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ABSTRACT 
 
In this paper, a method has been developed to use thermography for the quantitative analysis 
of a delamination area under dynamic loading.  To demonstrate this method, a coupon was 
developed with double shear configuration and an initial delamination consisting of a PTFE 
insert. The coupon was tested under fatigue loading and an infrared (IR) camera was used to 
monitor the thermal response and delamination growth of the coupon during loading. The 
data from the thermal camera was processed in 2 steps, firstly a fast Fourier transform (FFT) 
was used to transform the raw data from time domain to frequency domain. In the second 
step, FFT thermographs were further processed using an image segmentation algorithm. 
Here, the thermal plots are segmented to separate the delaminated and un-delaminated areas. 
By computing the number of pixels in the delaminated region, the area of delamination was 
obtained at each cycle and has been plotted against the cycles to failure. The strain energy 
was computed with the help of force and displacement data from the test machine. Such 
signals allowed computing the fatigue propagation curves and understanding the fatigue 
behaviour of the test samples. This method looks promising and can be extended to test 
samples that cannot be tested by conventional testing methods. 
 
1. Introduction 
 
Composites are widely used as a structural material because of their superior mechanical 
properties such as specific strength and stiffness [1]. Since composites are widely used, there 
is a common interest to understand the mechanical behavior of composites under dynamic 
loading and associated failure modes i.e. delamination.  Along with traditional methods, other 
methods like non-destructive techniques have been used to study the behavior of composites, 
both by research and industrial communities [2] [3] [4]. Among several non-destructive 
techniques the infrared thermography technique (IRT) is one of the promising tools to 
evaluate the damage growth as it is reliable, non-contact and allows real-time monitoring of 
temperature change due to non-reversible degradation processes in the material [5]. 
 
A few references are available in the literature related to the use of IRT for damage analysis in 
composites. Colombo et al., (2014) [6] studied the influence of delamination on the 
mechanical behavior of glass fiber composite. The study involved both static and fatigue tests 
of a glass fiber epoxy resin sample with PTFE insert in the middle fiber layers to simulate 
delamination. The test results proved that the presence of delamination hardly has any 
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influence on the mechanical properties in static loading, however in the fatigue testing it 
caused a significant reduction in life up to 40%. The thermal observations were made with an 
IR camera. The increase in temperature of the specimen as seen by the IR camera correlated 
with the accumulated damage. The authors of this paper also proposed thermography as a tool 
for damage monitoring under both static and fatigue loading. The results of this experiment 
indicated the change in material properties was always associated with the change in 
temperature. 
 
Lahuerta et al., (2015) [7] made a study of an open hole on glass fiber sample, under fatigue 
in tension-tension loading with a thermal camera (FLIR 315) to record the tests. The test was 
conducted at 3 Hz. The thermal data was processed to get temperature plots which on further 
processing using transforms and plotting the amplitude of thermal signals picked by IR 
camera gave more insight about the accumulated damage. The final failure of the sample 
occurred in the same fashion as predicted in the amplitude plot. 
 
Tighe et al., (2016) [8] performed a study on single lap joint samples for comparing the 
detection of different type of defects using infrared (IR) detectors and pulse phased 
thermography technique (PPT). The defects were simulated using PTFE and silicon grease 
contamination. PPT clearly identified PTFE defects but not the silicon grease. When a small 
load was applied, a silicon grease defect was identified. This is claimed to be a portable and 
financially viable means of inspection for industrial application. Gato et al., [9] compared 
several processing techniques and proposed that PPT and Principal Component 
Thermography (PCT) methods are suitable for processing IR images. 
 
Even though IRT is extensively used for damage inspection in composites, it is mostly 
restricted to qualitative analysis. Few attempts have been made to use thermography for 
quantitative analysis [7] [8], but this field of study is not fully explored. Considering this gap 
in the literature a method has been developed to quantitatively analyze the fatigue properties 
of a glass fiber composite by a simple and robust setup. To demonstrate this method, a test 
coupon and test method is designed. In addition a processing technique is developed for 
computing the delamination area and determining fatigue propagation curves. 
  
2. Specimens 
 
The material used for sample preparation was a glass-fiber epoxy laminate, as it is widely 
used in wind industry [1]. The sample with a thin laminate section of [0]4s layup was 
manufactured. A thin laminate of 4 layers was chosen because monitoring thin sections is 
more suitable for an IR camera [10]. The fiber material used was SAERTEX UD glass fibers 
with areal weight of 948 g/m2 and density of 2.6 kg/dm3 and the matrix material was a two 
component epoxy with Epikote MGS RIMR 135 as resin and Epikur MGS RIMH 137 as a 
curing agent. The laminate was manufactured by the vacuum infusion process at room 
temperature, as it is the most commonly practiced manufacturing process in wind turbine 
blade manufacturing industry [11]. The average fiber content of the test sample was 62.35% 
in weight and it had an average void content was 0.26% determined using ASTM D 2584 
standard test method. 
 
The delamination was simulated with the help of PTFE tape. Fiber cuts and PTFE were 
included into laminate during fiber stacking, see Figure 1. To simulate the defect in the 
sample all the 4 layers of fibers were cut at predefined locations. The 1st and 4th layers of the 

 

 

 

E
x
c
e

rp
t 

fr
o

m
 I

S
B

N
 9

7
8

-3
-0

0
-0

5
3

3
8

7
-7

 



ECCM

 

 

laminate
were pla

 

 
Once th
was cut
mm and
tabs wa
 
3. Exp
 
3.1. Sta
 
Once th
failure f
of the d
from the
section 
 
3.2.  Fa
 
A fatigu
fatigue 
static fo
1000 cy
0.1, whi
 
The fati
was emp
frames p
dissipat
test is s
frequen

3

M17 - 17TH E

e were cut a
aced undern

Figure 1: Di

he panel was
t to the requ
d the nomin
s 250mm.  

perimental

atic Test 

he specimen
force under 
displacemen
e static test 
4. 

atigue Test 

ue test was 
tests were 

orce Fmax. U
ycles to 1 m
ich is comm

igue test wa
ployed to m
per fatigue 

ted in low f
successful i

ncy fatigue c

L

50 

EUROPEAN

at location 
neath the cu

iagram of the

s manufactu
uired dimen
nal thicknes

l procedure

ns were pre
tension. Th

nt being 2 m
were used 

performed 
carried out

Usually load
million cycle
monly chose

as force con
monitor the t

cycle. The 
frequency fa
in low freq
cycle.  

Location 1: Fibe
and PTFE is in

N CONFER
Germa

1 and the 2
ut in the 1st a

e double shea

ured, tabs w
nsions. The 
ss was 3 mm

e 

epared, a st
he test was
mm/min, as 
to design th

based on th
t approxima
d levels are 
es. The stres
en value in l

ntrolled with
test with the
reason for 

fatigue cycle
quency fatig

ers are cut 
nserted 

45 

RENCE ON
any, 26- Jun

3 

nd and 3rd la
and 4th laye

ar configurati

were applied
length of th
m (for 4 la

tatic test wa
performed u
specified b

he fatigue te

he maximum
ately at 30%
selected to

ss ratio R (F
literature [7

h a test freq
e frame rate
choosing 2

e is less tha
gue cycle th

150

60

250

25

N COMPOS
ne 2016 

ayers were
ers.  

ion coupon. A

d. After appl
he sample w

ayers of fibe

as performe
under displ
by ISO 527
est. The exp

m force obt
%, 35%, 40
o obtain wel
Fmin / Fmax)

7]. 

quency of 2
e of 30 Hz s
2 Hz as the
an high freq
hen it could

Locati

SITE MATE

cut at locat

All dimension

lication of t
was 150 mm
er) its overa

ed in order 
acement co

7-5:2009 [12
perimental r

tained from
0% and 45%
ll-defined S
chosen for 

Hz. An IR 
so it was po
test freque

quency fati
d also be e

ion 2: Fibers are

Ta

TERIALS, M

tion 2. PTFE

ns are in mm.

these tabs, t
m, its width
all length in

to characte
ontrol with t
2]. Later th
results are s

m the static t
% of the m
S-N curves 
the fatigue 

camera (FL
ossible to ca
ency is that 
gue cycle, 
asily used 

e cut  

2abs  

Munich, 

E inserts 

 
. 

the panel 
h was 20 
ncluding 

erize the 
the ramp 
e results 

shown in 

test. The 
maximum 

between 
test was 

LIR 315) 
apture 15 

the heat 
so if the 
for high 

20  

 

 

 

E
x
c
e

rp
t 

fr
o

m
 I

S
B

N
 9

7
8

-3
-0

0
-0

5
3

3
8

7
-7

 



ECCM

 

 

3.3. Sig
 
The dat
phased 
sequenc
coordin
Fourier 
further 
segmen
2(d)) ba
and was
pixels i
failure. 

Figur
obtaine

 
With th
image s
cycle co
calculat
Equatio
from th
of cycle

							
 
Furtherm
the avai

Sampl

IR came

Un

De

M17 - 17TH E

gnal process

a recorded b
thermograp

ce of image
nate (see Fig

transform 
processed 

nted into dif
ased on the 
s selected m
in the delam
A block dia

re 2: Block d
ed from IR ca

e process d
segmentatio
ounter it wa
ted with th
on 1, where 
e test mach

es to obtain 

																				

more, plotti
ilable strain

le 

era 

n-delaminated 
region 

elaminated 
region 

EUROPEAN

sing  

by the therm
phy was us
es of the te
gure 2(b)). 
in the time
using an 

fferent regi
threshold v

manually in
minated reg
agram of the

iagram of the
amera, c) FF

escribed ab
on process. 
as possible 
e help of d
the Fmax is

hine. The str
the strain en

																					

ing the prop
n energy rel

N CONFER
Germa

mal camera 
sed to tran
emperature 
Amplitude 
e domain (s
image seg

ions like de
value select
n the develo
gion the ar
e processing

e processing 
T amplitude 

un-d

ove, it was
With the d
to compute
data from t
s maximum
rain energy
nergy relea

								

pagation cu
lease rate a

Actua
N

Image segm
delaminate
delaminate

(d)

(a)

RENCE ON
any, 26- Jun

4 

during the 
nsform the 

evolution d
and phase 
see Figure 

gmentation 
elaminated 
ted. The thr
oped Python
rea of delam
g technique

 

algorithm a) 
plot and d) I

delaminated a

possible to 
delaminatio
e the delami
the test ma

m force and 
y from the te
se rate ΔG, 

	

urves (ΔG v
and delamin

al signal + 
Noise 

mented into 
ed and un-
ed regions 

H
i

ht
(

i
l)

IR  
Camera

N COMPOS
ne 2016 

test was pro
raw data.

during the 
were comp
2(c)). Then
algorithm. 
and un-del

reshold valu
n software.
mination w
e is represen

Sample in te
Image segmen
area. 

monitor th
on area and
ination grow

achine. The
max is ma

est machine
i.e. (ΔGmax

             

vs (dA/dN))
nation growt

T

Amp

W

H
ei

gh
t 

(p
ix

el
) 

H
ei

gh
t 

(p
ix

el
) 

SITE MATE

ocessed in 2
The raw d
tests T(t)(i,j)

uted at each
n the FFT 

Here, amp
laminated r
ue in this ca
 By compu

was obtained
nted in Figu

est frame, b) T
nted image w

e delaminat
d the cycles
wth A(N). T

e strain ene
aximum disp
e is plotted 
= dU / dA )

                     

was not str
th rate data

Ampl
ea

Temperature plo

plitude plot

Width (pixel)

Width (pixel) 

TERIALS, M

2 steps. Firs
data consist
) at each p
h pixel usin
thermograp
plitude plo
regions (see
ase was not

uting the nu
d at each c

ure 2. 

Temperature
with delamina

tion area A 
s to failure 
The strain e
ergy U is g
placement o
against the
). 

                      

raight forw
a, because t

FFT 
litude plot at 
ach pixel 

ot 

(b) 

(c) 

T
em

p
er

at
u

re
 (

0 C
) 

Munich, 

st pulsed 
ted of a 
ixel (i,j) 
ng a fast 
phs were 
ots were 
e Figure 
t a fixed 

umber of 
cycle till 

 

e plots 
ated and 

using an 
N from 

energy is 
given by 
obtained 
 number 

   (1) 

ard with 
he cycle 

F
F

T
 A

m
pl

it
ud

e 
T

em
p

er
at

u
re

 (
0 C

) 

 

 

 

E
x
c
e

rp
t 

fr
o

m
 I

S
B

N
 9

7
8

-3
-0

0
-0

5
3

3
8

7
-7

 



ECCM

 

 

count u
differen
totally s
cycle co
the prop
order 2 
release r
the gene
 
Figure 3
paper [1
 

 
Finally,
propaga
loading
 
3.4. Com
 
In this p
camera 
1920 by
test met
 
4. Exp
 
4.1.  Sta
 
The stat
 
 

Cyc
coun

M17 - 17TH E

used for del
nt. The cycle
synchronize
ount used in
pagation cur

is used fo
rate curves 
erated polyn

3 represent
13] for mod

 with the 
ation curves
. 

mparison T

part of the 
was compa

y 1080 pixe
thod develo

perimental

atic Test Re

tic test resul

cle 
nter 

Delamination 
A vs N numbe
cycles to failu

dA/dN 
Polynomial fi

order 2 

EUROPEAN

lamination 
e count is n
ed with test 
n delamina
rves (ΔG vs

or extracting
with the cy

nomial equa

ts the flow 
de 1 delamin

Figure 3: Te

delaminati
s can be de

Test 

experiment
ared with a 
ls) (see fig. 
ped and als

l results and

esults 

lts of 4 teste

IR camera 

area 
er of 
ure 

fit of 

P

Δ

N CONFER
Germa

growth rate
not the same

machine, w
ation curves
s (dA/dN)) th
g the slope
ycle count b
ation, slope

of the testi
nation behav

est process fl

ion growth
etermined t

t, the quant
visible cam
3). The ma

so to compu

d discussio

ed samples

Loa

Propagation 
curves  

ΔG vs dA/dN 

RENCE ON
any, 26- Jun

5 

e curves an
e because th
with the syn
s and strain 
he curve fit

es of delam
being a varia
s were obta

ing process
vior under f

 

ow to arrive 

h and strain
to describe

titative data
mera (HD P
ain motive b
ute the differ

ons. 

are tabulate

ad cell

Strain
N n

cycl

ΔG
Poly

N COMPOS
ne 2016 

nd strain en
he IR camer
nchronizatio

energy cur
tting approa

mination gro
able. Finally

ained and pl

s, it is simi
fatigue load

at fatigue gro

n energy r
the delami

a (delaminat
Pro webcam
behind the c
rence in the

ed in Table 

Disp

n energy U vs 
number of 
es to failure 

G= dU/dN 
ynomial fit of 

order 2 

SITE MATE

nergy releas
ra is a separa
n difference
rves are dif
ach is used.
owth curves
y by passing
otted again

lar to proce
ding. 

owth curves. 

release rate
ination beha

tion area) m
m C910 by L
comparison 
e measurem

1 below.  

placement  

TERIALS, M

se rate curv
ate entity th
e below 20s
fferent. To 
A polynom

s and strain
g the cycle 
st each othe

ess followe

e data, the
avior under

measured by
Logitech, re
test is to ju
ent by IR ca

Visible
color ca

Compar
and visi
camera

Comp
differe

ar

Munich, 

ves were 
hat is not 
s. As the 
generate 

mial fit of 
n energy 
count to 

er. 

ed in the 

 

 fatigue 
r fatigue 

y the IR 
esolution 
ustify the 
amera. 

e light 
amera 

re IR 
ible 

a areas 

pute the 
ence in 
rea

 

 

 

E
x
c
e

rp
t 

fr
o

m
 I

S
B

N
 9

7
8

-3
-0

0
-0

5
3

3
8

7
-7

 



ECCM17 - 17TH EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Munich, 
Germany, 26- June 2016 

 

6 
 

No of sample Average max 
load (kN) 

Average max 
Stress (MPa) 

Co efficient of 
variance (%) 

Standard 
deviation (MPa) 

4 21.4 285 0.21 0.5887 

Table 1: Static test results 
 
The maximum stress was found to be 285 MPa with the variation of 0.2% over 4 samples 
shows good reputability of the results of tests. 
 
4.2.  Fatigue Test Results 
 
The fatigue tests were conducted at 30%, 35%, 40% and 45% of maximum static loads with 
the stress ratio R of 0.1 for all the samples. The fatigue tests were performed with the IR 
camera continuously monitoring the test to capture the delamination area.  The data from the 
fatigue test is tabulated in the Table 2 below. 
 

Reference % load Fmax  (kN) R  N (cycles) 
WY-11 30 6.35 0.1 1,312,562 
WY-12 30 6.35 0.1 1,313,678 
WY-05 34 7.35 0.1 290,876 
WY-06 34 7.35 0.1 274,280 
WY-07 39 8.4 0.1 96,022
WY-08 39 8.4 0.1 82,900 
WY-09 44 9.45 0.1 29,190 
WY-10 44 9.45 0.1 29,056 

Table 2: Fatigue test results 
 
During the fatigue testing, as the load is applied, the 1st and 4th layer start to delaminate with 
the PTFE insert being the initial delamination. Delamination is the predominant failure mode 
because it experiences both mode 1 and mode 2 loads (peeling and shearing). The matrix that 
is filled in the space between cut fibers in location 2 in Figure 1 also starts to crack, but the 
damage growth on the external plies is faster. This sample helps in studying both matrix 
cracking as well as delamination at the same time. 
 
The thermal response of the sample was captured continuously for the change in temperature 
of the complete life cycle. The signal recorded by IR camera is not purely the signal from the 
test sample, as it also includes the noise from the surrounding. The signals from the actual test 
were at different frequency from noise as the test was performed at 2 Hz frequency. So, the 
data obtained was processed by filtering the noise in the frequency domain with the help of 
fast Fourier transform. The amplitude and phase were extracted at each pixel for every image 
over the entire fatigue life and amplitude plots were generated. 
 
Further, the amplitude plots were processed using the developed image segmentation 
algorithm to obtain the delamination area based on the amplitude values. Knowing the 
delamination area at a given number of cycles allows the delamination growth rate curves A 
vs N to be plotted, as shown in Figure 4. 
 
From Figure 4, it is seen that the delamination growth in all the samples follow curves with 
different average slope. The samples with higher stresses (for example WY-09, 45%, Cyan 
color) undergo a faster rate of deamination whereas the lower stress samples (for example 
WY-12, 30%, brick color) display slow delamination rates.  It is also seen that the 
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delamination growth curves show the 3 distinct regions, the 3 regions correspond to the 
threshold region, the linear region and the fast fracture region as seen in the literature [14].  

The strain energy from the test machine is plotted against the number of cycles as in Figure 5. 
The slope from Figure 5 gives the strain energy release rate ΔG i.e. (dU/dN). 
 

 Figure 4: Area vs cycles to failure A(N). 

 
 

Figure 5: Strain energy vs cycles to failure. 

From Figure 5, it is clear that the strain energy for the higher loads is higher. The samples 
with similar loads have almost identical strain energy release rates except for WY-05 and 
WY-06. Even though they both have same load conditions they exhibit different strain energy 
release rate, but by observing keenly they have same trend with an offset. So it is assumed 
that there is some kind of measurement or human error involved. 
 
Furthermore, the propagation curves (ΔG vs (dA vs dN)) were generated, using polynomial 
curve fitting approach. The fatigue propagation curves are as shown in Figure 6. The samples 
with high loads propagate to failure faster than the low load samples and different coupons 
display similar trends. The trend in the propagation curves is similar to the propagation curves 
determined by conventional methods [13]. So it is observed that the data measured from the 
IR camera gives promising results. From the fatigue test data the cycles to failure was 
obtained as in Table 2, the S-N curve according to ASTM E739 standard with least squares fit 
was generated, as shown in Figure 7. 
 

 
 

 
Figure 6: Propagation curves (dA/dN vs ΔG). 

 

                 Figure 7: S-N curves with least square fit. 
 

The S-N curves with least squares fit is linear and shows no unpredicted behavior of the 
sample during the fatigue test. 
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4.3. Comparison Test 
 
The results from the IR camera were compared with the area of delamination measured by a 
visible camera. This was possible for glass fiber samples as they are partially transparent and 
thin, so the delamination is visible. The area of delamination measured by the IR camera and 
visible camera are tabulated in Table 3, where AIR is the area determined by the IR camera and 
Av is the area determined by the visible color camera. 
 
The sample used for this case is of similar configuration as mentioned earlier (Figure 1) and 
the test was of maximum static load. Once the test was completed the IR camera data was 
processed as mentioned earlier. The delamination data from the visible color camera is 
analyzed using Photoshop software. The delamination data was manually evaluated at 
different intervals as seen in Table 3. The measured data from both cameras was plotted 
against the number of cycles. Both measurements show a similar trend but area measured by 
the IR camera is always a little larger than the area measured with the visible color camera 
(see Figure 8). 
 

Cycles 
(103) 

AIR 

(mm2) 
Av 

(mm2) 
Difference 

% 

1 420 396 5.71 
5 430 418 2.79 
10 464 432 6.89 
50 492 451 8.33 
100 528 496 6.06 
5000 657 597 9.13 
10000 848 762 10.14 

Table 3: Comparison of area measured by the IR cam 
and the visible color camera. The difference in 

percentage is calculated using  
	–	

	
∗ . 

 

Figure 8: Comparison of measurement by the IR 
camera and visible camera. 

 
The reason for this is that the delamination in the visible camera will appear once the event of 
delamination has occurred, whereas in case of IR camera the region where the delamination is 
occurring (under process) will have maximum temperature. As a result, IR images obtained 
with an IR camera reveal regions which are being delaminating as completed delaminations. 
In case of visible camera, a delamination can detect delamination only after actual separation 
of the material has happened. Previous work by one of the author [15] using optical coherence 
tomography (OCT) has shown that the regions at the edge of the crack have a high stress and 
cannot be easily resolved with a visible light camera. However, the difference in calculation 
of the delamination area the by IR camera and the visible color camera is less than 10% that is 
negligible considering the fact that the area from visible color camera was calculated by 
manual method.  
 
5. Conclusion 
 
The results from this method are promising since the delamination growth curve recorded 
using this method was in good agreement with a power law and visual inspection methods. As 
such, it can produce quantifiable measurements and the output of this method can be a good 
starting point to study delamination experimentally and computationally.  Moreover, it could 
be extended to different coupons types that cannot be quantitatively analysed using the 
conventional testing methods. 
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