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Basic Technology: Flash Thermography
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Subsurface variations in the
sample causesubtle changes in
the way thatIR energy radiates
fromthe surface of the part.

Aas hlamp
and optics

dela mi nati on

EchoTherm® heats the sample
surface with a lightpulse,and then
measures the surface temperature
resporse to the flash with an IR
camera.

' Capture cooling sequence Identify anomalous cooling
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Pulsed Thermography

* Non-contact

¢ Fast

* Wide area

¢ Quantitative

* Curvature tolerant
* Realtime

747 tear stra p disbond inspection

For many components and materials, 1
ft? can be inspected in less than 5
seconds without any surface preparation.

Corrosion in steel hull of Coast
Guard patrol b oat.
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Pulsed Thermography In Action

For manufacturing, maintenance or R&D...

+ Delamination
¢ Adhesive disbond
* Impact damage

* Corrosion

* Water entrapment

- FOD

* Thickness measurement
« Porosity

* TBC coating measurement
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Customers (partial list)
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A Viable NDT Alternative
( Side vi ew: )
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Boeing Service Bulletin 747- 53A2409

N

« Approved August 2001
« First commercial aircraft approval of Pulsed Thermography inspection
« For detedion of 1" x 1" disbonds under 0.10" of skin or less

« For Al —Al doubler disbonds on all 7x7 aircraft

« Uses TWI EchoTherm® and MOSAIQ™
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Modern Thermography Equipment

Operator
display
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Issues and Problems
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Pulsed Thermography Basics

Lamps IR radiation
<
<
IR camera
-
<
<

Heat conduction

Measure

Surface AT IFIOEEES

Excite Surface Probe Internal
Layer Structure
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Three Distinct Physical Processes

Measure

Excite Surface Probe Internal
Surface AT

Layer Structure

Light Heat conduction IR radiation
Hotair

Hot water

Cold water

EM induction

Acoustic

Each process must be optimized and understood
or misleading and incorrect results may occur.
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Themographyisan Indirect Process

Radiography Ultrasonics Thermography
Input X-rays uIIrasuund light
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Output: X-rays ultrasound

In thermography, we only infer what is bereath the surface,

£

based on the surface temperature regponse.
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Industrial Radiography
transmitted beam film

/
__———

X-ray source

€—— less atenuaionofthe x-
ray keam by the thin wall
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Industrial Ultrasonics

Pulse-echomode Through transmission mode

UT transducer UT transmitter
disbord\ (| =

coating

substrate

UT receiver
UT isatteruated by poor condictors

UT isreflected at interfaces

» Contactand UT conductive couplant required.
» Image is built by scanning single point.

» Resolution depends on transducer size.
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A Fundamental Problem!

Heat conduction is a diffusion
process, similar to the spreading of
a drop of food coloring inwatr.

1, (eq uilibri um)

We are tryingto get precise
data and sharp images from a
process that is inherently
messy and imprecise!

Blurringand reduction of sigral due to blurring
becomesmore sewere as time p SE®s.
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Target — Bkgd Contrast May be Extremel y Small

Ttar getbkgd = 0.985 C

0.340C:
0.036C

D dta T(C degrees)

0051C

Time(s)

Target — signal separation
is difficult as signal
amplitude is on the order of
camera noise.
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Themographic Signal Reconstruction
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Semi-Infinite Model

Solution for surface temperature due to

1-d diffusion equation: auniform, instantaneous heat pulse:

o 14T AT - ==
_=% -0 [l
? a ot eNzt

Taking the log of b oth sides:

(AT )= |n(%) —win (1)

Q= input energy
e= thermal effusi vity (Kpc)

Thick,defectfree sample

In the logarit hmic domain the time dependence
and mat erial properties are separated.
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Transform to Natural Log Domain

Ln(AT )= Ln(g)—l/an(m)

In(T)

=)

x

Slope = -1/2

In(t)

Log T-tploto fa defect free sample is a monotonically decreasing straightline with slope —-0.5.

www.t he m alw ave. com
By 200

Ther mal Wave Imag ing
THE ART OF INSPE CTH

Copyight D61, hemalWarelnagng, irc

Log Curves are “Well-Behaved”

6o
&7

Slopeis bounded by
65

def ect

»Monotonically decreasing
*No transient thermal events

* Function and derivatives
are continuous

Although the plot of a defect point is not linear, its behavior is constrained
and relatively smooth. It can easily be approximated by a series expansion.
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Poly nomial Fit of In(T-t) Data?

F-18Rudder Polynomia Fit 5th Order)

F18R udier - Raw Data R2 =0.9996
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In(time)

« 368 data points reduced to an equation with 5 coefficients
+ Temporal noise reduced (low pass filter) with low order polynomial
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Themographic Signal Reconstruction
A New Approach to Thermographic Signal Processing!

= reconstructed
—raw

o B0 B0 20 20 B0
tine(famemimbe @ H)

« Based on deviation ofpixel cooling from ideal 1-d behavior.
+,Accurately replicates thermal characteristics ofsignal

« Eliminates temporal noise

« Fastconversion (<10 sec)

« Compactrepresentation

U.S. Paent6,516 084
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TSR Temporal Noise Reduction

TSR signal / noise improvement is the result of the
removal of temporal noise from the pixel time series.

Thes mall er Temporal nois e
honeyc omb cells has be en
are pari ally 1 re mov ed in the
obsc ured by TSR i mage
temporal noisein deriivedfromthe
the raw i mage. same data
sequence.

Raw image @ 25 sec
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TSRim age @25 sec
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Deriv atives of the Reconstructed Signal

Recorstructed signal:

T= Aexp(—ian In(t)" ]
n=0

18tderivatve:

dT & n-l 3 n
O :[gananln(t) }ex;{—;ﬂanln(t) ]

Time derivatives of the reconstructed signal can be calculated quickly and
without adding noise to the image.

U.S. Pdent 6,516,084
syt he malw ave. com
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Low Thermal Contrast Features

Raw Reconstructed 27 D eriv ative

GREP panelw
tefloni nsets

UTCalstd

st he m aw ave. com Copyign 20, Temanaeimgng. i

Ther mal Wave Imag ing
THE ART OF INSPE CTH

Earlier Defect Detection With Derivatives

Frame 9 (0.150 sec)

TSR

No
contrast

TSR
15tderivative

TSR
2™ derivative
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Thermographic Signal Reconstruction (TSR)

Turbine Blade

Application of the
TSR process (leff)
to the thermal
image ofthe
turbine blade
(right) results in a
significant
recovery of

‘ subsuface detail

in the image
Conv entional

the m og ra phy

The Thermographic Signal Reconstruction* (TSR) method gives
thermography an unprecedented de gree of clarity, penetration depth
and resolution.

U.S. Patent 6,516,084
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Reconstructed Image Sequence

5 Second Raw Image Sequence:

Vefson ime ~ 10 sec .
I We can reconstruct an image for

any time in the sequence from a

5 Second Reconstructed Sequence:

320 x 240 pixels . e
P 2-d matrix of the coefficients a;; ,
x 2 bytes /pixel e
45MB
X300 fames
46 MB

U.S. Patent 6,516,084
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Large Area Inspection

I % i
=17 J
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Reconstruction of Large Area Data

(@02, 8,85, 8,85 )

~

Each sub-image in the mosaic contains the N coefficients for each pixel
so that the time sequence can be recreated for the entire mosaic.
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Themographic Signal Reconstruction (TSR)

e
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Use advance d TSR pr ocessi ng
tosee hidde n subsurface detail.

Inspect the partusi ng A MOSAIQ image of the partis built
EchoTherm or Therm oScope. dynamically as the d ata s a cquir ed.
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Example: 757 Spoiler

& " »
< »

T .5 + 75%26"sampleimagedin 24 - 10"x 10" sections.

« Inspection time 6 seconds  per section

Zoominto look atproblemareas in detail.

MOSAIQ allows you toinspect large structures quickly,
with a subsurface image of the entire structure
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Case Studies: Manufacturing QA

Boeing St.Louis:Defense aircraftpart

Nordam Mfg.— Engine CowlDoor

Previous NDI:Ultrasound C-scan
Total Inspection time :12 hours

Previous NDI:Ultrasound C-scan
Total Inspection time :4 hours

TWIlinspection time: 45 minutes TWIlinspection time: 45 minutes
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Case Study: E2-C Inspection

- -
« Propellercracks not dete ctable
usingc onv entional N DI
— Cointap used previously
— 16 prop failures
—  X-ay and UT ineffective

Subsurface crack in E2-C propeller

+ TWI NDIimplemented 1998
—  NADEP Cheny Point
~ 100% inspection
— 1 hourinspection
~  17inspectors trained

E2.C Hawkeye

implemented

i L
Acceptance inspection Onaaircratt inspection

HE ART OF INSPE CTI
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No failures since themmog raphy
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Case Study: Large Area Inspection

fron
Previous inspection: A-scan UT
- Poin tin spection only

Thermogra phy

- NADEP Cherry Point
- 100% inspe ction
- 40% more corrosion identi fied
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TWIlinspection ofU.S. CoastGuard Patrol Boat
“SAPELO" foundcormrosion missed by ultasound.
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110 Foot Cutter: Hull Inspection

LARGE AREAOF BACK
SIDE CORROSION.
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Corrosion Under Paint: F-18 Splitter Plate

passive IR t=0(dutingflash) 8msec

« Gray paint/chromate primer
« Paintis not IR ransparent

« Difficult to inspectwith most methods due to acoustic holes
— 0.150"center to center

- 0082"diameter
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Splitter Plate Section
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Benign Area @ 200x

primer
topooat - .

Bakelite sample holder

L
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Double Paint/ Primer @ 200x

Bakelite sample holder
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Double Paint Transition @ 200x

Bakelite sample holder
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Corrosion Under Paint / Primer @ 200x

Bakelite sample holder

Ther mal
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Thermographic Inspection of Space
Shuttle Leading Edge Components
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Summary

« There has been asignificant increase in the
acceptance and use of pulsed thermography for
manufact uring and maintenance applications.

* Thermographic Signal Reconstruction increas es
sensitivity, provides signif icant reduction of data
volume.

« Theuse of time derivatives allows signific ant
improvement in detection of deep and subtle feat ures.
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NASA: Space Shuttle Return to Flight
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Thermal Wavelmaging hasbeen
awarded acontractto assist
NASA in dev elopingproce dures
and best practices for

the m og ra phic ins pe ction of the
themal protec tionsy stem (TPS )
onthe spaceshutl e orbiter. The
teamis using the TWI
EchoTherm® sys temtoinspect
the Reinforced C arbon-Caron
(RCC)panels onleading edges
ofthe shuttl e's wi ngs
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