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Abstract  
 

The paper presents the analysis of delamination 

identification sequence in various stacks of FML, 

such as single stack, double stack and triple stack 

FML under step pulse active thermography in both 

thermal reflection and thermal through-

transmission modes. The study was carried out 

numerically by artificially implanted delaminations 

of 10×10mm
2
 size at various depths.  

The numerical results of delaminations in both 

double stack and triple stack FML conclude that 

DE 16, DE 21 and DE 22 in thermal reflection 

mode could not be identified but they could easily 

be identified in thermal through-transmission 

mode. It concludes the near-surface delamination 1 

located in single stack FML could be identified first 

with reduced ΔT than delaminations located in both 

double stack and Triple stack FML. Thus, the 

results conclude that SPAT in thermal reflection 

mode could effectively be applied to investigate the 

near-surface delaminations for its identification 

sequence and thermal through-transmission mode 

could be for deeper delaminations.  

 

Keywords: Step pulsed active thermography 

(SPAT), NDTE, thermal reflection mode, thermal 

through-transmission mode, FML, Delaminations, 

Finite element method, Thermal contrast. 

  

1. Introduction  
   Composite materials have been the subject of 

permanent interest of various specialists during the 

last decades. Firstly, military applications in the 

aircraft industry triggered off the commercial use 

of composites after the Second World War [5]. The 

innovations in the composite area have allowed a 

significant weight reduction in the structural 

design. In last decades, aircraft panels were 

manufactured using metallic materials, such as 

aluminum, titanium, beryllium etc. The use of 

metallic aircraft panels increased fuel consumption 

due to more weight [21]. The combination of 

metallic materials with fibre reinforced polymers 

into aircraft structural materials is commonly 

denoted as hybrid concepts or technologies [19]. 

Therefore, the concept of effective and efficient 

usage of materials in manufacturing of aircraft 

panels was slowly emerged by using alloys of 

metals with offered advantages of reduced weight 

and cost. The practical difficulties involved in 

manufacturing alloys of metallic materials. It 

motivated researchers to keep one step forward in 

using alternate materials with reduced weight and 

cost effective, namely, composite materials. The 

composite materials play an important role in 

heavy duty applications because of reduction in 

weight and cost-effective [24]. In 1980s, the Delft 

University of Technology developed a new type of 

composite named Fibre Metal Laminates (FML) for 

making aircraft panels [1]. A GLARE is a GLAss- 

REinforced composite in the type of FML which 

was mainly used in Airbus A380 super jumbo in 

2001 [22]. 

 

   Generally, defects are produced during bonding 

composite of layers with aluminum sheets, 

handling. Disbonds (air gap) and foreign particles 

inclusions (intrusion), fibre misalignment, fibre 

failure, thickness variations, delaminations (DEs) 

etc. [4] are common failures in FML structures. 

Delamination (DE) is a mode of defect in FML 

which exists within the laminate as a cohesive 

bond. DE is the most common defect in FML 

which may progress and end-up with fibre-failure. 

Therefore, DE needs to be properly investigated to 

aviod further damages in FML structure and safe 

operation of aircrafts. Usually, this anomality could 

be identified and characterized by various non-

destructive testing and evaluation (NDTE) 

techniques. Infrared thermography (IRT) is one of 

NDTE techniques which exercises the abnormal 

heat distribution over the surface of the specimen to 

be investigated [16]. 

   Infrared thermography (IRT) is a type of non-

destructive technique that exploits the plot of 

surface temperatures distribution curves to analyse 
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the subsurface description [21]. IRT is used over 

many decades to evaluate defects in terms 

detection, classification and characterisation, such 

as DEs in layered structures, hidden corrosion in 

metallic components, cracks in ceramics and 

metals, voids, impact damage and inclusions in 

composite materials [13], [18], [7] and [12]. The 

main objective of this study is to apply the concept 

of step pulsed active thermography (SPAT) to 

analyse DE identification sequence in FML used in 

aircraft panels. 

 

2. Literature Review and Novelty of 

Investigation 
[20] investigated the impact performance of carbon 

reinforced aluminum laminates (CARAL) by 

experiments and numerical simulations in which 

numerical images and results were presented. The 

active thermography approaches, such as pulsed 

thermography and vibro-thermography were 

employed in order to detect simulated DE (inserts), 

as well as impact damage on GLARE composite 

panels [8]. Numerical modeling for thermographic 

inspection of FMLs by both flash pulsed and lock-

in thermography [12] was conducted to investigate 

the detection capabilities. [22] estimated the 

required heat flux (q) by both analytical and 

numerical approaches to identify disbonds in FMLs 

layers under SPAT in thermal reflection (TR) 

mode.  [21] investigated the thermal response of 

defects such as delaminations and disbonds under 

through-transmission mode of SPAT and 

developed empirical formula to obtain the optimum 

heat requirement and time to identify defects in 

GLARE type of Fibre metal laminates (FML). 

   DE parameter effects were analysed using FEM 

approach in a composite flat plate setup in which 

DEs were produced using Teflon and other 

artificial inserts [10] in which the author applied 

both pulsed and lock-in thermography for the 

detection of DEs in FML made by E-glass fibre and 

Aluminium metal laminates using combined 

experimental and FEM approach [12]. The 

researcher conducted experiments on GRP pipes 

for analysing delaminations using step pulsed 

active thermography [25].  

Many investigations were carried to analyse DE 

behaviour by applying mechanical loading, such as 

impact load [20], variable amplitude loading [30] 

and compressive load [23], [17]. Some Few 

investigations, such as [15], [25], [22] and [21] 

were investigated composite materials of FML and 

GRP pipes under SPAT method. The above-

mentioned literature [25] analysed DEs in GRP 

pipes under reflection mode of SPAT. [22] 

discussed mainly disbonds in FML both 

analytically and numerically by TR mode of SPAT. 

[21] investigated that the thermal response of both 

DEs and disbonds under through-transmission 

mode of SPAT in IRT. These investigations 

reported the effectiveness SPAT of IRT to analyse 

DEs for estimating the required q to its 

identification based on one mode of observation in 

a single stack (SS) FML (Al/0
o
/90

o
/0

o
/Al) 

structures. Based on fore-mentioned literatures, it 

was found that no specific was carried out at 

present to analyse DE identification sequence even 

for SS FML. Therefore, the present investigation 

was focused to apply both TR and TTT modes of 

SPAT to investigate DE identification sequence for 

single stack (SS), double stack (DS) and triple 

stack (TS) FML numerically through commercially 

package called ANSYS.  

 

3. IRT Inspection 
   Basically, the surface temperature of specimen of 

be investigated is measured in two modes, such as 

thermal reflection (TR) and thermal through-

transmission (TTT). In former mode, the heat 

source and IR camera are positioned at the same 

side of specimen and the heat intensity of reflected 

thermal wave on the surface temperature is 

continuously monitored. In contrast, TTT mode 

provides the surface temperature of the specimen 

by only moving IR camera to the rear surface of 

FML structure [11] and [21].  

   The surface temperatures of delaminated and 

non-delaminated regions were measured by 

applying continuous heat pulse over the surface of 

the specimen for a few seconds [13] and [21] in 

both modes. The identification criteria of 0.1
o
C as 

the desirable temperature difference called thermal 

contrast (ΔT) to analyse DEs in all stacks of FML 

due to the maximum resolvable temperature 

difference (MRTD) for the most of the available 

thermal imager (IR camera) as 0.1
o
C [3].  

 

4. Numerical Modelling 
   FEM is mostly used to: (i) simulate the behaviour 

of structures and (ii) conduct a series of parametric 

analyses in materials containing defects. FEM is 

more suitable to obtain the solution of complex 

nonlinear, non-symmetrical mathematical problems 

governed by partial differential equations, such as 

one of heat transfer by conduction, convection and 

radiation with temperature dependent thermal 

properties of material involved [14]. 

 

4.1 Model of FML structure and material 

properties 
(i) SS FML structure: 

   SS FML is formed by arranging both Al and GRE 

laminates in the sequence of Al/90
o
/0

o
/90

o
/Al 

shown in Figure 1.  
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Figure 1 Stacking  sequence of SS FML  

 

    FML structure of SS is modelled first by 

modelling three glass-fibre reinforced epoxy (GRE) 

laminates of 120×70×0.15mm. Second, two 

aluminium laminates of 120×70×0.3mm were 

modelled in such a way to cover both top and 

bottom of GRE laminates, as shown in Figure 2. 

Third, DE size (SDE) of 10×10mm at 0.45mm and 

0.6mm depth with the assumption of artificially 

induced Teflon film DE of 0.045 mm thick named 

as DE 1 and DE 2 respectively.  

    

 
 

Figure 2 A model of SS FML structure with DEs 

 

   The modelled DEs were subtracted using 

Boolean operations. The same size of DEs was 

again modelled in such a way to assign Teflon 

material properties to DEs for the simulation. DE 1 

was considered as a near-surface DE and DE 2 was 

considered as a deeper DE in TR mode but DE 2 

and DE 1 were near-surface DE and deeper DE in 

TTT mode. 

 

 

(ii) Double stack (DS) FML structure: 

   Al and GRE laminates are arranged in the order 

of Al/90
o
/0

o
/90

o
/Al/90

o
/0

o
/90

o
/Al to form DS FML 

shown in Figure 3.  

 

 

 

 

 

 

 

 

 

Figure 3 Stacking sequence of DS FML  

 

   DS FML structure was modelled by the following 

steps: (i) modelling SS FML by following the 

procedure but Al and glass-fibre reinforced epoxy 

(GRE) laminates are with 200×70×0.15mm, (ii) 

modelling DE size (SDE) of 10×10mm at 0.45mm 

and 0.6mm depth named as DE 3 and DE 4 

respectively, (iii) modelling the second set of three 

glass-fibre reinforced epoxy (GRE) laminates of 

200×70×0.15mm at the bottom Al laminate, (iv) 

modelling one Al laminate of 200×70×0.3mm at 

the bottom of the second set of GRE laminates, and 

(v) lastly, modelling the second set of SDE of 

10×10mm at 1.2mm and 1.35mm depth, shown in 

Table 2, namely, DE 5 and DE 6.  

 

 
Figure 4 A model of DS FML structure 

 

   DE 3 was considered as a near-surface DE and 

DE 6 was considered as a deeper DE in TR mode 

but they were opposite in TTT mode. 

 

Table 1 Locations of DE in DS FML Structure 

DE No. Depth, mm  DE No. Depth, mm  

DE 3 0.45 DE 5 1.2 

DE 4 0.6 DE 6 1.35 

 

(iii) Triple stack (TS) FML structure: 

   TS FML is made by stacking both Al and GRE 

laminates in the sequence of 

Al/90
o
/0

o
/90

o
/Al/90

o
/0

o
/90

o
/Al/90

o
/0

o
/90

o
/Al shown 

in Figure 5.  

 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Stacking sequence of TS FML  

 

   TS in FML structure was modelled with the size 

mentioned for GRE and Al laminates in Figure 3 in 

the same way of DS in FML structure by adding 
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three more GRE laminates and one Al laminate at 

the bottom of DS in FML. SDE of 10×10mm were 

modelled at all possible depths, as mentioned in 

Table 3.3 which are named from DE7 to DE 12.  

 

Table 2 Locations of DE in TS FML Structure 

DE No. Depth, mm  DE No. Depth, mm  

DE 7 0.45 DE 8 0.6 

DE 9 1.2 DE 10 1.35 

DE 11 1.95 DE 12 2.1 

 

 

Figure 6 A model of TS FML structure 

   DE 7 was considered as a near-surface DE and 

DE 12 was considered as a deeper DE in TR mode 

they were opposite in TTT mode. 

 

4.2 Thermal Properties of FML Structure 

and DE   
    Anisotropic material property conditions were 

assumed for GRE laminates but Al laminates and 

DEs (Teflon) were assumed as isotropic materials. 

The thermal properties of Teflon, Al 2024-T3, and 

GRE were taken from various literatures [12], [6], 

[25] and [21]. The properties of GRE at 60% fibre 

volume fraction which is most commonly used for 

GRE composite materials were used. 

Table 3 Thermal properties of AL 2024-T3, GRE 

and Teflon 

   

Properties 

Al 

2024-

T3 

Glass-

fibre 

epoxy 

(0
o
) 

Glass-

fibre 

epoxy 

(90
o
) 

Teflon 

K  

(W/m
o
C) 

122.5 1.4 0.8 0.25 

C  

J/kg
o
C) 

875 840 840 1043 

  

(kg/m
3
) 

2780 1960 1960 2150 

 
4.3 Element description 
   All models were meshed using 3D thermal 

surface elements. SURFACE152 was selected from 

ANSYS library. The reason of selecting 

SURFACE152 is that it will be more suitable for 

any thermal analysis in 3-D. Various loads and 

surface effects may exist simultaneously. [2].  

 

4.4 Thermal Loading and Boundary 

Conditions 

 

 
Figure 7 Thermal loading of SS FML with DEs in 

TR mode 

 

 
Figure 8 Thermal loading of DS FML with DEs in 

TR mode 

 

 

Figure 9 Thermal loading of TS FML with DEs in 

TR mode 

 

   The uniform heat flux (q) 12500 W/m
2
 is applied 

at the top of FML in both modes. The side surfaces 

and rear surface of the models were considered to 

be adiabatic [3] and [24] in TR mode, as shown in 

Figure 7, Figure 8 and Figure 9.  

 

Figure 10 Thermal loading of SS FML with DEs in 

TTT mode 

 

 

Figure 11 Thermal loading of DS FML with DEs 

in TTT mode 
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Figure 12 Thermal loading of TS FML with DEs 

in TTT mode 

 
   In TTT mode shown in Figure 10, Figure 11 and 

Figure 12, the rear surface of the model was 

subjected to convection boundary with a 

convection heat transfer coefficient of h = 

10W/m
2
K [21]. Only, the side surfaces of the 

model were exposed to be adiabatic [10]. The 

initial temperature of the model was considered 

same as the atmospheric temperature which is 28
o
C 

in both modes.  
 

5. Results and Discussions of DEs  

 
5.1 Analysis of DEs in SS FML structure 
   The images of SS FML with DEs were obtained 

from ANSYS simulation shown in Figure 13 and 

Figure 14 in which the delaminated regions are 

indicated with different temperatures over non-

delaminated region for DE 1 and DE 2 with the 

applied q of 12500W/m
2
 at 1.5 s in both modes. In 

TR mode, the surface temperature of delaminated 

region was more than non-delaminated region but it 

was less than non-delaminated region in TTT 

mode. As reported in many literatures, ΔT is the 

temperature difference between delaminated and 

non-delaminated regions. In the present study, the 

magnitude of temperature difference was taken as 

ΔT. 

  

 
 

Figure 13 Simulated image of DE 1 and DE 2 in 

TR mode 

 

 
 

Figure 14 Simulated image of DE 1 and DE 2 in 

TTT mode 

 
5.1.1 Effect of DE depth on T. Figure 15 shows 

the variation of DE 1 and DE 2 with  in TR mode. 

The results show that the deeper DE 2 produces 

less ΔT than the near-surface DE 1. For example, 

DE 2 produces ΔTmax of 0.3016
o
C at max of 1.1 sec 

but 0.1097
o
C at 1.825 s is produced by DE 2 with 

the same q. From fore-mentioned results, it is 

concluded that DE 1 could be identified more 

quickly with increased ΔT than deeper DE 2. In 

addition, it is inferred that q required to identify 

DEs located near the surface is less to reach 

threshold ΔT of 0.1
o
C for its effective identification 

than deeper DEs. 

 

 

Figure 15 ΔT curves of DE 4 and DE 10 with  in 

TR mode 

 

   The similar analysis produces the result of deeper 

DE 1 reporting with increased ΔT in TTT mode.  In 

this case, it is observed that the deeper DE 4 

produces more ΔT than near-surface DEs. For 

example, the deeper DE 1 reaches ΔTmax of 

0.2961
o
C at 4.425 s and DE 2 produces ΔTmax of 

0.1692
o
C at 3.5 s. Therefore, the results conclude 

that the near-surface DE 2 could be identified more 

quickly with reduced ΔT than deeper DE 1 which 

slightly differs in TR mode. Hence, DE 1 stands 

first in DE identification sequence followed by DE 

2 in TR mode but DE 2 stands first in TTT mode. 

 

 
Figure 16 ΔT curves of DE 4 and DE 10 with  in 

TTT mode 
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5.2 Analysis of DEs in a double stack (DS) 

FML structure 
   The images of heat distribution of DEs in DS 

FML for the applied q of 12500W/m
2
 at 1.5 s are 

shown in Figure 17 and Figure 18 for both modes.  

 

 

Figure 17 Simulated image of DEs in DS FML in 

TR mode  

 

 
Figure 18 Simulated image of DEs in DS FML in 

TTT mode 

 

5.2.1 Effect of DE depth on T. The results 

shown in Figure 19 demonstrate that ΔT of DEs 

varies with  at various depths in DS FML under 

TR mode. ΔT curves of all DEs are almost similar 

but arranged one over the above based on depth of 

DEs. As discussed earlier in SS FML structure for 

near-surface and deeper DEs, the results of DS 

FML structure report that the deeper DE 6 responds 

with low ΔT than the near-surface DE 3.  

   For example, DE 3 produces 0.8343
o
C at 0.5 sec 

but 0.6129
o
C is produced by DE 4 located at 1.35 

mm depth. From further reviews on ΔTmax to 

identify DEs in DS FML structure, only, DE 16 

reports with insufficient ΔTmax (0.0878
o
C at 4.725 

s) for its identification by a thermal imager. 

Therefore, DE 6 could not be identified with 

12500W/m
2
 applied in this analysis or it might be 

identified by applying more heat flux. The order of 

ΔTmax is DE 3, DE, DE 5 and DE6. Further 

observation on max, DE 3, DE 4, DE 5 and DE 6 

produce ΔTmax at 2.525 s, 2.95 s and 3.4s 

respectively. Finally, the results conclude that DE 3 

is identified first with highest ΔT in its 

identification sequence followed by DE 4, and DE 

5. As per max of DE 6, it could be identified at 

4.725 s when the sufficient q is applied to reach 

MRTD. Hence, the study reveals that DE 6 could 

be identified in DS FML even q applied is more. 

 

 
Figure 19 T curves of DS FML structure with  

in TR mode 

 

   In TTT mode shown in Figure 20, it is observed 

that both deeper DE 3 and near-surface DE 6 

produce less ΔT than middle DE 4 and DE 5. The 

results obtained from investigation illustrate that all 

DEs in TTT mode could be identified with 

sufficient ΔT. From further investigation on max, 

the study provides that the values of max are 5 s, 

4.975 s, 4.95 s and 4.95 s for DE 6, DE 5, DE 4 and 

DE 3 respectively. Therefore, the study concludes 

that the near-surface DE 6 could be identified later 

than deeper DE 4 which is in contrast to SS FML. 

Hence, DE identification sequence is DE 3, DE 4, 

DE 5 and DE 6. 

 

 
Figure 20 T curves of DS FML structure with  

in TTT mode 

 

5.2.2 Comparison of DEs in SS and DS FML 

structure. Figure 21 shows the comparison of 

near-surface and deeper DEs considered in both SS 

and DS FML under TR mode. ΔT of near-surface 

DE 3 in DS responds with increased ΔT than the 

near-surface DE 1 in SS FML. At the same time, 

ΔT is initially more for DE 6 up to 0.75 s than DE 

2 but it is almost closer thereafter. Hence, the 

results conclude that near-surface DEs of DE 1 and 

DE 3 make significant changes on ΔT than deeper 

DE 2 and DE 6. From further analysis, DEs present 

in SS FML structure whether it may be a near-

surface or deeper DE could be identified more 
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quickly than DEs in DS FML. For example, max 

values of DE 1, DE 3, DE 2, and DE 6 are 1.1 s, 

2.525 s, 1.825 s, and 4.725 s respectively. 

Therefore, DE 1 reports first in DE identification 

sequence, DE 2 represents the second place, DE 3 

stands in the third place followed by DE 6.  

 

 
Figure 21 Comparison of near-surface and deeper 

DEs in both SS and DS FML in TR mode 

 

    The comparative results of near-surface and 

deeper DEs obtained from TTT mode are shown in 

Figure 22. In TTT mode, it is inferred that the near-

surface DE 3 in DS produces more ΔT than other 

DEs in SS and DEs in DS FML but ΔT produced 

by DE 2 and DE 3 is almost the same. In this case, 

ΔT curves of DE 2 and DE 3 do not make much 

difference. max values of DE 1, DE 3, DE 2, and 

DE 6 are 3.5 s, 4.95 s, 5 s, and 5 s respectively. 

Therefore, the results arouse the similar conclusion 

of DEs in DS FML in TR mode by concluding DE 

1 standing in the first place in DE identification 

sequence followed by DE 3, DE 2 and DE 6. By 

comparison of TR and TTT modes, it is inferred 

that DE 2 could be identified before DE 3 in TR 

mode but DE 3 is before DE 2 in TTT mode. 

 

 
Figure 22 Comparison of near-surface and deeper 

DEs in both SS and DS FML in TTT mode 

 

5.3 Analysis of DEs in a triple stack (TS) 

FML structure 

   ANSYS images of DEs in TS FML for the 

applied q of 12500W/m
2
 at 1.5 s are shown in 

Figure 23 and Figure 24 in both modes.  

 

 

Figure 23 Simulated image of DEs in TS FML for 

12000W/m
2
 in TR mode 

 

 
Figure 24 Simulated image of DEs in TS FML for 

12500W/m
2
 in TTT mode 

 

5.3.1 Effect of DE depth on T. Similar to DS 

FML, a triple stack (TS) FML was also analysed in 

the same manner to predict DEs identification 

sequence at all depths in TR mode.  In this case, ΔT 

curves of all DEs are almost similar and arranged 

with random spacing. ΔT curve of near-surface DE 

7 is placed at the top and arranged in the order of 

DE 8, DE 9, DE 10, DE 11 and DE 12. The results 

of TS FML structure reveal that the near-surface 

DE 7 produces more ΔT than deeper DE 12.  

 

 

Figure 24 T curves of DEs in TS FML structure 

with  in TR mode 

 

   For example, DE 7 produces 0.9889
o
C at 1 sec 

with applied q of 12500 W/m
2
 but 0.7861

o
C is 

produced by DE 8 located at 0.6 mm depth for the 

same q applied. From further investigation on 

ΔTmax to identify DEs in TS FML structure, only, 

DE 11 and DE 12 are reported with ΔTmax of 

0.0762
o
C and 0.0488

o
C respectively. Therefore, 

both DE 11 and DE 12 could not be identified or 

they might be identified by applying more q of 

12500W/m
2
. In addition, further analysis on max 

from DE 7 to DE 12 presents its values is 2 s,  

3.025 s, 4.175 s and 4.275 s respectively. 

Therefore, DE 7 is identified first, DE 8, DE 9 and 
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DE 10. Similar to DEs in DS FML, in this case 

also, DE 11 and DE 12 might be identified by 

applying more q but they could be identified at 

almost 5 s.  

 

 
 
Figure 25 T curves of DEs in TS FML structure 

with  in TTT mode 

 
   From Figure 25, it is observed that the near-

surface DE 12 and DE 11 produce more ΔT than 

middle and deeper DEs. The results obtained from 

investigation conclude that all DEs in TS FML 

structure under TTT mode could be identified with 

sufficient ΔT. For example, max values of DE 12 to 

DE 7 are 5 s, 5 s, 5 s, 4.925 s, 4.125 s and 0.775 s 

respectively. From above results, the study 

confirms that DE 7 could be identified more 

quickly than DE 8, DE 9, DE10, DE 11 and DE 12 

listed in the descending order of DE identification 

sequence. 

 

5.3.2 Effect of DE depth on T in stacks of 

FML. The comparison of near-surface and deeper 

DEs in all stacks of FML structure is shown in 

Figure 26. The near-surface DE 7 in TS produces 

the highest ΔT and the near-surface DE 3 in DS 

reports with the second highest ΔT and so on. The 

deeper DEs of DE 2, DE 6 and DE 12 do not 

respond in the similar manner of near-surface DEs. 

The variation in ΔT is not quiet more to discuss 

about them individually. Similar to DS FML, the 

discussion of individual deeper DE could be 

ignored. From further analysis, DEs present in SS 

FML structure of a near-surface DE 1 could be 

identified more quickly than all other DEs in both 

DS and TS FML. For example, max values of DE 1, 

DE 3, DE 7, DE 2, DE 6 and DE 12 are 1.1 s, 2.525 

s, 3.025 s, 1.825 s, 4.725 s, and 1.175 s 

respectively. Hence, the study concludes that DE 1 

stands in the first place to report its presence and 

other DEs are report one after the other in the 

sequence of DE 12, DE 2, DE 3, DE 7 and DE 12 

respectively. 

 

 
 

Figure 26 Comparison of near-surface and deeper 

DEs in all stacks of FML in TR mode 

 

   The comparative results of near-surface and 

deeper DEs obtained from TTT mode are plotted in 

Figure 26. In TTT mode, it is seen that both deeper 

and near-surface DEs in DS FML, and near-surface 

DE 1 produce much more difference on ΔT than TS 

FML and DE 2 but the variation of DEs located in 

DS FML does not produce significant values. 

Therefore, the individual discussion on both near-

surface and deeper DEs in DS FML could be 

ignored. For example, max values of DE 1, DE 3, 

DE 2, DE 6, DE 7 and DE 12 are 3.5 s, 4.95 s, 5 s, 

5 s, 4.95 s and 4.975 s respectively. Therefore, the 

results provoke the similar conclusion of DEs in TS 

FML in TR mode by confirming DE 1 standing in 

the first place in DE identification sequence and the 

rests follow the order of DE 3, DE 7, DE12, DE 2 

and DE 6 . 

 

 

Figure 27 Comparison of near-surface and deeper 

DEs in all stacks of FML in TTT mode 

 

 

6. Conclusions 
   In the present investigation, the sequence of 

delamination identification was analysed in all SS, 

DS and TS FML structures. The results conclude 

that SPAT in TR mode is more suitable for 

identifying near-surface DEs and TTT mode is 

more suitable for identifying deeper DEs. DEs 

located in SS in both modes could be identified 
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easily. The analyses of DS and TS FML structures 

were carried out to analyse DEs located at various 

depths. The results reveal that the surface 

temperature DEs increases when number of stacks 

of FML is increased.  

   The numerical results of DEs in both DS and TS 

FML structures conclude that DE 16, DE 21 and 

DE 22 in TR mode could not be identified in this 

investigation but they DEs could be easily 

identified with sufficient MRTD in TTT mode.  

   It concludes the near-surface DE 1 located in SS 

FML could be identified first with reduced ΔT than 

both DS and TS FML structures in modes. Thus, 

the results conclude that SPAT of IRT could 

effectively be applied to investigate the DEs 

identification sequence.   

 

 

7. Nomenclature 
 Density, kg/m3 

 Pulse duration, s 

max Time to maximum T, s 

T Thermal contrast, oC 

Tmax Thermal contrast, oC 

C Specific heat, J/kgK 

h Convective heat transfer coefficient, W/m2K 
K Thermal conductivity, W/mK 

q Heat flux, W/m2 

qopt Optimum heat flux, W/m2  

sDE Size of delamination, mm or m 

TDE Time to identify delaminations, s 
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