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Abstract — A fast infrared scanner is used to acquire théo peak amplitude of the thermoelastic effect imtlic

thermoelastic effect induced temperature changesgah
line on the surface of cyclically loaded tensilenptes. The
raster scanning movement of the single detectormallthe
sampling of temperature versus time. This data then
post-processed by means of a lock-in algorithm tmlp
with 1D and 2D FFT analyses in order to filter dhe
thermoelastic signal from the noisy measured sighalata
extension algorithm is proposed which uses therinéion
from different acquired frames to extend the datmding
window. The whole signal processing setup is exatli@n
experimental data with successful results, progpsin
potential tool for low cost Thermoelastic Stressalmsis.

temperature change, which is then modulated aaugrdi
with loading cycle. General practise of these tépes is
usually carried on by means of on purpose developed
commercial hardware, with most modern IR thermogase
using focal plane array detectors able to providefield
maps of the thermoelastic signal in few secondsiléMuch
tools are so far available at elevated costs atid aviimited
choice of suppliers and configurations, the pressatk
employs a methodology using low cost IR scanners to
measure the thermoelastic signal [3,4]. A data resiom
algorithm able to extend the sampling window is in
particular presented and applied together with hid aD
FFT based lock-in procedures to optimise the sifjhating

Keywords. Thermoelastic Stress Analysis, Lock-In, operations for the evaluation of the thermoelasginal.

FFT analysis.

1. INTRODUCTION

Among NDE technigues nowadays used to investigate

loaded elements, thermoelastic stress analysibdmmme a
well-established technique to measure the fulllfistress
distribution of components under cyclic load
Thermoelastic Stress Analysis techniques (TSA) qoerf
this investigation by measuring temperature chamgethe
surface of bodies when simple thermoelastic lavpdyaj2].

The Thermoelastic Effect describes the temperature

changes in loaded matter as induced by the voluraages
under linear elastic behaviour. When such transétion is
adiabatic and the material is homogenous and isiotr@a
simple
temperature change, measured on the free surfexbdady,
is proportional to the first stress invariant akofos:

AT =T, K Ao, +0,) with K =a/pC, (1)
where T, is the absolute temperatur€, the thermoelastic
constant function of the coefficient of thermal elar
expansiorna the densityo and the specific hed,,.

In order to detect very small temperature changbsut
0.1 K in steel stressed at 100 MPa), thermoelastiess
measurements require suitable equipment; this imllys
obtained by means of highly sensitive infrared cletes and
a lock-in amplifier able to detect that part of teenperature
signal that is coherent with the load, i.e. therriwelastic
signal. Cyclically varying loads are also routinalyplied in
order to achieve adiabatic conditions able to feethe peak
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linear relationship can be derived where the
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2. EXPERIMENTAL SETUP

In this work a low resolution termocamera (NETD=2.1
K) Varioscan 3022 by Jenoptik GmbH was used. This
system employs a single thermoelectrically cooledTMR

[1]. detector assisted with two rotating mirrors collegtthe

signal horizontal-wise and vertical-wise on a fidld frame
array of 360x240 pixels.
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Fig. 1. Scheme showing the line scanning sampling
mechanism and a data frame image at 6 Hz sinerigadi



When data acquisition is performed lage scan a line The data enhancement procedure applied in thisrpape
along the surface under investigation is repeatedter follows a time domain approach, aiming at obtainifigm
scanned into 360 points acquired in 1/270 s. A lsing several consecutive acquired set of thermogranssnaple
thermogram is then obtained as a data frame agrgjling  of data containing a greater number of periodsefftinge
up 240 rows consecutively acquired from the san® i pattern described.

The temperature from a pixel on the scanned line is On purpose developed commercial thermocameras
acquired periodically whenever the optical patthefsensor implementing lock-in signal analysis techniques lasé-in
focuses on it. The information from one pixel looatis  amplifiers to detect and measure very small AC agn
then stored in a column of the data frame arrag. ddlumn-  deeply buried in noise. Lock-in amplification iaditionally
wise information is then a measure of temperatwesus accomplished with expensive, monolithic hardwarat th
time on the same point of the sample surface. &hébles a requires a frequency reference. Typically, an expent is
procedure by which the temperature-time variatian iexcited at a fixed frequency (from an oscillatorfenction
sampled over 360 aligned points for a total tim@.8fs (i.e. generator), and the lock-in detects the response fihe
the frame rate). If the body is loaded at suffitierslow  experiment at the reference frequency. In the gérearse,
frequencies, the thermoelastic effect induced teatpee  the input consists of signal plus noise. Noiseejgreésented
change can be sampled over a finite number of @gerio as varying signals at all frequencies. The ideekdm only
during a single frame acquisition. A scheme of fséimpling responds to noise at the reference frequency. Nais¢her
mechanism for a uniform stress field generated tarsile  frequencies is removed by the low pass filter folltg the
sample is given in Fig. 1. It is possible to digtish  mixer(see Fig. 2).
greyscale horizontal fringes determined by therttoaiastic Actually, engineers and scientists are going beyohalt
effect periodically induced temperature changes tlwe traditional black-box DSP implementations can do by
cyclic loading frequency. on the specimen under loading. defining the hardware functionality in software toeate
A simple relationship can be established betweea thvirtual instrumentation [5]. In this work, a peaililock-in
number of horizontal thermal fringes shown in orenfe, software procedure was set up using low-cost coemput
ns, and the camera frame rdite based technologies for accurate measurement of the

thermoelastic temperature change under cyclic tapdby
ng = f/fr = f, [{0.888s) (2> means of a standard thermocamera.

where 0.888s is the exact time spent by the camera N this work a self-referenced lock-in data prodegs
employed in this work to acquire a frame. The tshét on  technique was developed, in which the referenceasigas
the thermoelastic signal between different columigs diréctly obtained from spectral filtering of the obhl

negligible given the high speed of the sensorsinap. temperature signalS(in Fig. 2). Once the_ rr_1ain carrier
frequency is extracted from the raw data, thi©iéntused to
3. DATA PROCESSING build a noiseless reference carrier signal moddlatth the

obtained reference frequency. The extraction aéfarence
signal as described above will enable to perforenahalysis
without using any external loading signal (this gibity is
also shown in the scheme of Fig. 2 with the dolitesl link).

The data processing approach adopted in this wark f
an effective recovery of the measurement infornmatio
conveyed by the noisy temperature signal relies aon

L - As shown in Fig. 2 the core of the lock-in techmquonsists
reliminary processing of grabbed thermograms fatad @ > > . :
gnhancemyenpt and on gignalgprocessing usin% 1D gD N Mixing the measured signal, nant&dwith the reference

lock-in based algorithms signal which is a carrier of the loading frequengy i.e. the
' useful frequency.

Sr =Thermoelastic Sign

- AS *
Sr =A-sin(t+ ¢) Sr*F
S = measured noisy sig|
S=Sr+noise Mixer *
Princ_ipal = X5
carrier Low Pasd ~
frequency from Filter g >
FFT band filter X=Acos@
Y=Asing
= AY/2 Ao
input data L°';’szr -
reference sign —
w= GR

Fig. 2. Schematic representation of the lock-gmal processing.
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Once the loading frequencyy is obtained, two pure for the measurement of the thermoelastic signal on
cyclic reference signals nameB and G, with F in  cyclically loaded elements, is based on a datansida
quadrature withG, are built and multiplied toS (for  procedure performed in the time domain. A custom
simplicity diagrams shown in Fig. 2 perform thiseogtion  Synchronization algorithm to stick together seveauired
on the clean thermoelastic harmonic compor@it This  thermoelastic frames is therefore proposed to nk#ample
operation results in two signals which contain thedata over a time window longer than a single frame.
information of interest as DC signals, and hentenapass There is however a small time gap between two
filtering operation performed with FFT analysisable to subsequent frames during which the thermocamerzois
filter out such components nam¥dandY. These represent acquiring the signal. So if these are joined by pdym
the thermoelastic signal components in phase and #@ppending one after the other, a discontinuity hent
guadrature with the reference signal; by combiriregn the inserted in the temperature versus time data ohéve array

thermoelastic signal amplitudieis readily obtained. at the point of attachment of the two original fean
The above procedure is implemented in this workhwit introducing further noise which can affect the giail.
an algorithm using the Fast Fourier Transform fiomst The algorithm proposed in this work overcomes this

available in MatlaB. The approach here proposedproblem by means of an iterative procedure. Two
implements a 1D FFT analysis on each column ofddiia  subsequently acquired frames are tentatively spliand
frame array, and results are also compared wittedigusly  then analysed by FFT, by iteratively removing or@eriine
implemented 2D FFT approach proposed in [4]. THis 1 from the beginning of the second frame before jminihe
lock-in treatment allows the thermoelastic signal ke two frames. All performed trials of joining the two
derived on each scanned point independently, exqlils  subsequent frames are evaluated by comparing their
immediate application to the case of a 2D strestd fi amplitude spectra; the tentative joining operatighich
analysis. In fact although the 2D FFT based treatfrem  shows the highest peak in amplitude spectrum alodénging

[4] is believed to be more effective in noise rét it is  frequencyakis chosen as the best joining of the two frames.
more elaborate for analyzing 2D stress fields. This is illustrated in Fig.3 where four tentativeinjing

A key issue influencing significantly the signaladjty of ~ operations are shown, together with their amplitsgectra.
the lock-in processed thermograms is the frequencyhe third case is the optimal because it showshighest
resolution of the FFT Low Pass Filters employedlaswn amplitude peak at exactly the loading frequencytrod
in Fig. 2. The peculiar features of the frame gmaptof the  sample (3,38 Hz).
thermograms, due to the uneven time shift betwekehamd
even rows of the acquired thermogram (see Figdd)not
satisfy the basic condition that the sampled degaegually
spaced in time, required to apply FFT analysis. s
consequence of this available data are halved, by
considering only the even rows or the odd rows fram &
thermogram acquired éige scan *

Within each thermogram the total number of rows is _
then reduced from 240 to 120. The correspondinge tim
interval At becomes equal to one oscillation period of the
mirror, i.e.At=2-(1/270) s; thef =1/At=135 Hz is sampling
frequency. The maximum loading frequency applicdbte e
the FFT analysis to work, i.e. the Nyquist frequenill be £
half the sampling frequenci,=f4/2=67.5 Hz.

Usually in TSA the thermoelastic signal is sigrafitly
corrupted by noise and then a reduced number aftpoi
from a single frame (as in the setup here adoptedinot be
adequate to perform effectively the filtering opnas
based on FFT which are shown in Fig.2. A simpleayeg
over time of several subsequently acquired franses riot
been considered because it would reduce the nojse b
narrowing the bandwidth, i.e. gaining improved gois
rejection but worsening time response.

It is otherwise plain that if the total samplingipe were
extended, a highems value and a higher frequency
resolutionwould be obtained. This would also gain smaller
influences of border effects and a more effectioése to
signal reduction. A sample data extension wouldesgnt
an improvement in data signal processing collection Fig. 3. Different splice of the same pair of thestastic frames
enhancing the quality of both 1D and 2D-FFT filre (R=3.38 H2) -a) simple queuing of the two frantegected
results. splice; b) and d) rejected splices; c) optimalcspli

The data enhancement technique proposed in thik, wor
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4. RESULTS

of combining the 1D-FFT lock-in filtering and theatd
extension procedure.

Polycarbonate tensile samples undergoing sinusoidal The above illustrated improvement in the qualitytiod

load have been investigated by recording the teatper
signal at different traction-traction load ampliasd An
average load of 2500 N was applied, with a peagedak
load amplitude ranging from 750 to 2250 N.

thermoelastic signal, processed as proposed irp#psr, is
also confirmed by the improvement in the linearelation
between the peak-to-peak load applied and the megsu
amplitude of the thermoelastic signal as shownign Fa.

Two principal aspects of the proposed thermoelastic

signal processing have been taken into accounvatuate
experimental results: a) the synergic enhanceméatte
produced by the data extension procedure and thddek-
in based algorithm, b) the different filtering effiweness of
the 1D FFT and 2D FFT algorithms.

Fourier Transform is usually applied in column-wise
order on the array of pixels containing the fringsttern
irradiance: this is referred to as 1D-Fourier Tfans.
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Fig. 4. Processed temperature data from a tesesitgle loaded
at about 3.4 Hz. Thermoelastic signal amplitude amgllar
phase shift (from reference signal) for: a) a rfghme, and b)
32 joined frames.

A thermogram recorded on the sample specimer}1u

column-wise processed by means of the proposed HD-F
lock-in algorithm is shown on top of Fig. 4a. Due the
limited extension of the data set, efficiency o thD-FFT
based lock-in filtering algorithm is not at its besd an
appreciable noisy pattern is still present. Thisbserved in
the plots at the bottom of Fig. 4a that show thelaode A
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Correlation coefficient of the linear regressiondtirsampled
points: (b) single frame; (c) 24 frames.

Since a linear relationship between the thermaelast
signal and the loading amplitude is predicted bg th
thermoelastic effect law (see eq. 1), the -cormfati
coefficient of the linear regression can be used aas
parameter to quantify the ability of the processed
experimental data to follow the ideal linear bebavj and
hence the quality of results. Results in Fig. 5tg) r@ferred
to a single grabbed frame and in Fig. 5¢) to arered
sampling window of 24 joined frames.

It is seen that performing the analysis on a higher
mber of joined frames dramatically improves thmedr
trend between the thermoelastic signal and stregditade.

It must be noted that for the present case of foxmistress
field each scanned point should deliver the same
thermoelastic signal.

Experimental activity has moved further to investey
the benefits of implementing a 2D FFT based lock-in

and phasaof the thermoelastic signal, along all columns inanalysis of the acquired frames [4], coupled witfe t

the frame.

proposed data extension procedure.

Data processing of extended temperature sample data The same experimental data frames recorded on

from the same tensile specimen was performed oarakv
joined data frames. Plots in Fig. 4b show the tedalr 32

polycarbonate tensile samples undergoing sinustodal at
different traction-traction load amplitudes withaeto-peak

joined data frames, evidencing an improvement ig thyqq ranging from 750 to 2250 N, have been initiall

quality of the thermoelastic signal, if comparedrésults
shown in Fig. 4a. This confirms the positive symeeffect

processed to obtain extended data set joining @4 tsingle
data frames. Then each data set containing diffenember
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of single joined data frames (1 - 4 - 8 - 16 - B4} been
processed by 2D FFT lock-in analysis. This will lgleato
compare the effectiveness of 1D FFT based lockzalysis
to that of the 2D-FFT, and to check to what extssth the
1D and the 2D-FFT can benefit of the preliminamndi
domain data extension procedure.

Given that the nature of the noise affecting the Analogous considerations can be formulated on

thermoelastic signal (e.g. NETD of the thermocamésa
mainly stochastic, the analysis of the mean anddstal
deviation values of the thermoelastic signal camgeful to
highlight the different performances of both the aid the
2D-FFT lock-in based filtering procedure applied tte
investigated signal.
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Fig.6. Mean values of thermoelastic signal filtevdth the 1DFFT
and 2D FFT algorithms applied on extended framesugsthe
number of concatenated frames and for peak to jpaakamplitud

of a) 750 N; b) 2250 N.

In Fig. 6 the trend of the mean value obtained winen
sample is subjected to minimum and maximum valuthef
peak-to-peak load, respectively 750 and 2250 Nshosvn
for different processed signal obtained at difféneamber
of joined frames.

highest number of concatenated frames. It is alsghato
observe that at the lower loading amplitude (750 tNg
mean value of the thermoelastic signal processetidoy D-
FFT, is almost halved moving from a single frame2tb
frames, therefore showing the lower quality of tie-FFT
processed data.

the
ground of results shown in Fig. 7, for the standdadiation
data calculated on the same thermograms. Standard
deviation values calculated on the thermogramerétl by
the 2D FFT lock-in based algorithm are always lotem
those obtained by the 1D-FFT.
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Fig.7. (a) Standard deviation of thermoelastic aidlvad 750 N)
(b) Standard deviation of thermoelastinal (load 2250 N)
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o

@

The comparison show that results obtained by 2D-FFT
have a significantly smaller variation as the numbé
concatenated frames increases, and can be subiyanti
considered stable when processing signals fromt eigh
more concatenated frames; this performance is roddai
both at the lower (fig. 6a) and at the higher (6g) peak-to-
peak loading values.

On the contrary, the signals processed by 1D-Fvsh
mean values significantly dependent on the number o
concatenated frames and presenting a high range of
variation, without settling at a stable value even the
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Criginal data

Band-pass filtered data

(b)

Fig.8. Influence of the 2D-FFT band pass filtertba

temperature maps at load amplitudes of (a) 75®N2Z50 N.



Figure 8 shows the result of the application oDaRFT
band pass filter around the load carrier frequeonythe
temperature maps acquired at peak-to-peak loaditaiohgs
of 750 N and 2250 N. It is interesting to notice thigh
quality already gained by the filtered maps in 8gafter the
initial 2D-FFT band pass filter and before the mgiwith
the F and G signals and subsequent final low-pi#tesirig
operation (see scheme in fig. 2).

The 1D and 2D FFT based filtering approaches ae al
compared in terms of their ability to recover thear trend
of the thermoelastic signal with the load amplitudéis
comparison is shown in Fig. 9 where thermoelastoad is
plotted versus the peak-to-peak load amplitudés hoted
that the thermoelastic signal uncalibrated unithis grey
level amplitude as measured in the original themaog(an
eight bit greyscale image).

Given the loading condition of the investigatedstin
samples, the grey level amplitude of the thermoghais in
theory a linear relationship with the tensile Iagablied (as
already pointed out in fig. 5).

Results obtained after processing by means of theth
1D and 2D FFT based filtering procedures are shioviig.
9(a) for a single frame data set and in Fig. 9¢r) & 24
frames data set. The data processed by the 1D k& a
lack of quality at the lower level of the appliexhtl (750 N)
when the data set consists of a single frame, wketef
results differs appreciably from that obtained fridm data
set containing 24 frames. Data processed by the=RD
show instead an almost negligible difference betwtbese

obtained by processing a single data frame andethos

obtained by processing a 24 frames data set. Intfac
comparison of their linear interpolations providessults
very similar in both cases (1 and 24 frames) anth \&i
higher coefficient of correlation compared to thadelD-
FFT.

5. CONCLUSIONS
In the present paper a lock-in algorithm is preseérnb

extract the thermoelastic signal from temperatuedad
acquired versus time by means of a linear infraeahner.

The lock-in procedure implements 1D or 2D FFT based

filtering algorithms and a procedure to obtain ased

sampled data over time. The whole signal processing

strategy has been tested on experimental temperataps
recorded on a tensile specimen undergoing tensiosign
sinusoidal load. The time domain data extensiorcqutare

has been proposed to enhance quality of the data se

(1]

more complex two-dimensional stress fields, siteesignal
from each acquired point is treated separately. él@wn in
order for the 1D FFT approach to provide qualityutes it is
essential to extend sampled data over the time mhoma

The present work has demonstrated the potentigtheof
presented methodology to process thermoelasticakign
using low cost IR scanners. Further work is beiagated to
the application of the methodology to the analysfigwo
dimensional stress distributions.
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