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Wave Propagation (Isotropic) . @&,

Stress (o) and strain (g;;) components of material particles
when subjected to an ultrasonic wave

Gy = (M +21)ey, + A(ey, +¢,)

Oyy = (7L+ ZM)EW + k(em + ezz) =

Gzz = (7\, + 2“) EZZ + K(Ex X + EJ/J/) o, :V": JG_<;V GIr o
s T "*;
0, oy O

ny — ny = ZMEXJ/ = ZuEyX / R

GJ/Z = GZJ/ = Zueyz — Zuezy

6,, = O0,, = ZMEZX — ZME}(Z

The variables A and u are Lamé’s constants
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Lamé’s Constants Wave Motion  wion i

The constants are related to the material properties of Young’'s modulus E and Poisson’s ratio v

Ev E .
?L = LL = Compression Areas
(1 + v) (1 - 2\") 2(1 + 1~II..") é: "”é”” = :|=:
The 3D space the governing equations of é E
motion for waves in the x, y and z axis are: SHHERHECHH R -HI SR i
; . = |+.| et
aGXX N ny N aGXZ _ pa uX Rarefaction Areas
ox )% oz 9%t
X u, = Aycos(kx+kyy+k,z - ot)
do,,  do,,  0J0,, o~ u,
+ + ¥ = p S
Ix Jy )z 2t Particle displacements
do, 30, ac, Pu u, = A, cns[kxx +k,y+k,z - [m‘]
+ + =
0X )% 0z 9%t
u, = A,cos(kx+k,y+k,z— ot

Birks A. S. and Green Jr., R. E. Nondestructive Testing Handbook 2nd Edition, Volume 7., Ultrasonic Testing, American Society of Nondestructive Testing, Incorporated, 1991.




° ° ° ° | Sandia
Anisotropic Materials Properties B [@is,
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.I,sl,u i(jll C12 C13 C14 C15 C16 glqu Constants AmSOt_rOpIC constitutive
Y's VS oo oo Wl wdinic 21 equations has two
[22] e 22 ~23 ~24 25 25T 220 o
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1* order elastic constants elastic constants




DSC Experiments WA [,

The wax was analyzed using a differential scanning calorimeter
(DSC). This equipment measures the heat flow rate between a
sample and inert reference as a direct function of time and
temperature. This technique documents the thermodynamic
processes and transitions of specific heat capacity.

T T T T

2°C/min ramp

Cooling e The first major change is observed at

" approximately 35°C where the plot bends, this
indicates a transition zone.

* This is followed by a steep drop in heat flow until
approximately 50-55°C.

* Then there is a sudden spike back to the pre-
transition heat flow value, this sudden change is a
key indication that a phase change has occurred.

* During the cool down cycle there is a similar spike
at approximately 50°C as the wax solidifies. This is
followed by a transition region similar to the one
in the heating phase. The second heat/cool cycle
confirms these events.

i I T ————

Heat Flow (mW)
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A bucket is filled with wax and placed in an oven at 90 degrees C.

Two thermocouples and video camera monitor the wax. Two 0.5

Mhz probes are attached to the bucket (TTU).

Scmn coverets st
(L

Data is recorded once a minute on each active
channel. The sample data is recorded in minutes
and depth in microseconds (Y-axis).




Wax Response in Oven 90 °C B e

BAYLOR. Laboratories

The wax melts from the outside (time = 970 minutes).
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— Increasing time

r The temperature chamber is
turned off and the wax is
allowed to cool:

(time = 970 — 1300 minutes).




Data Recording

0.0 us

A-Scan images shows the
un-rectified signal from the
receiving (TTU) probe.
These are used to
measure the signal peak
heights, signal locations in
time, and find material
velocities. During heating
the peak of this signal

B-Scan

minutes

shifts later in time and
loses amplitude.

123.0us
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Each vertical data line of
a B-Scan image is
created by applying a
color scale to every A-
Scan recorded at a set
point in time. On the
color scale -100% is the
darkest moving toward
white at +100%. The
Vertical Green line
represents the individual
A-Scans. The horizontal
red line corresponds to
the red line in the A-
Scan, and represents
the length of time it took
the signal to get through
the material in
microseconds.
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Ultrasonic Response to Temperatur %;QR. ) =,

Test Start 2 Hours 4.5 Hours

Gain Adjustments to keep
A-Scan signal peaks on
the screen.

83.0 us, 113% 85.7 ys, +242% 86.6 ps, 91% 91.6 us, 14%  92.8 us, 8% 96.7 ps, 0.8% 101.5 ps, 2.2%

-100% -50 04 504 1007 -00% -S04 0% S0 100w [ -100% -500 04 S0% 1004 -100 -500 04 S0 100w @ -100% -50% U;: 507 100 | -100: -50% u;; 50 100y [ 10024 -50% L'I",’. 507 100
Note: All listed
Gain
percentages
were adjusted to
be in the same
scale. During
the test the gain
was raised and
lowered to keep
the signals on
the screen.
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Wax Melting/Cooling Experiment #1 e

X mi gnhal tracking
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Discontinuous Galerkin pavton, (Y
O=0,+9Q,
Strong form:

U,t + F?',,*i — S, in )
U(z,0) =Up(x) att=0

and appropriate boundary conditions on 0f2.

012

+n
Partition €2 into N subdomains €2.. Up,
/ (WU, - WIF,)dQ + / W'F,, dI = / WS dQ
Qe ’ 00 Qe

Introduce numerical fluxes F, (U) — F,(U~,U") and sum over all elements

Ne
> / (WIU, - WIF; - WTS8)dQ+ [ W'F,dl'=0
1Y Qe e

Ne
Y f (WU, + WTF, ; - WTS) dQ + / w7 (Fn - Fn) dr' = 0
—Ja. 8%

for all W € V.




Governing Equations

Acoustic Physics

op  Ov;  1oml°
E_Hi@xi_ 3 o in Q x (0,7
avi ap . 8m?c:ij¢v .
Por T am T gy, X (O]
p(x,0) =0 forx e
v;(x,0) =0 for x € (2
Point Source
iy (x,1) = —Mdjw(t)E(x)
100
dij=— |0 1 0
V310 01
w(t) = exp(—m*f7(t — t0)?)
1
60 = (
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m;; = moment density tensor
M = moment magnitude
d;; = orientation tensor

w(t) = temporal waveform

¢(x) = spatial kernel

p = pressure

v; = particle velocity

k = pc® — bulk modulus
p = mass density

c = wave speed
fi = force density

- 180 dev .
mi; = mg;° +m;;" — moment density tensor
1

180 —
= Mk Oij

() = computational domain

m

T = time horizon

N 2
exp —’X — X
o\ 2 202
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Simulation Setup |
« Specimen boundaries
(geometric dispersion) | ‘"‘S’“‘;,uu gim® | <7850 kg’
« Material dispersion (the - 0.091 in/usec V, - 0.227 in‘usec
i =2323 m/s =5800 m/s
frequency dependence of the g5}
material constants mass density - *
p, elastic moduli E, and '

dielectric constants

- Scattering dispersion £ o} ;ﬁ :
(scattering of the waves by >
densely distributed fine TE
inhomogeneities in the E:
materials. 0.05F =2 Le)?ﬂn043lbsiln
« Dissipative dispersion (the vp_}:133:f1%rgec
absorption of wave energy into o TR | =2200ms |
heat) -0.1 -0.05 0 0.05 0.1
« Nonlinear dispersion x (m)

(dependence of the wave speed
on the wave amplitude



Probe Assembly Coupling with
Metal Can
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Recorded Source
= 25 MHz sampling

Simulation : Time
150 microseconds

“Planar” Expansion
Wedge side ringing
“Out of plane” wave

=  Pseudo-source
somewhat masks
echo signal




Interface Reactions ﬂo )
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Signal Comparisons )] N
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100 - Through Transmission (TT) Probe
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Additional thermal couples and 64
channels of through transmission
ultrasonic data.
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Temperature (deg C)

Experiment #2 Results
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Elevated temperature and long exposure times will affect the sound coupling. Gel
super clue works for now. Changes appear to be quite large 17.3% drop in velocity
112% drop in amplitude.

As the material is heated the “solid” signal response increases then is moves toward
the right and lowers. Coupling through the outside with a wedge can be an issue. This
thinner the wedge the better. Internal voids are problematic. Velocity and attenuation
values are averages between the distance between probes.

The experimental results show the distortion experienced by the ultrasonic wave in the
wax material. The wax is dispersive in nature and has a varying group velocity as the
internal temperature changes. It is also found that the wave contains frequency
components within the bandwidth of the carrier frequency.

Full waveform acoustic/elastic inversion is a flexible numerical method that can
accurately handle strong inhomogeneities in high attenuative dispersive materials.
The partial differential equations governing acoustic wave propagation, scatter and
attenuation properties must be written in a conservation form to allow arbitrary
variation within each element.



B e

BAYLOR. Laboratories

Acknowledgements

= This material is based upon work supported by the National
Science Foundation Graduate Research Fellowship under
Grant No. DGE-1356113. Any opinion, findings, and
conclusions or recommendations expressed in this material
are those of the authors(s) and do not necessarily reflect the
views of the National Science Foundation.

= Baylor University




Sandia

Extra Slides BA%OR ) i,




) i,

AY LOR Laboratories

= Coherence: measure of the
strength of a linear relationship
between two signals (> 0.7 is
good)

|Gy |”
2 _ y
Yay (f) = GoxGy

= Correlation: measure of the linear
shift between two signals (delay)

1
Ry (8) = Tz X; Yi+sQt
i=1

= Centroid: measure of where the
energy of one signal is centered

[ tlx@®)]?dt -
f |x(t)|2dt :°:°° Mm@ o e w0 1;0




Coherence/Correlation Examples®.. @

GOOd: Coherence is equal to 1 at low frequencies. Early dips
in the coherence may indicate natural frequencies of the system.

There is a clear ‘cliff’ in the coherence, after which the data is
noise. The cross correlation is clearly a linear shift of the auto

correlation.

Poor: coherenceis frequently less than 0.5. It is difficult
to see if there is a relationship between the cross correlation
ad the auto correlation. In the time histories it is apparent

that the signals are entirely different, not just shifted.

Channel 4 Channel 4
Time History Time History
g 50 T T % 100 T T T T T
= Minute 4 =] Minute 4
= ot Mk MMM Minute 390 H = ot WMW’“ A'WW\ DOAARAA Minute 630 H
s > VWYYYYYY Y V—v & 0 v
<€ 50 I i 1 I I i <€ -100 i 1 it i I
140 160 180 200 220 240 260 280 300 140 160 180 200 220 240 260 280 300
Depth (microseconds) Depth (microseconds)
° Channel 4, Minute 4 with Minute 390 ° Channel 4, Minute 4 with Minute 690
o ! T : o ! T ; o ; '
5 Il 5 p=s\ il | {
ISR I : : : | o °3[ ‘ R L
&=z < :
80 I B§ BE BB 80 PP BEE I L I A SR
-3 2 -1 -3 2 -1 0 1
10 10 10 10 10 10 10 10 10 10
c Frequency (MHz) c Frequency (MHz)
2 Channel 4, Minute 4 with Minute 390 2 Channel 4, Minute 4 with Minute 690
o’ ! f ‘ 'Maximum Délay: -0.52 us o’ ‘ ! ’ ' ! Maximium Délay: -2.04 ps
R e T N e LR e W SN D W o
o Auto o Auto
D5 i i i 1 i i D5 I I i i I i i
10 -8 -6 -4 -2 0 2 4 6 8 10 © 10 -8 -6 -4 -2 0 2 4 6 8 10
A Delay (microseconds) A Delay (microseconds)

Note: When checking coherence between signals, it is also good to examine
the PSDs of the signals to establish which frequencies are actually present in
the data sets (and therefore should have high coherence). Low coherence at
some frequency range may be due to the absence of that frequency range in
one of the data sets.
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Algorithm Options - Results
= Time Delay
LW
= Total time shift in signal from o Sl b o
beginning 7, \\
= Only applicable if coherence \\,\
is high -
= Centroid Tracking
= |ndicates horizontal spread of T el
signal y
= Only catches ‘big’ changes g, /-"ﬁ
= Gate width must be constant “ ;
= (Spike in middle is known fm”m \WM ;&'
noise) 8

L
100 150 200 250 300 350
(minutes)
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Algorithm Options - Results

= Time Delay

TGrad Bucket Test, Channel 6
T T ATANN VPRI AT T T
v -‘1{ i} [Py Ty "["‘!‘»ﬂr"

= Total time shift in signal from 1
beginning
. . g Z \i“r‘w,.
= Only applicable if coherence
8 Wil

e,
W,

is high
= Requires user oversight

Time (minutes)

= Centroid Tracking

= |ndicates horizontal spread of

TGrad Bucket Test, Channel 6 Centroid Movement
T T T

signal !
= Only catches ‘big’ changes 'M' 551‘2;»112,'a}il‘h‘éj‘m MW‘ 1
= Gate width must be constant ,@f“ - Wf\‘
= Almost automated; must v,r‘[.imﬁifw“‘“”@},m"ir‘fi‘%kﬁf

‘zoom in” on desired section I . |

of signal



Wave Tracking Method L3 .
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Velocity Track
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n
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o
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@
[=]
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o
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o

Signal slows down and spreads out as wax melts

Signal lost in middle of test; low amplitude and noise in
centroid catch this

Conclusion: centroid comparable to velocity track
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Temperature History

0 _ T : T

| | | I
0 100 200 300 400 500

Centroid History
0 1 : I

e

i I \ i
0 100 200 300 400 500
Time (30 sec intervals)

Event Check: Wax Data

* Upper TCin wax that melts early; Lower TC in wax that melts later

* Conclusion: not a very clear connection between these two data
types
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Frame 001 | 30 Jan 2014 | State varlables at t = 6.00002-05, step = 6000

0.05

Velocity A/' N

-0.05




Point Source

rlables 3 1 = 1.00000-04, 83p = 2000

Frama 001 | 30 Jan 2014

AT

S8,

I I NI Y

Seconds

Wax:

Wax: s
| | p - 900 kg/m

VP - 0,091 in/usec
i = 2323 m/s

0.05F

w geze00
ulpSr'E

6.5625 in
0.1666875 m

1
o
o
a1
T
1.75in
0.04445 m

= 2286 m/s

190 kg/m®
Vp = 0.09 in/psec

p - 900 kg/m?®
v, -0.0B in/usec
= 1524 m/s

1.75in
004445 m

W EEZI00
urpsre

Lexan:
p =0.043Ibs/in®
= 1190 kg/m®
v .09 in/usec
2286 m/s
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Ringing

Wax01 Point Source

|:l:7‘-+11}"x1"x + [p—pvz)}flx +
(A+u) vy A, + (A+p)p v, A, = 0

(A +p)w Ay {(l+p)vyvy +
[pfpvz)Ay]wL(lep]vyvaz =0

(A+u)v A, + (?t.—o—u)vzvyﬂy +

z

|:(?L+j..l)'v'z v, + (u—pvz}ﬂz} =0
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Calculated Values - Pressure and Velocity s .or @)

meters meters
-0. 0
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Seconds
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x10™4

Wax01 Piezoelectric BC - U-velocity

Wax01 Piezoelectric BC - Pressure
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Heating and Cooling of Wax

190

BAYLOR.

170

150

130

©

7)

Ultrasonic Signal Peak
Location in microseconds.

110
=——Upper Thermalcouple

= Lower Thermalcouple

e Qv Ny TEMP
90

——Sets 6-8, Heating
——Set 9, Cooling

—
70

50 J/r

) /ﬁ

10

Temperature in Deg. Celsius

1500 2000 2500 Minutes

-10

/Once Equalized, Oven temp was raised to Once liquified, the oven was turned off to allow

90°C, and held until the melted wax was the wax to cool. The wax cooled quickly as a
Heating the Wax to stable at 90°C. As the wax melted from the | liquid,\&/ , and slower when it started to
thermal equilibrium at outside in, the un-melted center mass solidify, ® Data recording capability was lost
50°C. continually shifted and caused unstable when the wax shrunk away from the sides of

signals, (,é until the wax was completely the bucket and contact was no longer made,

melted, B) , and equal temp.

——————————— e e ——————————
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Wax Melting/Cooling Experiment #1ﬂo () .




