cooled and bonded to the rigid T.C. wires, it was pulled away from the

crucible bottom. The problem was solved by redesigning the weight to hold the T.C.

in the melt as well as force the casting to remain in contact with the crucible bottom.

Details are given in the Experimental Procedures Section 3.3.1.

Although the cumulative number of hits in subsequent tests ranged from 200 to over

1,000, a common pattern was seen in every experiment. The system was quiet during

the first few minutes of the test. A one to two minute period of high acoustic emission

activity followed, then a quiet period returned as the specimen cooled. Figure 5.4 shows

the results of two such tests. Although the number of hits varied, the rate of hits and the
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periodof high activity coincide.

in which this activity occured.

mechanisms.

The next stepwasto determinethe temperaturerange

The purposewas to correlate it with the solidification
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Figure 5.4 Plots of cumulative acoustic emission hits v. time during the solidification

of UHP aluminum from two experiments with similar volume specimens.

The cooling curve of Figure 5.5 illustrates the temperature range of high acoustic

emission activity. It can be seen that it coincides with the last minute of solidification.

Referring to the fraction of solid plot in Figure 5.3, it can be concluded that virtually no

AE hits are detected until less than 10% of the liquid remains. Also, the high activity

ceases immediately when the specimen is 100% solid with only scattered hits thereafter.
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Figure 5.5 Cooling curve of 2.7 g ultrapure aluminum casting indicating temperature

range that corresponds to high acoustic emission activity.

As discussed in Section 5.2, Solidification Kinetics, nucleation occurs during

recalescence as the latent heat is evolved and dendritic growth follows. No acoustic

emission was detected during nucleation or the early stages of dendritic growth. The hits

are generated during the time period when dendrites impinge on each other, forming

grains, i.e., as the last fraction of solid forms. The observation that the activity begins

during a thermal arrest leads to the assumption that volumetric shrinkage was not an AE

source. This logic implies that the melt has not pulled away from the mold wall. The

reason is that thermodynamic principles conclude: if the presure and temperature remain
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constant, the volume will not change. If an oxide coating had been responsible for the

AE hits, continuous activity would have been expected during cooling from the superheat

temperature of 700°C to the transformation temperature of 6600C or during massive

shrinkage below this temperature.

Metallographic analysis (Section VI) revealed equiaxed grains which was expected

since the temperature readings showed virtually no change from the center of the casting

to any side. No microporosity was present which was also expected since it has been

shown [831 that excess molecular hydrogen remains in solution as high purity aluminum

solidifies without forming pores.

The mass of the specimen was doubled for a series of tests in an alumina crucible

that was cemented to a boron nitride waveguide. Dimensions of this waveguide were

similar to the BN rod. The purpose was to observe the effect of increased solidified mass

and to be sure that the results are a function of the casting material and not the

measurement system. It should be noted that, whenever a new setup was used, acoustic

emission was monitored without a specimen to verify that heating and cooling the system

would not contribute to the number of signals. In all cases, with argon gas and

compressed air flowing, there was no acoustic emission generated with an empty crucible

during a simulated melting and solidifying cycle.

Figure 5.6 illustrates four conventional AE parameters plotted as a function of time.

At the end of solidification, approximately 800 seconds, a trend is observed. The

amplitudes of some signals increase to a maximum of 80 dB from a level below 50 dB.

The rise times increase to a maximum of 180/as from a 40/as maximum before the period
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of high activity. The durations also increase from less than 200 ps to a peak of 1,600 ps.

Finally, the energy reaches a maximum for some signals of 180 V-s. Therefore, it may

be concluded that the overall intensity of AE signals increases significantly as the last

fraction of solid forms, i.e., the grains form in the metal. Figure 5.7 contains two

amplitude distribution plots with the dependent variables being hits and duration. From

this amplitude distribution data, no characteristic amplitude or duration may be determined

for signals generated during solidification of UHP aluminum.
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Figure 5.6 Acoustic emission (a) amplitude, (b) rise time, (c) duration, and (d)

energy as a function of time during solidification of an UHP aluminurn.
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during solidification of an UHP aluminum.
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Figure 5.8 displays the cumulative AE hits for the 5.2 g aluminum specimen cast in

an alumina crucible. The upper figure(a)isa time expansion of the initialpartof the

test. As with the smaller casting (Figure 5.4), there is a rapid increase in AE hit rate

which decreases abruptly afterwards. The total number of hits reached I, 100 during this

period. The test was repeated on the same specimen twice with hits totalling 1,000 and

1,600. The interesting variation between this series and the 2.7 g tests is the second

period of AE activily which begins three and a half minutes after the first period.
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Figure 5.8 Plots of cumulative acoustic emission hits v. time during the solidification

of a 5.2 g ultra-pure aluminum casting. (a) The upper plot is a time expansion

of the first 1,_ seconds of (b) the lower plot.
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The recording instrument was turned off at 4,516 hits but the activity continued for

at least another 20,000 hits. The start of the second period corresponds to a temperature

where the material is completely solid and has cooled more than a hundred degrees

Celsius below its solidification temperature (Figure 5.9). This type of behavior was not

observed in the boron nitride crucible, which does not adhere to aluminum, but is evident

with an alumina crucible which does restrain the shrinking casting.
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Figure 5.9 Cooling curve of 5.2 g ultrapure aluminum casting indicating temperature

ranges that correspond to periods of high acoustic emission activity.
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The results of the ultrapure aluminum experiments lead to several conclusions.

Acoustic emission is generated by inherent solidification mechanisms that occur as the

last fraction of solid forms. Nucleation is not a source of AE in pure solidifying

aluminum. Likewise, porosity was not responsible for the AE signals since no porosity

was present. Dendritic impact may be discounted in the present experiments as an AE

source since the growth rates have been shown to be too slow to produce detectable stress

waves. Oxide cracking and volumetric shrinkage are not reasonable AE sources since the

activity at the end of solidification lies within a discrete time period at constant

temperature. Both mechanisms would display high AE activity during periods of

temperature change and this activity was not observed. Mold wall friction would have

caused the continuous form of acoustic emission. Only burst signals were recorded, with

no continuous emission; therefore, friction between the mold wall and the specimen was

discounted as an AE source in the present experiments.

Many possible sources of AE have been eliminated as a result of solidification of

ultra-pure aluminum. Additionally, microstructural analysis, described in Section 6.1,

revealed no significant inclusion content which may have been a source of cracking and,

therefore, acoustic emission. Only a single phase matrix was present which formed

equiaxed grains during the liquid-to-solid transformation.

The model that is proposed for the first period of AE activity involves the tips of

adjacent dendrites meeting in opposing growth directions while surrounded by the

remaining liquid. The tips do not instantaneously cease growing but rather exert mutual

opposing forces until the process is brought to an end. These stresses provide a driving
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force for diffusion-controlleddislocationmotion within the dendritearms. As grains

form, their boundaries introduce low energy sites for the release of strain energy from

dislocation pile-ups. No energy dissipation in the form of heat evolution was measured

during this first period of AE activity. Therefore, it is suggested that the primary form

of this energy release is acoustic waves.

Another possible source is crystallographic realignment to accommodate grain

formation. This would introduce grain boundary sliding and also cause fused dendrite tips

to fracture, thereby releasing bursts of strain energy until solidification is complete.

While no evidence of grain boundary sliding was derived, metallographic analysis did

reveal dendritic tip fracture in the AI-Li alloy as discussed in Section VI.

The AE activity after solidification appears to be a function of specimen restraint by

mold wall adhesion. As the casting cools and shrinks, an avalanche of dislocation sources

are created as newly formed grains are internally stressed. This activity is outside the

realm of a solidification study since it occurs substantially below the solidification

temperature. For a more quantitative description of the relationship between specimen

restraint and acoustic emission, the reader is referred to a paper by Sharma, et al [16].

They conclude that the AE energy increases by a factor of four as the solidification

condition changes from free contraction to high restraint ( 0 to 37.6 kg/mm restraining

spring stiffness). They proposed hot tearing and pore formation as the AE source

mechanisms.
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5.3.2 Waveform Analysis

Individual signals were recorded during the solidification of the ultra-pure aluminum

castings. The method, described in Section 3.3.2, permits both time and frequency

domain representation of the signals. The intent was to identify any waveform

characteristics that might change during cooling and correlate them with defect

mechanisms such as solidification cracking.

Figure 5.10 (a-d) illustrates four signals from a solidification experiment recorded at

equal time intervals, from the beginning to the end of the solidification period. The

signals were recorded periodically and, at first, the time domain waveforms appear to

decrease in duration as the solidification takes place. Referring back to Figure 5.6(c), it

can be seen that the trend for most signals is the opposite. This illustrates that careful

interpretation of the individual waveforms is required since random selection of a few

signals can lead to false conclusions of the total AE signal trend.

Analysis of the power spectra for the four signals reveals a strong resonant peak at

approximately 11,000 Hz with harmonics at 22,000 and 33,000 Hz. As discussed in

Section 4.3, Waveguide Response, when the signal is not frequency filtered, the dominant

spectral component is the fundamental resonant frequency of the waveguide. This is what

occurred in the experiment of Figure 5.10. The acoustic signals were not passed through

the 100-H filter after being transmitted through a BN rod and broadband $9208

transducer. Therefore, the response of the waveguide overpowers that of the transducer

response and acoustic emission signals. The spectra will be virtually the same
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Figure 5.10 Acoustic emission signals recorded from (a) beginning to (d) end of the

solidification of an ultra-pure aluminum casting and displayed in the time

and frequency domains.
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regardless of the type of source mechanism and, therefore, a characteristic spectrum

cannot be attributed to a specific acoustic emission source. The result is that little

information is obtained from the spectra on AE characteristics.
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Figure 5.11 Expansion of first wave arrivals in signals shown in Figure 5.10.
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The initial wave arrivals of Figure 5.10 are assumed to be the first longitudinal wave

arrivals or p-waves. They were expanded from Figure 5.10 and are shown in Figure 5.1 I.

No consistent information on signal characteristics such as rise time or duration could be

determined from these signals or from additional p-wave analysis. Therefore, this type

of analysis was not pursued in the present study.

For comparison, four signals from a second solidification experiment are shown in

Figure 5.12. It can be seen that a resonant frequency of 8,200 ftz dominates the spectra.

A broadband transducer was used along with a 28 cm BN rod (7 mm longer than the first

experiment. No frequency filtering was done. By applying Equation 7, the resonant

frequency of the rod was calculated to be 8,200 Hz (2,800 Hz lower than in the first

experiment). Therefore, it is again concluded that the spectra reflect primarily the

waveguide response.

Although these eight waveforms are simply examples from two experiments, analysis

of hundreds of other waveforms from other tests led to the same conclusion. Neither

individual waveform nor frequency spectrum analysis of acoustic emission from

solidifying pure aluminum were able to identify signal characteristics that could be

correlated to a source mechanism.
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Figure 5.12 Acoustic emission signals recorded from (a) beginning to (d) end of a

second solidification experiment using UHP aluminum.
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5.4 Acoustic Emission from Aluminum-Lithium Alloy Castings

5.4.1 Conventional Analysis

Ultra-pure aluminum has been shown to generate a single period of acoustic emission

during solidification. In contrast, aluminum-lithium alloys have two discrete periods of

AE activity which may be correlated with two solidification mechanisms. The second

period will be discussed first. As with the pure aluminum, it occurs at the end of

solidification.

The second period of acoustic emission occurs during the last minute of

solidification which corresponds with approximately the last ten percent of liquid. At this

time, the dendrite tips are impinging on each other and grain boundaries are being

developed. As discussed in Section 5.3.1, the grain boundary formation provides low

energy sites as destinations for dislocations contained within the solid. The high

temperature, well above 0.5 T M, and the moderate to high residual stresses are conditions

required for diffusion-controlled dislocation creep [831. This movement of dislocations

from the matrix to the grain boundary results in a release of strain energy which is

considered a primary source of acoustic emission. Another source which may contribute

to the total cumulative AE events is solidification cracking. As shown in Section VI,

Metallographic Analysis, solute segregation and secondary phase formation combine to

form brittle regions within the alloy which result in microcracking of the porous material

as it cools. This event releases strain energy which is transmitted as acoustic emission.
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Figure 5.13 Typical cooling curve of 2.7 g aluminum-lithium alloy casting indicating

temperature ranges that corresponds to high acoustic emission activity.

The release of strain energy during grain boundary formation was a source

mechanism proposed for the single AE period of pure aluminum. Imposed stresses at

high temperature that cause fracturing of fused dendrite tips, diffusion-controlled

dislocation motion (dislocation creep), and grain boundary sliding are present in alloys

as well. If the dendrites are aligned with each other (columnar) as they grow, rather than

at opposing angles (equiaxed), then it would be expected that less compressive stress

between grains would be present and less realignment would occur.

The same acoustic emission source mechanism that was proposed for UHP

aluminum, grain boundary formation, is also proposed for the second period of AE

activity during solidification of an aluminum-lithium alloys. As with the pure metal, this
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regime corresponds with the formation of a single phase. The solidification rate of the

AI-Li alloy can be seen in Figure 5.3 to be greater than the pure aluminum but the

dendritic growth rate is still to be considered too slow to generate detectable stress waves

upon impact. The signals are burst-type, not continuous, and only occur within a

specific temperature range. As the solvus is reached, the activity slows significantly.

The low level of activity that is present is considered a result of continued grain

boundary realignment and micro-cracking after solidification. Oxide or hydride cracking,

mold wall friction, and volumetric shrinkage are again discounted since they would

generate emissions throughout cooling rather in a discrete temperature interval.

A comparison of microstructural and acoustic emission data provide more evidence

that the source of high AE activity is grain boundary formation. Table 5.1 lists the

results of seven experiments performed on equivalent size specimens under similar initial

conditions. Although the intent was to maintain a constant cooling rate for all tests, the

small size of the castings and the furnace variables (particularly gas flow and heat

extraction) made a constant rate difficult to achieve. As a result of cooling rate

variances, the shape of the grains varied from equiaxed to columnar. Taking advantage

of the microstructural differences, the grain shape was examined and compared to the AE

data. It can be seen qualitatively in Table 5. i that, as the microstructure changes from

equiaxed to columnar, the percentage of total AE hits occuring in the second period

decreases. This is in agreement with the concept that less dislocation creep and grain

boundary sliding occurs in columnar grains and, therefore, less strain energy is released

to generate acoustic emission hits.
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"Fable 5.1 Relationship of microstructure and second period AE hits

in an aluminum-lithium alloy.

Test

Li7

Lil0

Lil7

Lil8

Lil I

Lil4

Lil9

2nd Period Hits

(%)

77

71

70

69

50

25

13

Type of

Grain Structure

equiaxed

exluiaxed

equiaxed/columnar

equiaxed/columnar

equiaxed/columnar

columnar

columnar

From over thirty tests, selections were made to illustrale common trends in AE

activity. Figure 5.14 contains plots from four tests on 2.7 g specimens in the standard

BN waveguide/crucible arrangement. The tipper plot for each test is the cumulative AE

hits v. time that has been previously used. The lower plots are derivatives of the

cumulative curves. This method of data analysis displays hit rate and illustrates the

length of time and acuity of the AE activity periods. When the rates are normalized and

compared, the reproducability of the experiments can be observed (Figure 5.15).
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Normalizing removes the effect of crucible-melt coupling by disregarding the total

number of hits and designating the maximum rate as unity.

The cascade plot of Figure 5.16 is another method of presentation that shows the

common occurence and duration of a first period of AE activity in five similar tests.

Although a second period of AE activity occured in every AI-Li alloy experiment, the

number of hits varied considerably. As was discussed at the beginning of this section,

this may be attributed to the deformation mechanisms present. For example, less grain

boundary sliding in the columnar grains produces less acoustic emission. Finally,

Figures 5.17(a) and (b) plot acoustic emission parameters as functions of temperature.

Figure 5.17(a) uses cumulative AE hits as the dependent variable, whereas, Figure

5.17(b) uses signal duration. The former shows that the AE begins at the liquidus with

strong periods of activity at the beginning and end of solidification. The latter illustrates

longer duration signals at the end of solidification. As will be discussed later with

reference to Figure 5.:20, the longer durations were concluded to be a function of source

intensity rather than fraction of solid since the durations decreased again after the

specimen was fully solid.
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Figure 5.14 (a-d) Results of four experiments illustrating cumulative AE hits v. time

(upper plots) and AE hit rate (lower plots) for 2.7 g AI-Li alloy castings.
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As the mass of the aluminum-lithium alloy was increased from 2.7 to 10.8 g, the

local solidification time increased from approximately 350 to 900 seconds. The

microstructure was columnar with traces of equiaxed dendritic growth in the center of

the casting. The average grain size, in accordance with the ASTM three ring intercept

method, increased from 0.22 to 0.33 mm. The large mass experiments were performed

in alumina crucibles which adhered to the metal as it cooled. Figure 5.18 is a typical

cumulative AE hit v. time plot for a 10.8 g casting. There was minimal acoustic

emission activity at the end of solidification. This is explained by the combination of

slow and directional grain formation which produces minimal internal stress during

solidification and, therefore, few detectable AE hits. In other words, the larger grains
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with low angle boundaries contain less potential strain energy than smaller equiaxed

grains. It was assumed that the slower grain formation allowed more time for energy

dissipation and, since AE is related to the rate of strain energy release, fewer emissions

occur during slow grain formation.
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Figure 5.18 Cumulative AE hits v. time during the solidification of a 10.8 g A1-Li

alloy.

It can also be seen in Figure 5.18 that there is strong activity beginning at 1,600

seconds which corresponds to 535°C, the solidus, and that it continued to room

temperature. As with the pure aluminum, this is attributed to internal tensile stresses

induced by the adherence of the casting to the mold wall during volumetric shrinkage.

When a boron nitride crucible was used, which does not adhere, there was low level AE

activity which was considered a result of continued grain boundary realignment and

micro-cracking during final cooling. Although the recording equipment was shut off at

500°C, it is estimated that over 30,000 hits occured by the time the specimen had reached

room temperature.
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The first period of acoustic emission activity, began at the liquidus (644"C), as the

first fraction of solid forms, and continued for approximately five minutes (Figure 5.13)

until approximately 20% solid had formed (Figure 5.3). The AE activity at the beginning

of solidification did not occur with ultra-pure aluminum, but was evident in every AI-Li

alloy test. The only difference in the solidification mechanisms is the formation of

interdendritic porosity. In the ultra-pure metal, the hydrogen remains in solution as it is

rejected into the adjacent liquid. However, in an aluminum-lithium alloy, it forms micro-

pores which become trapped between growing dendrite arms (Section VI, Metallographic

Analysis).

It is this microporosity that is proposed to be the source of internal stress responsible

for the first period acoustic emission. One source model involves expanding pores which

exert force between growing dendrite arms. This force generates dislocation motion in

the growing solid particles that are suspended in the stress-free liquid. Another possible

mechanism of strain energy release is the micro-cracking of dendrite arms induced by

hydrostatic pressure from interdendritic hydrogen.

Initially, the test program was designed to vary the percent of hydrogen in the furnace

atmosphere, thereby controlling the percent of porosity in the casting. A series of

experiments was done using an inert UHP argon atmosphere before changing to a mixture

of argon and 4.1% hydrogen. AI-Li alloy specimens tested in the pure argon all

contained a small percentage of porosity (less than 5%) usually concentrated at the bottom

of the casting. Since it was then thought that the hydrogen was present in the specimen

before testing, the soak time above the liquidus was increased to one hour in UHP argon.
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This was to allow the hydrogen to diffuse out of the specimen before cooling. However,

this did not eliminate the porosity completely.

The 4.1% hydrogen mixture did not lead to the expected results. Rather than

increasing the interdendritic porosity, it caused a turbulent chemical reaction on the top

surface of the casting, leaving a grey powder, assumed to be lithium hydride (LiH). The

internal porosity was still minor but the AE hits increased two orders of magnitude. The

AE activity was attributed to the formation of the powder instead of the porosity. This

was verified by testing the ultra-pure aluminum in the 4.1% hydrogen atmosphere. There

was no effect on the AE activity as a result of the hydrogen.

The final percent of porosity was not indicative of the total acoustic emission hits.

However, as the size of the casting was increased from 2.7 to 10.8 g, the hits in the first

period increased by almost a factor of ten (Table 5.2). This is explained by considering

the slower growth velocity of the larger casting. Although a larger volume of gas is

being evolved in the form of more micropores between growing dendrites. There is also

more time for the hydrogen to diffuse out of the specimen and enough available liquid

to refill the voids left by the evolved gas. Microstructural analysis of the larger volume

specimens reveals interdendritic porosity only in the center of the casting where the

hydrogen diffusion path was too large. In the ultra-pure aluminum, where there was no

porosity, there was no first period of acoustic emission regardless of the casting size.
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Table 5.2 Correlation of AE activity and percent of porosity

as a function of mass and composition.

Specimen Porosity Atmosphere AE Hits (lst Period)

Aluminum

2.7 g

Aluminum

5.2 g

AI-Li

2.7 g

AI-Li

10.8 g

0

less than 5%

less than 5%

UHP Ar

+4.1%H

UHP Ar

+ 4.1% H

UHP Ar

+ 4.1% tt

UHP Ar

+4.1% H

0

0

1,250

11,000

The present model describes two periods of AE during the solidification of an A1-Li

alloy. The first period, occurring at the beginning of solidification, is attributed to

interdendritic porosity, whereas, the second period, occurring at the end of solidification,

is controlled by grain boundary formation. The model agrees in part with Feurer and

Wunderlin's results [14] for an AI-4.SCu-0.2Ti alloy (Table 5.3). They also observed a

two stage behavior but considered both the AE events at the beginning and the end of

solidification to be caused by porosity formation. The present study has shown detectable

acoustic emission in porous-free material that is related to grain boundary formation as

well as AE at the beginning of solidification as a result of porosity. Porosity may also
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contribute to the AE at the end of solidification but its presence is not essential to

detecting hits.

Table 5.3 Summary of AE results for the alloy AI-4.5Cu-0.2Ti [141.

Specimen

A

B

C

H z Content

(cm _ STP/100g)

0.05

0.17

{).23

Total AE Counts

(x 104)

1.05

2.75

6.35

Pore Fraction

(I.0 = 100%)

0.19

0.46

0.63

The present experiments have also shown no direct relationship between grain size

and cumulative acoustic emission hits (Figure 5.19). Instead, it can be concluded that at

least two factors control the acoustic emission in solidifying aluminum-lithium alloys.

The first is interdendritic porosity controlled by a combination of the initial hydrogen

concentration and the material's ability to evolve the gas without generating micropores.

The second is the degree of internal stress present at the end of solidification. This

internal stress is influenced by the rate of heat extraction and, therefore, grain size and

alignment.

As was done in the analysis of pure aluminum, four conventional AE parameters are

now presented as functions of time (Figure 5.20) and amplitude (Figure 5.21) in order to

identify trends that may characterize AE sources. A similar pattern is seen for the AI-Li
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alloy: higher amplitude, rise time, duration and energy during the periods of high AE

activity. In the case of AI-Li alloys this happens to be at the beginning as well as the end

of solidification. As can be seen, there was nothing distinctive about these two periods.

Continued low level activity occurred after solidification which is considered a result of

continued grain boundary realignment during cooling. An additional period of high

activity occurred if the specimen adhered to the mold wall due to imposed stresses during

shrinkage. It is concluded from the analysis of this test and several others that AE

sources during solidification of aluminum-lithium alloys cannot be identified by

parameters related to waveshape. On the other hand, the complementary use of

cumulative hit data, thermal analysis, and metallography were effective in finding that

interdendritic porosity and grain boundary formation are solidification mechanisms that

generate acoustic emission during the same experiment.
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Grain size v. AE hits for 2.7 g AI-Li alloy castings with columnar and

equiaxed grain structure.
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Figure 5.20 Acoustic emission (a) amplitude, (b) rise time, (c) duration, and

(d) energy as a function of time during the solidification of an AI-Li alloy.
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during solidification of an AI-Li alloy.
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5.4.2 Waveform Analysis

Individual AE signals were recorded periodically during the solidification of the AI-

Li-Cu alloy. As with the pure aluminum, the intent was to determine waveform

characteristics that could distinguish AE sources. Figure 5.22 illustrates four signals: the

first two occurred during the first period of high activity and the second two during the

second period of activity in a solidification experiment. It was difficult to distinguish

features in the time domain, as was expected, therefore, frequency domain analysis was

used.

The frequency spectra are noticeably different than they were for the pure aluminum

tests (Ref. Figures 5.10 and 5.12). Rather than a prominent resonant peak at 11,000 or

8,200 Hz, the main spectral components are located within a narrow bandwidth centered

at 200 kHz. This discrepancy can be explained by understanding that the AI-Li

experiment used a 10()-H filter and the pure aluminum tests did not. Therefore, in the

former test, the waveguide effects are filtered out and the 11,000 (or 8,000 Hz)

component and its harmonics are suppressed. By referring back to Figure 4.4, it can be

seen that the $92()8 transducer, used in the AI-Li alloy test, had a resonant frequency

peak at 200 kHz. Instead of the spectrum being dominated by the waveguide response,

in this case, it is dominated by the transducer.

In conclusion, individual waveform analyses in the time and frequency domains were

unable to distinguish the AE source in the first period, attributed to interdendritic porosity,

from that of the second period, attributed to grain boundary formation. If the low
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frequency components are filtered out, the response of the transducer dominates; whereas,

if filtering is not used, the waveguide response dominates.
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Figure 5.22 Time and frequency domain analysis of four signals recorded during

solidification of an AI-Li alloy. (a and b) illustate the first period of AE

activity and (c and d) the second period of AE activity.
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5.5 Acoustic Emission from Alumlnum-Copper Alloy Castings

5.5.1 Conventional Analysis

The acoustic emission pattern of aluminum-copper alloys (Figure 5.23) is similar to

aluminum-lithium alloys (Figure 5.14). There is a two stage behavior with high AE

activity periods at the beginning and end of solidification. The average number of hits,

255, was low compared with 1,050 for AI-Li alloys tested under similar conditions. The

percent, in general, was also lower in the AI-Cu alloy (Figure 6.9) as compared to the

AI-Li alloy.

CUMULATIVE
AE HITS, # 4_,a

-_nd

TIME (_pc)

Figure 5.23 AE activity v. time during the solidification of a 2.7 g AI-4.7w% Cu

alloy.
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Most of the experiments with this alloy were performed to adjust the AE gain and

threshold settings, calibrate the temperature measurement system, and record individual

waveforms throughout the solidification range. Because of the variations in test settings,

it was difficult to compare data. The results, however, do support the conclusion that

alloys have two discrete AE periods: one beginning at the liquidus and continuing to

approximately a 0.2 solid fraction and the other beginning at roughly 0.9 solid fraction

and ending at the solidus.

Because of the low number of hits per test, plots of the conventional AE parameters

for the AI-Cu alloy, as functions of time (Figure 5.24) and amplitude (Figure 5.25), do

not show the clustering seen for ultra-pure aluminum (Figures 5.6 and 5.7) or the AI-Li

alloy (Figures 5.20 and 5.21. As a result, little information about trends in acoustic

emission signal parameters could be derived from conventional analysis for the AIICu

alloy. No distinction could be made between the types of signals generated during the

first and second periods of AE activity.
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(d) energy as a function of time during the solidification of an A1-4.Twt%Cu alloy.
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Figure 5.25 Acoustic emission (a) hits and (b) duration as a function of amplitude

during solidification of an AI-4.7wt%Cu alloy.
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5.5.2 Waveform Analysis

Individual waveform analysis of acoustic emission signals generated during a

solidification experiment with an AI-4.7wt%Cu alloy provided information similar to that

from the AI-Li alloy (Section 5.4.2). In the case of the Al-Cu alloy, a PAC R6I resonant-

type transducer was used with a 100-H filter. Figure 5.26 illustrates, in the frequency

domain, that the 60 KHz resonant component of the transducer dominates. The low

frequency component of the waveguide is suppressed by the filter and the AE source

component is indistinguishable. The first two plots (a & b) were recorded during the first

period of AE activity and the second two plots (c & d) were recorded during the second

period. No distinction can be made for one set of signals from the another.

Although this is again only an example from one test, similar results were obtained

in other tests. The high frequency components of the transducer, caused by resonance,

dominate the power spectrum when the low frequency resonance components of the

waveguide are suppressed by filtering. In conclusion, individual waveform analysis was

unable to distinguish AE sources in the first and second periods of AE activity and it was

unable to characterize features of the source signals.
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Figure 5.26 Acoustic emission signals recorded from (a & b) the first period of AE

activity and (c & d) the second period during the solidification

of an AI-4.7wt%Cu alloy.
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5.6 Summary of AE During Solidification

It has been shown that AE from ultra-high purity aluminum occurs as the last fraction

of solid forms. A model was presented that suggests source mechanisms include

dislocation creep and grain boundary sliding generated by compressive stresses as grain

boundaries form at a high temperature. As the volume of the casting increases, the

pattern remains the same although the number of hits increases. No relationship was

found between the number of grains and the number of hits. Other factors which affected

the number of hits included the integrity of the melt-crucible coupling and the threshold

selected for AE detection.

A different AE pattern was realized for an AI-Li alloy. A period of high activity

coincides with the beginning of solidification (prior to 20% fraction of solid). The system

was then quiet until the second period began near tile end of solidification (above 9(1%

fraction of solid). A model has been presented which describes interdendritic porosity as

the AE source mechanism during the first period. Internal stresses, as described for the

pure aluminum, are also considered a source mechanism in the second period of the AI-Li

alloy's AE activity; solidification cracking also contributes to the total AE events. The

percent of hits in the second period were reduced as the grain structure changed from

equiaxed to columnar. It was explained that less strain energy would be released during

the formation of the columnar grains because of less internal stresses and would,

therefore, have less potential of generating acoustic emission. Increasing the volume of

the casting increased the number of hits in the first period but had no effect on the second

period.
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For comparison with the AI-Li alloy, an A1-4.7wt%Cu alloy was tested. The two

stage behavior, although less pronounced, was observed. Porosity was low in the A1-Cu

alloy as was the number of hits in the first period of AE activity. The low number of hits

in the second period was considered a consequence of less grain boundary realignment

and virtually no micro-cracking in the lithium-free AI-Cu alloy. When the volume of the

specimen doubled, very few hits were recorded. This may be explained by non-porous

grains which formed more slowly in the larger specimen and, therefore, had less internal

stress during the final moments of solidification.

It should be noted that there was an increase in AE activity for all three materials

after complete solidification if an alumina crucible was used. The specimens were

observed, after testing, to have adhered to the alumina and this AE activity is believed

to be induced by tensile stresses from the restrained aluminum as it cooled to room

temperature. When non-wetting boron nitride crucibles were used, there was low level

acoustic emission after solidification which was attributed to continued grain boundary

realignment during shrinkage.
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VI. METALLOGRAPHIC ANALYSIS

6.1 Ultra-pure Aluminum

Metallographic analysis of ultra-pure aluminum was difficult because of its low

hardness and minimal impurities. The inherent softness caused smearing of the matrix

across grain boundaries during polishing, thereby making etching ineffective for grain

boundary studies. The lack of other constituents, which would normally be segregated

at the grain boundaries, also made preferential etching ineffective. Several techniques

were used in an attempt to exemplify the equiaxed grain structure of the castings. Among

others, an electrolytic etch using Barker's reagent was performed, followed by optical

study with cross-polarized light. Results of an unetched specimen in Figure 6.1 illustrate

a typical microstructure with a surface that is non-porous, as were all of the ultra-pure

aluminum specimens, with only a few voids at the grain boundaries. Figure 6.2 illustrates

the equiaxed dendritic microstructure that was present during grain boundary formation.

The angles of interference between adjacent dendrites, which lead to the development of

internal stresses, may also be observed.

In all of the UHP aluminum specimens that were studied, there was no evidence of

interdendritic or intergranular porosity, inclusion cracking, or solidification cracking. The

optical metallography supports the proposed model for acoustic emission in UHP

aluminum (Section 5.3.1). That is, by comparing the conventional AE data with the

microstructural details and then considering the solidification kinetics (Section 5.2), it can

be concluded that internal stresses developed during the final stage of grain boundary

formation result in dislocation motion which generates acoustic emission.
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Figure 6.1 Microstructureof UHP aluminum(unetched,32x)

Figure6.2 Equiaxeddendriticgrowth of nuclei in UHP aluminum(Kellers,32x).
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6.2 Aluminum-Lithium Alloy

The large degree of interdendritic porosity in the AA2090 A1-Li alloy casting is

shown in Figure 6.3. Although the porosity was not this extensive in all castings, it was

virtually impossible to eliminate in the A1-Li alloy experiments of the present study. The

dendritic structure of Figure 6.3 appears to have been a mixture of columnar and equiaxed

growth. A second illustration of the columnar dendritic growth is shown in Figure 6.4.

Finally, a comparison of the equiaxed and columnar grain structures is shown in Figure

6.5 (a) and (b), respectively, although the grain boundaries in the latter are difficult to

distinguish. Figure 6.6 clearly shows, at three magnifications, the presence of additional

phases dispersed throughout the matrix. At least two phases are known [70] to form

during solidification (Section 3.3.1): the O(A1Li) +Tt(AI2CuLi ) binary eutectic phase and

the O + T 1 + TB(AI75Cu4Li ) ternary eutectic phase. It was not, however, necessary to

distinguish them in the present study.

It was considered important to know whether or not solute segregation to the dendrite

tips, as described in Section 2.2.1, was responsible for a mechanism, such as solidification

cracking, that would cause acoustic emission. Therefore, elemental x-ray mapping of

aluminum, copper, iron, and zirconium, as shown in Figure 6.7(a-d), respectively, were

performed. As expected, the copper concentration was higher between the dendrites and

at the tips, as indicated by the orange regions, than in the centers of the dendrites, the

green regions. There was also a high concentration of copper in the eutectic phases

observed between dendrites, again as expected. The zirconium was uniformly dispersed

throughout the aluminum matrix and the iron, surprisingly, was concentrated in a
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secondaryphase. From this it can beconcludedthat the interdendriticregions,high in

copper,aremorebrittle than thealuminummatrix

and,therefore,would besensitiveto solidificationcracking,especiallyin thepresenceof

hydrogengaspressurewithin theinterdendriticpores.Theseeffectsareshownin Figures

6.8 (a-d). Examples of dendrite tip fracture, coring, interdendritic porosity and

longitudinal microcrackingalong the dendrite tip arms are seenin Figure 6.8(a)with

additionalexamplesin (b-d).
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Figure 6.3 Interdendritic porosity in (a) the center and (b) the bottom of an AI-Li

alloy casting (both Keller's Reagent, 32x).
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Figure 6.4 Illustration of columnar dendritic growth in an A1-Li alloy casting

( Keller's Reagent, 32x).
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Figure 6.5
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Comparison of (a) equiaxed and (b) columnar grain structure in two A1-Li

alloy castings solidified under different heat extraction conditions

(both unetched, 32x).
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Figure 6.6 Microstructure of an A1-Li alloy at (a) 32x, (b) 100x and (c) 320x

illustrating the presence of additional phases dispersed throughout the

matrix (Keller's Reagent).
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Figure 6.6 Continued.
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Figure 6.7 Elemental x-ray microprobe maps of relative (a) aluminum, (b)copper,

(c) iron and (d) zirconium concentrations in an A1-Li alloy casting.
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Figure 6.7 Continued.
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Figure 6.8 (a-d) Micrographs of an A1-Li alloy illustrating the presence of

solidification cracking, dendrite tip fracture, interdendritic porosity, and coring.
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6.3 Aluminum Copper Alloy

The porosity content of the A1-Cu alloy (Figure 6.9) can be seen to be lower than that

of the AI-Li alloy (Figure 6.3). Its character may be considered to be a mixture of mostly

intergranular porosity with a small amount of interdendritic porosity. The grain structure

is equiaxed with the secondary phase, assumed to be 0 based on the 4.7 wt% copper

concentration and reference to the A1-Cu phase diagram, being concentrated primarily at

the grain boundaries. This type of microstructure was common for all of the casting

specimens with some variations in the degree of porosity. The microstructure was not as

closely examined for microcracking as was the Al-Li alloy, however, during the study of

other features such as grain size, none was observed.

In conclusion, the microstructural analysis of the A1-Cu alloy supports the results of

the acoustic emission experiments for this material. There was some interdendritic

porosity present that would be responsible for the period of AE activity at the beginning

of solidification. The amount of porosity was lower in the A1-Cu alloy than in the A1-Li

alloy and, correspondingly, the number of AE events in the first period was lower for the

A1-Cu alloy than for the A1-Li alloy. The micro-cracking, if present at all, was lower in

the Al-Cu alloy than in the A1-Li alloy and the number of AE events in the second period

was lower in the A1-Cu alloy than in the A1-Li alloy. The AE events that were present

in the second period are attributed more to dislocation motion during grain boundary

formation, as in the UHP aluminum, than to dendrite tip fracture or solidification

cracking.
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Figure 6.9 Microstructure of the (a) top and (b) bottom of an A1-Cu alloy casting

illustrating (A) intergranular porosity and an equiaxed grain structure with (B) the 0 phase

segregated at the grain boundaries (both Keller's Reagent, 32x).
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VII. CONCLUSIONS

In the first part of this work, the influence of the components of the experimental

system on known acoustic emission waveforms and their associated frequency spectra was

examined. These experimental elements specifically include the transducer, the

waveguide, and noise. The major conclusions that can be drawn from observations of

these experiments are as follows:

1. When an acoustic emission signal is generated by a solidifying aluminum alloy,

the waveform is predominantly changed by the resonant characteristics of the waveguide

which couples the crucible to the transducer. If these low frequency resonant components

are then filtered out, the transfer function of the transducer dominates the output signal

and prevents analysis of the AE source waveform.

2. The average longitudinal and shear mode wave velocities for the amorphous boron

nitride waveguide were determined to be 4,600 and 2,760 m/s, respectively. From this,

the resonant frequency for a waveguide of given geometry can be calculated and

compared to experimental frequency spectra. The response of this material, in rod form,

to either a pulse or single sine wave input is a severely attenuated ringing waveform. The

boron nitride provided a good compromise between insulating the transducer from furnace

heat and transmitting the AE signals to the transducer.

3. Electronic and vibrational noise from each component of the experimental system

was characterized to establish a minimum signal threshold that would accept acoustic

emission from solidifying aluminum alloys and filter out random signals. It was
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necessary to set the total system gain to 90 dB for reliable detection of acoustic emission

during solidification.

In the second part of this work conventional AE and individual waveform analyses

were used to monitor the solidification of aluminum and two of its alloys. The major

conclusions from this part of the work include:

1. Ultra-pure aluminum generated detectable acoustic emission during solidification

as the final 10% fraction of solid formed. Several sources of acoustic emission have been

discounted but a model was presented which attributes the AE activity to internal stress

developed during grain boundary formation.

2. The commercial grade AA2090 aluminum-lithium alloy generated two periods of

high acoustic emission activity during solidification. The first occurred at the beginning

of solidification (fs < 0.2) and was attributed to interdendritic porosity; the second

occurred at the end (fs > 0.9) and a model similar to UHP aluminum ascribed the source

to be internal stress from grain boundary formation.

3. A binary A1-4.7wt%Cu alloy generated an AE activity pattern similar to the

AA2090 alloy: two periods, at the beginning and the end of solidification, respectively.

The low number of AE events in the first period was considered a result of less

interdendritic porosity and the low number of events in the second period was considered

a result of less microcracking than in the lithium-containing alloy.

4. A crucible material such as alumina, which adheres to the solidifying aluminum

alloy, was determined to cause high acoustic emission activity after the specimen had
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solidified. A non-wettingcruciblematerialsuchasboronnitride, which doesnot adhere

to the specimen,did not causethis type AE behavior. Instead,the AE activity after

solidification was low and was considereda result of continued grain boundary

realignmentand micro-crackingasthespecimencooled.

5. Individual waveformanalysisin both thetimeandfrequencydomainswasunable

to distinguish acoustic emissionsignals at the beginning from those at the end of

solidification in the AI-Li and the AI-Cu alloys. The frequency spectraobtained

demonstratedthe influence of the transducerand waveguidetransfer functions but

producednodistinguishingcharacteristicsfor thewaveformof theAE source.AE signals

wereonly detectedat the endof solidification for the ultra-purealuminum.
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VIII. SUGGESTIONS FOR FUTURE WORK

Although it is time to consider the present study complete, there remain many

unanswered questions regarding acoustic emission during solidification of aluminum

alloys. Therefore, in the interest of continued research, the following suggestions are

given to provide some direction to those interested in pursuing the subject.

Towards the end of the program hot stage microscopy was used as an analytical tool,

however, since the results were preparatory in nature, the methods will simply be

presented here with suggestions for future work. The AE conditioning circuit described

in Section 3.3, Data Acquisition, was integrated into a hot stage microscope system

(Figure 7.1). A 2 mm diameter stainless steel rod was coupled to the microscope stage

which consisted of an alumina crucible in an argon atmospheric chamber. The other end

of the rod was joined to a VP-1093 pinducer which was then connected to a preamplifier,

a main amplifier, and an oscilloscope. A 2x5 mm disk of pure aluminum with a polished

mirror-finish face was placed in the stage, melted and solidified. During solidification,

acoustic emission signals were observed on the oscilloscope and grain formation was

simultaneously seen in the form of microscopic surface relief. A similar result was

achieved with the aluminum-copper alloy. In addition the eutectic phase formation was

also observed. Although the initial results were encouraging, there were problems with

oxidation and maintaining focus. It is suggested, therefore, that further hot stage

microscopy work be done in conjunction with acoustic emission using materials that do

not require controlled atmospheres.
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Figure 7.1 Hot stage microscopy system with acoustic emission monitoring capabilities.

A similar technique could be done using differential scanning calorimetry in place

of the hot stage microscopy. By coupling the transducer to the stage and using

conventional AE analysis, a record could be made of AE activity as a function of evolved

heat rather than temperature. Since both AE and heat are forms of energy released

during solidification, a very interesting and direct relationship would be expected between

the two.

Directional solidification could also provide insight into sources of acoustic emission

since the solid-liquid interface could be changed from dendritic to cellular or planar. The
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interdendritic porosity attributed to be the source of acoustic emission during the

beginning of solidification in the AI-Li-Cu alloy could be eliminated. It would then be

expected that the AE activity would also be eliminated. Additionally, directional

solidification could be used to examine the effect of cooling rate on the AE activity since

the rate can be closely controlled with this method.
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