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ABSTRACT

| "Enhanccd theories for thermographic stress analysis of isotropic and anisotropic
materials are developed. These stress analysis techniques involve the measurement of
the dynamic changes in temperature of a component undergoing dynamic loading. The
enhanced theories presented allow for quantitative analyses of nonlinear thermoelastic
and thermoplastic effects. A theory quantifying damage in anisotropic materials is also
presented. From these analytical developments, several new applications for
thermographic stress analysis are developed including residual stress analysis, cyclic
plasticity analysis, and high-temperature stress analysis. A numerical method for
separating the principal stresses is also developed. Examples of each of these
applications are presented, and limitations for each are given. In particular, the
principal problems encountered with regards to high-temperature stress analysis are
discussed at length.

Residual stress analyses were performed on a C-shaped specimen of Ti-6A1-4V
alloy, and the minimum resolvable residual stress was found to be 25 MPa. Cyclic
plasticity analyses of 1020 steel and 6061-T6 aluminum were performed. The data
obtained were found to be in qualitative agreement with the entanced theory.-.
Quantitative verification was not possible because of limitations in the commercial
thermographic equipment used. Based on the enhanced theorv, it is predicted that the
minimum resolvable stress amplitude using thermographic stress analysis will be
approximately independent of temperature, provided relevant thermal and mechanical
material properties do not change dramatically. This prediction is verified for 304

stainless steel for temperatures from twenty-five to eight hundred fifty degrees Celsius.




TABLE OF CONTENTS

ABSTRACT

LIST OF TABLES
LIST OF FIGURES
NOMENCLATURE

Chapter
1 INTRODUCTION

2 FUNDAMENTALS OF THERMOGRAPHIC STRESS
ANALYSIS

2.1 Historical Overview

2.2 Nonlinear Thermoelastic Effects
2.3 Thermoplastic Effects

2.4 The Classical TSA Equation

3 THE THERMO-ELASTIC-PLASTIC EQUATION

3.1 Assumptions and Initial Developments

3.2 Thermoplastic Effects

3.3 Nonlinear Thermoelastic Effects

3.4 The Isotropic Thermo-elastic-plastic Equation

4 MEAN STRESS EFFECTS

4.1 Stress-based Nonlinear Thermoelastic Equation
4.2 In-phase, Proportional, Biaxial Loading

4.3 In-phase, Proportional, Uniaxial Loading

4.4 Residual Stress Analysis

5 THE ENHANCED TSA EQUATION
6 CYCLIC PLASTICITY ANALYSIS
6.1 Analytical Development
6.2 Experimental Setup

6.3 Experimental Results
6.4 Chapter Summary

Page

iv

—O\Wwoe 0 onkah H

[Sr gy




TABLE OF CONTENTS (Continued)

7 HIGH-TEMPERATURE STRESS ANALYSIS
7.1 Chromatic Aberration
7.2 Photodetector Saturation
7.3 Temperature Gradient Effects
7.5 Emissivity Effects
7.6 Edge Effects
7.7 Experimental Results
7.8 New Specimen Geometry

8 A Thermoelasticity Theory For Damage in Anisotropic Materials
(Dr. Daqing Zhang )
9 Separation of Thermoelastically Induced Isopachics Into Individual
(Sgreg?::sor R.E. Rowlands and Dr. Y.M. Huang )
10 SUMMARY AND CONCLUSIONS
APPENDIX A
A.1 Infrared Radiation
APPENDIX B
B.1 Infrared Photon Detectors

TABLES
FIGURES
REFERENCES

59

62

&

69
69

15
77
133




Table

LIST OF TABLES

Mechanical and Thermal Properties of Selected Materials at Room
Temperature

Effect of Prior Plastic Strain on the Thermoelastic Constant of
Ti-6A1-4V

v

Page

75

76




——
s

Figure

10
11

12
13

14

15

16
17

18

LIST OF FIGURES

Spectral radiant photon emittance of a blackbody versus
temperature and wavelength

Infrared transmission of the atmosphere. Adapted from Ref. 26.
Responsivity of an ideal photodetector

Location of TSA line scans for the 7075-T651 aluminum plate
with a centrally located hole. All dimensions in mm.

Raw TSA data for two different mean loads for the 7075-T651
aluminum specimen

Amplitude of the first stress invariant determined from the TSA
line scans of the 7075-T651 aluminum specimen

v versus distance from left edge of specimen for the 7075-T651
aluminum specimen

Mean stress effect in 7075-T651 aluminum
Mean stress effect in 4150 heat-treated steel
Mean stress effect in Ti-6A1-4V

Nonlinear thermoelastic effect at twice the specimen cycling
frequency for 6061-T6 aluminum

Geometry of the Ti-6A1-4V C-specimen

TSA line scans for the Ti-6Al1-4V C-specimen after various
overloads

Estimated residual stress versus prior plastic strain for
the Ti-6A14V C-specimen

Estimated residual stress versus number of overloads for
the Ti-6A14V C-specimen

S3(w) versus stress amplitude for 1020 steel at room temperature

TSA calibration factor versus frequency for 304 stainless
steel at room temperature

Absolute calibration of the SPATE system from -11 °C to 55 °C

Page

77
78
79

80

81

82

83
84
85
86

87
88

89

90

91
92

94
95




F

Figure
19
20

21

22

23

24
25
26
27
28

29
30

31
32
33

34
35

36

LIST OF FIGURES (Continued)

Shape of a "generic" hysteresis loop

Effect of a single cycle of sinusoidal stress on the TSA
output for elastic-plastic loading conditions

FFT of load and TSA outputs for a 1020 steel specimen
undergoing cyclic plasticity

Plastic-work energy per cycle versus plastic strain amplitude
for 1020 steel

Plastic-work energy per cycle versus plastic strain amplitude
for 6061-T6 aluminum at 25 °C

Cyclic stress-strain curves for 1020 steel

Cyclic stress-strain curve for 6061-T6 aluminum
Plastic-work energy per cycle versus S3(2w) for 1020 steel
S2(2mw) versus S2(4w) for 1020 steel

S3(2w) versus stress amplitude and plastic-work energy
per cycle for 6061-T6 aluminum

S3(w) versus stress amplitude for 1020 steel at 8 °C

Effect of a rapid change in incident photon flux on the TSA
output of the SPATE system

S3(w) versus stress amplitude for 1020 steel at 25 °C
S2(w) versus stress amplitude for 6061-T6 aluminum at 25 °C

Specimen design used to determine proper focus settings
for the SPATE infrared camera

Examples of in-focus and out-of-focus scans

Focus curves of the SPATE infrared camera for 8 to 12 pm
and 2to 3 um

Example of the effects of atmospheric turbulence on the
TSA output

vi

Page
97

98

99

100

102
103
105
106
107

108
110

111
112
113

114
115
116

117




Figure

37
38
39
40
4]
42

43

45

46

47

48

49

50

51

LIST OF FIGURES (Continued)

Geometry of the Hastelloy-X specimen. All dimensions in mm.
Effects of excessive incident photon flux on the TSA output
Effects of nonuniform spatial emissivity on the TSA output
Minimum resolvable stress versus temperature

FFT of TSA output for Hastelloy-X specimen at 1040 °C

TSA line scans of Hastelloy-X specimen at four different
load amplitudes

Comparison of TSA line scans of Hastelloy-X specimen at
25°Cand 1040 °C

TSA frame scans of 304 stainless steel with 1/4" diameter hole
in center at temperatures of 23°C, 100°C, 300°C and 800°C

Comparison of effective modulus E® of [0/0/905]¢ laminate
measured by two methods

Damaging stresses: AG = 58 MPa, R = 0.1

Nondestructive stresses for TSA: Ac =8 MPa, R =0.1

Normalized effective mass density p€/p during damage evolution
of [0/90/0/90/0] laminate measured by the TSA method
Damaging stresses: Ao =317 MPa, R =0.1

Nondestructive stresses for TSA: Ac =31 MPa, R =0.1

Damage accumulation of [0/0/905]g laminate measured by the
TSA method

Damaging stresses: Ac = 58 MPa, R =0.1

Nondestructive stresses for TSA: Ac =8 MPa, R = 0.1

Tensile Aluminum Plate Whose Individual Stresses Were
Determined Thermoelastically

Thermoelastic Information in Region R Adjacent to the Top of the
Hole of Fig. 48

Thermoelastically Determined Tensile Stress oy / 0 in Region R
Adjacent to the Top of the Hole of Fig. 48

Theoretically Predicted Oy / 0 in the Region R Adjacent to the
Top of Hole of Fig. 48

vil

Page
118
119
120
121
122

123

124

125

126

127

128

129

130

131

132




I, 1

2,1

K'

NOMENCLATURE

specific heat at constant strain

specific heat at constant pressure

speed of light

photodetector detectivity

Young's modulus

surface emissivity

shearing modulus (modulus of rigidity)
Planck's constant

first invariant of stress and strain, respectively
second invariant of stress and sirain, respectively
Boltzmann's constant

thermal conductivity

heat

photodetector responsivity

photodetector output voltage (TSA output)
time

instantaneous temperature

initial (nominal) specimen temperature
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plastic-work energy per cycle

coefficient of thermal expansion




NOMENCLATURE (Continued)

total strain

plastic strain

spectral radiant photon emittance
wavelength of light

Lamé constant

Poisson's ratio

density

stress

specific heat capacity for €, =0

effective material density




1. INTRODUCTION

In this report, a broad analytical and experimental investigation into the field of
thermographic stress analysis (TSA) is presented. To date, this new experimental
technique (also known as the SPATE method or thermoelastic stress analysis) has been
used almost exclusively for room-temperature linear-elastic stress analysis under
constant-frequency sinusoidal loading. The purpose of this report is to provide a more
complete theoretical and experimental basis for thermographic stress analysis with
emphasis on the measurements of those phenomena related to high temperature crack

studies. In particular, the following new applications for TSA are developed:

1. Simultaneous measurement of elastic-work energy and plastic-work
energy under sinusoidal loading conditions.
2. High-temperature stress analysis

3. Residual and mean stresses

A basic description of infrared thermography, along with a brief review of
literature relevant to this report, is presented in Chapter 2. In Chapter 3, a
thermo-elastic-plastic equation is developed from first principles. This equation forms
the basis for understanding mean stress, plasticity, and heat conduction effects. Mean
stress effects (i.e., the effects of mean stresses on the thermoelastic output) are
discussed in Chapter 4. Techniques for determining principal stresses and residual
stresses via mean stress effects are also discussed. An enhanced TSA equation is

presented in Chapter 5. This enhanced equation accounts for nonlinear thermoelastic,




thermoplastic, and specimen motion effects. The effects of cyclic plasticity on the TSA
output are described in Chapter 6. The final major topic of this report is the application
of thermographic stress analysis at high temperatures. Several important yet subtle
phenomena had to be isolated and understood in order to obtain meaningful
high-temperature TSA data. The details are given in Chapter 7.

The nonlinear thermoelastic and thermoplastic theories developed in this report are
restricted to homogeneous, isotropic materials. As such, several important material
phenomena such as viscoelastic, viscoplastic, and anisotropic material response are not
addressed. The discussions on specimen motion effects and high-temperature

phenomena apply, in general, to all solid materials.

GENERAL EXPERIMENTAL PROCEDURE

All experiments were performed using closed-loop, servo-hydraulic testing
equipment. Load was monitored using conventional load cells. Strain was measured
in the cyclic plasticity tests using clip-gage extensometers having gage lengths of either
10 mm or 12.5 mm. These extensometers have a strain resolution under best
conditions of approximately 20 microstrain. All TSA data were acquired using a
SPATE 8000 system. This equipment employs a mercury-doped cadmium-telluride
(Hg:CdTe) photodiode which is quoted by the manufacturer as having a dynamic
temperature resolution of 0.001 K under best conditions. The equipment uses a lock-in
amplifier to analyze the photodiode output voltage (also referred to in this report as the
TSA output). This lock-in amplifier was used to obtain the full-field TSA data
presented herein. For much of the work in this report, however, the lock-in amplifier

was bypassed, and the TSA output was fed into a Nicolet 660A FFT spectrum




analyzer. This allowed for measurement of the TSA output at multiple frequencies,
rather than the single-frequency measurement obtained with the lock-in amplifier. This
was necessary in order to analyze cyclic plasticity effects. It was also quite useful for
analyzing background noise levels coming from the infrared camera. A drawback of
the FFT analyzer was that data were only obtained at a single point on the specimen.
Also, the analyzer required significant time to "settle in" once specimen cycling had
begun. This was a problem when analyzing elastic-plastic response since the specimen
would heat up significantly before data capture had begun. This is further discussed in
Chapter 6. Other details on the testing procedures and equipment are presented as

needed.
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2. FUNDAMENTALS OF THERMOGRAPHIC STRESS
ANALYSIS

2.1 Historical Overview

The thermoelastic effect was discovered by Weber in 1830 [1], and a theoretical
explanation was subsequently developed by Lord Kelvin in 1853 [2]. Between that
time and the late 1960's experimental investigations into the thermoelastic effect were
most often conducted using thermocouples, as no better instrumentation was available
(see, for example, Refs. 3-6). This limited the temperature resolution to about 0.1 K,
and data could only be obtained at a single point per thermocouple. In 1967, Belgen
[7] demonstrated the feasibility of using photoconductive photodetectors to measure
cyclic variations in stress. The use of photodetectors has the advantages of remote,
scannable sensing and excellent dynamic temperature resolution. Belgen's work laid
the foundation for development of commercial equipment in the late 1970's [8].

With regards to the primary topics of this report (nonlinear thermoelastic,
thermoplastic, and high-temperature thermographic stress analysis), several prior

publications are of significant interest. These are summarized below.

2.2 Nonlinear thermoelastic effects

Rocca and Bever [4] performed analytical work on nonlinear thermoelastic effects
as early as 1950. They assumed that the thermal expansion coefficient and specific heat
vary with stress. Their theory was limited to uniaxial loading, and no experimental
verification was possible owing to the limited temperature resolution of the equipment

available at the time. Dillon [9] took a very general approach in which the free energy
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was expanded in terms of a power series of the strain invariants and temperature. His
resulting nonlinear thermoelastic equation is similar, but not identical, to that developed
herein. Wong et al. [10] also followed a free energy approach in which they assumed
that elastic and thermal properties were temperature dependent. Their resulting equation
can be shown to be identical to that developed herein. Machin, Sparrow, Wong,
Stimson, Dunn and Lombardo [11-14] also performed substantial verification of this
theory for uniaxial loading, and they demonstrated the feasibility of measuring residual

stresses via thermoelastic techniques [15].

2.3 Thermoplastic effects

Dillon [16] developed a theory for thermoplasticity and used thermocouples to
monitor the effects of plasticity on specimen temperature. Using thermocouples,
Jordan and Sandor [17-19] obtained quantitative measurements of the effects of elastic
and plastic strains on the thermal output. Stanley and Chan [20] qualitatively analyzed
the effects of cyclic plasticity on the TSA output. They noticed a rapid increase in the
TSA amplitude for stress amplitudes beyond the elastic limit. They speculated that this
nonlinearity was due to increases in specimen temperature, but no quantitative
verification was performed. Beghi et al. [21] used thermistors to monitor temperature
changes in a compact tension specimen undergoing sinusoidal loading. The thermistor
outpurs were then fed into an FFT analyzer. They noted the presence of higher
harmonic terms in the thermistor outputs near the crack tip and speculated that this was
due either to localized plasticity or crack closure phenomena. Beghi et al. [22] also
developed a theory for irreversible thermodynamics of metals under stress. Their final
equation is similar to those of Jordan [18] and Dillon [16].

To the best of our knowledge, no other significant papers in the areas of nonlinear
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thermoelastic, thermoplastic, or high-temperature thermographic stress analysis have
been published, except for two introductory papers by Enke et al. [23-24]. The
developments in this report supersede most of the results of those two papers, given in

Chapter 7.

2.4 The Classical TSA Equation

The classical thermoelastic equation relates temperature change to the sum of the

principal stresses

_ (2.1)

The SPATE camera, however, is sensitive to the incident photon flux. If it is assumed
that only temperature and not emissivity varies with time, the photon flux is related to

the absolute temperature by
3
¢ =¢eBT 2.2)

Eq. 2.2 can be differentiated to give

= 3eBT — (2.3)

do 24T
dt dt

Substituting the classical thermoelastic equation (Eq. 2.1) into Eq. 2.3 results in

3
d¢ -3eBeT 9
g 2.4)




Under normal operating conditions, the photodetector output voltage is linearly related

to the total incident photon rate, ¢;:

(7]
[}

Ro, = eRBT3 + Roy (2.5)
where ¢y, is the incident photon rate for background radiation. Background radiation is
any radiation that reaches the detector but originates from somewhere other than the
target. For photodiodes the detector responsivity, R, is independent of the intensity of
the incident radiation, except at very high incident power levels.

By differentiating Eq. 2.5 and substituting into Eq. 2.4, the classical TSA equation

is obtained:

3 41
ds _ -3¢RBaT 1 @6

dt C dt
P

where variations in background flux have been ignored. This equation applies to both
photovoltaic and photoconductive detectors. Provided the temperature, emissivity,
specimen material properties, and detector responsivity remain constant, the change in
photodetector output voltage is proportional to the change in the first stress invariant.
In the remainder of this report, enhancements to the classical TSA equation (Eq. 2.6)

will be made.




3. THE THERMO-ELASTIC-PLASTIC EQUATION

3.1 Assumptions and Initial Developments

In developing the thermo-elastic-plastic equation, a number of assumptions are

made:

Al:

A4:

A6:

No significant heat transfer takes place across the boundary of the
thermodynamic system (i.e., the system is adiabatically isolated).

The material composing the thermodynamic system is solid, homogeneous
and isotropic.

Heat generation can be divided into reversible and irreversible components.
The reversible component is assumed to be due entirely to thermoelastic
effects and the irreversible component to thermoplastic effects. Thus, this
report does not address such topics as viscoelasticity and viscoplasticity.
Moderate amounts of plasticity do not alter significantly the material
parameters ., p, Ce, E, and v.

The conversion of plastic-work energy into heat occurs instantaneously.
Before application of mechanical loading, the system is at a uniform

temperature.

Most of the assumptions necessary for the theory of static thermoelasticity also apply

(e.g., displacements and their derivatives are small, negligible body forces, etc.).

Other assumptions and restrictions are introduced as needed.

The thermodynamic system is taken to be the material body (or some portion

" thereof) that is being mechanically loaded. Since the body is assumed to be solid, the

only mode of heat transfer within the system is conduction. Employing assumptions




Al through A3 along with the isotropic form of Fourier's law of heat conduction

results in

daT

d dQ.
ar _ 1 K' V2T + Qrev N errev
dt pCe dt dt

(3.1)

3.2 Thermoplastic Effects
No constitutive equation for elastic-plastic response is assumed; instead, the
hypothesis is made that the rate of irreversible heat generation is directly proportional to

the rate of generation of plastic-work energy,

dQ. dT. dw
& e — _pg_2t 3.2)
dt ¢ dt dt

where

Wy = fojde);

and B is the fraction of plastic-work energy that is converted into heat. Note thatp = 1
implies that there is no stored-energy of cold work, whereas § = 0 implies that all the
plastic-work energy is converted into stored-energy of cold work. For most metals,
almost all the plastic-work energy is converted to heat [30]. This will be especially true
under cyclically stabilized loading conditions. Thus, assuming f = 1 will not usually

result in significant error for cyclic elastic-plastic TSA analysis.
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3.3 Nonlinear Thermoelastic Effects
Using Biot's procedure [31], the following equation can be derived:
0 °ij
dQ_. = T——de. (3.3)
v aT

This equation is valid for anisotropic, reversible, adiabatic response. The analysis
herein will be restricted to isotropic material behavior. In developing the nonlinear
isotropic thermoelastic equation, the Duhamel-Neumann equation of thermoelasticity is

employed:

oE
1-2v

. = A'J 8.-+ZGeij—

i 1% (T-To)zsij (3.4)

where &jj is understood to be a purely elastic strain. Differentiating Eq. 3.4 with

respect to temperature gives

% _ aw 96 L1 T_T°ﬁs (3.5)
3T oT ' ¥ T37 0 ooy ¥ gy ¥ '

where

9 = E-a-“-+aa—E+ 20E gy
aT dT 1-2v oT

The last term on the right side of Eq. 3.5 is generally much smaller than the others and
can be neglected. Substituting Eq. 3.5 into Eq. 3.3 results in
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(3.6)

This can be shown to be identical to the result obtained by Wong et al. [10]. The right
side of Eq. 3.6 is a tensor expression quadratic in strain. Since dQpey/dt is a scalar
quantity, this tensor expression must be expressible in terms of the first and second

strain invariants, J1 and Jp. Itis easily verified that Eq. 3.6 is equivalent to

T aT dt

Oy (-as)ul +(ax' T -

_— =T +2—1]
dt 1-2v) dt oT T

3.4 The Isotropic Thermo-elastic-plastic Equation
Combining Eqgs. 3.7, 3.2 and 3.1 gives the general thermo-elastic-plastic equation

for homogeneous, isotropic materials:

dJ

dJ .
LA, oe| 1 [an a6 B 1
dt -2y dt T Tar)ldt Tap dr
, 4w
+K'VT+B—dt—p (3.8)

In the chapters that follow, simplified forms of this equation will be developed and
experimentally verified. Note that by neglecting plasticity, heat conduction, and

changes in A’ and G with temperature, the classical thermoelastic equation is obtained.
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4. MEAN STRESS EFFECTS

4.1 Stress-based Nonlinear Thermoelastic Equation
In order to investigate the effects of mean stresses on the thermoelastic outpat, it is
desirable to convert Eq. 3.8 to an alternative form. For simplicity, heat conduction and

plasticity effects will be ignored. This results in the following:

i = — || Z%E a, + ok . ,96 JldJl—Za—GdJZ @.1)
pCe | \1-2v oT 0T aT

Next, Eq. 4.1 must be converted from a strain-based to a stress-based formulation.

The Duhamel-Neumann equation can be written as

1+v
_lev oy -
& = 20~ L1, 8ij+a(T To)ﬁij 4.2)

where &j; is a purely elastic strain. The first strain invariant and its derivative can be

written as
1-2v
Jl =gy = < I1 + 3a(T-T°) 4.3a)
and
1-2v
dJ1 = B dI1 +3adT (4.3b)
Similarly,
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L+v v _
dsij = 5 dO'ij " E dI1 + adT (fori=j) (4.4a)
1+v ..
The derivative of the second strain invariant can be written as
Ay = & {deyy +deyy) + & (dey) +degy) + €45 (de)) +dey)
-2812 de12 - 2213 d€13 - 253 de23 @.5)
Substituting Eq. 4.4 into 4.5 and simplifying gives
2
_2v(v-2) 1+v 2(1-2v)
@, = 2 (T) L + = a(T-To) d,
E
2(1-2v) 2
+ S22 ol dT + 6o (T—To)dT 4.6)
Substituting Eqs. 4.6 and 4.3 into 4.1 and simplifying results in
2
P< , 3Ea L1 |dT = I, +Z)dl +E,1dl, - Z.d
T Ty ] E ('“‘ 1t 5) g+ 2plpdly - Z3dh
4.7

where
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oT E
£, = LZQE

g2 AT
5 1 0G
35 773 oo

2G aT

aA dG {{1-2v G 1-2v
I, = |22 4282 la)- 40—
4 (BT aT ( E )( ) aT E
25=24(T—T0)

For most solid isotropic materials,

I-El+25l << lal and IE4III<<—T—

for realistic values of I and T. These terms are therefore neglected. The relationship
between specific heat at constant volume, Ce, and specific heat at constant pressure is

given by [32]:

2
3JEa“T
PGt 1-2v pCp

Combining these results, Eq. 4.7 reduces to
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dT=—T—— —adIl+—12—a—EI]dll——-1—2 é-CidI2 4.8)
pCp g oT 2g° 9T

Provided the temperature change, AT = T — Ty, is small compared to Ty, this can be

integrated to give
T
2
T) = =2 -aIl+L2 B_EII__LZ_B_Q +To 4.9
pCp 2~ 9T 2G- 9T

This is the stress-based formulation of the nonlinear thermoelastic equation. Note that
the right-hand side of Eq. 4.9 is invariant with respect to coordinate rotation, as it must

be since the left-hand side is a scalar quantity.

4.2 In-phase, Proportional, Biaxial Loading
Analytical Development

In order to investigate mean stress effects, the analysis will be confined to
situations in which the applied loading is in-phase and proportional. For simplicity, the
loading will be further assumed to be sinusoidal with a constant mean load. Such
loading is not unrealistic; in fact, it is the most common loading mode used in
thermographic stress analysis at this time. Under such conditions, the stresses can be
written as

. om  a, A
oij(t) = °ij + cijsm(mt) (4.10)

where the superscripts "m" and "a" refer to mean stress and stress amplitude,
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respectively. It follows that
m
L = I} +1jsh(ot) L @11
and
2 ma 1 a2
(L] = 21 1 sin(ot) - 3 (1)) cos(201) + C, (4.11b)

where Cj is a constant with respect to time. Since thermographic stress analysis is
based on the measurement of dynamic effects, this constant can be ignored.

A few comments on the notation of Eq. 4.10 are in order. First of all, for normal
stresses, the mean stress can be positive or negative, depending on whether the mean
stress is tensile or compressive, respectively. For shear stresses, the sign of the mean
stress depends on the choice of coordinate axes. The stress amplitudes can also be
positive or negative. One stress amplitude is arbitrarily given a sign, and the signs of
the other stress amplitude terms follow. For example, let the stress amplitude in the
1-direction be positive. If 671 increases as load is applied to the component, but 622
decreases, it follows that the stress amplitude in the 2-direction is negative. In other
words, the stress amplitude in the 2-direction is 180 degrees out-of-phase with the
stress amplitude in the 1-direction.

Although a general triaxial formulation of the nonlinear thermoelastic equation can
be developed, it is not very useful, since thermographic stress analysis is used typically
for analyzing biaxial surface stress distributions. The remaining analysis is therefore
limited to biaxial stress conditions (613 = 623 = 633 = 0). The second stress invariant

is given by
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2

Using Eq. 4.10, this can be rewritten as
m a m a m aj . 1 a
12 = 10110y + 0590;; = 2012012 sn(wt) - 3 l2¢os(20)t) (4.12b)

where

a a a a 2
) = 61109 ~ (0}3)

Substituting Egs. 4.11 and 4.12 into 4.9 gives

T(t) = T(o)sin(ot) + T Qo)os (201) + T, (4.133)
where
T
T = —— —al?+—l— 9—51;"1‘;
pC 23T
p
To ——l oG (om oa +cm ca 20m oa) (4.13b)
T 2 ~ap 117227722011 T 12712 '
pCp 2g- 9T
and
a “To [ 1 9E a2 1 3G a
TQw = 5= -5 =5 (4.130)

-




18

The temperature response is seen to consist of two oscillating components. One
component occurs at the cycling frequency, ®, and consists of mean stress and stress
amplitude terms. The other component occurs at the second harmonic, 2w, and
consists entirely of stress amplitude terms. This was first shown by Wong et al. [10]
for the case of uniaxial loading. This second harmonic term is important when
considering temperature changes due to cyclic plasticity effects, which show up
strongly at the second harmonic (see Chapter 6). This second harmonic term is
irrelevant from the standpoint of mean stress effects.

For most materials, mean stress effects are small compared to stress amplitude
effects, and experimental verification of Eq. 4.13b by absolute measurement of
temperature amplitudes is extremely difficult. In order to circumvent this problem, a
comparison technique is used. This is done as follows. A component of complex
geometry is subjected to a static tensile mean load and a sinusoidal cyclic load of known
amplitude, and a TSA scan is performed. The component is then subjected to a
compressive mean load having the same magnitude as the tensile mean load. A
sinusoidal cyclic load having the same amplitude as in the tensile mean load test is
applied, and another TSA scan is performed. To analyze the data from these two TSA
scans, it is assumed that the structure behaves in a linear elastic fashion and that the
specimen geometry does not change significantly with application of the loads. Thus,
if PM = Z Pa (where PM is the tensile mean load, P2 is the load amplitude, and Z is a

constant), then at every point within the structure the following relationship must hold:

o = Zc; @.14)

For the tensile mean load test, Eq. 4.13b reduces to
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a m
Tl(co) = temperature amplimdeatwfor P >0
T 1
- 2 el S Z a—E(I -3-—(}-1; (4.150)
pC 2 3T G oT
p
For the compressive mean load test, PM = —Z P2, and thus
a m
Tz(o)) = temperature amplindeatwfor P <0
T
=2 |- 1‘1‘-%3—5(11) +£2291; (4.15b)
p Cp - 9T G 9T
This leads to:
-2aT
T+ T = ° ¢ (4.150)
1 2 1
PG

Also, provided the point under consideration is not in a state of pure shear, the

following expression can be derived:

a a
Ty) - T{() _ -ZpC, 1 dE _ b 96 (4.15d)
, :

(T;(w) + T?(w)) 0

<
n
|

™

For uniaxial stress conditions, the second stress invariant is identically zero. For this
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case, ¥ should be a positive constant, regardless of the magnitudes of the mean stress
and stress amplitude. For biaxial loading, there is a slight variation in this expression,
depending on the magnitude of the amplitude of the second stress invariant relative to
the square of the amplitude of the first stress invariant. For pure-shear loading, Eq.

4.15d is no longer valid, and the following equation should be used:

ZTOZ 3G a

a a
T2((D) -~ Tl((n) = (4.15¢)

257
pCpG

From Eq. 4.15c, the amplitude of the first stress invariant at every point in the
specimen can be determined. By then applying Eq. 4.15d (or Eq. 4.15e for pure-shear
loading), the amplitude of the second stress invariant can be calculated. With this

information it is possible to determine the principal stresses, 64 and og:

a a a
Il = 0, + Op (4.16a)
a aa
12 = O'AO’B (4.16b)
Hence,
Ia ) 1/2
a a 1 1 a a

From these data, the maximum shear stress, Tpmax = (GA — OB)/2, can also be
calculated. This is fine in theory, but in practice the magnitude of the mean stress effect

is so small as to make accurate determination of 0 and og very difficult using current
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equipment, except perhaps for a few special alloys.

Experimental Results

A simple experiment was conducted in order to demonstrate the feasibility of
detecting the mean stress effect under complex stress fields. A flat plate of 7075-T651
aluminum with a centrally located hole was used. TSA scans were conducted in the
manner described in the previous paragraph. The scans were obtained along the
horizontal line of symmetry of the specimen, as shown in Fig. 4. Along this line, the
shear stress is zero, and so 05 =011 and og = 022. Three TSA scans were
performed at each mean load, and the data were averaged. The load amplitude for all
the tests was 4450 N, and mean loads of + 8900 N were employed. By monitoring the
load cell output with a digital oscilloscope, it was possible to keep the mean load and
load amplitude constant to within 0.5% for all tests. The specimen cycling frequency
was 25 Hz. This frequency has been found by experience to be sufficient to minimize
heat conduction effects in aluminum structures such as a flat plate with a hole. In the
presence of very high stress gradients (such as the region surrounding a crack tip),
higher frequencies may be required to maintain adiabatic conditions. The specimen
temperature was maintained at 298 K throughout the testing. The TSA line scans
consisted of over 200 data points each. The spot size for these tests (i.e., the diameter
of the circular region in space which is focused onto the photodetector) was
approximately 0.8 mm. Data were acquired at the rate of 1 second per point. Thus,
each TSA data point in every line scan is actually the average of the TSA output for 25
cycles.

The raw TSA data are shown in Fig. 5. Note that under ideal conditions, the slope

of the TSA data at the edge of the hole would be infinite (i.e., a vertical line). This is
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clearly not the case here. The explanation for this "edge effect” is that the photodetector
is focused on a finite size region of the specimen. As the TSA scan reaches the edge of
the specimen, the photodetector is focused partly on the specimen and partly on the
background (which is not being stressed and hence produces zero TSA signal). Asa
result, the TSA data for the specimen near the edge of the hole are too low, and instead
of an infinitely sharp drop-off, the TSA signal does not return to zero until the region
the photodetector is focused on is completely off the specimen. Since the spot size for
these tests was almost one-tenth of the total scan width, the effect is rather dramatic. It
should be possible to develop an image processing algorithm that corrects for this
effect. but no one has done this to date.

The TSA data were analyzed via Egs. 4.15c and 4.15d. The data were converted
from millivolts to degrees using the absolute calibration procedure discussed in Chapter
S. The resulting plot of the amplitude of the first stress invariant is given in Fig. 6, and
the plot of y is given in Fig. 7. Considerable scatter exists in the raw TSA data on the
left side of the specimen (see Fig. 5). This scatter is reflected in the data of Fig. 7. The
scatter is lower on the right side of Fig. 5, but this is to be expected since the stresses
(and hence the temperature and TSA amplitudes) are larger there, and so the
signal-to-noise ratio is improved. The parameter Wy should be constant in regions far
from the hole since the stress field is essentially uniaxial in such regions. The value of

v for uniaxial stress is readily predicted from Eq. 4.15d:

3 6
v ~2(2800kg/m" )(870J/kgK)(-40x 10 Pa”;) - 02K

6 2 9
2(234x10 m/m/K) (298 K)(69x10 Pa)

1

This predicted value for y under uniaxial stresses is in good agreement with the
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experimental data, especially considering that the predicted value for y would be 0 if
the classical thermoelastic equation were employed.

It is seen in Fig. 7 that there is a significant drop in y near the edge of the hole,
followed by a return to the uniaxial stress value of 0.122 K-1 at the hole's edge.
Although this may be nothing more than experimental scatter, it is precisely the effect
one would expect if a significant tensile transverse stress reaches its peak near the edge
of the hole. Such a transverse stress distribution is, of course, predicted by the theory
of elasticity. Attempts were made to use the data of Figs. 6 and 7 to separate the
principal stresses, but because of the large scatter in the data, no useful results were
obtained. Again, the ability to determine the magnitudes of the principal stresses via
mean stress effects exists in principle, but the current state of the art in TSA equipment
and specimen preparation techniques does not provide data of sufficient accuracy to

make this technique feasible with most engineering alloys and component geometries.
4.3 In-phase, Proportional, Uniaxial Loading

For uniaxial loading, Eq. 4.13 simplifies' considerably. Take the stress
distribution as

m a
o(t) = 6 + 0 sin(wt) (4.17a)

Equations 4.13b and 4.13c reduce to

T = ——|-a+—=226"|0 (4.17)
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-T
Ta(%) i} 0 _a_E_(Ga)2

> 4.17¢)
4pC,E T

From Eq. 4.17.b it is seen that, for a constant stress amplitude, the temperature
amplitude should vary linearly with the applied mean stress. This is precisely what was
originally observed by Machin et al. [11]. Considerable experimental verification of
Eq. 4.17b has been performed at the National Aeronautical Laboratory in Australia
[11-14]. Additional data were acquired for this report, Figs. 8-10. These data were
obtained by signal averaging the TSA and load outputs with an FFT analyzer.
Typically, each data point in Figs. 8-10 is the result of signal averaging for several
hundred cycles. The specimens used for these tests had uniform gage lengths of
circular or rectangular cross section. The computed values for dE/dT, based on the data
in Figs. 8-10 (and using Eq. 4.17b), are in good agreement with values from other
references (see Table 1).

Accurate measurement of the second harmonic term (Eq. 4.17¢) resulting from the
nonlinear thermoelastic effect was cc;mplicated by the inability to produce a pure sine
wave using the closed-loop servo-hydraulic testing equipment. Some load amplitude
was always present at the second harmonic, resulting in a linear thermoelastic effect at
this frequency. The magnitude of the temperature amplitude due to load being present
at the second harmonic was usually comparable to the magnitude of the temperature
amplitude due to the nonlinear thermoelastic effect. For one set of tests, however, the
load amplitude at the second harmonic was fairly small, and estimates of the nonlinear
thermoelastic effect at the second harmonic were possible, Fig. 11. The rcsultiné
estimate for 0E/9T is -31 MPa/K, which is somewhat lower than most handbook data
on JE/JT for aluminum (see Table 1).
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4.4 Residual Stress Analysis

The most promising practical application for the mean stress effect is for residual
stress analysis. Determination of residual stresses by absolute measurement of the
temperature amplitude is exceedingly difficult because of the small magnitude of the
mean stress effect relative to the stress amplitude effect. Useful results can be obtained
by using a comparison technique. Although this technique has limited applications, it
has already been put to practical use. The technique is described below, followed by an

ill'strative example.

Analytical Development

The technique described herein is useful for measuring residual stresses due to
successive overloads of a component. Discussion will be further limited to cases in
which the stress distribution is uniaxial. By using Egs. 4.15, this technique can be
easily modified to account for biaxial stress distributions. The procedure is outlined

below:

1. The component to be tested must initially be in a virgin state, with no residual
stresses present. A TSA scan of the component is obtained using a known mean load
and load amplitude: PM = Z P4, where PM is the mean load, P2 is the load amplitude,
and Z is a constant. Provided the structure behaves in a linear-elastic fashion, it
follows that 6™ =Z 62 at every point within the structure. The temperature amplitude

for this "original” scan is thus

T

a 0 Z JE a| a
T((D)Iongml = -'F -a +—E—2-3t—0 o (4.18)

P
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Since 62 is the only unknown in this equation, it can be readily calculated.

2. Anoverload is applied to the component in order to induce residual stresses. After
the overload, another TSA scan is performed in the region of interest. The temperature

amplitude for this scan is given by

T a s
a
% l-a +2_F:£_°'_ G 4.19)

T () .
pC 0 oT E

overload ~

where oT¢S js th/e residual stress due to the overload. The assumption is implicitly
made here that the overload did not change the geometry of the component, so that
applying the same mean load and load amplitude as for the component in its virgin state
will result in the same stress distribution. Also, it is assumed that any plastic flow

occurring in the region of interest did not alter relevant material properties.

3. Subtracting Eq. 4.18 from Eq. 4.19 and dividing the result by Eq. 4.18 gives

a a dE o
T @loyerioa = T Woriging a7 a0
a 2 '
T (m)loriginal -wE + g—E Z Oa
T

The residual stress is readily determined from Eq. 4.20, as it is the only unknown.

Notice that the stress amplitude plays a minor role in Eq. 4.20. In fact, for
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fully-reversed loading (i.e., Z = 0), absolute calibration of the TSA scans is not needed

in order to determine the residual stress. This is a highly advantageous situation.

Experimental Results

In order to test the feasibility of thermographic residual stress analysis via Eq.
4.20, a C-specimen of Ti-6Al-4V alloy was used. The specimen and loading geometry
are given in Fig. 12. This specimen was not arbitrarily chosen; in fact, the specimen
was designed to simulate the stress distribution occurring in a high-speed centrifuge.
The industrial sponsors of this research project were interested in knowing the residual
stress developed at the midsection of the C-specimen (line A-B of Fig. 12) as a result of
applying a given force overload. Special strain gages having high-strain capability
were mounted in this region, and TSA scans were performed along line A-B between
the strain gages. The specimen cycling frequency for these scans was 25 Hz, the load
amplitude was 6.67 kN, and the mean load was 17.8 kN. Samples of some of the raw
TSA data are shown in Fig. 13. It is seen that the applied overloads did alter
significantly the TSA amplitude along line A-B. Multiple overloads were applied at
each overload level, and TSA scans were taken after specific numbers of overloads.

Assuming that plastic flow does not have a significant effect on the thermoelastic
parameter (@/pCp), and having the raw data of Fig. 13, the residual stresses in the
C-specimen can be determined via Eq. 4.20. The results are shown in Fig. 14, where
the residual stress has been plotted versus total accumulated plastic strain (measured
with the strain gages). The residual stresses are plotted against the number of applied
overloads in Fig. 15. The residual stress tends to increase at first with increasing
numbers of overload cycles, but after a few cycles (roughly from 5 to 20) the residual

stress stabilizes. Based on the maximum scatter in the average values of the data from
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the TSA line scans, these residual stress estimates should have a maximum error of
approximately + 25 MPa, provided that prior plastic strain does not affect the material
properties. This is comparable to the accuracy obtainable with most other techniques
[33). It should be pointed out that the mean stress effect is much larger in Ti-6Al-4V
than in most other metals [10]. Thus, the accuracy with most alloys will likely be
worse than * 25 MPa.

In order to verify that the changes in TSA amplitude were not due to the effects of
plastic flow on th;. material properties, tests were performed on a uniform cylindrical
specimen of the same alloy. The specimen was scanned in its virgin state and after
overloading to known amounts of plastic strain (the axial strain being monitored and
controlled with a clip-gage extensometer). Since the specimen was of uniform cross
section within the gage region, no residual stresses should be generated by plastic flow
in this region. Some reduction in cross-sectional area did occur, however, and it is
assumed that the specimen volume remained constant during this plastic flow. Thus,
Aj = Aplo/L, where Ag and L, are the original cross-sectional area and extensometer
gage length, respectively, and A; and L are these same quantities after performing an
overload. Knowing A,, L, and the final gage length after overloading, L;, the
reduced cross-sectional area, A;, can be estimated. This reduced cross-sectional area
was used to determine the stress amplitudes for the TSA scans performed after the
overloads. The reduced data are shown in Table 2. It is seen that small amounts of
plastic flow do not cause significant changes in the thermoelastic parameter, a/pCp, for
this material. In fact, the observed variations might well be attributable to experimental
scatter, since the largest observed change in the thermoelastic parameter was only 0.75

percent.
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Analysis of the Effects of Plastic Strain on Residual Stress Accuracy

Wong et al. have also performed residual stress analysis via the mean stress effect
[15]. They noted a significant deviation from theoretical predictions in regions where
significant compressive plastic flow had occurred. No error was noticed in areas of
tensile plastic flow. The material tesied was 2024-T351 aluminum. Because of this
finding, and the scatter in data of Table 2, an error analysis on the pote.uiial effects of
prior plastic strain is warranted. The analysis here will be limited to assuming that
plas;ic strains can affect either the thermal expansion coefficient (see, for example, Ref.
34) or the specific heat. Similar analyses could be performed for the effects of prior
plastic strain on the E, dE/dT, or any combination of these material parameters.

Case 1 — Change in thermal expansion due to prior plastic strain. It is assumed
that the thermal expansion has changed after applying the overload force, this change
being due to plastic strains. Let the new value for thermal expansion after the overload
be (1+x)a, where « is the original value. Substituting this expression in place of & in

Eq. 4.19 and then substituting the result into Eq. 4.20 leads to

xoE

1es res
0 (changeina) = 6 (normal) -
JdE/adT

@.21)

where oT®S(normal) is the "normal” estimate for residual stress, as given by Eq. 4.20.

Case 2 — Change in specific heat due to prior plastic strain. The analysis is the
same as before. We assume that the specific heat after overloading has changed to
(1+x)Cp, where Cp is the specific heat of the virgin material. Performing the same

error analysis as for Case 1 leads to the following:
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xoE

res res a
(o] (changeinCp) = (1+x)0 (normal) — +(1+x)xZo 4.22)
dE/oT

For the Ti-6Al-4V specimen with the previously stated loading conditions and with x
equal to 0.008, a maximum error of approximately 21 MPa in the residual stress
estimate is predicted for Case 1, and a maximum error of 25 MPa is predicted for Case
2. These values are within the range of scatter noted in the raw TSA data.

For alloys that do show significant changes in elastic and thermal properties with
accumulated plastic strain, thermographic residual stress analysis would be difficult. It
is worth noting that other residual stress analysis techniques have similar problems.
For example, the Barkhausen noise technique is unable to separate the effects of prior
plastic deformation from residual stresses. It is also limited to ferromagnetic materials.
X-ray diffraction and ultra-sonic techniques are strongly affected by grain boundaries
and crystallographic orientation {15].

In summary, TSA shows promise as a new technique for residual stress analysis.
Although the technique described in this report is restricted to laboratory conditions and
components that are initially free of residual stress, the technique should nonetheless
prove useful as a means for rapidly determining the effects of force overloads on the

residual stress patterns in regions of high stress.
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5. THE ENHANCED TSA EQUATION

Many important physical phenomena were neglected in the development of the
classical TSA equation (Eq. 2.6). To obtain the enhanced TSA equation, it is assumed
that emissivity, temperature and background flux vary with time. From Egq. 2.5 it

follows that

—— = R—— = 3eRBT —— + RBT

ds d¢; 2dT 322+R3i‘2 o)
dt dt dt dt d )

Changes in emissivity can occur because of nonuniform spatial emissivity combined
with specimen motion. Such effects will show up most strongly at the specimen
cycling frequency, ®, which is the frequency at which thermoelastic effects are largest.
These emissivity effects can be quite dramatic if inadequate surface coatings are
employed. Temperature changes, dT/dt, are not limited to thermoelastic, thermoplastic
and heat conduction effects, but can also be caused by temperature gradients across the
specimen combined with specimen motion. Changes in background flux with time
will normally be due to stochastic processes (i.e., white noise effects).

For simplicity of demonstration, the classical thermoelastic equation will be used
instead of the nonlinear thermoelastic equation. Substituting Eq. 3.8 into 5.1 and

including other relevant terms results in
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3] ~
ds RBT, -3ea "1 +d;°_fll
dt oc_ 4t dy d
p
dw do
2 2
+3eRBT | — P, 4T 4y  wo’r |, 2 (5.2)
0 pC, dt dy dt dt

where y is the direction perpendicular to the angle of view of the photodetector. Thus,
de/dy is the emissivity gradient in the y-direction, and dT/dy is the temperature gradient
in the y-direction. The term dy/dt represents the rate of displacement of a material point
located on the specimen with respect to the spatial region the photodetector is focused
on.

Consider a specimen of uniform cross section undergoing loading in a direction
perpendicular to the angle of view of the photodetector. This arrangement would exist,
for example, if the specimen was being loaded in the vertical direction and the angle of
view of the photodetector was parallel to the horizontal. In fact, this is the testing
arrangement that existed for all data reported in this report. Assuming the load frame
and gripping are far more rigid than the specimen, the specimen's rate of vertical
deflection, dy/dt, at a distance L from the upper rigid grip is given by

dy L dP

dt AE dt

where A is the specimen cross-sectional area, P is the applied load, and E is the elastic
modulus of the material. Equation 5.2 is implicitly based on the assumption that the
photodetector spot size is infinitesimal. This is not the case in practice, and an accurate

analytical description of emissivity and temperature gradient effects would involve
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integrating the terms (de/dy)(dy/dt) and (dT/dy)(dy/dt) over the finite spatial region the
photodetector is focused on.

Typically, emissivity and temperature gradient effects become larger as the spot
size becomes smaller. This has important implications for microscopic stress analysis.
In particular, a very uniform spatial emissivity would be necessary. In general, any
specimen coating employed must have an average particulate size that is much smaller
than the minimum desirable photodetector spot size. Also, for curved surfaces, it is
important that the emissivity be independent of the viewing angle. Many coatings show
significant variations in emissivity with respect to angle of incidence. Other coating
effects that have not even been touched upon in this report are infrared transmissivity
and reflectivity. If these properties vary spatially or with angle of incidence, this will
result in "false” TSA signals similar to those experienced when emissivity gradients are
present.

Based on Eq. 5.2, thermoelastic and emissivity effects are proportional to the cube
of the nominal temperature whereas thermoplastic, temperature gradient and heat
conduction effects are proportional to the temperature squared. The heat conduction
effect is a bit misleading. If the heat conduction is a stabilized dynamic effect due to the
thermoelastic effect, the magnitude of the heat conduction will be proportional to the
thermoelastic temperature change, which in turn is proportional to the nominal
temperature. Such heat conduction effects will effectively be proportional to the
temperature cubed, just as the thermoelastic effect is. Also note from Eq. 5.2 that
emissivity effects are proportional to the temperature cubed. Thus, it is essential to
maintain a uniform spatial emissivity, regardless of the specimen temperature.
Temperature gradient effects, on the other hand, are proportional to the temperature

squared. Thus, assuming for the moment that one is interested in thermoelastic effects




N S Gy Ul & AN D B BE

34

only, Eq. 5.2 implies that larger temperature gradients can be tolerated at higher
temperatures, all other quantities remaining equal. This is a bit of an oversimplification
since all other quantities will not remain equal as the nominal specimen temperature is
changed. For example, the elastic modulus usually decreases with increasing
temperature, and hence the specimen displacement for a given stress increment
increases at higher temperatures.

Changes in background radiation with time will normally be due to stochastic
processes, thus leading to a "white noise" effect. The exact magnitude of dép/dt
depends on so many parameters (e.g., photodetector angle of view, infrared lens
characteristics, temperature and emissivity of camera housing, etc.) that accurate
analytical quantification is virtually impossible. This effect will show up in the TSA
output in combination with other noise effects such as electrical noise and thermal noise
from the specimen itself.

The static thermal flux from the specimen, which for TSA purposes is a thermal
noise, is given by Eq. 2.2. Dividing Eq. 5.2 by Eq. 2.5 (modified), and neglecting
background radiation effects, provides an indication of the idealized thermal

signal-to-noise ratio:

ds dl de dy dwW

T _ v dr 2

sdt i} 3°‘d_1+9Y t, 1 _l_____p+.d_T?i—y+K'VT (5.3)
static pCp t Cave 0 PCc ' y a

where e,y is the average emissivity within the region of interest during the sampling
time. It is seen that the thermoelastic signal-to-noise ratio is independent of
temperature, provided a, p, Cp and e do not change significantly with temperature (a

condition that is not always met in practice). Thus, under ideal testing conditions, the
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same stress resolution should be obtainable over a wide range of temperatures. The
thermoplastic signal-to-noise ratio is inversely proportional to temperature;
consequently, the minimum resolvable plastic-work energy is expected to decrease with
increasing temperature. These conclusions are valid provided the incident flux rate is
kept low enough to keep the photodetector within its linear operating range, and
provided the thermal noise from the specimen is the factor limiting the resolvable TSA
signal. In practice, this is often not the case. In particular, for low temperature testing,
the magnitude of the specimen photon flux (be it the dynamic flux due to thermoelastic
effects or the static flux from the specimen) decreases rapidly, and electrical noise
and/or background photon flux are the factors limiting resolvable stress rather than the
thermal noise from the specimen.

Some practical implications of Egs. 5.2 and 5.3 are now discussed. First of all, it
can be seen that the TSA output should be linearly related to the specimen stress
amplitude, all other factors remaining constant, and no mean or residual stresses being

present:

3
a -3eRBaT° a
S@) = | ——— |6 (0) (5.9
pCp

This has been found to be the case to a very high degree of accuracy. This is
demonstrated in Fig. 16 for a cylindrical specimen composed of 1020 steel coated with
a thin layer of ultra-flat black paint. Similar results were obtained with other metals.
Provided inter-specimen heat conduction and heat transfer to the surroundings are
minimized, the TSA amplitude for a constant stress amplitude should be independent of

frequency. This statement can be seriously in error at very high testing frequencies or
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with thick coatings [35]. Figure 17 shows the results for a 304 stainless steel specimen
coated with a thin layer of high-temperature ultra-flat black paint. Data were obtained at
a single point on the specimen, and the TSA output was monitored using an FFT
spectrum analyzer. Each data point in Fig. 17 is actually the result of performing
several tests at different stress amplitudes and taking a linear curve fit of the plot of
TSA output versus stress amplitude for that particular frequency. Thus, the fact that the
data do not form a smooth curve is unlikely to be due to random noise. The "scatter”
may be due to heat transfer effects in the coating. Such heat transfer effects are known
to be capable of producing significant changes in the TSA calibration factor, S3/c2, for
small changes in frequency, especially if the coating is of varying thickness or of
nonhomogeneous composition [35]. Below approximately 3 Hz, the TSA signal
decreases rapidly. This is due to the filtering characteristics of the preamplification
electronics in the SPATE system. Very similar results (i.e., always a sharp decrease in
TSA signal below 3 Hz) were obtained with a variety of other specimen shapes, sizes
and alloys. These filtering effects have serious implications for elastic-plastic analysis,
as discussed in the next chapter.

Another important implication of Eq. 5.2 is the possibility to perform absolute
calibration of thermoelastic and thermoplastic effects at any temperature provided that
all relevant parameters are known. Ideally, one would like to be able to take R and D*
as constants. This is reasonable provided that the incident photon flux rate is kept
within the linear range of the photodetector. TSA calibration plots of S2(w) versus 62
are given in Fig. 18a for 1020 steel at several temperatures. The estimates for 3eRB
(using the data of Fig. 18a, the material property data of Table 1, and Eq. 5.4) are
given in Fig. 18b, where additional data from other tests are also shown. From -11 °C

to 55 °C, and using ultra-flat black paint, the apparent value for 3eRB is seen to
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increase slightly with increasing temperature. This could be due to changes of e, R, a,
Cp, or p with respect to the specimen temperature. The exact cause of the increase is
not known, but the effect is small (about 0.1% increase in 3eRB per degree C) when
compared to the fact that the TSA output is dependent on the cube of temperature
(which results in approximately a 1% increase in the TSA output per degree C for the
temperature range in Fig. 18b).

Further ramifications of Eqs. 5.2 and 5.3 are given in Chapters 6 and 7. A
complete verification of these equations, including quantitative analyses of emissivity

and temperature gradient effects, is beyond the intended scope of this report.
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6. CYCLIC PLASTICITY ANALYSIS

6.1 Analytical Development

Cyclic plasticity affects the TSA output in two major ways. First of all, the
generation of irreversible plastic-work energy (which is hereafter assumed to be entirely
converted into irreversible heat) will create a unique thermal profile. Secondly, the
plastic-work energy results in self-heating of the specimen. This in turn affects the
magnitude of the TSA outputs due to thermoelastic effects, which are proportional to
the cube of temperature. Equation 5.2 is used as the starting point for cyclic plasticity
analysis. When emissivity, temperature gradient, heat conduction, and background

flux effects are ignored, Eq. 5.2 reduces to

dl dw
3 2
ds - _3eRBa T 1 . 3eRB T P 6.1)

dt 0 dt 0 dt
PCP PCe

For materials exhibiting significant nonlinear thermoelastic effects, Eq. 6.1 should be
appropriately modified using the nonlinear thermoelastic equations developed in this
report. More will be said on this later in the chapter.

Although Eq. 6.1 is general enough to be applied to any stress distribution, the
analysis here will be limited to uniaxial stress conditions. This is done for ease of
demonstration and also because all cyclic plasticity testing we have performed to date
has been limited to uniaxial conditions. Furthermore, the analysis will be confined to
sinusoidal, fully-reversed, load-controlled cycling. The stress as a function of time is

given by
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Il(t) = ot) = 6 sm(wt) 6.2)
The TSA amplitude due to reversible thermoelastic effects is therefore given by
a 3¢RBa [ 3 a
S . (®) = - To 6.3)
rev oC 0

P

Provided the specimen temperature and material properties remain constant, the TSA
amplitude at the specimen cycling frequency due to thermoelastic effects will be
proportional to the stress amplitude. However, cyclic loading at stresses above the
proportional limit will result in increases in T, due to self-heating of the specimen.
This in turn results in an increase in the value of S3(w) and for a given o2,

In order to understand the effects of cyclic plasticity on the TSA output, it is
instructive to look at the geometry of a hysteresis loop. Consider the shape of a
hysteresis loop for a "generic" isotropic material, Fig. 19. Note that Wp is the area
within the hysteresis loop: Wp = fcdep, where €p =€— 6/E. From A to B in Fig.
19, the material experiences a combination of elastic and plastic strains. Elastic
unloading occurs from B to C, and no additional plastic-work energy is accumulated
during this time. From C to D the material again experiences elastic and plastic strains,
and from D to E the material once again unloads elastically. For sinusoidal
load-controlled cycling (Fig. 20a), it follows that the TSA signal due to thermoelastic
effects is also sinusoidal, but 180° out-of-phase with the stress waveform, Fig. 20b.
This is assuming a is greater than zero. If o is less than zero, the TSA signal due to
thermoelastic effects will be in-phase with the stress. The plastic-work energy, which

is proportional to the irreversible temperature change, is shown in Fig. 20c. From this
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waveform it is anticipated that irreversible plasticity effects will show up in the TSA
output at multiple frequencies. The exact nature of the TSA output in the frequency
domain will depend on the sampling time involved. This is because the waveform in
Fig. 20c is not periodic; consequently, when this waveform is converted from the time
domain to the frequency domain via a Fast Fourier Transform, the amplitudes of the
frequency components depend on both the sampling time and the shape of the
waveform [36]. If data are acquired for a total period, At, of one single cycle (At =
2w/w), the smallest frequency discernible with an FFT algorithm is precisely ®, and the
TSA output due to thermoplastic effects will show up potentially at every frequency in
the FFT analysis: o, 20, 3, ...Nw/2, where N is the number of data points gathered
during the sample time [36].

The preamplification stage present in the SPATE system used in this research
effectively acts as a high-pass filter. Consider a mathematically ideal high-pass filter.
Such a filter passes all frequencies above 0 Hz and completely attenuates the 0 Hz static
component. With such an ideal filter, the static temperature dwells in the thermoplastic
temperature response (i.e., B to C and D to E in Fig. 20c) would be completely
eliminated from the TSA output, Fig. 20d. Note that for each cycle of TSA output
caused by thermoelastic effects (A to E in Fig. 20b), there would be two cycles of TSA
output due to thermoplastic effects (A to B and C to D in Fig. 20d). In other words,
the TSA output due to irreversible thermoplastic effects (Sjprey) Would have a
fundamental frequency equal to twice the fundamental frequency of the TSA output due

to thermoelastic effects. In equation form,

Sirrev = S2Q2w) sin2wt + ¢2) + S3(4w) sin(4wt + )+ ... (6.4)
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The exact magnitudes of the TSA amplitudes and the associated phase angles would
depend on the hysteresis loop size and shape and the nominal specimen temperature.
Unfortunately, any real filter has a finite decay time. As a result, the simplistic
response of Fig. 20d is not ohserved when using the SPATE system, and the actual
TSA output due to combined thermoelastic and thermoplastic effects becomes a
complex function of the material, the filtering characteristics of the SPATE
preamplification stage, and the sampling time. For this reason, quantitative verification
of the thermo-elastic-plastic equation from first principles was not possible in this
research. Even so, useful empirical relationships between the plastic-work energy and
the TSA output were developed, as shown later in this chapter. These results provide

good qualitative verification of the ideas proposed herein.

6.2 Experimental Setup

Cyclic plasticity analyses were performed on 1020 steel and 6061-T6 aluminum.
Thermal and mechanical constants for these materials are given in Table 1. All tests
were conducted on cylindrical specimens. Strains were monitored using 10 mm or
12.5 mm gage-length extensometers. These extensometers have strain resolutions of
about 20 microstrain. The SPATE output was monitored using a Nicolet 660A FFT
spectrum analyzer. A hysteresis loop was recorded for each test at the midpoint of the
FFT sampling. The hysteresis loop was recorded using either an HP 7090A digital
plotter or a Macintosh II computer equipped with appropriate A/D hardware and
software. Specimen temperature was monitored using a J-type thermocouple.

Tests on 1020 steel were performed at nominal specimen temperatures of 0, 8, 25,
and 55 °C. Tests on 6061-T6 aluminum were performed at a nominal specimen

temperature of 25 °C. For the tests on 1020 steel, the specimens were mounted in a
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small environmental chamber that was connected to a source of constant velocity air
flow at the desired test temperature. In order to avoid moisture condensation on the
specimen during the low-temperature tests, the air flow was passed through a desiccant
before arriving at the specimen. For both the low-temperature tests (0 °C and 8 °C) and
high-temperature tests (55 °C), advantage was taken of the large thermal mass of the
steel hydraulic grips used to hold the specimens. This was done by heating/cooling the
grips to the desired test temperature. The grips thus acted as a constant-temperature
heat source, and it was possible to keep the specimen temperature constant to within
about £0.5 °C (except, of course, during elastic-plastic conditions, when the specimen
heated up because of irreversible thermoplastic effects).

One annoyance in using the Nicolet 660A FFT spectrum analyzer is that is has a
"settling time" that depends on the frequency range chosen. The tests reported herein
were performed at a specimen cycling frequency of 3 Hz, and the FFT device was set
on its 50 Hz range. On this setting, the maximum measurable frequency component is
50 Hz, the minimum is 0.125 Hz, and the "settling time" is 8 seconds, which
corresponds to the sampling time for a single "sweep” of the FFT analyzer on this
frequency setting (the sweep time is the inverse of the minimum measurable frequency -
see Ref. 36). Thus, at least 24 cycles of loading had to be continuously applied to the
specimen before TSA sampling could even begin. In one way this was advantageous
since this allowed enough cycles for the material to approach a cyclically stabilized state
with respect to its mechanical properties. After the "settling time", sampling was
performed for a minimum of 50 additional cycles at high plastic strain amplitudes, and
for as many as 100 additional cycles at low plastic strain amplitudes. During the
sampling time, the specimen temperature was always observed to increase, implying

that a stabilized cyclic thermal response had not been achieved in these tests.
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The relatively low cycling frequency of 3 Hz was chosen for two reasons. First of
all, this helps to minimize the magnitude of the specimen self-heating for a given
sampling time. Secondly, the particular closed-loop servo-hydraulic testing equipment
used in this research had much better response (in terms of the harmonic purity of the
sine wave produced) at lower frequencies when cycling a specimen within the

elastic-plastic regime.

6.3 Experimental Results

Figure 21 shows an FFT analysis of both the load and TSA signals for one of the
elastic-plastic tests performed on 1020 steel under sinusoidal load control. Although no
significant load amplitudes existed at the second, fourth, or sixth harmonics, sizeable
TSA amplitudes occurred at these frequencies. This is in good qualitative agreement
with the analytical developments of Section 6.1. Note the presence of significant load
amplitude at the third harmonic. Load amplitudes at the third harmonic were always
present in the load-controlled tests. This occurred because the closed-loop
servo-hydraulic system used in this research was not capable of producing a perfect
sine wave. Fortunately, very little load amplitude was ever present at the second or
fourth harmonics in these tests, so accurate measurement of the TSA output due to
cyclic plasticity effects was still possible. Only 30 percent of the TSA output at 5 in
Fig. 21 can be accounted for by the magnitude of load amplitude at that frequency. The
cause for this discrepancy could be due to any number of things (asymmetry between
the tensile and compressive halves of the hysteresis loop, cyclic creep phenomena,
filtering effects of the SPATE preamplification electronics, etc.). No definite
explanation is available at this time.

By recording hysteresis loops at different load/strain amplitudes, it was possible to




dctermine the stabilized cyclic stress-strain characteristics of the materials tested. The
plastic strain amplitude (equal to one-half the width of the hysteresis loop at zero load)
was determined for all the tests along with the plastic-work energy (the area within the
hysteresis loop). These two quantities are plotted against one another in Figs. 22-23.
Data for the 0 °C tests on steel are not shown. The data for both materials can be fit to a
power-law relationship, at least within the range of plastic strain amplitudes tested.
Cyclic stress-strain curves (stress amplitude versus total strain amplitude) for both
materials were also determined, Figs. 24-25. The method used for constructing these
curves is given in Ref. 37. Results for both load-controlled and strain-controlled tests
on 1020 steel at room temperature are given in Figs. 22b and 24b. The data for both
control modes are in excellent agreement with one another, implying that the control
mode does not affect the underlying mechanical strength properties of 1020 steel, at
least for 25 °C and 3 Hz.

It is also clear from Figs. 22a and 24a that the cyclic stress-strain response for the
1020 steel is temperature dependent. In particular, the material shows decreasing
resistance to plastic deformation (for a given stress amplitude) with increasing
temperature. Most other metals show a similar response. Such strength-temperature
relationships are extremely important if one is attempting to obtain quantitative
information on the plastic strain amplitudes via TSA techniques. If calibration data
such as given in Figs. 22 through 25 are known for the materials of interest and over
the temperature ranges of interest, then accurate estimation of plastic strain amplitudes
under uniaxial loading should be possible. For biaxial conditions, it would be
necessary to construct biaxial stress-strain curves as well as biaxial counterparts to
Figs. 22 and 23 by using some sort of effective strain parameter. Such concepts have

been under development for many years in the field of multiaxial fatigue, and useful
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ideas could probably be gained from the available literature in this area (see, for
example, Refs. 38-40).

If the basic shape of the hysteresis loop remains constant for increasing hysteresis
loop size, the irreversible temperature amplitude versus time should also keep the same
shape. This in turn implies that the FFT of the SPATE's photodetector output should
have the same form for any magnitude of plastic-work energy, even in the presence of
attenuation effects due to the preamplification circuitry. Put another way, if the
geometric shapes of the hysteresis loops are the same for all magnitudes of plastic-work
energy, the TSA outputs from the SPATE system at the second and fourth harmonics,
S3(2w) and S2(4m), should be linearly proportional to Wp. A linear relationship
between S2(2w) and Wp was in fact observed for 1020 steel, at least within the range
of experimental scatter, as shown in Fig. 26. Note that these are raw data that have not
been corrected for the effects of specimen self-heating during the FFT sampling time.

From the hypothesis of the invariance of hysteresis loop shape with respect to Wp,
it is expected that the ratio S3(2)/S2(4w) should be constant for all magnitudes of Wp,
provided nonlinear thermoelastic effects are insignificant. Accurate measurement of
S3(4w) was only possible for the tests on 1020 steel that resulted in large plastic strain
amplitudes. For these tests, the ratio S3(2w)/S3(4w) was found to be constant, at least
within the range of experimental scatter, Fig. 27.

Both the load- and strain-controlled tests for 1020 steel at 25 °C show a linear
relationship between S3(2w) and Wp, but the strain-controlled tests have a different
slope from the load-controlled tests (see Fig. 26). This is not surprising since,
although the hysteresis loops for load- and strain-controlled tests have the same shape
(see the cyclic stress-strain curve of Fig. 24b), the plastic-work energy is generated at

different rates for these two control modes. For the load-controlled tests, considerable
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plastic-work energy occurs just before the peak load is reached. This is because 1020
steel (like most materials) shows a rapid increase in plastic strain with small increases in
stress for stresses above the yield strength. For strain-controlled tests, the development
of plastic-work energy is more gradual. It follows that for the same value of Wp, the
rate of generation of irreversible plastic-work energy will be different for the two
control modes, and hence so will be the values of the TSA amplitudes and phase
angles. Also, the strain-controlled tests will inevitably contain some load amplitude at
2w (as well as higher harmonics), and this results in a thermoelastic effect at this
frequency. This thermoelastic effect in turn interacts with thermoplastic effects
occurring at 2w. This thermoelastic-thermoplastic interaction will also affect the slope
of the S3(2w) versus Wp plot. This difference in the TSA output for load versus strain
control could be useful in assessing the true nature of cyclic plasticity in complex
members.

The form of the TSA output for 6061-T6 aluminum under elastic-plastic conditions
is more complicated than for 1020 steel. This is because this alloy shows a significant
nonlinear thermoelastic effect at the second harmonic, as was discussed in Section 4.3
and shown in Fig. 11. Also, it was necessary to perform these tests under strain
control because of the nearly flat-top yielding of this material (i.e., a very rapid increase
in plastic strain amplitude for small increases in stress amplitude - see Fig. 25). The
TSA amplitude at 2w is plotted against the stress amplitude in Fig. 28a and against the
plastic-work energy in Fig. 28b. Although exact quantitative analyses of these data
were not possible (again because of the filtering effects of the preamplification stage in
the SPATE's signal-conditioning electronics), intuitive statements can be made based
on the theories developed in this report:

a) At stress amplitudes within the elastic regime, the TSA output at 2w is
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due to nonlinear thermoelastic effects. This hypothesis can be quantitatively
verified, as was done in Fig. 14. b) For small plastic strain amplitudes,
nonlinear thermoelastic and thermoplastic effects undergo destructive
interference, and the magnitude of S3(2w) decreases. c) At still higher
plastic strain amplitudes, thermoplastic effects dominate over nonlinear
thermoelastic effects (and thermoelastic effects due to any load occurring at
2w), and so S3(2w) increases continuously with further increases in stress
amplitude.
Quantitative verification of this hypothesis would require measuring the amplitude and
phase of the stress, plastic-work energy and photodetector output voltage (without any
filtering) at frequencies of ® and 2w.

Analysis of S3(w) for elastic-plastic loading has not been found to be in strict
agreement with idealized theory. Within the elastic domain, S%(w) is linearly related to
o2, but for stress amplitudes beyond the cyclic yield strength, S3(w) increases rapidly.
Some of this nonlinearity is due to specimen self heating, and this term can be
accounted for via Eq. 5.2. As shown in Fig. 29 for the case of 1020 steel at 8 °C,
theoretical predictions for S3(w) are generally below the experimental data. Not
surprisingly, the magnitude of the disagreement increases- at larger plastic strain
amplitudes. The reason for this discrepancy between theory and experiment is believed
to be due to a combination of effects - namely heat conduction from the specimen to the
environment, and the less-than-ideal filtering characteristics of the SPATE's
preamplification electronics. In Fig. 29, the predictions for S3(w) based on perfectly
adiabatic specimen response (i.e., no heat transfer to the surroundings) are shown
along with the predictions based on the actual measured specimen temperatures. The

difference between these two data sets implies that significant heat transfer is occurring
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from the specimen to the surroundings.

As further verification that the SPATE's preamplification electronics is at least
partially responsible for the discrepancy between theory and experiment observed in
Fig. 29, an impulse test was performed on the SPATE system. That is to say a step
change in the photon flux coming from the target was created, and the decay
characteristics of the TSA output were recorded, Fig. 30. The impulse was achieved
by rapidly going from a low-emissivity target to a high-emissivity target. This was
accomplished by having the infrared camera focused on a target composed of ordinary
white paper and then quickly switching to an object coated with ultra-flat black paint.
As seen in Fig. 30, the SPATE's preamplification electronics has a very long decay
time indeed, and it is not surprising that the TSA output disagrees significantly from the
anticipated response for a mathematically ideal high-pass filter.

Figures 31 and 32 show further results of the effects of cyclic plasticity on S3(w)
for 1020 steel and 6061-T6 aluminum at 25 °C. From these figures it is seen that
considerable cyclic plasticity did not alter significantly the value for the thermoelastic
parameter. This is in agreement with assumption A4 of Chapter 3. The thermoelastic
parameter (equal to a/pCp for the case of fully-reversed loading) is proportional to the

quantity S3(w)/o? for data within the elastic range of the material.

6.4 Chapter Summary

This chapter has provided an intuitive model for the effects of cyclic plasticity on
the TSA output. The model predicts that cyclic plasticity effects should show up at the
even harmonics (2, 4w, ...) when an ideal low-frequency, high-pass filter is present
in the photodetector signal-conditioning electronics. In the absence of any filtering and

in the absence of significant heat transfer from the specimen to the surroundings,
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thermoplastic effects should show up at all harmonics, including the specimen cycling
frequency. This assumes a FFT sampling time equal to the specimen cycling period.
The results using the SPATE system were found to be between these extremes. This
was to be expected because of the presence of real (as opposed to mathematically ideal)
high-pass filtering in the SPATE signal-conditioning electronics. This filtering has a
finite decay time, and this in turn results in data that lie between the two mathematically
perfect extremes. The inevitable occurrence of heat transfer between the specimen and
the environment also played a role in the measured discrepancy between idealized
theory and experiment.

It would be helpful to develop a new TSA system that avoids the imperfect filtering
characteristics of the SPATE's preamplification circuitry. The thermoplastic equation
could then be veriticu accurately from first principles, including measurement of both
the TSA amplitudes and phase angles at all the relevant frequencies. Digital data
acquisition with subsequent post-processing would also be desirable. In this way data
could be acquired for a single cycle only, or for any number of cycles desired, and
digital analysis of the data (in the form of FFT analysis or other techniques) could be
performed. Single-cycle analysis has the advantage that the specimen does not heat up
significantly during the test time. Also, this could be a useful way to measure the
stored-energy of cold work during the first cycle of overload of a virgin specimen.

Clearly, much more research needs to be performed in the area of thermographic
stress analysis of elastic-plastic material response, and a thorough understanding of
thermo-elastic-plastic interactions is still many years away. This chapter provides many

crucial concepts that can be used as a starting point for further research in this field.




R

E2 BE o I BN B BE B BE e

50

7. HIGH-TEMPERATURE STRESS ANALYSIS

This section of the report covers the most recent work done on high-temperature
stress analysis using TSA, along with solutions to problems encountered in the
previous year. Based on Eq.5.3, the minimum resolvable stress using TSA should be
virtually independent of temperature. This statement is valid provided that thermal
noise from the specimen is the factor limiting the resolvable stress. Meeting this
criterion of "thermal-noise limitation" stress resolution has been difficult because of the
occurrence of many new phenomena at high temperatures. In addition, phenomena that
are normally only of minor concern at room temperature (emissivity and temperature
gradient effects, for example), have been found in the beginning to be almost
insurmountable problems at high temperatures. The most important of these
phenomena which have been isolated during the past two years are discussed below

along with suggested methods for avoiding them.

7.1 Chromatic Aberration

This phenomenon will occur when a real lens is used to focus light of significantly
different wavelengths. The lens will not simultaneously focus all the wavelengths
properly because of variations of the index of refraction of the lens material with
wavelength. The end result is a distorted image. The simple solution to this problem is
to use a narrow band-pass optical filter. A 1-mm thick glass slide was placed between
the specimen and the camera during testing. Since ordinary glass does not transmit
significant amounts of radiation beyond 3 um, and the germanium lens used in the

SPATE infrared camera does not transmit radiation of wavelengths shorter than 2 um
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[46], this results in a 2- to 3-um band-pass filter. This filter gives good results for
temperatures exceeding approximately S00°C. The reason for this is explained later in
this chapter.

A new focus curve must be determined for the infrared camera before it can be
properly used with this 2- to 3-um filter. This can be accomplished by taking a
uniform flat-plate specimen and coating a small region of the specimen with a thick,
thermally insulating layer (region BCD of Fig. 33). The entire specimen is then coated
with a thin layer of high-temperature paint. When the specimen is cyclically loaded,
little or no temperature variation is seen in region BCD, whereas large temperature
variations are observed in regions AB and DE. If the infrared camera is properly
focused, a line scan from A to E in Fig. 33 will have the approximate geometry of a
square wave. If the camera is out of focus, the TSA line scan will appear blurred.
Examples of in-focus and out-of-focus TSA scans are given in Fig. 34 for a region of a
test specimen corresponding to CDE in Fig. 33. Notice that the TSA output from C to
D is actually negative rather than zero. This implies that the thermal insulating layer (a
thick layer of ceramic cement for the data in Fig. 34) is not completely blocking out the
thermoelastic effect. Instead, it decreases the temperature amplitude significantly and
causes a phase shift in the sinusoidal temperature variation coming from the specimen.
In this particular case, the fact that the TSA data are negative implies a phase lag of
between 90° and 270°.

Using the technique described in the previous paragraph, the focus curve provided
by the manufacturer of the SPATE system was verified. This focus curve applies to 8-
to 12-pum radiation. A new focus curve for the 2- to 3-um range was also constructed.

These two curves are shown in Fig. 35. Note that significant differences exist in the
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focus settings for these two different bands of wavelengths. Thus, it is extremely
important to use the proper focus curve for the optical filter at hand when performing
high-temperature TSA scans with the SPATE system. At room temperature,
insignificant amounts of radiation are emitted by a blackbody at the shorter wavelengths
where atmospheric windows exist, and chromatic aberration is not a problem (see

Chapter 2 and Figs. 1 and 2).

7.2 Photodetector Saturation

If excessive radiation reaches the photodetector, it becomes saturated (i.e., the
photodetector does not return to a neutral electrical state upon removal of the incident
radiation). Attenuating filters should be placed between the specimen and the infrared
camera if this problem is to be avoided. Such filters are commercially available. Some
brands of commercial plastics used for transparency overheads have been found to be a
cheap alternative to expensive commercial infrared filters. An example of the FFT of
the photodetector output for the case in which the photodetector was bordering on
complete saturation is given in Fig. 38, where it is seen that substantial noise exists at
low frequencies. When a 60% transmittance filter was placed between the infrared
camera and the specimen, this low-frequency noise is reduced by a factor of
approximately 5, while the thermoelastic signal from the specimen was only reduced by
40 percent (see Fig. 38).

7.4 Temperature Gradient Effects
Large temperature gradients affect the TSA data in two ways. First of all, for

full-field scanning, variations in temperature over the scan region affect the magnitude
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of the thermoelastic output (since this output is proportional to the cube of the absolute
temperature - see Eq. 5.2). Also, these gradients keep the test furnace from stabilizing
at a uniform temperature during testing. An example of high-temperature data before
and after furnace stabilization is given in Fig. 36. The specimen geometry for these
scans is shown in Fig. 37. Secondly, any specimen motion perpendicular to the
direction of viewing will result in a false TSA signal if temperature gradients are also
present in this direction. Success has been achieved in correcting for the first effect by

using absolute temperature imaging.

7.5 Emissivity Effects

These effects are caused by specimen motion. If the specimen emissivity varies
from point to point on the specimen surface, any specimen motion will result in a net
change in the average emissivity within the region the photodetector is focused on.
This effect can be quite dramatic. For example, in order to obtain a stress resolution of
1 MPa in 304 stainless steel at room temperature, the average emissivity must not vary

by more than 0.0014 percent. This can be seen from Eq. 5.2:

6
ea 3(1)(17.3x10  m/m/K)

6
Ae = Ao = (10 Pa) = 0.000014

pC 3
p (7920kg/m” ) (4771 /kgK )

where the average emissivity has been assumed to be equal to unity. In particular,
nonuniform specimen oxidation at high temperatures can cause serious spatial
emissivity variations. Consequently, it is usually necessary to cover the specimen with

an oxidation-resistant coating. A ceramic cement composed primarily of silicon carbide
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and silica is the best coating that has been found to date. It gives excellent results at
room temperature (often better than using ultra-flat black paints), and has been
successfully used at temperatures exceeding 1000 °C.

An example of poor high-temperature TSA data due to variations in spatial
emissivity is shown in Fig. 39 for the case of a graphite-based high-temperature spray
paint. Note the dramatic increase in scatter in the data at 130 °C as compared to 25 °C.
This was typical of graphite-based high-temperature spray paints in this temperature
range. The 130 °C TSA scan was repeated over time and for a large range of specimen
cycling frequencies, and the same pattern was always observed. This effectively rules
out the possibility that the scatter is due to turbulence or heat conduction effects. The
use of an 8- to 12-um optical filter rules out the possibility of chromatic aberration,
leaving emissivity effects as the only possible cause for scatter. This conclusion is
further verified by the fact that much better results were obtained with the same
specimen and equipment arrangement, but using the silicon carbide ceramic coating

instead of the high-temperature spray paint.

7.6 Edge Effects

Emissivity and temperature gradient effects are of particular concern at specimen
edges, where the photodetector is focused partly on the specimen and partly on the
background. The background (which may be heating coils, insulation, etc.) is
normally at a significantly different temperature and emissivity than the specimen. In
such cases the thermoelastic component of the TSA signal can be over an order of
magnitude smaller than the component of the TSA signal due to emissivity and

temperature gradient effects. The best solution is to provide a stress-free backing for
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the specimen having the same emissivity and being at the same temperature as the
specimen. Atroom temperature this is easily accomplished by coating a piece of paper
with the same coating as is used for the specimen, and then loosely attaching the paper
to the back of the specimen. Obtaining a proper background is much more difficult at

high temperatures, however, and no simple solutions have yet been found.

When the six major problems just discussed are minimized, jt is possible to obtain

7.7 Experimental Results

In order to verify the temperature independence of the minimum resolvable stress,
tests were conducted on a uniform 304 stainless steel specimen at a variety of
temperatures. The specimen was coated with the silicon carbide ceramic cement
mentioned in Section 7.1. Below 400 °C, an 8- to 12-um filter was placed between the
furnace and the infrared camera in order to keep shorter wavelength radiation from
reaching the photodetector. Above 400 °C, a 1-mm thick glass plate was used. Above
500°C, attenuating filters were used in addition to the glass filter in order to limit the
intensity of radiation reaching the photodetector. The particular filters used transmit
about 60% of the radiation in the 2- to 3-um range. The furnace was allowed to
stabilize for several hours at each new temperature before TSA frame scans were
obtained. The frame scans (approximately 10-mm wide by 6-mm high) were taken
through the center of the furnace window.

Experimental verification of the independence of resolvable stress with temperature

is given in Fig. 40. These data were obtained by taking the standard deviation of the
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TSA frame scans. The resolvable stress is seen to degrade at first as the temperature
increases (roughly a factor of two loss in stress resolution between 25 °C and 400 °C).
This is believed to be due to excessive radiant photon flux reaching the photodetector.
At higher temperatures, where the 2- to 3-um glass-germanium filtering is employed,
the minimum resolvable stress returns to its room-temperature value. At approximately
400 °C, the minimum resolvable stress using the 2- to 3-um filter improves rapidly with
increasing temperature. The explanation for this phenomenon is as follows. Below
400 °C, little radiation is emitted by the specimen between 2 and 3 um wavelengths
(see Fig. 1), and electrical noise in the photodetector electronics is the primary factor
limiting the resolvable stress amplitude. Above 400 °C, the radiant photon emittance
between 2 and 3 pm increases rapidly, thermal noise rather than electrical noise
becomes the limiting factor, and the minimum resolvable stress amplitude returns to its
room-temperature value (in accordance with Eq. 5.3).

As further demonstration of the capabilities of high-temperature TSA, line scans
were obtained with a Hastelloy-X specimen at a temperature of 1040 °C. The specimen
geometry is given in Fig. 37. The specimen had been coated with silicon carbide
ceramic cement prior to testing. A FFT analysis of the TSA output was performed in
the flat region of the specimen (region C of Fig. 37). As shown in Fig. 43, the
signal-to-noise ratio is quite good. In fact, the minimum resolvable stress amplitude of
0.6 MPa at 1040 °C is the same as the minimum resolvable stress amplitude for this
alloy at room-temperature. Line scans were also performed at four uniformly spaced
load amplitudes, Fig. 44. The data have the proper qualitative appearance (i.e.,
uniform spacing in the TSA output for uniform increments in load amplitude). These

line scans also have the same basic shape as line scans performed at room temperature,
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although there are some significant differences that remain unexplained at this time (see
Fig. 43). Still, these results at least demonstrate the feasibility of applying TSA at
temperatures exceeding 1000 °C. Better results can be expected in the future as further

refinements and improvements in the testing techniques are made.

7.8 New Specimen Geometry

Up to this point in our research the majority of the high temperature testing was
done with flat-plate specimens. The question then arose whether or not we could be
successful scanning specimens with stress concentrations at elevated temperatures.
Since the previous method of taking standard deviations to compare stress resolutions
would not be valid with a stress concentration present, we would have to rely on the
actual frame scans themselves in order to compare room temperature scans to high
temperature scans. The material used for these tests was 304 stainless steel with a 1/4"
diameter hole in the center of the scan area. These specimens were also covered with a
silicon carbide ceramic coating. A backing plate of the same material and surface
coating was used to avoid any possible edge effect problems (see Edge Effects, Sec.
7.6). Scans were taken at room temperature, 100°C, 300°C, and 800°C (Figures 44a,
44Db, 44c, and 44d) using the same filtering techniques that were used for the flat-plate
testing. The scans show a strong similarity to each other over the large temperature

range, indicating that the stress resolution remained independent of temperature.

limit, The furnace used for our research only allowed us to test up to 1100°C, but all of
our data shows that going above this temperature will only lead to equal or better stress

resolution than at room temperature. High-temperature stress analysis represents one
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of the most promising new frontiers for TSA and should be carefully explored in order

to discover its full potential.
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8. A THERMOELASTICITY THEORY FOR DAMAGE IN
ANISOTROPIC MATERIALS
( Dr. Daging Zhang)

Composite materials such as fiber-reinforced materials, carbon-carbon
composites, and ceramic and metal-matrix composites are needed for structures
intended for high temperature conditions and hostile environments. The
characteristics of the microstructure and the associated micromechanisms in these
materials are changed due to the micro-damage accumulation under
load-environment interaction with time. For instance, microcracks occur in the
fiber/matrix interface bonding of composites and these cracks are randomly
distributed. Damage mechanics is required to establish criteria for damage
evaluation in composites, since theories of continuum mechanics, plasticity and
fracture mechanics may not be suitable for the failure description of the materials.

In order to exploit new techniques for evaluation of damage accumulation, a
theory of thermoelasticity for damage in anisotropic materials was developed [47]
by employing fundamentals of damage mechanics. The generalized temperature

change due to small linear elastic deformation in anisotropic damage can be

expressed as
dM.. aC.
pe C aT 1) T ) ) 1 .
€

where M;; is the effective damage tensor, Cyy is the stiffness matrix, oy are the
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thermal expansion coefficients and p¢ is the effective mass density of the material.
Simplify the above equation by neglecting the temperature-dependent terms, and

consider a state of plane stress with damage in the material,

T
AT=- -E( (XIM“ACI + aZMZZAGZ ) (8,2)
P

Effective mass density p® can be related to a damage parameter D and undamaged

mass density p,

1 _1{1
—:=;(r5) (8.3)
p

The damage parameter D can also be expressed as the change of Young's modulus

p-EE' 8.0

where E€ is the Young's modulus of the damaged material.

This theory is particularly useful in investigating the microstructure-mechanics
connection of multiphase materials, and in establishing quantitative prediction
capabilities of macroscopic behaviors and service lives. The damage parameter D,
the normalized effective mass “ensity pé/p, and the effective modulus ES in
composites can be quantitatively evaluated by incorporating the method of
thermographic stress analysis (TSA method). Specifically, the determination of
normalized effective mass density p&/p from this theory is important for applying
the TSA method to damaged materials, since there are no other experimental

techniques available to evaluate this quantity easily.
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The detailed derivation of the theory is given in Ref. 47. The measurements of
damage parameters in glass fiber/epoxy composites by the TSA method[47] have
shown excellent agreements with the measurements by a conventional
extensometer. A few examples are shown in Figs. 45 - 47. Most importantly, this
theory can also be used to determine the damage parameters for composites at high
temperature condition under dynamic loads by the TSA method.

The advantages of the TSA technique in applying this theory for composites at
elevated temperatures are as follows:

1. Microcrack developments (randomly distributed) due to load-environment
interaction in the material can be monitored from full-field stress maps which
cover global effects that damage mechanics would deal with, but not local
effects that the theories of continuum mechanics, plasticity and fracture
mechanics address.

2. Non-contacting measurement is particularly important in the damage
evaluation of composites at high temperature condition because there is no
need to go through the series of operations recommended for the correct and
difficult installation and use of measuring sensors.

3. The damage parameter D and the normalized mass density p&/p can be

directly, nondestructively, and quantitatively obtained from the TSA signals.
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9. SEPARATION OF THERMOELASTICALLY INDUCED
ISOPACHICS INTO INDIVIDUAL STRESSES
( Professor R.E. Rowlands & Dr. Y.M. Huang )

Practical design and analysis of a structural or machine component necessitates
quantitative information on the individual stresses oy, Oy and Txy. Determination of
boundary stresses requires reliable boundary data. However, conventional
thermoelasticity provides information on only the sum of the principal stresses
( isopachics ), measured thermoelastic data can be quite noisy, and recorded edge
information is usually unreliable [48]. These features have tended to cause differential
thermography ( thermoelasticity ) to be highly qualitative in certain cases. A new
concept was recently proposed [49,51] for simultaneously smoothing the isopachic
data, enhancing measured boundary information and separating the internal stresses.
Unlike other hybrid techniques such as that of Ref. [48], this new method does not
require any prior smoothing of measured data. Stress equilibrium and strain
compatibility prevail within the region analyzed and the traction-free edge conditions are
satisfied. Effective means of separating the stresses are essential for thermoelasticity to
become a more generally useful, quantitative method of stress analysis.

These capabilities are described in Refs. 48 - 53. A representative example
involving the determination of the individual stresses in a region R adjacent to a hole in

an aluminum tensile strip is presented in Figs. 48 - 51. Figure 49 shows the
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thermoelastically generated isopachics ( ox + Oy ) throughout a region R adjacent to the
top boundary of the hole in Fig. 48. The hole radius is 0.34" and the region R of Figs.
49 - 51 covers 0.34" <r <0.68 and -30° < ¢ <60° . Contours of the largest stress G /
Oy throughout region R as determined from the thermoelastic data of Fig. 49 are shown
in Fig. 50. Stresses of Fig. 50 were obtained using less than 5% of the available
measured data. The thermoelastically measured stresses of Fig. SO are compared with
theory in Fig. 51. The agreement is excellent. Additional results are contained in Refs.
48 - 50.

This stress - separation research, in addition to receiving some support from this
Air Force grant, has been supported extensively by NSF ( grant MSM - 8706662 ) and

the UW Alumni Association.
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10. SUMMARY AND CONCLUSIONS

The theory for thermographic stress analysis has been expanded to include
nonlinear thermoelastic, thermoplastic, and specimen motion effects. An enhanced
TSA equation was developed, and new significant findings derived from this equation
were discussed. In particular, the developments in this report pave the way for several
new applications for thermographic stress analysis including residual stress analysis,
cyclic plasticity analysis, and high-temperature stress analysis.

Residual stresses were quantitatively measured in a C-specimen composed of
Ti-6Al-4V alloy. The minimum resolvable residual stress was approximately 25 MPa.
A limitation of the residual stress measurement technique developed in this report is that
the specimen must be initially free of residual stresses. The residual stresses are then
induced by overloading the specimen until plastic flow occurs in the critical regions.

Uniform cylindrical specimens of 1020 steel and 6061-T6 aluminum were
cyclically loaded into the elastic-plastic regime, with TSA, stress, and strain data being
recorded. For 1020 steel it was found that the TSA output at twice the cycling
frequency was proportional to the plastic-work energy per cycle. For 6061-T6
aluminum, the data were complicated by the presence of sizeable nonlinear
thermoelastic effects at twice the specimen cycling frequency. The TSA output at the
specimen cycling frequency was found to be a complex function of the stress
amplitude, plastic-work energy per cycle, specimen temperature, and filtering
characteristics of the particular TSA equipment used.

Problems with applying thermographic stress analysis at elevated temperatures

were described, and some possible solutions were presented. The principal problems
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encountered at high temperatures are chromatic aberration, turbulence, photodetector
saturation, emissivity effects, temperature gradient effects, and edge effects. When
these problems were minimized, the minimum resolvable stress amplitude was found to
be approximately independent of the specimen temperature for temperatures between 25
and 850 °C. This finding is in agreement with the theory developed in this report.
High-quality TSA line scans were obtained for a cracked plate of 304 stainless
steel at 550 °C. TSA line scans of moderate quality were also obtained for a
Hastelloy-X specimer at 1040 °C. These data demonstrate the feasibility of using
thermographic stress analysis to monitor stresses in complex members at elevated
temperatures. Further advances in this area can be expected as hardware, software and

research methodologies are further developed.
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APPENDIX A

A.l1 Infrared Radiation

A blackbody is an object that absorbs all the radiation incident upon it. In addition,
a blackbody is a perfect emitter. Such an object is said to have a surface emissivity of
unity, independent of temperature or the wavelength of light. Planck's law relates the
spectral radiant emittance of a blackbody, W, (watts/[m2epmesteradian]), to the wave-
length and temperature [25]:

W = 2hc 1 Al

A 3% \exp(he/AkT) - 1

The voltage output of an ideal photon detector is proportional to the rate of incident
photons rather than the incident power. It is thus more useful to consider the spectral
radiant photon emittance, ¢, (photons/[m2epmesteradianes]), obtained by dividing W,
by the energy per photon (hc/A):

2c 1
O

: (A.2)
€X
A\ P (m

This equation is plotted in Fig. 1 for several temperatures. At room temperature, the
peak value for ¢), occurs at approximately 12 pm. At higher temperatures, the peak
shifts to shorter wavelengths. Integrating Eq. A.2 between wavelengths A1 and A9

results in
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Ay

= = 3
o-[oa-nT a3

A

where ¢ is the total radiant photon emittance between wavelengths A1 and A5, and B is
a constant (for the particular A; and A at hand). Few real materials approximate a
blackbody; instead, the surface emissivity depends on both temperature and
wavelength. For simplicity, it is hereafter assumed that emissivity is independent of

wavelength between wavelengths A and A». Equation A.3 can then be written as
3
¢ = eBT (A4)

where e is understood to depend on T. If emissivity does vary greatly with wavelength
between A1 and Ay, it must be included in the integrand of Eq. A.3. In thermographic
stress analysis, the component to be analyzed is usually coated with a substance that
provides a high, spatially uniform emissivity. As discussed in Chapters 5 and 7,
spatial uniformity of emissivity is critical when small temperature changes are to be
measured. Commercial flat-black spray paints were used for the room-temperature
analyses presented in this report. For elevated temperatures, high temperature
flat-black paints and a silicon carbide ceramic coating were employed (see Chapter 7 for
details).

In typical applications of thermographic stress analysis, the radiation emanating
from the component under investigation must be transmitted through the atmosphere,

which tends to absorb, scatter and refract the radiation. The atmospheric transmittance




KN B B BE BN S BB B B e

68

versus wavelength is shown in Fig. 2. Notice that a good atmospheric window exists
between wavelengths of 8 and 14 um. Coincidentally, these are the wavelengths of
peak emittance at room temperature. Provided the photon flux reaching the detector is
limited to this 8 to 14 um window, the effects of the ambient atmosphere on the TSA
signal are ordinarily insignificant, at least for laboratory conditions. If the photon flux
is not limited to a good atmospheric window, or if the specimen-to-camera path
contains a gas environment other than "normal" air, then the effects of the local

atmosphere must be accounted for.
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APPENDIX B

B.1 Infrared Photon Detectors

A variety of photodetectors have been developed for use over a wide range of
wavelengths. Details on the various types of photodetectors (photoconductive and
photovoltaic photon detectors, thermal detectors, photoemissive detectors, etc.) can be
found in Ref. 27. The SPATE 8000 system used in this research employs a
mercury-doped cadmium-telluride (Hg1.4Cd,Te) photovoltaic photon detector (also
commonly called a photodiode) [28]. By varying x, different band-gap energies are
obtained. If x = 0.2 (which is the approximate composition for the detector in the
SPATE system), a band-gap energy of 0.1 eV is obtained [27], which corresponds to a
photon wavelength of 12.4 um. Photons with energies greater than the semiconductor
band-gap energy will excite electrons from the nonconducting state into the conducting
state. This in turn changes the open circuit voltage of the photodiode. Photodiodes are
normally operated under reverse bias, and so the observed signal is actually a
photocurrent rather than a photovoltage. The SPATE system employs a servo-loop
"feed-back" preamplification stage which converts the photodiode output current into a
voltage while maintaining the photodiode at the optimum zero-voltage bias [28]. This
preamplification stage has the effect of filtering out the static DC voltage from the
photodetector. Thus, only dynamic changes in the incident photon flux rate to the
photodetector are represented in the output voltage of the SPATE infrared camera. This
fact is crucial for understanding the data obtained under elastic-plastic loading
conditions (see Chapter 6 for details).

An ideal photon detector is equally responsive to all photons having energies
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greater than the band-gap energy. Thus, a Hgy gCd, »Te detector is sensitive to
radiation at wavelengths shorter than 12.4 um. Since the atmosphere has several
windows of transmission at shorter wavelengths (0.5-1.4, 1.5-1.8, 2.0-2.5, 3.4-4.2
and 4.5-5.0 um), it is possible to use such a detector within these atmospheric
windows, as well as the 8 to 14 um window. At room temperature, very little radiatdon
is emitted by a blackbody ma erial at wavelengths shorter than 5 um, and the effects of
this radiation can be safely ignored. At high temperatures, however, the total photon
emission at these shorter wavelengths can be greater than the emission between 8 and
14 um, and the effects of this radiation must be considered.

Under normal operating conditions, the photodetector output voltage is linearly

related to the total incident photon rate, ¢;:

3
S = R¢; = eRBT +Ro (B.1)

where ¢y, is the incident photon rate for background radiation. Background radiation is
any radiation that reaches the detector but originates from somewhere other than the
target. For photodiodes the detector responsivity, R, is independent of the intensity of
the incident radiation, except at very high incident power levels. It does depend,

however, on the magnitude of the reverse bias saturation cusrent [27]:

npkT

IS

R (volts/photon/s) =

(B.2)

where 1 is the quantum efficiency of the photodiode semiconductor material (i.e., the
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number of electron-hole pairs generated per photon), B is a constant of the order of
unity, and I is the reverse bias saturation current. Ordinarily, the responsivity is
plotted versus the incident power level, Fig. 3b, rather than being plotted versus the
rate of incident photons, Fig. 3a. This leads to the common misconception that a
Hg( gCdg 2 Te detector is insensitive to short wavelength radiation. In fact, the detector
has approximately the same quantum efficiency (i.e., volts out per unit rate of incident
photons) for all radiation from the cutoff waveleng . of 12 um down to wavelengths
shorter than visible light. This fact is essential in understanding high-temperature TSA
phenomena. More details are given in Chapter 7.

The noise equivalent power (NEP) is the rms incident radiant power, P, required

to produce an output voltage, Vg, equal to detector noise level, Vi [25]:

NEP = = B.3)

A more common parameter used to describe photodetector noise characteristics is the
specific detectivity, D* (cmeHz 1/ 2-W'l), which is the signal-to-noise ratio when one
watt of power is incident on a detector having an effective area of 1 cm2, and the noise

is measured over a 1 Hz bandwidth [25]. Thus,

. (AAf)”z
D = —NEP— (B.4)

where A is the area of the sensitive portion of the detector, and Af is the frequency

bandwidth over which the measurement is made. The minimum resolvable TSA signal
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will generally be proportional to D*, Typically, the specific detectivity decreases
rapidly at low frequencies due to the presence of 1/f power law noise. This noise is
due to potential barriers at the contact, interior, or surface of the semiconductor [27].
For Hg:CdTe photoconductive detectors, 1/f power law noise increases approximately
as f -1/2 below a certain "corner frequency," typically 1 kHz [27]. Since many
applications of TSA require measurements to be made at frequencies below 1 kHz, this
1/f noise in photoconductive Hg:CdTe detectors is a serious limitation. Photovoltaic
Hg:CdTe detectors are less prone to 1/f noise, but they are prone to shot noise [27].
The shot noise current, I, is roughly proportional to the square root of the reverse

where q is the charge of an electron. Unlike 1/f noise, shot noise is independent of
frequency.

The reverse bias :.aturation current is almost independent of the reverse bias
voltage over a large voltage range [29]. However, for large reverse bias voltages
(which would be brought about due to large levels of incident photon flux), Ig
increases rapidly. This in turn decreases the detector responsivity and increases the
magnitude of the shot noise, as given by Eqgs. B.2 and B.5. Thus, to avoid altering
the responsivity and specific detectivity due to changes in Ig, care must be taken to
attenuate incoming radiation when performing TSA scans at elevated temperatures. In
fact, at very high incident power levels, the photodetector can be permanently damaged.

High-quality photon detectors are typically background limited. That is to say
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that the minimum resolvable radiation level from the target is limited by extraneous
background radiation that reaches the detector. If this background radiation could be
completely eliminated and no electrical noise were present in the photodetector, the
minimum resolvable signal would be limited by the probability of a photon emitted by
the target arriving at the photodetector during the sampling period. This is known as
the signal fluctuation limit, and is equal to 4.4x10 -19 W fora photodetector cutoff
wavelength of 10 um [27].

The background limit for a photon detector depends on a variety of parameters
including the detector's operating temperature, the detector's spectral respcnse, the
spectral distribution of the background, and the field of view over which the detector
receives background radiation. The best way to improve D* is to cool the detector.
Liquid nitrogen is normally employed for Hg:CdTe detectors. This minimizes
background radiation from the detector itself. Also, since the detector is mounted to a
substrate which is in tum mounted to a dewar containing the liquid nitrogen, very little
background radiation is received by the backside of the detector. The only source of
background radiation is then extraneous radiation arriving on the front side of the
detector. If the frontside of the detector is unshielded, background radiation can arrive
over an angle of view of 180° (i.e., & steradians).

If the angle of view of the detector is decreased, the background radiation drops
proportionally. This can be accomplished by placing a cryogenic "cold stop" aperture
directly in front of the photon detector. This does not affect measurement of the target
signal, which is normally focused through a lens and hence occupies a very narrow
angle of view. The improvement in D* that can be obtained by reducing the angle of

view can be quite dramatic. In fact, for a photon detector having a cutoff wavelength of
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approximately 10 um, an order of magnitude improvement in D* can be achieved by
reducing the field of view from 180° to approximately 15° [27].
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Table 1 Mechanical and Thermal Properties of Selected Materials at Room Temperature

o P E Cp JE/oT
Material  (106m/m/K)  (kg/m3) (GPa)  (J/kg’K)  (MPa/K)

YN B = IlN BN B B B EE .

7075-T651 23.6 2800 69 870  eeeeee-
aluminum

6061-T6 23.6 2700 69 933 ceeeeee-
aluminum

2024

aluminum --- - -36 (Ref. 42)
4150H steel 12.3 7840 200 477 -75 (Ref. 44)
Ti-6Al1-4V 9.5 160 114 532 -48 (Ref. 45)
304 stainless 17.3 7920 190 7. ' iy A S —

steel

1020 steel 11.7 7860 200 467 -

Except as noted, 4ll data are from Refs. 45 and 46. For aluminum alloys in general,
JE/dT is reported to be in the range of -35 to -45 MPa/K (Ref. 43)
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Na.ie 2 Effect of Prior Plastic Strain on the Thermoelastic Constant of Ti-6A1-4V

Prior plastic strain Estimate for a/pCp
(Lm/m) (10-6 m3J-1) % change

0 4.00 0.00

350 3.97 -0.75

930 3.98 -0.50

1580 3.98 -0.50

2780 4.02 +0.50

4260 4.02 +0.50

6570 4.01 +0.37
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Figure 1  Spectral radiant photon emittance of a blackbody versus temperature and
wavelength
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Figure 2  Infrared transmission of the atmosphere. Adapted from Ref. 26.
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Figure4  Location of TSA line scans for the 7075-T651 aluminum plate with a
centrally located hole. All dimensions in mm.
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Figure 6 Amplitude of the first stress invariant determined from the TSA line scans of
the 7075-T651 aluminum specimen
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a Theoretical prediction for uniaxial stress based
a on the nonlinear thermoelastic equation

a B @ @ o O 8
0107 g ) % a . :a o d :: ‘%{nu
a o] g a i
0054 ®© Theoretical prediction based on the
’ classical thermoelastic equation
T
O-OO T v T T T T T . —

Distance (mm)

Y versus distance from left edge of specimen for the 7075-T651 aluminum
specimen
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Figure 8 Maean stress effect in 7075-T651 aluminum
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Figure 9  Mean stress effect in 4150 heat-treated steel
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Figure 10  Mean stress effect in Ti-6Al1-4V
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Figure 11  Nonlinear thermoelastic effect at twice the specimen cycling frequency for
6061-T6 aluminum
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Figure 14 Estimated residual stress versus prior plastic strain for the Ti-6Al-4V
C-specimen
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Figure 15 Estimated residual stress versus number of overloads for the Ti-6Al-4V
C-specimen
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(a) Total curve

Figure 16  S%(w) versus stress amplitude for 1020 steel at room temperature
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TSA calibration factor versus frequency for 304 stainless steel at room
temperature
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Figure 18  Absolute calibration of the SPATE system from -11 °C to 55 °C
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Shape of a "generic" hysteresis loop
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(b) TSA output due to reversible
thermoelastic effects

(d) TSA output due to irreversible

plastic-work energy assuming

an ideal high-pass filter is present
in the photodetector signal-
conditioning electronics

Figure 20  Effect of a single cycle of sinusoidal stress on the TSA output for

clastic-plastic loading conditions
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Figure 22  Plastic-work energy per cycle versus plastic strain amplitude for 1020
steel
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Figure 22 (continued)
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Figure 23
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Plastic-work energy per cycle versus plastic strain amplitude for 6661-T6
aluminum at 25 °C
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Figure 24 Cyclic stress-strain curves for 1020 steel
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Figure 24 (continued)
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Figure 25  Cyclic stress-strain curve for 6061-T6 aluminum
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Figure 26  Plastic-work energy per cycle versus S3(2w) for 1020 steel
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Figure 28  S3(2w) versus stress amglitude and plastic-work energy per cycle for
6061-T6 aluminun
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Figure 29  S3(w) versus stress amplitude for 1020 steel at 8 °C
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Figure 31  S3(w) versus stress amplitude for 1020 steel at 25 °C
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Figure 33 Specimen design used to determine proper focus settings for the SPATE
infrared camera
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Figure 35  Focus curves of the SPATE infrared camera for 8§ to 12 um and 2 to 3 um
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Direction of applied loading T

| 6.5

(a) Side view

(b) Top view

Figure 37  Geometry of the Hastelloy-X specimen. All dimensions in mm.
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Figure 38 Effects of excessive incident photon flux on the TSA output
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4 1 304 stainless steel
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Figure 40 Minimum resolvable stress versus temperature
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Figure 41 FFT of TSA output for Hastelloy-X specimen at 1040 °C
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(c) 300°C_

Figure 44a, b, ¢ and d
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(b) 100°C

(d) 800°C

TSA frame scans of 304 stainless steel with 1/4" diameter hole

in center at temperatu
Specimen is coated w

res of (a)2
ith silicon

3°C, (b)100°C, (c)300°C and (d)800°C.
carbide ceramic coating.
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Figure 47 Damage accumulation of [0/0/905]¢ laminate measured by the TSA method

Damaging stresses: A =58 MPa, R = 0.1
Nondestructive stresses for TSA: Ac =8 MPa, R = 0.1
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thickness = 6.35 mm

GO = 8.2 MPa

129

Tensile Aluminum Plate Whose Individual Stresses Were Determined

Thermoelastically
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