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President – ISNT

president@isnt.in

BIKASH GHOSE

DR. RAVIBABU MULAVEESALA

Greetings! 

December2022 issue of JNDE was on NDE 4.0. It was well received by the readers, thanks to Dr. Shyamsunder, our guest editor. You 
will be happy to know that Dr. Shyamsunder is coordinating the 3rd International Conference on NDE which will be hosted by ISNT 
in India during Feb 2025.

Let us have a quick look at what’s happening around!

The Program Formulation and Management Board (PFMB) will be releasing a few programs in different regions of India in the year 

increase in Chapter activities including webinars, training programs and workshops, which is a good sign.

our competence, leading to abetter us and advancing the nation further!

Ravibabu Mulaveesala, will be of much interest to you all. Many thanks to Dr. Ravibabu for bringing out the issue on time.

instead of four, along with the other regular features. 

The chapter activities section summarizes the activities conducted by various chapters in the last three months (Dec 2022 – Feb 2023). 

 Bikash Ghose
 Managing Editor, JNDE

This volume of the Journal of Non-destructive Testing and Evaluation (NDT&E) contains research articles within the common 
denominator of Testing and Evaluation various materials using infrared thermography. This issue tried to demonstrate the breadth 
of applications for which one can use Thermal NDT&E (TNDT&E), together with very recent research developments, some clear 
demonstrations of the method at work in applications and some of the necessary background theory that underpins the basic 
signal, image and video processing methods commonly adopted for improved defection capabilities of subsurface defects.

The aim of this TNDT&E special issue is to provide a snapshot of state-of-the-art research from wide selection of key researchers 
involved in TNDT&E area from various research and academic institutes. Contributors have also been encouraged to submit high 
standard relevant articles that act as a review of their own work up to the current boundaries of their focused research specialization.

authors for providing their valuable piece of research work to this issue. It has been a great pleasure to prepare this specialissue 

 Dr. Ravibabu Mulaveesala
 

Prof. K. Balasubramaniam, President Elect ISNT,was elected as the Vice President of APFNDT during the meeting of APFNDT members in Melbourne on 2nd March 

The present issue is devoted to Infrared Thermography which is playing an important role in Detection and Characterization of defects. I am sure the readers will 
get a very good Insight on the latest trends in thermography in this issue.

I thank all authors, the editorial board, advertisers, and the whole team for releasing this issue in time, and request readers to share their feedbacks and 
suggestions.

 Diwakar D. Joshi
 President
 president@isnt.in



3

www.isnt.in March

2023

Journal of Non Destruction

Testing & Evaluation

CHAPTERS C
H

A
P

T
ER

S
CHAPTER CHAIRMEN/SECRETARIES

Shri Hemant Kumar
Chairman– ISNT-Ahmedabad Chapter
Head – Reliability Static

Reliance Industries Ltd, VP-CES, 

Shri Jayesh Prajapati
Secretary– ISNT-Ahmedabad Chapter

Shri Shashidhar P. Pallaki
Chairman- ISNT-Bangalore Chapter

pallakki@pallakkindt.com 

Shri Prakash Balasubramanian
Hon. Secretary, ISNT-Bangalore Chapter

Shri RG. Ganesan 
Chairman- ISNT -Chennai Chapter

Tambaram to Velacherry Main Road, . 

rg_ganesan@yahoo.com 

Shri P. Anandan
Hon. Secretary, ISNT-Chennai Chapter 
Technical Manager & NDT Level-III

ap@scaanray.com 

Shri P. Murali
Chairman, ISNT- Coimbatore Chapter

murlinaveen@gmail.com

Shri A. Rathinam
Hon. Secretary, ISNT-Coimbatore Chapter

everestndt@gmail.com 
isntcoimbatorechapter@gmail.com 

Shri Raj Kumar Singh
Chairman, ISNT-Delhi Chapter

Shri F. Siddiqui
Hon. Secretary, ISNT-Delhi Chapter 

isntdelhi@gmail.com / delhindt@yahoo.com 

Dr S.K Jha
Chairman, ISNT Hyderabad Chapter
Chairman & Managing Director of Midhani

Dr Phani Surya Kiran
Secretary, ISNT Hyderabad Chapter

kiranmps@gmail.com 

Shri S Balamurugan
Chairman, ISNT- Jamshedpur Chapter
Head, Non-Destructive Testing & Sensors (NDT&S) Research 
Group
Research & Development Division, Tata Steel Limited

Shri Rohit Kumar Agrawal
Hon. Secretary, ISNT- Jamshedpur Chapter
Principal Researcher, Non-Destructive Testing & Sensors (NDT&S) 
Research Group
Research & Development Division, Tata Steel Limited

Shri S. Athmalingam
Chairman, ISNT Kalpakkam Chapter, 
Associate Director, HSEG & Head - QAD 

athma@igcar.gov.in 

Shri M.V. Kuppusamy
Hon. Secretary, ISNT Kalpakkam Chapter

Quality Assurance Division, SQ & RMG,

masikuppu@igcar.gov.in 

Shri Sathyan V 
Chairman, ISNT- Kochi Chapter

sathyanv@bharatpetroleum.in 

Shri Sibi Ignatius 
Hon. Secretary, ISNT-Kochi Chapter

sibiignatius@bharatpetroleum.in 

Shri Dipankar Gautam
Chairman, ISNT- Kolkata Chapter

Shri Sreemoy Saha
Hon. Secretary, ISNT- Kolkata Chapter

Megdoot Apartment, Block A, Flat 2B,

sreemoy4u@gmail.com 

Shri S.K. Verma 
Chairman, ISNT- Kota Chapter

surendrakverma@npcil.co.in 

Shri Ranjeet Singh Rajpurohit
Hon. Secretary, ISNT Kota Chapter

Nuclear Power Corporation of India

Dr. P.P. Nanekar
Chairman–ISNT Mumbai Chapter

 
 

 
 

pnanekar@barc.gov.in / paritoshn@yahoo.com 

Shri Samir K. Choksi
Hon. Secretary, ISNT - Mumbai Chapter

Choksiindia@yahoo.co.in

Shri Jeevan Ghime
Chairman, ISNT-Nagpur Chapter
M/s. Becquerel Industries Pvt. Ltd.
33, Rushikesh Modern Co-op. Hsg. Society

Shri Parag W. Pathak
Hon. Secretary, ISNT - Nagpur Chapter
M/s. NDT Solutions Saket - Pruthvi Appt

Shri Jayaprakash Hiremath
Chairman –ISNT Pune Chapter

Borhadewadi , Near Gail Pump

hiremath@tuv-nord.com 

Shri Rahul Kulkarni
Hon. Secretary –ISNT Pune Chapter

hon.secretaryisntpune@gmail.com / rahul.kulkarni@kqspl.com 

Shri B. Munirathinam
Chairman, ISNT Sriharikota Chapter

Shri V. Rajasekhar 
Hon. Secretary, ISNT Sriharikota Chapter
Chapter Sci/Eng.-SD, NDT, SPP, 

Shri Vinay Thattey 
Chairman, –ISNT Tarapur Chapter

Nuclear Power Corporation of India Limited

Shri S. K. Acharya
Hon. Secretary –ISNT Tarapur Chapter

Nuclear Power Corporation of India Limited 

Dr. T Gurunathan 
Chairman, ISNT -Trichy Chapter,
General Manager/Quality & BE, 

tguru@bhel.in 

Shri H. Nikhil
Hon. Secretary, ISNT-Trichy Chapter
Deputy Manager/ATP-NDTL Quality

hnikhil@bhel.in / trichy@isnt.in 

Dr. Mohan Kumar L
Chairman-ISNT- Trivandrum Chapter

l_mohankumar@vssc.gov.in / lmkdrn@yahoo.com 

Shri Girish N Namboodri
Hon. Secretary, ISNT- Trivandrum Chapter
SCI/ENGR SE, NDTF/RPP,

girish.nampoothiri@gmail.com / isnttvm@gmail.com 

Shri R. Venkatasubramanian
Chairman-ISNT-Vadodara Chapter

Shri Kashyap Niranjan Bhatt
Hon. Secretary, ISNT - Vadodara Chapter
Rushikesh Engineering Resources

info@rushikeshengg.com / secretaryisntvc@gmail.com 

CHAPTER Chairmen & Secretary



www.isnt.inMarch

2023

Journal of Non Destruction

Testing & Evaluation

N
G

C
/N

C
B

1.  Dr. Paritosh P. Nanekar 

Chairman, NCB 

Bhabha Atomic Research Centre 

Chairman.ncb@isnt.in

2.  Shri M.V. Kuppusamy 

Hon. Secretary, NCB 

Indira Gandhi Centre for Atomic Research 

secretary.ncb@isnt.in

3.  Shri V. Manoharan 

 

Principal Technologist 

 

coe.ncb@isnt.in

4.  Shri S. Viswanathan 

Hon. Treasurer, NCB 

Indira Gandhi Centre for Atomic Research 

treasurer.ncb@isnt.in

NGC/NCB Members

NATIONAL GOVERNING COUNCIL 
(NGC)

NATIONAL CERTIFICATION BOARD (NCB)

1. Shri Diwakar D. Joshi 

President 
 

president@isnt.in

2.  Dr. Krishnan Balasubramaniam 
President Elect 

 
balas@iitm.ac.in

3.  Dr. Jaiteerth R. Joshi 
Vice President 

 

4.  Shri Rajul R. Parikh 
Vice President 

 

5.  Dr. M.T. Shyamsunder 
Vice President 

 
mandayam.shyamsunder@gmail.com

6.  Shri Bikash Ghose 
Hon. Gen. Secretary 

 
secretary@isnt.in

7.  Shri R. Vivek 
Hon. Jt. Secretary 

 

8.  Shri Nerurkar K.A 
Hon. Treasurer 

 
treasurer@isnt.in

9.  Shri S. Viswanathan 
Hon. Co-Treasurer 

 
viswa@igcar.gov.in

10.  Dr. B. Venkatraman 
Immediate Past President 

 
qadbvr@gmail.com

11.  Dr. R.J. Pardikar 
Past President 

 

MEMBERS

20. Shri P. Mohan

22. Ms. Menaka. M
23. Ms. Navita Gupta 

25. Shri Partha Pratim Brahma

26. Dr. Ravibabu Mulaveesala

30. Shri Shashidhar Pallaki

34. Shri R.  Venkatasubramanian
35. Shri M.N.V. Viswanath
36. Shri G. Surya Prakash (Co-opt)

Permanent Invitee:

PAST PRESIDENTS

40. Shri K. Balaramamoorthy

42. Shri K. Viswanathan

43. Shri S. I. Sanklecha

44. Shri Dilip P. Takbhate

45. Dr. P. Kalyanasundaram

46. Shri V. Pari

ALL CHAIRMAN/SECRETARY OF CHAPTERS 

EX-OFFICIO MEMBERS

50. Prof. Krishnan Balasubramaniam,  

MEMBERS

5.  Shri G.V. Shiva Rao, DRDL, Hyderabad

6.  Shri A.K. Das, National Thermal Power Corporation Ltd.

POTENTIAL NCB AUTHORIZED EXAMINATION CENTER

NDT, Delhi

EX-OFFICIO MEMBERS

20. Shri Diwakar D. Joshi,  

President, ISNT

 

President-Elect, ISNT

22. Shri Bikash Ghose,  

Hon. Gen. Secy., ISNT

23. Dr. B. Venkatraman,  

Immediate Past President, ISNT

23. Dr. M.T. Shyam Sunder,  

Chairman-Training Management Board -ISNT

24. Shri Partha Pratim Brahma,  

Controller of Authorisation -ISNT





www.isnt.inMarch

2023

Journal of Non Destruction

Testing & Evaluation

6CHAPTERS ACTIVITIES

CHAPTER ACTIVITIES For the period from Dec 2022 to Feb 2023

AHMEDABAD

Annual General Meeting on 18/02/2023. 

BENGALURU

Courses & Exam. Conducted : 

ISNT Bengaluru Chapter conducted 5 days hybrid 
mode Training programme RTFI (Radiographic Film 

C
H

A
P

T
ER

 A
C

T
IV

IT
IE

S

CHENNAI 

Courses & Exam. Conducted : 

Technical Talk:

Other Activity:
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ISNT Chennai Chapter received the Best Chapter Award for the year 2022 during the inaugural function of NDE 2022 on 

S. 
No.

Month
Course 
Code

Courses

Training Period
course Fees

Rs.

Last date of 
receipt of 

application 
form

From To

April Surface NDT Level-II 
(MT & PT)

26.04.23 03.05.23 05.05.23 &
06.05.23

2. May
Level-II

24.05.23 26.05.23 &

3. Jtme RT-2303 Radiographic Test-
ing Level-II

23.06.23 &
24.06.23

4. July VT-2304 Visual Testing Level-
II

5. July ST-2305 Surface NDT Level-II 
(MT & PT)

6. August ET-2306 Eddy Current Testing 
Level-II

20,000/ -

August
Level-II

September Leak Testing Level-II 22,000/-

Radiographic Test-
ing Level-II

November
(MT & PT)

December
Level-II

February Radiographic Test-
ing Level-II

(NCB) scheme is Rs.5,000/- plus GST, same shall be paid directly to NCB. Link for making this payment will be shared / provided 
including registration.

 
 



     Multiple applications
                                  
          Research & Development                  

                Corrosion Mapping 
                   Immersion Tanks 
                      Weld Inspection
                        With Scanners
                             & Crawlers
                                 & Robots

HIGH PERFORMANCE & SPEED PHASED ARRAY & FMC/TFM

INTEGRATION MADE EASY
for all inspection systems
contact@tpac-ndt.com

Explorer 128/ 128

Explorer 64/128



MUMBAI

Courses & Exam conducted

Technical Talk

Topic - Flaw Detection and Characterization in tubes using Eddy 
Current Testing by Shri. Arbind Kumar
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undertaken by the students.

3. The training courses, programs, conferences, workshops and 

5. To provide consultancy services in the areas of NDT for public 
and private organization.

Viswanathan, Past President, G. Ramachandran, Advisor, B. Ram 
Prakash, Advisor, R. Balakrishnan, Chairman Elect, P.Anandan, Hon. 
Secretary, A. R. Parthasarathy, Hon. Treasurer, and EC Members P.N. 

ISNT Chennai Chapter - Course Calendar for 2023-2024
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Other Activities :

25.02.2022

KOTA

Course & Exam

Technical Talk :

Line management training on Visual Inspection of pressure tube 

Other Activity

KOLKATA

Course & Exam

2 EC Meetings were conducted. 

TARAPUR 

Course & Exam

Technical Talk 

Chapter conducted technical demonstration on videoscopes in association with  
M/s Maarg Technologies, Mumbai and were demonstrated all the available equipment’s 

power point presentation.

SATYAKIRAN ENGINEERS PRIVATE LIMITED

TRAININGS/ TESTING SERVICES/ MANPOWER 

ISNT
ASNT
NAS410/ EN4179
ISO 9712

UT, MT, RT, PT, VT, LT

& advanced 

EDDY CURRENT, RVI,  

MFL, DR, PAUT, 

TOFD
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Other Activity

During the year total 04 EC meetings was held for different activity of the chapter. Chapter has prompted the activities and total 
06 new members were enrolled as a life member.

Shri Chetan Mali as an Hon. Treasurer.

Chapters E bulletin, 5th issue inaugurated during AGM by Advisor Shri. A.B. Deshmukh, Site Director, TMS.

NPCIL by Treasurer during Inauguration of VT level II training programme
programme

level II training programme

Introduction of participant during VT level II training programme
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Practical demonstration to all candidates during VT level II training programme Videoscope practical demonstration to participants during VT level II training 
programme

Videoscope practical demonstration to participants during VT level II training 
programme

Practical demonstration & presentation by M/s MARRG technologies during VT 
level II training programme

training programme training programme

Lecture by chairman Shri. R.Murali during VT level II training programme
chairman Shri. N.K.Roy and Treasurer Shri. Chetan Maliin NDE 2022

14
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TRICHY

Course and Exam 

Safety for Industrial Radiographer 

Technical Talk

& Beyond

Contribution of Solar Energy for Energy 
conservation.

Recent Trends and Processing Issues.

Yourself to Save Your Family.

Construction (Autoclaved Aerated 
Cement Blocks and binders.

Other Activity

Membership addition

Annual General Body Meeting conducted on 05.02.2023

VADODARA

Course and Exam 

Other Activity:

ISNT Vadodara Chapter has successfully completed two days 

and 22nd February 2023.

The workshop covered both - theory and practical demonstration.

Mr. R. Venkatasubramanian, Mr. Krutik Shah and Mr. Kashyap Bhatt 
were faculty members from ISNT Vadodara Chapter.

Total 20 candidates from GNFC actively participated in the workshop 
with good interaction between faculty members and participants.

The workshop found highly useful to all participants for their plant 
inspection activities. Very good appreciation received by ISNT 
Vadodara Chapter for organizing the workshop. 

HYDERABAD 

Technical Talk 

Hyderabad.

Other Activity:
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UV Light

Best Quality UV Lights, durable &

economically priced.

www.uv365nm.in

NDT CALIBRATION

SERVICES

All type of NDT Equipment

calibration with NABL traceability.

      www.ndtcalibration.in

     

ALL CONVENTIONAL NDT TESTING & TRAINING

 
Non Destructive Testing: -

1.DPT & MPT

2.Radio Graphic Testing

3.Ultrasonic Testing & Ultrasonic Thickness Measurement

4.FRP – Composite NDT Inspection and Thickness Measurement

5.Infrared Thermography Testing – up to 1200° C (FLIR/FLUKE)

6.Drone Inspection – Normal & Aerial Thermal Imaging

INDUSTRIAL

9898254941

www.industrialndt.com/

www.industrialndt.in

Vadodara

 

Insight Quality Services 
Office No.507/508, 5th Floor, Building No.1, Siddharth Towers,Sr. No. 

12/3B, Near Sangam Press, Kothrud, Pune : 411 029, Maharashtra, India. 

E-Mail: support@iqs-ndt.org|Website : www.iqs-ndt.org 

Mobile: +91 9689928561 / +91 9881244118 

Insight Quality Services is a pioneering institute in the field of Training, Consultancy, Inspection & NDT Services. 

TRAINING COURSES CONSULTANCY SERVICES 

 Certification Courses in NDE Level II (RT,PT,UT,MT,VT,LT,ET) ASME Certification ( U, R, U2, S, N, PP Stamps) Preparatory Work
 NDT Level III Preparatory (RT,PT,UT,MT,VT,LT,ET) ISO 9001, 14001, 45001 Certification preparatory work
 EN ISO 9712 Level 2 & 3 Preparatory (RT,PT,UT,MT,VT) Developing Management Systems - quality manuals
 Welding inspectors / Welders, QC managers’ certification Setting up NDT labs, Procedures & Work Instructions
 Fabrication Inspector Welding procedures & Welders’ review / approval
 CSWIP 3.0, 3.1,3.2 & Bgas Preparatory Training Vendor assessment & development
 Management Systems - Internal Auditor, and Awareness Developing QA / QC systems
 ASME codes awareness, NDT Awareness Setting up internal quality systems
 Preparatory for API (510, 570, 653, 580, 577,571,936,1169, SIFE) Quality & Safety audits (HSE)
 AWS CWI & CWEng Seminar & Exam Liaison with third party / statutory inspection agencies
 Computerized mock exams for API and ASNT Level III modules ISO 3834 & ISO 15085 Certification Consultancy Services

INSPECTION SERVICES NDT SERVICES 

 Pressure vessels, Heat exchangers NDE services for VT, PT, MT, UT and RT film interpretation by
 Storage tanks, Casting, Forging, Static & rotary NDE Level II / III or EN ISO 9712 Level 2 / 3. 

equipment, Pumps & Valves, Equipment of nuclear projects                        PAUT & TOFD Level 2 & 3 Services
 Positive Material Identification Inspection Borescopic Inspection & Hardness Testing

                                                                                                                                              
SHUTDOWN INSPECTIONS WELDING TRAINING AND TESTING CENTER 

 Team of managers and inspection Basic and Advanced Level Programs in SMAW, GTAW 
Engineers for Shutdown Inspections

 is good to have Education, it is better to have Experience, but it is essential to have  
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Training Management Board (TMB) – ISNT

and scope,whose sole responsibility would be to manage all the training related activities and policies for 

Objectives of TMB

Training

being conducted by any authorized entity under the ISNT banner

- Act as a nodal agency for addressing all NDT/Inspection related special Training needs of the Indian 
industry

Authorization of Training Centre’s

ICN across the country (and abroad if needed) to help spread ISNT’s schemes more widely

Scope

- Any Special Training programs of interest and relevance to be organized by ISNT based on current trends 

- Establishing a self-sustaining model for revenue generation for continued operations and growth of TMB

TRAINING MANAGEMENT BOARD

Dr. M.T. Shyamsunder, Chairman 

Mr. S. Harikrishna, Hon. Secretary

Mr. Partha Pratim Brahma, Controller of Authorisation

Ms. Navita Gupta

Mr. N. Sadasivan

Mr. Mincheri Ravi

Mr. Thamanna Ravikumar

Mr. M. Manimohan

Mr. Arbind Kumar

Mr. Chintamani Khade

Mr. R.V.S. Mani

Mr. Anandan Pari

Dr. R.J. Pardikar

Mr. V. Pari

President, ISNT

President Elect, ISNT

Hon. Gen. Secretary, ISNT

Hon. Treasurer, ISNT

Immediate Past President -ISNT

Chairman –NCB

Members :
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PROGRAM FORMULATION AND MANAGEMENT BOARD (PFMB)
I wish to inform you that the Program Formulation and Management Board of ISNT (PFMB) has been constituted with Shri V. 

board. 

PFMB has formed 4 technology groups –Radiological Imaging, Electromagnetic NDE, Thermal Imaging, and Acoustic NDE and 

Shri V. Manoharan, Chairman
Shri Deepesh Vimalan, Hon. Secretary

Members :

Objectives

Conferences, Seminars etc. to create platform for constant interaction with ISNT members, meet the requirement 

of industry, academia and research community.

programs.

Scope
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PFMB

Themes for the Special Issues of Journal of Nondestructive Testing and Evaluation (JNDE) 

The issues of Journal of Non Destructive Testing and Evaluation (JNDE) are published quarterly and the 

that highlight the latest advancements in this area.

articles and papers on the following different themes that will be of great interest to researchers, practitioners, 
and industry professionals alike.

Issue Theme Issue Editor

June 2023 Radiological NDE Dr Debashish Mishra, GE Research

September 2023 NDE of Civil 
Infrastructure

Dr Surendra Beniwal, IIT Jammu
Dr Debdutta Ghosh, CBRI-CSIR

December 2023 NDE 4.0 Dr Shyamsunder Mandayam, Azareri Pvt Ltd

submissions are accepted throughout the year. 
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held on 24th November 2022. Shri Nilesh M Desai, Distinguished Scientist & Director, Space Application 

inaugural function of NDE 2022. Prof. Krishnan Balasubramaniam, Chair Professor IIT Madras was the 

More than 550 participants attended the conference, represented by various Service and Manufacturing 
Industries, Academia, NDE Entrepreneurs, R&D Institutions from Space, Defence, Atomic Energy, Power, 

on NDE 4.0 was organised by Dr Ripi Singh and was moderated by Dr Shaymsunder Mandayam. JNDE 

NDE Conference tutorials were held on online mode on 3rd & 4th Dec 2022. There were two Memorial talks, 

were presented in 32 sessions spread over three days by the researchers working in the different areas of 
NDE. Dr Ravibabu Mulaveesala & Dr Phani Mylavarapu have spearheaded the technical committee of the 

talk was delivered by Dr Ripi Singh, and Dr Komal Kapoor from NFC has delivered the Rameshbhai Parikh 
memorial talk.

NDE 2022, another landmark event from ISNT in the annual series, was back in physical form after a gap of 

fronts.

Report of Annual Conference and Exhibition on NDE (NDE 2022)
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Pulsed Thermal NDT of Material Discontinuities by Using the Concept of 

Equivalent Effusivity/Diffusivity Variations 

A.O. Siddiqui1a, Y.L.V.D. Prasad1, V.P. Vavilov2, D. Yu. Kladov2 

 
1Advanced Systems Laboratory, Kanchanbagh P.O., Hyderabad 500058 

2 National Research Tomsk Polytechnic University 634050 Tomsk, Lenin Av., 30, Russia 
aEmail: ahmedovais.asl@gov.in 

 

 

Abstract 

Subsurface material discontinuities lead to local variations of apparent thermal effusivity and 

diffusivity. The analysis of equivalence between such variations and defect parameters is useful from 

both theoretical and practical points of view. Classical heat conduction solutions contain 

effusivity/diffusivity as important parameters, which can be used for defect characterization.  Also, 

conversion of temperature images into maps of thermal propertiesmay enhance defect visibility, for 

example, by transiting from the temperature domain into the time domain, as it appears in the case of 

diffusivity measurement. A 60J impact damage in carbon fiber reinforced polymer is characterized by 

effusivity/diffusivity variation from 20 to 40 %. 

 
Keywords: Nondestructive testing, Infrared thermography, Defect, Diffusivity, Effusivity 

 

 
 

1.Introduction: 

 

In pulsed thermal nondestructive testing (NDT), 

subsurface defects of materials are detected by 

analyzing dynamic temperature distributions on the 

surface of test samples excited by a pulse or waves of 

thermal energy. Several types of thermal stimulation 

can be used but typically it is performed by means of 

flash tubes and halogen lamps [1]. In one-sided tests, 

front (F) surface temperature signals, which appear 

over defects, essentially decay by amplitude and 

delay in time with increasing defect depth l, while on 

the rear (R) surface temperature signals and their 

evolution in time are weakly dependent on l, see the 

test scheme in figure 1. In the last decade, thermal 

NDT appeared as a powerful tool for evaluating 

quality of composite materials, see the recent review 

[2] and some topical papers [3-5]. 

Classical analytical solutions of heat conduction in 

solids are typically one-dimensional (1D) and involve 

material thermal properties as solution parameters, 

namely, thermal effusivitye and thermal diffusivity a. 

The concept of pulsed thermal NDT accepted in this 

study assumes that a discontinuity-like defect 

phenomenologically can be considered as a local 

variation of the above-mentioned parameters De(F-

surface procedure) and Da(R-surface procedure). 

This concept wasearlier used for analyzing severity 

of impact damage in carbon fiber reinforced polymer 

(CFRP) composites [6,7]. The investigations were 

conducted on large series of CFRP samples which 

contained impact damages in a wide range of energy, 

while the samples were subjected to temperature 

cycling tests and moistening.  

In this study we, first, analyze the theoretical aspects 

of the relationship between discontinuity-like defects 

and thermal property variations by using 3D 

modeling and afterwards supply an experimental 

illustration for both one- and two-sided inspection of 

impact damage in CFRP. 
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Fig.1  One-and two-sided thermal NDT procedures: equivalence between defects and apparent 

variations of thermal properties 

 

2.Theory: back to basics 

 

The Dirac-pulse heating of an adiabatic 

homogeneous plate is described with the two well-

known expressions: 

 

 on the F-surface; 

 

, on the R-

surface (1) 
 

Here:  is the absorbed energy,  is the thermal 

conductivity, is the thermal diffusivity,   is the 

plate thickness, and   is the Fourier 

number. The plots of the functions above are 

schematically shown in figure1.The three material 

thermal properties ( , the heat capacity, , the 

density and thermal conductivity ) cannot be 

determined without having measured absorbed 

energy; note that the dimensions of these quantities 

contain energy in Joules. Oppositely, thermal 

diffusivity , of which dimension is m2/s, can be 

evaluated by analyzing some inflection points in the 

R-surface  functions. Such inflection points 

naturally appear in  curves, while the 

processing of F-surface  curves requires using 

some mathematical “tricks”, such as non-linear 

fitting [8, 9].  Reliability of the corresponding 

estimates on the R-surface is typically higher than 

those on the F-surface. Physically, this is explained 

by the fact, that in a two-sided procedure the heat 

energy travels across a sample thus being affected by 

material bulk properties, unlike a one-sided 

procedure where the influence of material properties 

on the surface temperature strongly decays with 

increasing depth.  

It is worth noting that Eqs. (1) contain the infinite 

number of exponential members which are often 

interpreted as pulsed thermal waves travelling 

between the F- and R-surfaces of the plate. Front-

surface solutions become much simpler if a plate can 

be replaced with a semi-infinite body, of which 

Dirac-pulse heating is described by the equation: 

 

,(2) 

 

Where  is the effusivity, or thermal inertia. 

Obviously, the determination of absolute values of 

 

(3) 

 

is also linked to measuring absorbed energy but in 

thermal NDT one often analyzes the temporal 

behavior of the function. It is also 

tp

1

e

W
T =
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worth noting that any plate behaves as the respective 

semi-infinite body at shorter observation times that 

follows from Eq. (1) at short  times. It is important 

noting that experimentally determined  values are 

apparent and vary in time. 

In a two-sided procedure, thermal diffusivity is 

typically determined by using the Parker formula 

[10]: 

 

(4) 

 

where  is the so-called half-rise-time easily 

determined in a  curve, see the plot in figure 1. 

 

3. Effusivity and diffusivity vs. subsurface defect 

parameters – sensitivity analysis 

 

In this section we analyze how the presence of 

subsurface defects changes apparentlocal thermal 

properties of a material under test: effusivity in a one-

sided procedure and diffusivity in a two-sided 

procedure.The underlying concept is to model some 

defect situations where air-filled defects having 

different thickness and located at different depths 

modify the values of local apparent 

effusivitycalculated by Eq. (3) and diffusivity 

calculated by Eq. (4) to compare to the respective 

“non-defect” values. 

 

 

3.1 Test model description 

 

Two CFRP sampleswith the thickness of 1 and 6 mm 

were analyzed in both one- and two-sided procedures. 

The heating time was 1 second and the heating power 

- 10 kW/m2. Four synthetic image sequences have 

been produced to determine variations in apparent 

local effusivity and diffusivity, i.e. at the points 

located over the centers of the air-filled defects.  

Defect depth and thickness varied to study influence 

of these parameters on thermal property variations. 

Since defect lateral dimensions greater than 10 mm 

weakly influence surface temperature signals [1], in 

this model only 10x10 mm defects have been 

analyzed according to the scheme in figure 2a. The 

examples of apparent effusivity and diffusivity maps 

are presented in figure 2b, c. 

It is worth noting again the principal difference 

between maps of effusivity and diffusivity. 

Diffusivity is a unique integral parameter which 

characterizes a sample in a particular heating 

procedure. Diffusivity values are calculated by 

processing a whole synthetic sequence. Effusivity 

can be regarded as a unique parameter only if Dirac-

pulse heating of an adiabatic semi-infinite body is 

involved. In our case, we deal with square-pulse 

heating of non-adiabatic plates, therefore, effusivity 

is to be calculated for each single image in a synthetic 

sequence varying from image to image through the 

sequence. In the analysis below, effusivity variation 

for each defect has been calculated at the time when 

a differential temperature signal for this particular 

defect achieves a maximum value. 

For the 1 mm-thick sample, the synthetic sequence 

included 150 images with the acquisition interval 

being 0.1s; whereas, for 6 mm-thick sample, the 

synthetic sequence included 100 images with the 

acquisition interval being 1s. 

 

 
 

Fig.2a Scheme of defects 

 

Sample 1: L=1 mm: defect depth 0.2, 0.5 and  

0.8 mm, defect thickness 0.05, 0.10 and 0.15 mm 

 

Sample 2: L=6 mm: defect depth 1, 3 and 5 mm, 

defect thickness 0.05, 0.10 and 0.20 mm 
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Fig.2b Effusivity map (1 mm-thick CFRP 

sample)          

Fig.2c Diffusivity map (6 mm-thick CFRP 

sample). 

 
Fig.2Test model for analyzing relationship between defect parameters and local variations of 

effusivity/diffusivity (all defects 10×10 mm): 

 

 

3.2 Modeling results and discussion 

 

All results are presented in Table1 where relative 

variations (in percent) of effusivity and diffusivity are 

given for each particular defect (36 test cases in total).  

The same results are graphically shown in figure3. 

Notice that there are no results for the defects at the 

depth 0.8 mm in the 1 mm-thick sample because of 

the so-called inversion phenomenon. The concept of 

this phenomenon is that, in a two-sided procedure, the 

defects located close to the rear surface first produce 

negative temperature signals (defect areas are colder 

than the background) and then become positive thus 

making the corresponding values of diffusivity 

variations in Table 1 “non-uniform” (these values are 

specified with **). The inversion phenomenon 

deserves further exploration. 

In fact, the obtained relationships qualitatively repeat 

those which take place for differential signals, 

namely, relative effusivity variations decay linearly 

with depth and increase linearly with defect 

thickness, while diffusivity variation is maximal for 

the defects located in the middle of the sample, and 

the corresponding relationships are close to 

linear. 

 

 

4. Experimental illustration 

 

The theory above was illustrated by evaluating a 

CFRP sample with thickness of 4.7 mm subjected to 

a standard impact damage test characterized by the 

energy of 60 J and velocity of 7 m/s (Figure 4a).The 

sample was tested on both F- and R-surfaces 

performing one- and two-sided tests to produce 4 sets 

of the IR image sequences, which were analyzed for 

variations of apparent effusivity and diffusivity. The 

sample was heated with 2 flash tubes (6.4 kJ energy 

in total, 5 ms pulse duration). On the F-surface, the 

impact damage was hardly detected (the so called 

Barely Visible Impact Damage-BVID), while the 

major delaminations appeared on the R-surface in the 

well-known “butterfly” form (see figure 4a). It is 

worth noting that, unlike the theoretical cases 

analyzed above, an impact damage defect represents 

a complicated conglomerate of delaminations and 

cracks located at different depths and oriented along 

the fiber direction. Often, a main body of impact 

damage appears closely to the sample rear surface. 
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Table.1Effusivity/diffusivity variations over air-filed defects 

in 1 and 6 mm-thick CFRP samples (model from Fig. 2) 

 

Defect depth , mm Defect thickness , mm One-sided procedure , % * Two-sided procedure , % 

1 mm-thick sample 

0.2 0.05 32.4 21.1 

0.10 44.4 34.6 

0.15 51.3 40.0 

0.5 0.05 16.9 28.6 

0.10 25.1 44.3 

0.15 29.6 48.1 

0.8 0.05 5.50 21.1** 

0.10 10.1 21.1** 

0.15 14.7 11.9** 

6 mm-thick sample 

1 0.05 11.5 3.6 

0.10 18.0 7.1 

0.20 27.1 10.7 

3 0.05 3.1 7.1 

0.10 5.9 10.7 

0.20 9.6 15.8 

5 0.05 0.96 3.6 

0.10 1.3 7.1 

0.20 2.3 10.7 

 
*  These values are determined for the times when the differential temperature signals over particular defectsbecome maximal. 

 

** These values correspond to a special case where temperature signals on the rear surface experience the so-called inversion, i.e. 

change the sign. 

 

  

  

  

Fig.3 Effusivity/diffusivity variations over air-filled defects 

in 1 and 6 mm-thick CFRP samples (data from Table 1) 
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The evolution of the F-surface temperature 

distribution over the impact damage in a one-sided 

test procedure is shown in figure 4b. It is seen that 

immediately after the heat pulse one can see the thin 

superficial delamination while the main body of the 

defect appears later. The analysis of the in-depth 

structure of impact damage defects is beyond the 

scope of this study; the use of dynamic thermal 

tomography for 3D reconstruction of impact damage 

was discussed in [11]. 

Figure 4c shows the evolution of signal-to-noise ratio 

(SNR) through the recorded source image 

sequencethatwasroutinely calculated for defect (D) 

and non-defect (ND) areas chosen by the operator. It 

follows that the defect can be detected best of all at 

about 1 s. Then the source sequence was converted 

into the sequence of apparent effusivity images 

according to Eq. (3). 

The corresponding  plot is presented in figure 4d 

to illustrate that immediately after the heat pulse the 

effusivity magnitude in the chosen (D and ND) areas 

is the same, and a noticeable difference occurs in the 

interval from 0.4 to 4 s. An F-surface map of is 

shown in figure 4e to illustrate 19 % variation of 

thermal effusivity over the impact damage. It is worth 

reminding that values vary in time and an 

absolute value of    reaches maximum at a 

particular time (at about 1s in figure 4e). 

 

 
 

Fig.4a Test scheme and examples of temperature 

distributions on F- and R-surfaces 

 

 
Fig.4b F-surface temperature evolution 

 

 
Fig. 4c SNR vs time 

 

 
Fig.4d Effusivityvs time in defect (D) and non-defect 

(ND) areas 

 
Fig.4e Effusivity map at 1s (19 % effusivity variation 

over impact damage) 
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Fig.5a R-surface temperature distribution at 2.6 s 

 
 

Fig.5b Eeffusivity map at 2.6s (42% effusivity 

variation over impact damage) 

 

Fig.5 Evaluating R-surface effusivity in a one-sided 

test procedure (pulsed heating of 4.7 mm-thick 

CFRP sample subjected to 60 J impact 

 

In a one-sided test procedure, the sample excess 

temperature  reached 10oC, and the defect was 

clearly seen on the R-surface in the “butterfly” form 

(Fig. 5a). This means that the main body of the  

impact  damage  located  closely to the R-surface to 

produce effusivity variation of 42 % (Fig. 5b). The 

results in Fig. 4 and 5 prove that one-sided values of 

effusivity are strongly dependent on time and defect 

depth. 

 

In the two-sided procedure of diffusivity 

measurement, first, the F-surface was heated, and the 

R-surface temperature was captured (figure 6a). The 

temperature profiles were of the classical Parker 

shape (see figure 6b), and the respective diffusivity 

image is presented in figure 6c. In non-defect areas, 

the composite diffusivity was (3-3.5).10-7 m2.s-1, that 

is a typical value for CFRP composite, while   over 

the defect it dropped   down   to (2-2.4).10-7 m2.s-1. 

The average diffusivity variation over the defect was 

about 44 %. 

In the case of heating the R-surface and determining 

diffusivity on the F-surface, the results were very 

similar to those on the R-surface (Figure 7, diffusivity 

variation 43 %) that is explained by the known fact 

that material diffusivity measurements are 

independent on which surface is heated and which - 

monitored. By other words, two-sided thermal NDT 

tests are preferable if defects might be located at any 

depth. 

The experimental results obtained for the impact 

damage defect, which is characterized by a 

complicated structure of single delaminations, 

demonstrate that relative variations of thermal 

properties are of the same order of magnitude as it 

appears in the case of a theoretical model containing 

single air-filled defects. 

Fig.6a R-surface temperature distribution at 10s 

 

 
Fig.6b R-surface temperature evolution in time 
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Fig.6c R-surface diffusivity map (diffusivity 

variation over defect 44 %) 

 

Fig.6 Evaluating R-surface diffusivity in a two-

sided test procedure (pulsed heating of 4.7 mm-thick 

CFRP sample subjected to 60 J impact) 

 

 
 

Fig.7aF-surface temperature distribution at 10 s 

 
Fig.7b F-surface diffusivity map (diffusivity 

variation over defect 43 %) 

 
Fig.7 Evaluating F-surface diffusivity in a two-sided 

test procedure (pulsed heating of  4.7 mm-thick 

CFRP sample subjected to 60 J impact) 

 

 

 

5 .Conclusions 

 

Ø In one-sided thermal NDT procedures, the 

effusivity parameter can be used for characterizing 

hidden defects. Effusivity magnitude depends on 

defect depth thus allowing defect depth evaluation, 

mainly, for subsurface defects. The main 

disadvantages of this technique are as follows: 1) an 

image sequence cannot be replaced with a single 

image of effusivity, because effusivity estimates vary 

in time, 2) effusivity variations in defect areas 

strongly decay with defect depth, 3) effusivity is 

linearly related to absorbed energy. 

Ø Over subsurface defects, apparent local 

effusivity variation linearly decays with defect depth 

and increases with defect thickness. 

Ø In two-sided thermal NDT procedures, the 

modified Parker method is recommended for 

evaluating diffusivity distributions. This technique is 

implemented in the time domain that ensures its 

better noise resistance compared to effusivity 

measurements that are fulfilled in the temperature 

domain. 

Ø Over subsurface defects, local diffusivity 

variation reaches maximum in the middle of the 

sample and increases linearly with defect thickness. 

Ø A 60 J impact damage in a 4.7 mm-thick 

CFRP sample is characterized by effusivity variations 

from about 20 to 40 % and diffusivity variations of 

about 40 %. 

Ø The future research will be devoted to the 

analysis of whether relative variations of composite 

effusivity/diffusivity can be used for evaluating 

defect parameters. 
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 Abstract  

Significant advancements in machine vision and thermal imaging have provided an advantage 

in non-destructive testing and evaluating different materials. This work presents an approach to 

combining thermal wave imaging with machine vision for a fast, accurate way to detect and 

characterize the sub-surface defects and their features present in a solid material. Machine vision-based 

defect detection approaches attract the research community due to their reliable performance in 

employing the stimulated thermal response in active thermal wave imaging. A thermal source 

stimulates the material surface while the infrared camera captures its thermal response, extracts 

features from the thermal pattern, and feeds them into a machine vision-based algorithm for 

characterization. This proposed method improves the detectability reliability regarding qualified 

characteristics of defects. 
Keywords: MachineVision; Non-destructive testing; Scale-invariant feature transform, Watershed transform 

 

1.Introduction 

Infrared thermography (IRT) has emerged widely as a 

method for non-destructive testing as it offers non-

contact, comprehensive area detection of material 

defects. The principle of infrared thermography is 

based on the physical phenomenon that any object of a 

temperature above absolute zero emits 

electromagnetic radiation. The infrared camera further 

covers the emitted radiation into temperature and 

displays the images showing thermal variations [1-6]. 

Infrared thermography is further classified as passive 

thermography and active thermography. In passive 

thermography, without any external known source, a 

natural thermal response on the test material surface is 

used to identify subsurface defects. An external heat 

source stimulates the test sample in active 

thermography, and the corresponding thermal 

response is recorded using an infrared camera. Various 

processing methods can do further subsurface defect 

detection. 

Depending on the external stimulus, the active 

thermography is classified as Pulsed thermography 

(PT) [2-3], Pulse phased thermography (PPT) [4-5], 

Lock-in thermography (LT) [6-7], and other aperiodic 

thermal wave imaging methods like Frequency 

Modulated Thermal Wave Imaging (FMTWI) [8-9].In 

Pulsed thermography (PT), the surface of the test 

material is energized using a high peak power source 

within a short duration of time, and the corresponding 

thermal response is collected from the surface of the 

test material. Because of the high peak power and short 

duration of time, the total test sample cannot absorb 

heat uniformly and enters two problems non-uniform 

emissivity and non-uniform radiation. In lock-in 

thermography (LT), instead of high peak power, a 

mono-frequency continuous wave is used as an 

external stimulus, and the infrared camera captures the 

corresponding thermal response. The thermal response 

collected from the infrared camera is analyzed using 

phase-based analysis, which is less sensitive to non-

uniform radiation and non-uniform emissivity. 

Because of mono frequency, repetition of the 
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experiment is needed to detect the defects at various 

depths. 

Pulse-phase thermography (PPT) combines pulse and 

lock-in thermography, like pulse energy for 

stimulation and phase-based analysis for defect 

detection. This experimentation is like pulse 

thermography, but Fourier Transform carries analysis 

applied over thermal response to extract the phase 

delay. Frequency modulated thermal wave imaging. 

(FMTWI) [8-12] is introduced to overcome the above 

problems. This method imposed a suitable band of 

frequencies over the test sample within single 

experimentation.Frequency modulated thermal wave 

imaging, where the heating waveform phase relations 

are adjusted over bandwidth in such a way that chirps 

(frequency modulated) signal, with much-reduced 

peak power, is produced. FMTWI, while retaining all 

characteristics of lock-in thermography, has the added 

advantage of overcoming the blind frequency problem. 

The captured thermograms are further processed using 

matched filtering (pulse compression) [12-16]. 

The main objective of this paper is to propose a method 

to detect and classify defects in solid materials. This 

work presents an approach combining thermal wave 

imaging with machine vision for a fast, accurate way 

to detect and classify the sub-surface defects and their 

features in a mild steel material. A machine vision-

based discrimination modality has been proposed for 

an aperiodic analysis to be used for sub-surface 

characterization. This proposed modality improves 

testability and reliability presents the best detection in 

terms of quantified characteristics of the defects.  

Machine-vision algorithms provide us with valuable 

information about the defects present [17-20]. Various 

signal and image processing schemes are generally 

applied to observed thermal response to validate defect 

detection, depth quantification, and material property 

estimation [20]. However, in the present scenario 

where artificial intelligence and machine learning are 

ruling the world, these signal processing and manual 

inspection-based modalities also lag the performance, 

quality, and time. Machine vision techniques are 

utilized to overcome such cases and be synchronized 

with the present world scenario to detect and 

characterize the defects placed in materials. 

In this paper, machine learning techniques like Scale-

invariant feature transform (SIFT) is employed on pre-

processed thermal response acquired from numerically 

simulated mild steel sample with various types of 

defects placed at different depths. The sample is 

excited by frequency-modulated heat flux. Further, the 

watershed transform-based region-based segmentation 

approach is employed for localizing the defects 

accurately. 

2. Modeling and simulation 

In this work, a 3D Finite element analysis (FEA) has 

been carried out on a steel sample using COMSOL 

Multiphysics. This software simulates designs, 

devices, and processes in all engineering, 

manufacturing, and scientific research fields [21-22]. 

COMSOL Multiphysics is a simulation platform that 

provides fully coupled multiphysics and single-

physics modeling capabilities. The Model Builder 

includes all of the steps in the modeling workflow, 

from defining geometries, material properties, and the 

physics that describe specific phenomena to solving 

and post-processing models for producing accurate 

results. The two mild steel sample (one training and 

the other testing) models with eighteen defects, six 

each of three different material, air, water, and oil 

(shown in Fig.1), has been modeled with a finer mesh 

using 3D tetrahedral elements.  

 

(a) 

 

(b) 

Fig.1 Layout of the modeled mild steel sample with 

inclusions. (a) Training sample (b). Testing sample 

The defects are further placed at different depths 

having the same diameter (20 mm). The defect’s 

depths are shown in Table 1.The FEA is carried out by 
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imposing an LFM heat flux (with frequency varying 

from 0.01 Hz to 0.1 Hz for 100 s) over the surface of 

the test material, and the infrared camera captures the 

resultant surface thermalresponse at a frequency of 25 

Hz. The simulations are carried out under adiabatic 

boundary conditions, with the sample at an ambient 

temperature of 300 K. 

 
Table.1Depths of different defects 

S.No. 

(Oil (o), 

Air(a), 

Water (w)) 

Depth 

(mm) 

S.No. 

(Oil, Air, 

Water) 

Depth 

(mm) 

1 1 7 0.8 

2 1.4 8 1.2 

3 1.8 9 1.6 

4 2.2 10 2 

5 2.6 11 2.4 

6 3 12 2.8 

 

The thermal properties of the materials used are as 

given in Table 2. 

 
Table 2. Thermal properties 

 

Material Density 

(ρ) 

(Kg/m
3

) 

Thermal 

Conductivity 

(k) 

W/(m*K)) 

Specific 

Heat (c) 

(J/(Kg*K)) 

Air 1.23 0.025 1007 

Water  1000 0.5576 4200 

Oil 1510 0.162 749 

Mild 

Steel 

7850 60.5 434 

 

The simulated data is further processed using signal 

processing and machine vision based algorithms as 

described in the next section. 

3. Post processing methods 

3.1 Polynomial Fitting 

The recorded thermal response is first processed to 

obtain a zero mean thermal response using an 

appropriate polynomial fit. Using this method, we 

model or represent a data spread by assigning the best 

fit function (curve) along the entire range [8-10, 23]. 

3.2 Pulse Compression 

Pulse compression is a statistical technique for 

determining how one variable changes with the other 

variable. It gives us an idea of the relationship between 

the two variables. It is a bi-variate analysis measure 

that describes the association between different 

variables. We used correlation to find how the size of 

the defect varies in the thermal image when the depth 

radius of the defect is varied and tried to develop a 

relationship between them. After finding a relationship 

between these parameters, it became easier to train and 

tests the machine vision-based model [12-15,17]. 

3.3 Watershed Transform 

The watershed transformation can be classified as a 

region-based segmentation approach. The intuitive 

idea underlying this method comes from geography. 

Watershed algorithms are used in image processing 

primarily for object segmentation, that is, for 

separating different objects in an image. The algorithm 

allows for counting the number of defects or for further 

analysis of the separated object [24]. 

3.4 SIFT 

Scale-invariant feature transform (SIFT) is a machine-

vision algorithm to detect, describe, and match local 

features in images (thermograms). Interesting points 

can be extracted for any object in an image to provide 

a “feature description” of the object. This description, 

extracted from a training image, can then be used to 

identify the object when attempting to locate the object 

in a test image containing many other objects. To 

perform reliable recognition, extracting features from 

the training image to be detectable even under changes 

in image scale, noise, and illumination is essential. 

Such points usually lie on high-contrast regions of the 

image, such as object edges [18, 24-27]. 

In this work, SIFT is first applied, determining a few 

best frames from the 4999 frames (pulse-compressed 

thermograms) dataset. Then, the best frame is 

determined using this technique. 

4. Results and discussions 

The present works highlight the capability of the 

proposed approach in detecting and characterizing 

defects present in a structural mild steel sample. In this 

approach, the test material can undergo a known 

controlled frequency modulated thermal stimulation 

sweeping their entire frequency range from 0.01Hz to 

0.1 Hz in 100 s, and the infrared camera captures the 

corresponding thermal response over the surface. 
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Additive white Gaussian noise with a signal-to-noise 

ratio being 30 dB is added to the obtained thermal 

response for the imposed incident heat flux. Noise is 

artificially added to test the capability of the proposed 

approach to detect the subsurface density variations. 

The temporal mean raise from the noisy thermal 

response is removed using an appropriate polynomial 

fit. Fig.2. shows the corresponding mean-zero 

thermograms for the training and testing modeled 

samples.  

 

(a) 

 

(b) 

Fig.2 Zero mean thermograms. (a) Training sample (b). 

Testing sample 

 

(a) 

 

(b) 

Fig.3 Pulse-compressed thermograms. (a) Training sample 

(b). Testing sample 

As shown in this section, the aforementioned signal 

processing, and machine vision-based techniques are 

further applied to mean zero data and results.Pulse 

compression analysis is performed on the mean zero 

data for the training and testing sample data. The 

resulting thermograms are obtained,and the best frame 

is selected using SIFT algorithm. It is obtained at 1.5 

s. 

Fig.3. shows the pulse-compressed thermograms. 

Further, applying the watershed algorithm to the 

chosen best frame provides the segmented 

thermogram. The algorithm also determines the count 

of the defects present in the sample. The resulting 

thermograms are as shown in Fig.4. 
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(a) 

 

(b) 

Fig.4 Segmented thermograms. (a) Training sample (b). 

Testing sample 

Furthermore, pulse compression results are used to 

determine the type of material (air, water, or oil). The 

relationship between correlation peak shifts and depths 

of defects present, a set of pixels (3x3 region around 

the center of each defect) are chosen, and their 

correlation coefficient is calculated with that of chosen 

reference pixel.  

Peak shifts are determined for the peak of auto-

correlation of reference pixels. Moreover, a 

relationship between depths and these peak shifts is 

constructed. 

This process is repeated for defects containing 

different materials: air, water, and oil. The results 

show the maximum variation in defects with air and 

defects with water has the minimum, which is true as 

water has the highest thermal effusivity and air has the 

lowest. The results are verified for the training sample 

and plotted as shown in the bar diagram in Fig.5. 

5. Conclusions 

The present manuscript demonstrates the capability of 

Frequency modulated infrared thermographic 

technique combined with the machine vision 

algorithms.This infrared machine vision technology 

provides the accurate detection ad characterization of 

the defects. 

 

 

Fig.5Variation of Peak shifts with Depth for three different 

materials 

FMTWI technique is applied on a mild steel sample 

with defects of different types and placed at different 

depths. Pulse-compressed thermogram obtained from 

post-processing is considered as input to the machine 

vision algorithms. Further, defects characterization is 

done to determine the relationship between a different 

material's peak shift and depth. The relation obtained 

can also be used in the future to determine the depths 

of the defect. The count of defects has been calculated 

using the watershed algorithm. 
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 Abstract  
Pulse compression favorable active infrared thermographic techniques have emerged as 

highly promising evaluation methodologies among various thermal non-destructive testing and 

imaging modalities for identifying subsurface anomalies in the test specimen. Because they 

outperform commonly utilized pulse and periodically modulation-based conventional thermal wave 

imaging modalities regarding defect detection sensitivity and resolution while employing low peak 

power heat sources and a comparatively moderate amount of experimenting time. Recently proposed 

Barker-Coded Thermal Wave Imaging (BCTWI) has offered these advantages over other infrared 

thermographic techniques. Several data processing methodologies are also be developing to 

characterize the anomalies from the depicted thermal data. This study highly recommends pulse 

compression-based data processing approaches for the Barker-coded thermal wave imaging 

technique. This is because it enhances the localization of supplied thermal energy into the main lobe 

of cross-correlation data and dispenses significantly less energy into the sidelobes. Current study 

focused on the application of BCTWI modality with time domain-based and frequency domain data 

processing approaches such as time domain correlation, time domain phase and frequency domain 

phase analysis for defect detection in Titanium alloy (Ti-6Al-4V). The results show that the pulse 

compression-based time domain analysis of the captured thermal data over the test specimen has 

improved the visibility, contrast, and detectability of the anomalies regarding the frequency domain. 

Further, the findings depicted using the various approaches have been contrasted using the 

correlation coefficient as the figures of merit. 
Keywords: Barker-Coded Thermal Wave Imaging (BCTWI); Pulse compression; Titanium alloy (Ti-6Al-4V); signal-to-

noise ratio; correlation coefficient 

 

1 Introduction 

Recent technological advancements have seen a huge 

surge in the usage of titanium-based alloys in 

different sectors such as in industrial applications, 

aerospace, medical implants, marine, and automotive 

construction. Titanium alloys offer certain unique 

properties including high strength-to-weight ratio, 

corrosion resistance, and biocompatibility [1, 2]. 

However, during the production and manufacturing 

of titanium alloys, there might exist the probability of 

an unavoidable delamination or occurrence of sub-

surface defects. This leads to severe disruption in the 

architectural uniformity and in-service application of 

the product and can negatively impact the native 

properties and overall performance of the 

manufactured material. Out of the various titanium 

alloys, Ti-6Al-4V is one of the most commonly used 

alloys, which contains 6% of aluminium and 4% of 

vanadium in its composition and showcase 

lightweight, high stiffness, and high resistance 

properties for usage [1]. In case of Ti-6Al-4V 

titanium alloy, defects can arise at both the surface or 
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sub-surface level due to several reasons which 

include improper heat treatment, welding, machining, 

casting, or finishing of surface of the material [2]. 

Common defects generated during the Ti-6Al-4V 

titanium alloy production include porosity, 

inclusions, cracks, surface and subsurface defects, 

which define the irregularities or imperfections of the 

material surface which hampers the appearance, 

roughness, and performance of the product. Hence, 

detecting and evaluating any defect in real-time 

within the manufactured titanium-based alloy 

material is crucial to ensure the quality and reliability 

of the final product formed before its usage in various 

application domains [1-6]. 

For the purpose of defect detection via a non-

destructive, non-contact, and real-time testing 

methodology without damaging or affecting the 

material properties, several common non-destructive 

testing (NDT) techniques are being employed widely 

for characterizing Ti-6Al-4V titanium alloy [1, 2]. 

These techniques include: X-ray radiography [1, 2], 

ultrasonic testing [3], eddy current testing [4], and 

magnetic particle testing [5]. In the last few decades, 

infrared thermographic testing [7-19] has emerged as 

a potent and reliable defect detection modality in 

various industrial and medical sectors. Infrared 

thermography is a rapidly emerging technique which 

evaluates a rapid and real-time defect detection by 

observing the thermal inhomogeneities within the 

testing material. The presence of thermal 

inhomogeneities causes in the disturbances in the 

surface bounded thermal propagation and impedes the 

diffusion of heat across the material to identify 

defects such as cracks, voids, inclusions, or 

delamination. This ultimately results in the 

temperature variation over the defective surface in 

comparison to that observed for the non-defective 

region of the material. This type of temperature 

contrast is observed directly by the infrared camera at 

precise locations of the material being monitored. 

Various conventional thermographic techniques are 

used for defect detection in titanium alloys, which 

include pulsed thermography (PT) [7-13], lock-in 

thermography (LT) [14-16], and Pulse phase 

thermography (PPT) [17-19]. Each technique has its 

advantages and limitations.  

Pulse thermography provides better resolution and is 

a fast technique because short-duration high peak 

power is utilized in this technique to experiment. So, 

to acquire higher resolution and probe a high band of 

frequencies in the test specimen, high peak power 

heat sources are required, which is the main 

limitation of pulse-based thermographic techniques 

(PT and PPT). On the contrary, in lock-in 

thermography, there is no such requirement for high 

peak power sources, but due to the fixed frequency 

used in the sinusoidal excitation limits the depth 

resolution. This can be improved by repeating 

experimentation, which is time-consuming [7-19]. So, 

to overcome all the limitations associated with these 

conventional thermographic techniques (PT, LT, and 

PPT), the current work highlights the defect detection 

capability of barker-coded thermal wave imaging 

(BCTWI) modality [20-22]. This has been followed 

up by modeling a numerical model of Titanium alloy 

Ti-6Al-4V with 25 flat bottom holes under adiabatic 

boundary conditions with constant initial conditions. 

The 7-bit Barker coded thermal excitation is used to 

illuminate the sample surface, and a corresponding 

thermal pattern has been recorded. This recorded data 

is then processed with the frequency and time 

domain-based data processing approaches to analyse 

the proposed technique's subsurface defect detection 

capability. Further, the defect depth scanning 

capability of the proposed scheme is illustrated by 

considering the time domain correlation coefficient as 

a figure of merit. 

2 Theory 

2.1 Barker coded excitation  

Compared to other modulation methodologies, the 

Barker-coded method is the most straightforward 

binary phase code, with the least compression side 

lobes. Moreover, this code's autocorrelation feature 

provides a proportionate compression ratio to the 

code's length. However, choosing the correct code 

length requires balancing the time needed for 

experimentation and the requirement for side lobe 

minimization. In thermography, lengthy testing 

reduces the technique's advantages, but shorter 

experiments may require high peak power heat 

sources. The best solution, thus, is achieved by using 

an appropriate code length and experimental period. 

This current study emphasizes the suggested 

technique's detection capabilities using a 7-bit code 

length that provides the lowest compression ratio of 

any other code length, as shown in figure.1 [20-22]. 

2.2 Coded excitation thermal waves solution for 

a finite system:  

To study the thermal waves generated by the 

incident-coded excitation are analysed by a one-
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dimensional Fourier heat equation given as follows 

[23-27]: 

2

2

( , ) 1 ( , )
0

U x t U x t

tx
 (1) 

1 2 ;   ,  0z zwhere z  
where ( , )U x temporal thermal distribution over the 

test specimen surface at location x at time t; 

Specimen thermal diffusivity has been represented 

by ( / )k c ; k -Thermal conductivity; -

Specimen Density; c - Specific heat of the specimen.  

The temporal thermal distribution over the test 

specimen surface (at 0x ) is obtained by solving 

Eq. (1) under the 7-bit Barker coded excitation with a 

peak power 
oQ  (figure.1) with adiabatic boundary 

conditions and constant initial conditions. The current 

excitation used for this thermographic study is the 

measure of the combination of delayed step responses 

which can be defined as follow [20-22]:  

1

4
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i

i
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n

u -a            (2) 

where 0,  1,  2,  3;  0,  3,  5,  6.
i i

 n a  

 

Fig.1 7-bit Barker coded thermal wave excitation used the 

numerical studies for defect detection in Ti-6Al-4V 

Q -Thermal heat flux (W/m2);  oQ -Peak power of the 

heat flux (W/m
2
); t -time (s); - Total duration of the 

heat flux (s). 

Boundary conditions at x L  [23-27]:   

0( -
,

, )
x t

Q L
U

kt
x

 (3) 

Initial condition: ;  0 ; 0xwhe tLn   [23-27]: 

o,0 293.15 KU x UxU  (4)  

The above Eq. (1) can be solved using Green's 

function approach for adiabatic boundary condition 

(presented by Eq. (2) and Eq. (3)) and constant initial 

condition (Eq. (4)). The overall obtained solutions 

can be written as [23-27]: 
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 (5)  

where Eigenvalues -  m m L ; L- Specimen 

thickness; oU -Initial temperature of the specimen 

temporal thermal variation so depicted as a function 

of the hidden anomaly and the applied thermal 

excitation. The findings show that even with low 

peak power excitation sources, this thermographic 

technique with time-domain pulse compression 

approaches improves resolution compared to 

frequency domain approaches and results from high 

peak power, short duration pulsed excitation. 

 

3 Pulse Compression Approaches for BCTWI 

Technique 

By boosting the SNR of the response signals, time 

domain pulse compression of coded modulated 

signals via matched filtering, as employed in radar 

systems, improves the range resolution and sensitivity 

to offer improved subsurface fault identification even 

in randomly noisy situations. Depending on the 

temporal delay between the signals utilized, it focuses 

the energy that results from the application into a 

pseudo pulse whose peak concentrates at a delayed 

instant. As a result, new insight for coded modulation 

approaches was gained by probing via low peak 

powers and focusing energy in the main lobe similar 

to pulsed-based excitation schemes [28]. 

3.1 Frequency Domain Analysis 

Fast Fourier Transform has been executed on the 

captured temporal thermal signature over the sample 

surface pixel by pixel for each pixel g x in the field 

of view, as shown below [18, 19, 28]. 

    (6)  
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where, R is the real and Im is imaginary parts 

of the Fast Fourier Transformed thermal data ; 

x represents the image sequence index.  

Then, these obtained real and imaginary components 

of this FFT data of the captured thermal signature as 

shown in Eq. (6) can be utilized for the reconstruction 

of the phase images (Figure.2) as follow [19, 28]: 

 

Fig.2 The frequency domain processing approach flow 

chart adopted for construction of frequency domain 

phasegrams. 

1
Im

Tan
Re

 (7) 

3.2 Time Domain Analysis 

The Hilbert transform (HT) analysis has been utilized 

to recover the time domain temporal temperature 

distribution's correlation coefficient and phase 

profiles [28-29]: 

,1 rU x
t d

t
HT =

-
 (8)  

where, ,rU x  is the selected reference thermal 

signal for the analysis. Then by utilizing the inverse 

fast Fourier transform (IFFT) properties, the cross-

correlation coefficient (Figure.3) has been calculated 

as follows [29]: 

  

 , ,r d

Correlation coefficient

CC U x U xIFFT
               (9) 

 

Fig.3 Time domain processing approach flow chart 

adopted for construction of pulsed compressed correlation 

profiles and phasegrams 

where ,rU x and ,dU x represent the Fourier 

transforms of the chosen reference thermal response 

and the temporal thermal response at a defect 

location, respectively. The time domain phase 

(Figure.3) has been reconstructed as follows by using 

the Fourier analysis [28, 29]: 

1

,
Tan

,

,

d

r d

U x

U x U x

IFFT HT( )

IFFT

          (10)  

 

Fig.4 Schematic of modeled Titanium alloy Ti-6Al-4V 

with 25 flat bottom holes (FBH) used for defect detection 

analysis of BCTWI technique 

Table.1 Thermal properties for Titanium alloy (Ti-6Al-

4V) [1-6, 30] 

Density 

( ) 

(kg/m3) 

Specific heat 

capacity 

(Cp) 

(J/kg-K) 

Thermal 

Conductivity 

(k) 

(W/m-K) 

Thermal 

Diffusivity 

( ) 

(m2/s) 

4512 570 7.3 2.8384
 0-6 

 

4 Numerical Modeling and Simulation  

A Titanium alloy (Ti-6Al-4V) specimen (Figure.4) 

with dimensions of 125×125×10 mm containing 
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twenty-five flat bottom hole defects was modeled and 

simulated for this investigation. The diameters of the 

modeled flat bottom holes are 3, 5, 7, 9, and 11 mm, 

respectively, which are at depths of 1, 1.75, 2.5, 3.25, 

and 4 mm for each diameter from the front surface of 

the test specimen (descripted in table.1). Figure.4 

shows the schematic of this modeled test specimen 

with its specified dimensions. Table.1 summarizes the  

                                    

Table.2 Description of flat bottom hole defects in modeled sample 

Flat Bottom Hole (FBH) Diameters 

in millimetre 

Flat Bottom Hole (FBH) Numbers as Mention in the figure.4 

Defect depth (H) from specimen 

surface at:               

H1 = 1 mm 

H2 = 1.75 

mm 

H3 = 2.5 

mm 

H4 = 3.25 

mm 

H1 = 4 

mm 

3 mm 1 6 11 16 21 

5 mm 2 7 12 17 22 

7 mm 3 8 13 18 23 

9 mm 4 9 14 19 24 

11 mm 5 10 15 20 25 

   

thermophysical parameters of the investigated model. 

Then the numerical simulation studies had performed 

using finite element modeling and assessment 

software COMSOL Multiphysics with the heat 

transfer module in the solids. The modeled specimen 

consists of a finer mesh size with tetrahedral-shaped 

elements. The mesh comprises 96,775 domain 

elements, 16,918 boundary elements, and 1,679 edge 

elements. 

Further, the specimen surface was exposed to Barker 

Coded thermal excitation (Figure.1) at 1500 W/m
2
 for 

140 seconds. Then the corresponding thermal 

signatures were recorded. These thermal data have 

been then processed with the time domain pulse 

compression-based data processing approaches to 

analyse the defect detection capability of the BCTWI 

technique in the Titanium alloy (Ti-6Al-4V). 

 

5 Results and Discussions 

A numerical simulation has been conducted to 

validate the defect detection capability of the 

purposed Barker-coded thermal wave imaging 

(BCTWI) modality in titanium-based alloys (Ti-6Al-

4V). There are 25 flat bottom holes (FBH) modeled 

in the test specimen with different diameters at 

different depths, as shown in figure.4. Table 1 

presents the thermophysical properties of the modeled 

titanium alloy specimen, Ti-6Al-4V. Subsequently, 

the Barker-coded excitation (Figure.1) was used to 

illuminate the sample's surface for 140 seconds.  

 

Fig.5 Raw temporal thermal profiles captured over the 

specimen surface 

 

Fig.6 Raw temporal thermal profiles with added Additive 

White Gaussian Noise (AWGN) with an SNR of 20 

dB 
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The resulting temporal thermal variation across the 

specimen surface was recorded at a frame rate of 20 

Hz. These findings have presented in figure.5. The 

recorded raw thermal data was intentionally subjected 

to Additive White Gaussian Noise (AWGN) with an 

SNR of 20 dB to assess the suggested approach's 

detection potential under real-time conditions. The 

resulting noisy temporal thermal data (as shown in 

figure.6) is then processed using an appropriate 

polynomial fit of the first order to produce zero mean 

temporal thermal data. It is clear from the obtained 

fitted raw thermograms with added noise that the 

defects detectability at various depths of varying 

diameters is very difficult due to the insufficient 

thermal contrast provided over modeled specimen 

surface. Post-processing approaches such as 

frequency and time domain are employed to analyse 

this processed data. 

 

Fig.7 Schematic of phasegrams obtained using frequency 

domain analysis 

 

Fig.8 Schematic of phasegrams obtained using time 

domain analysis 

Figure.7 shows the obtained frequency domain phase 

profiles constructed for different frames. The 

generated frequency domain phasegrams offer poor 

contrast over the test specimen surface and are not 

significant enough to reveal the defects at various 

depths with varying diameters. 

 

Fig.9 Schematic of correlation profiles obtained using 

matched filtered data processing approaches in time 

domain analysis 

Further, figure.8 depicts the time-domain phasegrams 

obtained at different time steps using a cross-

correlation-based post-processing approach. In 

contrast to this, figure.9 illustrates the constructed 

correlation coefficient profiles at different time 

instants from the matched filter-based data post-

processing approach. The obtained time domain 

phase and correlation images show a noticeable 

contrast improvement in defect detection using the 

Barker-coded thermal wave imaging for the adopted 

time domain-based data processing methodologies. 

 

Fig.10a Single-pixel pulse compressed time domain 

correlation profiles for varying defects depths (H1, H2, H3, 

H4, and H5) as shown in Table.2 for 3 mm defect diameter 
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Fig.10b Single-pixel pulse compressed time domain 

correlation profiles for varying defects depths (H1, H2, H3, 

H4, and H5) as shown in Table.2 for 5 mm defect diameter 

  

Fig.10c Single-pixel pulse compressed time domain 

correlation profiles for varying defects depths (H1, H2, H3, 

H4, and H5) as shown in Table.2 for 7 mm defect diameter 

 

Fig.10d Single-pixel pulse compressed time domain 

correlation profiles for varying defects depths (H1, H2, H3, 

H4, and H5) as shown in Table.2 for 9 mm defect diameter 

In addition, the single-pixel correlation coefficient 

profiles at the defect's centre shown in figure.10a, 

figure.10b, figure.10c, figure.10d, and figure.10e for 

the defect diameters 3 mm, 5 mm, 7 mm, 9 mm and 

11 mm, respectively (pattern of the defects listed in  

 

Fig.10e Single-pixel pulse compressed time domain 

correlation profiles for varying defects depths (H1, H2, H3, 

H4, and H5) as shown in Table.2 for 11 mm defect 

diameter 

 

Fig.11 Schematic of time domain correlation coefficient 

versus defect depths in modeled Titanium alloy Ti-6Al-4V 

specimen for different defect diameters. 

table.2). These computed single-pixel correlation 

profiles reveal that shallow depths have larger values 

than deeper depths. To examine the defect scanning 

capabilities of BCTWI modality employing matched 

filter-based data post-processing, the obtained single-

pixel time-domain correlation coefficient values are 

plotted with regard to depths of defects of various 

sizes as shown in figure.11. The defects depth 

parameter presents over the x-axis, in contrast, the 

correlation coefficient standards over the y-axis as 

plotted in figureg.11. The correlation values show a 

monotonically declining trend as the depth of the 

defect from the sample surface increases for all faults 

with varied sizes. Hence, it can be concluded that the 

pulse compression-based time domain correlation 

approach is significant in the defect depth estimation 

in the Titanium alloy Ti-6Al-4V with the BCTWI 

technique. 
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6 Conclusions 

Subsurface defect detection and estimation capability 

of the proposed Barker-coded thermal wave 

excitation has been presented for Titanium alloy Ti-

6Al-4V. The results show that the suggested 

excitation approach with time domain correlation and 

phase-based data processing surpasses frequency 

domain-based phase analysis in terms of defect 

identification by producing the better thermal contrast 

in time domain. The results demonstrated that most of 

the energy focused in the main lobe creates a pseudo 

pulse through correlation, which improves defect 

detection in the correlation profiles. This approach 

also delivers improved defect depth resolution even 

with low peak power heat sources and a shorter code 

length. Furthermore, significant defects providing 

better thermal contrast, like phase contrast in time 

domain phase analysis, have also been observed. 
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 Abstract  
This work demonstrates a finite element analysis based modeling and simulation study for finding out 

the defect detection capabilities of frequency modulated thermal wave imaging technique. A structural 

steel specimen with hidden subsurface slags and inclusions such as calcium fluoride, silicon dioxide 

and air of various sizes and shapes, is considered. Pulse compression based correlation processing 

scheme is adopted on the generated temporal temperature data and comparisons have been made with 

the conventional widely used frequency domain phase based approach. 
Keywords: Non-destructive testing; Phase analysis; Frequency modulated thermal wave imaging; Finite element analysis  

 

1. Introduction 

Over the years, Thermal Wave Imaging (TWI) is 

intensively used for the characterization of various 

solid materials due to its inherent merits like non-

destructive, non-contact, rapid and full-field 

inspection capabilities[1-5]. In active TWI approach, 

the test object is thermally stimulated to generate heat 

flow within it. The presence of defects within the 

material alters heat flow, causing thermal contrast over 

it, which can be monitored using infrared camera. 

Based on the shape of applied heat flux on to the test 

sample, these thermograhic methods are named either 

as Pulse (Pulsed Thermography (PT), Pulsed Phase 

Thermography (PPT), Step Thermography (ST)) or 

modulated thermographic methods (mono-frequency 

sinusoidal Lock-in Thermography (LT)) [6-11]. The 

requirement of high peak power heat sources in case 

of pulse based techniques and limited depth resolution 

in a single experimentation cycle in LT are the key 

issues. Further various research groups all over the 

world are working on modulated non-stationary 

transient thermographic techniques such as Frequency 

Modulated Thermal Wave Imaging (FMTWI), 

Digitized Frequency Modulated Thermal Wave 

Imaging (DFMTWI), Barker Coded Thermal Wave 

Imaging (BCTWI), Golay Coded Thermal Wave 

Imaging (GCTWI), etc. to overcome these constraints 

and also on various data processing schemes to 

improve test resolution and sensitivity [12-18]. 

This paper describes the application of Finite Element 

Analysis (FEA) approach for the assessment of a 

structural steel sample having defects of different 

shapes such as circular, square and triangular, using 

FMTWI. This method employs a pre-determined band 

of frequencies decided by sample thermal properties 

and its thickness. Hence the whole sample can be 

inspected in a single run using relatively moderate 

peak power heat sources in a limited span of time. In 

simulation, three types of inclusions are incorporated 

as defects of various shapes at a given depth inside the 

test sample. Further, in order to test the capabilities of 

FMTWI, frequency domain based phase and 

correlation based analysis schemes are carried out on 

the resultant temporal thermal response.  

2. Theory  

Heat flux incident onto the test sample generates 

thermal waves which propagate into the sample by 
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diffusion. The presence of surface and sub-surface 

defects modify the heat flow, producing thermal 

gradients over the test sample. The resultant 

temperature response for a given incident heat flux can 

be obtained from 1D heat diffusion equation in the 

absence of any heat source and sink as follows [19]: 

                        (1) 

where T(x,t) is the temperature at a given depth x at a 

time instant t  and α is the thermal diffusivity of the 

sample being inspected. The thermal diffusion length 

for the temperature variations due to a linear frequency 

modulated heat flux incident onto a semi-infinite solid 

is expressed as follows: 

                                   (2) 

where f is the initial frequency, B is the bandwidth and 

t is the total duration of excitation. The thermal 

diffusion length determines the decay of thermal wave 

as it penetrates through the material. The dependence 

of diffusion length on the slope of time frequency 

response (B/t) of applied stimulus assures complete 

sample depth scanning.  

The presence of subsurface defects can be identified 

either by conventional frequency domain based phase 

approach or recently proposed correlation coefficient 

based approach as shown in Fig.1 and 2 respectively. 

2.1 Frequency Domain Phase Analysis  

In this method, one-dimensional Fast Fourier 

Transform (FFT) is considered to compute the phase 

angle of captured temporal thermal profile of each 

pixel f(t) (where t is the index in image sequence of 

length N) [20]: 

      

(3) 

where R(u) and I(u) are the real and imaginary 

components of F(u) respectively. Then the phase angle 

corresponding to different frequencies is determined 

using: 

                      (4) 

 

 

Fig.1 Data processing approach adopted for the 

construction of frequency domain based phasegrams 

2.2 Correlation Coefficient Based Analysis  

In this approach, data analysis is carried out to achieve 

pulse compression in order to reconstruct the 

correlation coefficient images of the captured temporal 

thermal sequence as follows [20]: 

 

 
(5) 

where T(xr,ω) and T(xi,ω) are the Fourier transforms of 

thermal profiles at reference location and at a given 

location respectively. 

 

Fig.2 Data processing approach adopted for the 

construction of correlation coefficient based images 

3. FEA Modeling    

A FEA model has been developed using the heat 

transfer module in Comsol Multiphysics version 4.2. 

The details of the model and simulation parameters are 

given below. 

Model Geometry 

Numerical analysis is carried out on a structural steel 

sample of thickness 7 mm, of 100×110 mm lateral 

dimensions, containing circular, square and triangular 

shape defects located at a depth of 0.3 mm from the 

front surface of the sample. The defect thickness is 5.7 

mm. The dimensional layout of the simulated sample 

is as shown in Fig.3. The first row containing all the 

three different shape defects is filled with air, whereas 
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second and third rows are filled with silicon dioxide 

and calcium fluoride respectively, to simulate artificial 

inclusion and slag.   

 

Fig.3 Schematic layout of simulated structural steel 

sample (all dimensions are in mm) 

Sample Parameters and Mesh 

The model geometry is discretized with a finer mesh 

using 38133 tetrahedral elements. Table.1 summarizes 

the parameters used for the test sample. 

 
Table.1 Parameters used for the test sample 

Material Thermal 

Conductivity 

k [W/(m·K)] 

Heat 

Capacity 

Cp 
[J/(Kg·K)] 

Density 

ρ [Kg/m3] 

Structural steel  44.5 475 7850 

Air 0.0258 1005.4 1.0215 

Silicon dioxide 1.5 730 2650 

Calcium 

Fluoride 
9.71 854 3180 

 

4. Numerical Results    

The simulations are performed by imposing linear 

frequency modulated heat flux of 200 W/m2 with 

frequency sweep of 0.01 to 0.11 Hz in a time span of 

100 s. The temperature map over the sample is 

recorded at a frame rate of 20 Hz. The mean rise in 

temporal thermal profile of each pixel is removed by 

proper polynomial fit. The frequency domain phase 

and correlation information is then calculated from 

mean removed thermal data. Figure 4(a)-(d) show the 

depth scanning performance obtained from frequency 

domain phase images for four different cross–sectional 

views. 

  

(a) 

 

(b) 

 

(c) 
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(d) 

Fig.4 Depth scanning performance obtained from 

frequency domain phase analysis 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.5 Depth scanning performance obtained from 

correlation coefficient images 

whereas Figure 5(a)-(d) show the depth scanning 

performance obtained from correlation coefficient 

images for four different cross–sectional views. 

The results demonstrate that correlation coefficient 

approach show better detectability for revealing sub-

surface anomalies over the frequency domain phase 

images. The enhanced detection capabilities provided 

by correlation based processing scheme are due to its 

inherent potential capabilities like concentration of 

energy into a very narrow duration pulse and immunity 

to random noise. 

5. Conclusions 

This paper highlights the capabilities of correlation 

based approach for defect detection in structural steel 

sample. This method provides better detection 
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capabilities than that of frequency domain based phase 

approach. This technique utilizes the merits of 

matched filter based pulse compression process which 

is immune to random noise makes this approach more 

robust than that of conventional frequency domain 

phase approach.       
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Abstract 

 

Early, accurate, and automatic detection of defects is an essential aspect of quality improvement. This 

paper employs a classification-based automatic defect detection method using Gabor filter features. 

The thermal patterns of various defects are used to provide the primary information for defect 

detection. Considering the desirable characteristics of spatial locality and orientation selectivities of 

the Gabor filter, we design filters for extracting defect features from the thermogram. The feature 

vector based on Gabor filters is used as the classifier's input, a Feed forward neural network (FFNN) 

on a reduced feature subspace. A finite element method and experiment were adopted to simulate a 

Carbon fiber reinforced polymer (CFRP) material with void holes as defects. The thermogram will be 

convolved with Gabor filters by multiplying the image by Gabor filters in the frequency domain. 

Features are a cell array containing the result of the convolution of the image with each of the forty 

Gabor filters. The input vector of the network will have large values, which means a large amount of 

computation. So we reduce the matrix size to one-third of its original size by deleting some rows and 

columns. This work aims to implement a classifier based on neural networks (Multi-layer Perceptron) 

to differentiate defect and non-defect patterns. 
 
Keywords:Defect detection, Gabor wavelet, Gabor Filter, feed forward neural network classifier. 

1. Introduction 

Inefficiencies in industrial processes are costly 

regarding time, money, and consumer satisfaction. In 

order to sustain or increase the current level of 

performance in the highly competitive global market, 

the industry should improve the quality of the 

production process. It has been learned that the price 

of a material is reduced by 45%–65% due to the 

presence of defects. Early and accurate detection of 

defects and classification is an essential aspect of 

quality improvement. The accuracy of manual 

inspection is not good enough due to fatigue and 

tediousness. The solution to the problem of manual 

inspection is the automated, i.e., neural network-based 

part inspection system. Automated part inspection 

systems mainly involve two challenging problems: 

defect detection and classification.  

Feature selection plays a vital role in developing 

automated defect classification capability. For an 

appropriate feature set, the distinguishing qualities of 

the features should be high, and the number of features 

should be small. Moreover, an appropriate set of 

features considers the difficulties in the feature 

extraction process [1]. A defect inspection system aims 

to detect and classify surface defects that impair 

product quality with regard to the requirements set by 

the user. The requirements mainly deal with the 

product's suitability for its intended use. In the worst 

case, the defects may make the product functionally 

deficient or unusable.  

Infrared thermography (IRT) has emerged widely as a 

method for Non-destructive testing (NDT) as it offers 

non-contact, comprehensive area detection of material 

defects. It is based on the physical phenomenon that 

any object of a temperature above absolute zero emits 

electromagnetic radiation. The infrared camera further 

covers the emitted radiation into temperature and 

produces thermograms [2-7]. This work uses 

Frequency modulated thermal wave imaging 

(FMTWI) [8-12] to get the thermograms actively. 

FMTWI imposed a suitable band of frequencies over 

the test sample within single experimentation. This 

work aims to implement a classifier based on Multi-

layer Perceptron for automatic defect detection in a 
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CFRP sample. This work presents an approach 

combining FMTWI with FFNN for a fast, accurate 

way to detect and classify sub-surface defects. The 

multi-layer feed-forward neural network is just several 

layers of single-layer perceptron neurons bonded to 

one another [13]. This explains the term ‘multi-layer’. 

The term ‘feed-forward’ means that any neuron's 

output will be recurrent to the previous layers of the 

network. 

2. Modeling and simulation 

In this work, a 3D Finite element analysis (FEA) has 

been carried out on a steel sample using COMSOL 

Multiphysics. This software simulates designs, 

devices, and processes in all engineering, 

manufacturing, and scientific research fields [14-17]. 

COMSOL Multiphysics is a simulation platform that 

provides fully coupled multiphysics and single-

physics modeling capabilities. The Model Builder 

includes all of the steps in the modeling workflow, 

from defining geometries, material properties, and the 

physics that describe specific phenomena to solving 

and post-processing models for producing accurate 

results. A  CFRP sample is modeled with six blind 

holes as defects (shown in Fig.1), and has been 

modeled with a finer mesh using 3D tetrahedral 

elements. 

 

Fig.1 Layout of the modeled CFRP sample with blind 

holes.  

The defects dimensions are shown in Table 1. 

Table.1 Defects dimensions 

 

Defect Diameter 

(mm) 

Depth (mm) 

from the front surface 

a 10 2 

b 7.5 2 

c 5 2 

d 10 1 

e 7.5 1 

f 5 1 

g 10 0.5 

h 7.5 0.5 

i 5 05 

 

The FEA is carried out by imposing an LFM heat flux 

(with frequency varying from 0.01 Hz to 0.1 Hz for 

100 s) over the surface of the test material, and the 

infrared camera captures the resultant surface thermal 

response at a frequency of 25 Hz. The simulations are 

carried out under adiabatic boundary conditions, with 

the sample at an ambient temperature of 300 K. The 

simulated data is further processed using FFNN. 

 

3. Training and testing 

3.1 Multi-layer feed-forward neural network 

It is just several layers of single-layer perceptron 

neurons bonded to one another. This explains the term 

‘multi-layer’. The term ‘feed-forward’ means that any 

neuron's output will be recurrent to the previous layers 

of the network.A multi-layer feed-forward neural 

network can be created with: 

net = newff(P,T,[S1 S2 …]) 

Where P is an R-by-Q matrix of Q input vectors of R 

elements each and T is an S-by-Q matrix of Q target 

vectors of Q elements each. 

S1 is the number of neurons in the first layer of the 

network. In this work as we want to distinguish 

between defects and non-defects we only need one 

neuron in the last layer which is called usually the 

output layer. 

So, if we want to have 10 neurons in the first layer and 

1 output neuron in the output layer, and we want to 

create this network, we should write: 

net = newff(P,T,[10 1]) 
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Consider that we have 30 images containing defect and 

40 images containing non-defect. Each of the images 

is of size 27x18. with a height of 27 pixels and a width 

of 18 pixels. So each is actually a matrix and the size 

of all the matrixes is equal. 

Training 

The Multy-layer perceptron with the training 

algorithm of feed propagation is a universal mapper, 

which can, in theory, approximate any continuous 

decision region arbitrarily well. However, the 

convergence of feed-forward algorithms is still an 

open problem. It is well known that the time cost of 

feed-forward training often exhibits remarkable 

variability. It has been demonstrated that, in most 

cases, the rapid restart method can prominently 

suppress the heavy-tailed nature of training instances 

and improve the computation efficiency. 

Multi-layer perceptron (MLP) with feed-forward 

learning algorithms is chosen for the proposed system 

because of its simplicity and capability in supervised 

pattern matching [13]. Our problem has been 

considered suitable with the supervised rule since the 

input-output pairs are available. For training the 

network, we used the classical feed-forward algorithm. 

An example is picked from the training set, and the 

output is computed. 

The training phases are like changing the weights and 

bias of the neural network and testing it on our training 

set. Then it adds small corrections to the initialized 

weights and again tests it. To train the neural network 

we should write: 

net = train(net,P,T); 

This line simply trains the network, ‘net’ based on the 

P and T inputs and their desired outputs, and then it 

puts back the trained network inside ‘net’. 

Testing 

For distinguishing between defect and non-defect, we 

only need one output neuron. This is true as long as we 

do not want to use orthogonal codes for the desired 

output of our network. As an example, assume that we 

have one output neuron, and the value of this neuron 

for defect patterns is 0, and for the non-defect pattern 

is 1 for Log sigmoid neurons (or -1 and 1 for tangent 

sigmoid). If we want to use orthogonal codes, we 

should have two output neurons with tangent sigmoid 

as their activation functions. For defect patterns, the 

value of one output neuron is -1, and the second is 1. 

For non-defect patterns, the values are reversed. Here 

we have an advantage in that if the value of two output 

neurons is both the same, we can conclude that the 

network is not sure about the type of the input pattern. 

Even it can be added to the training set for 

clarification. 

In the defect detection system, we have chosen the 

high value (near 1) as the representative of defects and 

the low value (near -1) as the non-defects. So we have 

used one output neuron, and in each call to the 

network, we only ask for the simulation of one feature 

vector, one feature vector at a time. So that means our 

answer always will be a scalar value. 

3.2 Generating train sets 

We created two folders. One is called ‘defect’, and the 

other is 'non-defect'. There are several images in PNG 

format in each of them. These images are the training 

sets that we have generated. As we can see, all of the 

images are 27x18. We searched the internet, found 

some defect images, and put them in the folder. We 

added some more defect images to the folder. Finding 

non-defect images was usually strange because a 

defect is defined, but a non-defect can be anything. To 

do this, we started with 5 or 6 random non-defect 

images. First, we trained the neural network for the 

first time and tested it over an image without any 

defects. 

Testing employed cutting every possible 27x18 patch 

from the image and converting them into a vector 

format. Then we gave each vector to input the trained 

neural network. During testing holes, we got a high 

response for some of them, say over 0.9. In those cases, 

we got them and put them in the non-defect folder. 

Then we trained the network again and did the same 

procedure again. 

One thing is very important due. Our training set 

should always have a balance between the number of 

defects and the number of non-defects. Every non-

defect image we add to the training set will lower the 

effect of detecting defect images. 

3.3 Gabor feature extraction 

Gabor features are simply the coefficients of the 

response of Gabor filters. Gabor filters are related to 

Gabor wavelets. Each Gabor wavelet is formed from 

two components; a complex sinusoidal carrier placed 

under a Gaussian envelope [18-21].  

When the input data is too large or is suspected to be 

redundant (it does not have much useful information), 
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it will be transformed into a reduced representation set 

named features. The process to obtain this vector of 

features is feature extraction. Consider that we have a 

different defect image from different defects. In defect 

detection, we are interested in highlighting those parts 

of the defects common for all defects. All the defects 

have holes. We need features that can highlight them. 

Of course, in defect recognition, we need features that 

can successfully distinguish different defects. Gabor 

features can do both. Gabor features have been used 

for both purposes. These help in removing useless and 

redundant information, and what is left can be used for 

defect detection or recognition. Now the aim of the 

later stage, the classifier, which in our case is a neural 

network, can be to recognize or detect them. 

Gabor filtering is done by convolving images with 

Gabor kernels. Each window that contains a Gabor 

wavelet is a Gabor kernel, and as described before, the 

size of the kernel are always odd pixels. After creating 

all the required kernels, which are about 40, each 

kernel should be convolved with the window. The 

convolution of f and g is written by f*g. In 2D, we can 

consider that we put both images on top of each other 

and we multiply each of their pixels. Then we sum 

them all into one scalar value, which belongs to the 

location of the pixel at the center of the window. After 

that, one should move the kernel and compute the 

results for another location until we have the result for 

all the values of the pixels. 

3.4 Pre-selection 

To cross-corelate a defect-like sub-image of size 

27x18 with theinput image to produce the defect-like 

image, a template defect.Cross-correlation is a 

measure of similarity that we can read more about 

here9. It is simply aconvolution but theoretically 

speaking, we do not rotate the kernel. Our only 

intention is to roughlyguess the location of the defects 

to avoid inspecting every location. 

3.5 Search Algorithm 

In the pre-selection stage, we recorded the location of 

all the pixels that should be checked in aimage-like 

matrix caled cell.state. Actually the word ‘state’is 

coming from the fact that each pixelcontains a 1 or a 0 

as its value. The ON pixels which have 1 as their 

values, are the location of thecenter of the 27x18 

windows that should be checked. 

Now we should make sure that when the algorithm 

finishes, the values of all the pixels are -1. Duringthis 

phase the value of some pixels may change. According 

to defined rules, some pixels may changetheir velues 

form -1 to 1. Other pixels may change their values to -

1.Now, according to the result for this pixel, we should 

make a decision about other pixels in the 

neighbourhood.Now, according to the result for this 

pixel, we should make a decision about other pixels in 

the neighbourhood. 

4. Results and discussions 

The present works highlight the capability of the 

proposed approach in detecting the defects present in 

a CFRP sample. In this approach, the test material can 

undergo a known controlled frequency modulated 

thermal stimulation sweeping its entire frequency 

range from 0.01Hz to 0.1 Hz in 100 s, and the infrared 

camera captures the corresponding thermal response 

over the surface. Additive white Gaussian noise with a 

signal-to-noise ratio being 40 dB is added to the 

obtained thermal response for the imposed incident 

heat flux. Noise is artificially added to test the 

capability of the proposed approach to detect the 

subsurface density variations.  

The neural network responds to most of the candidate 

locations. There is only a matter of deciding which 

locations to choose as defects.Fig.2 illustrates the 

candidate locations.Fig.3 shows the marked detected 

defects. 

 

Fig.2 Chosen candidate locations for defects.  
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Fig.3Marked defects 

 

5. Conclusions 

It is well known that the aerospace composite materials 

need to be light in weight, but still highly functional 

and dependable. The defect could cause catastrophic 

component failure, incur unnecessary costs. Non-

destructive testing prior to installation of aerospace 

components, and periodically throughout their 

functional lifetime, can effectively prevent these 

failures. This study does try to evaluate NDT with 

neural networks on the simulated CFRP specimen. The 

results imply that the proposed method can effectively 

discriminate between the defect and non-defect 

patterns.  
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 Abstract  

Premature deterioration of reinforced concrete (RC) structures resulting from exposure to aggressive 

environments is a serious challenge faced by civil engineers.  Highway bridges, marine structures, 

and industrial power plants are typical examples of structures facing premature deterioration.  

Evaluation of concrete quality and deterioration in concrete structural elements using non-destructive 

testing methods such as Infrared Thermography (IRT) plays a vital role. Defects such as 

honeycombs, delamination etc can be identified based on the temperature variation on the 

thermograms.  But, the depth of delamination cannot be determined.   In this paper, experimental 

studies were carried with different depths of delamination & numerical studies based on heat transfer 

were performed.  The depth of delamination obtained from the numerical model was found to be 

matching with the experimental studies and the numerical model was validated. 

Keywords: Concrete deterioration, Non-destructive testing, Infrared thermography, Numerical modelling, Defect 

quantification 

 

1. Introduction 

Concrete is one of the most versatile man-made 

building materials available. But due to various 

factors like extreme weather condition, improper 

construction methods, corrosion etc. premature 

deterioration occurs in concrete structures [1]. These 

deteriorations in the form of cracks, delaminations 

and air voids, which will start slowly will progress to 

failure and can be expensive in terms of money and 

life. The ability to detect these deteriorations at early 

stage itself act as a useful tool for maintenance and 

restoration of structure. The methods include Non-

destructive tests (NDT) which cause no damage to the 

structure and also methods like core test, pull out test 

etc. which affects the integrity of the structure and 

require repair after the test. With the advances in 

image processing, signal processing and increased 

access to powerful computers NDT has become a 

powerful tool for the analysis of old as well as new 

concrete structures (Hiasa, 2014). Currently various 

methods like impact echo, coin tapping, ultrasonic 

pulse echo, ultrasonic surface wave, ground 

penetrating radar and infrared thermography are 

applied for defect detection in concrete [2].  

Infrared thermography (IRT) is a global inspection 

method which allows to detect subsurface 

delaminations and voids with accuracy. It is having 

the advantage of inspecting large surface area without 

direct contact in a short span of time which make it 

useful for application in wide range of civil 

engineering structures [3]. Infrared thermography is 

the science of detecting infrared energy emitted from 

an object, converting it into apparent temperature and 

displaying the result as an infrared image. Using an 

infrared camera, the thermal image can be obtained 

from an object without making direct contact with the 

object and this makes IRT an ideal method for 

investigating inaccessible structures [4]. 

All objects above zero Kelvin emit infrared energy. 

IR camera detects this IR energy and convert that to 

temperature and gives thermogram as output. Heat 

flows from warmer to cooler area and sound concrete 
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have least resistance to heat conduction. Presence of 

defects/deteriorations reduces the conductivity as it is 

having thermal conductivity less than concrete. Thus, 

the portion of concrete above the defect will be 

having higher temperature than surrounding during 

day time (Fig.1 a) and during night that portion will 

be cold (Fig.1 b).  This variation in temperature can 

be identified from thermogram indicating defects [5]. 

         (a) 

          (b) 

Fig.1: (a) Temperature variation during day time    

(b) during night  

Concrete testing can involve large areas, the heat 

source should be low cost and capable of heating the 

surface uniformly. Sun fulfils all these requirements 

and this method is called passive infrared 

thermography.  For areas not accessible to sunlight an 

external source of heat is to be provided and this 

method is called active thermography. Since concrete 

is having low thermal diffusivity it requires long 

heating time which is practically not possible with 

active IRT. Also, concrete is highly non- 

homogenous which means that the use of active IRT 

is less widely reported in civil engineering than in 

other fields [6]. Estimating the depth of delamination 

is a major limitation of IRT. Quang Huy Tran et.al [7] 

conducted study using square pulse thermography 

which is a method of active IRT for defect 

quantification. A relation between observation time 

and square of real depth was derived to find the depth 

of defect. Also, a method for evaluation of depth and 

thickness of defect based maximum thermal contrast, 

defect size, sample thickness and heating time under 

active IRT was suggested. But for passive 

thermography these methods cannot be used.  

This study aims at conducting an experimental 

investigation on concrete specimens with defects of 

thickness 3 mm and 10 mm kept at various depths 

from surface. Passive infrared thermography is 

utilized for defect detection. The variation in 

temperature of delaminated area with depth of defect, 

thickness and time of investigation is studied in 

detail. Also, this study investigates the possibility to 

estimate the depth of defect using FE modelling. 

2. Experimental Program  

2.1 Specimen details  

In this study four specimens with defects simulated 

with different thickness and depth were used. Details 

about the dimension of specimen and depth and type 

of defects in each is given in Table I. Fig.2 shows the 

details about the specimen and arrangement of 

defects. Artificial delamination was simulated using 

Expanded Polyethylene (EPE) foam and cardboard 

and one with air gap. EPE foam was chosen because 

it is having a thermal conductivity of 0.024 W/m K 

which is similar to that of air and cardboard is having 

lot of air voids in it which simulate the condition 

similar to an air void/delamination. For SA-1 an air 

gap was created at one edge of the specimen to study 

the effect of boundary condition on defect detection. 

A steel plate was placed at a depth of 20 mm during 

casting and was removed after four hours leaving an 

air gap inside.  Concrete of M30 grade was used for 

the preparation of specimens.  
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Table.I:  Statistical Parameters of UPV Values 

 

 

 

 

 

 

 

 

 

 

Fig.2: (a) Specimen 1(SA-1) (b) Specimen 2(S-1) (c) Specimen 3(S-2) (d) Specimen 4 (S-3) 

2.2 Test procedure 

Specimens were arranged on an open ground over 

concrete cubes of 100 mm size to ensure wind flow 

for proper heat transfer. Infrared images were taken 

using IR camera from 9 AM to 6 PM at one-hour 

interval. The emissivity value was set as 0.95 which 

is the value for concrete and the reflected apparent 

temperature was set as 6oC. Slabs were arranged in 

north- south direction and images were taken from a 

height of 1.5 m from concrete surface. Specifications 

of camera is given is Table II. 

 

 

Table II: IR Camera specifications 
Detector type Uncooled microbolometer 

IR resolution 320 x 240 pixels 

Spectral range 7.5 - 13 µm 

Field of view 45O x 34O 

 

 

Specime

n 

Size of specimen 

(mm) 
Defect type 

Size of defect(mm) Defect 

depth 

(mm) 

SA-1 500 x 500 x 125 Air void 165 x 165 x 3 20 

S-1 500 x 500 x 150 
Card board 

EPE foam 

100 x 100 x 3 

100 x 100 x 10 12 

S-2 500 x 500 x 150 
Card board 

EPE foam 

100 x 100 x 3 

100 x 100 x 10 25 

S-3 500 x 500 x 100 
Card board 

EPE foam 

100 x 100 x 3 

100 x 100 x 10 30 & 40 



Kavya R. Nair et al.                                                                     JNDE, Vol. 20, Issue 1, March 2023 

67 

  

 

Journal of Non Destructive Testing & Evaluation (JNDE). Published by Indian Society for Non-Destructive Testing (ISNT) 

http://jnde.isnt.in 

 

3. Experimental Output 

3.1 IR output for SA-1 

 

In the image from 9 AM, the defect was partially 

detected and then as time passes it became more 

visible upto 12 PM. After 12PM the edge with air gap 

was having less temperature as the sun shifts to 

opposite side and the air gap was not detected. At 2 

PM the defect was only partially detected and after 

that is was not visible. Table III summarizes the IRT 

results for SA-1. Also, in terms of difference in 

temperature between sound and delaminated portion 

(ΔT) it was found that during 10 AM to 1 PM even 

with ΔT of 1.4oC the defect was detected were as at 9 

AM and 6 PM even with ΔT of 2 oC and 2.6 oC 

defects was not detected. Thus, it can be inferred that 

the delamination being near to the boundary is having 

an effect on defect detectability. But this will not be a 

problem for actual structures which have larger 

surface area. Fig. 3 shows the IR images for SA-1 at 

9 AM, 1 PM and 4 PM. 

Table III: Summary of IRT results 

Indications: C- defect completely detected, P- defect partially detected, O- defect not detected, Hg- Heating 

        Cg- Cooling 

9 AM           1 PM   4 PM 

Fig. 3: IR images for SA-1 

3.2 IR output for S-1 to S-3 

From IR images it was observed that the defect 

detectability is affected by the thickness of the defect 

and depth of defect. For specimen 1 in which defect 

is at 12 mm depth both the defects were completely 

detected from 10 AM to 2 PM and during 6 PM. 

During 9 AM, 2 PM and 5 PM defects were only 

partially detected. This is because of the interchange 

of heating and cooling cycle. And it was observed 

that during 4 PM defects were not detected, and this 

is because of the intersection of heating and cooling 

cycle. This was found to be true for all the specimens. 

For specimen 2 in which defect was at 25 mm depth 

from surface 3mm thick defects were not detected at 

any instant of time. For 10 mm defect also, it was 

only partially detected from 10 AM to 3PM. Table IV 

summarizes the IRT results for S-1 and S2 

respectively. A defect like portion is seen on the left 

top corner for specimen-2 in all the images. But this 

was identified as a stain mark on the top of the 

specimen from digital image.  

From the IR images for specimen 3 it was observed 

that the defects; both 3 mm and 10 mm was not 

detected at any time. Some portions similar to defects 

was identified. But the temperature for that portion is 

less than sound region which is not true for day time 

heating condition. It was found from digital image 

that such observations are due to the smooth finish of 

the surface. Fig.4-6 shows the IR images obtained for 

three specimens. 

Time 9 AM 10 AM 11 AM 12 PM 1 PM 2 PM 3 PM 4 PM 5 PM 6 PM 

Sun loading C C C C C C C C O O 

Defect 

indication P C C C C P O O O O 

Heating/ 

cooling Hg Hg Hg Hg Hg Cg Cg Cg Cg Cg 
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Table IV: Summary of IRT results for S1 and S2 

 

 

 

 

 

 

 

 

 

 

          9 AM      1 PM          4 PM 

Fig. 4: IR images for S-1 

     9 AM      1 PM                4 PM 

 

Fig. 5: IR images for S-2 

    11 AM          12 PM 

Fig. 6: IR images for S-3 

 

Time 9AM 10AM 11AM 12PM 1PM 2PM 3PM 4 PM 5 PM 6 PM 

Sun loading C C C C C C C C O O 

Defect indication 

S-1 (10mm) C C C C C C P O P C 

Defect indication 

S-1 (3mm) P C C C C C P O P C 

Defect indication 

S-2 (10 mm) O P P P C P P O O O 

Defect indication 

S-2 (3mm) O O O O O O O O O O 
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3.3 Discussion of experimental outputs 

From experimental investigation it was found that 

defects up to 25 mm depth could be detected. Also, at 

25 mm depth only delamination with 10 mm 

thickness could be detected. At 4 PM, defects were 

not detected in any of the specimens. This is due to 

the intersection of heating and cooling cycle. Also, 

for specimen SA-1 defect were not detected after 

3PM. This is due to the boundary condition and 

interchanging period. It was observed that the surface 

temperature of delamination (T del) was higher than 

temperature of sound area (T sound) during heating 

cycle. And during cooling cycle Tdel is less than Tsound. 

Also, it was observed that the Tdel value decreases 

with increase in depth of defect. Fig. 7 shows the 

variation of Tsound and Tdel with time. It was observed 

that Tdel value varies with the thickness of defect. Tdel 

value was more for 10 mm thick defects during 

heating cycle and Tdel for 3mm thick defect more than 

that for 10 mm defects during cooling cycle. Fig.8 

shows the variation of Tdel with thickness of defect. 

Thus, a correlation between the depth of defect and 

thickness of defect with Tdel is obtained such that Tdel 

decreases with increase in depth and increases with 

increase in thickness. 

   

 (a)      (b) 

 

 

 

 

 

 

 

 

 

(c) 

Fig.7: Variation of Tsound and Tdel with time. (a)SA-1 (b)S-1 (c)S-2 
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  (a)               (b) 

Fig. 8: Variation of Tdel with thickness of defect(a) S-1 (b)S-2 

4. Numerical Model    

 

4.1 Model development 

 

 

 

Finite element modelling of the specimens was done 

and results were compared with IRT results to 

validate the model. Modelling was done using the 

Heat transfer module of COMSOL Multiphysics 

software.  

   The concrete blocks of size 500 mm x 500 mm x 

150 mm were established over a large ground of size 

6 x 6 x 1 m. Defects in form of EPE foam was 

arranged similar to specimen at depth of 12mm, 

20mm, 25 mm. The blocks were arranged over 

concrete stand of width 100 mm and height 150 mm.  

Fig.9(a)shows the FE model of the specimen along 

with ground. Meshing of the model was done using 

“Finer” element size physics-controlled mesh 

available in the software. The material properties fed 

are given in Table V. The parameters like solar 

irradiance, ambient temperature, convective heat 

transfer coefficient, location information and date of 

experimental investigation are required for forming 

the FE model. The solar irradiance Is=605 W/m2 was 

set in software for all the models. The ambient 

temperature input was given based on the weather 

condition reported by the nearest weather station. The 

ambient temperature value given as input is given in 

Fig.9(b). 

In this model the primary heat source is the solar 

radiation. The value of solar radiation and direction of 

sunlight with time was automatically calculated by 

the software using latitude, longitude, time zone, date 

and time. The information was fed as follows: 

latitude=13.083, longitude=80.2707, time zone= 

+5:30 h. Convective heat transfer co-efficient hw was 

calculated using wind speed. The average value of 

wind speed for the day was found to be 5.04 m/s. And 

hw was obtained as 23 W/ m2K. 

  

Table V: Material properties 

Material properties Units Concrete EPE foam Ground 

Thermal conductivity W/ (m K) 1.6 0.024 0.6 

Heat capacity at 

constant pressure 

J/ (kg K) 880 1130 800 

Density Kg/m3 2300 25 1500 

Surface emissivity - 0.95 - 0.76 
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Fig.9: (a)FE model of specimen along with ground (b)Ambient temperature for 4th March 2022 

 

5. Comparison of Simulation and IR Results    

Simulation results were obtained from 9 AM to 6 PM. 

Fig.10-12 shows the simulation results for 9 AM, 1 

PM and 4 PM. The defects are clearly visible in 

simulation results similar to IR results. At 4 PM the 

simulation result also shows the interchange period 

during which the defects were not visible in the 

image. Fig. 7 shows the comparison between IR 

results and simulation results. The simulation results 

also follow a similar pattern with experimental 

values. Surface temperature values from 12 PM to 3 

PM is almost same for both simulation and 

experimental results for S-1 and S-2 (Fig.13). And it 

is same at 2PM for SA-1. This exceptional behaviour 

of SA-1 is due to the boundary condition. During 

other times of the day the temperature readings are bit 

higher for simulation results. This might be because 

of the assumption that the sky was clear entire day 

which was made while doing FE modelling.

                          9 AM     1 PM               4 PM 

Fig.10: Simulation result for SA-1 

 

        9 AM    1 PM        4 PM 

 

 

 

 

 

 

        9 AM    1 PM        4 PM 

Fig.11: Simulation results for S-1 
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        9 AM    1 PM        4 PM 

Fig.12: Simulation results for S-2 

     

  (a)                       (b) 

 

  (c)                       (d) 
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                                                                                       (e) 

Fig.13: Comparison of simulation result and IR result (a)SA- 1 (b)S-1, defect 3mm thick (c)S-1, defect 10 mm 

thick (d) S-2, defect 3mm thick (e)S-2, defect 10 mm thick 

From the comparison of simulation and IRT results it 

can be concluded that the FE model was established 

properly. A similar pattern of Tdel values was obtained 

from simulation results. The values of temperature 

were almost same during 12 PM to 3 PM. But it can 

be found that during other time the values of 

temperature was higher than the IR results. This can 

be due to the assumption of clear sky condition made 

while creating FE model. The other reasons include 

some external agents like wind, photographic angle, 

thermal sensitivity of camera etc. Thus, it can be 

concluded that an inverse study can be conducted 

using FE modelling by simulating several depths and 

thicknesses of delamination models from which the 

depth of delamination can be obtained. 

6. Conclusion 

Experimental investigation was done on specimens 

with simulated defects to study the effectiveness of 

IR thermography for detecting delaminations in 

concrete structures. It was found that IRT can be used 

effectively for evaluating quality of cover concrete. 

Defects upto a depth of 25mm can be detected from 

IR images. An interchange period between heating 

and cooling cycle was observed and during which the 

defects are not detected in IR images. From SA-1 it 

was found that the boundary condition is having 

much effect on the defect detectability and 

temperature values. But this will not be a problem for 

actual structures which have larger surface area. 

Sometimes the portion identified as defect from the 

image can be some stains or marking on the surface 

of the defect. Comparing IR image with digital image 

helps to overcome this problem. A correlation 

between the depth of defect and thickness of defect 

with Tdel was obtained such as Tdel increases with 

increase in thickness of defect and decreases with 

increase in depth from surface. Numerical model was 

established successfully using COMSOL 

Multiphysics software and the temperature values 

between 12 PM and 3 PM shows a similar trend with 

IR results. Thus, it could be concluded that an inverse 

study can be conducted using FE modelling by 

simulating several depths and thickness of 

delamination models from which the depth of 

delamination can be obtained. 
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United States Patent 11,590,676 

 

Guided wave-based system for cure monitoring of composites using piezoelectric discs and 

fiber Bragg gratings/phase-shifted Bragg gratings 

 

Inventors: Tyler B. Hudson, Fuh-Gwo Yuan, Nicolas Auwaijan, Frank L. Palmieri 

 

Assignee: UNITED STATES OF AMERICA AS REPRESENTED BY THE ADMINISTRATOR OF 

NASA,Washington, DC (US) 

 

System and method for in-process cure monitoring of a material utilizes one or more 

sensors such as fiber Bragg gratings (FBGs) or phase-shifted FBGs (PS-FBGs) and at least one 

optical line fiber connected to the sensor(s). The sensor(s) and the optical line may be 

embedded in the material prior to curing the material may comprise a fiber reinforced 

polymer. Waves are excited into the material during curing thereof to form guided waves 

that propagate through the material. At least one wave metric of the guidedwaves is 

measured utilizing the sensor(s). 

 

United States Patent 20230052887 

Robotic Platforms and Robots for Nondestructive Testing Applications, Including Their 

Production and Use 

Inventors: Erin Along, Christoph Schaal 

Robotic platforms and methods of use are disclosed that include: at least one robot or 

robotic device, at least one computer-based control system, wherein the system is at least 

in part located on the at least one robot, at least one communications system, wherein the 

communications system is designed to communicate between the computer- based control 

system and the at least one robot, and at least one evaluation system that is designed to 

implement and process at least one nondestructive testing method. 
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United States Patent11,526,168 

ROBOTIC INSPECTION OF IN-SERVICE TANKS THROUGH LOWER WALL 

Inventors:Zeeshan Farooq Lodhi, Mir Asif Khan 

Assignee:Saudi Arabian Oil Company, Dhahran CN (SA) 

To implement robotic inspection of anin-service tank through the lower wall, a launch 

system is operatively coupled to the in-service tank carrying a multiphase fluid separated 

into a first fluid phase settled at the bottom of the in-service tank and a second fluid phase 

floating above the first fluid phase. The launch system includes multiple valves and is 

coupled to the bottom of the in-service tank. By operating the launch system, a robotic tank 

inspection device is introduced into the first fluid phase in the in-service tank while 

bypassing the second fluid phase. By operating the robotic tank inspection device, the 

bottom of the in- service tank is inspected for corrosion. 

United States Patent 20230012228  

Detection of Corrosion Under Paint and Other Coatings Using Microwave Reflectometry 

Inventors: Brad D. Moore, JayL. Fisher, Christopher A. Bang, 

Assignee: Southwest Research Institute, San Antonio, TX (US) 

A test system for detecting corrosion under a coating on a structure, the coating being 

transmissive to microwaves and the surface being reflective to microwaves. A microwave 

generator generates microwaves of a desired power and frequency, which are delivered to a 

test head that both transmits the microwaves to the surface and receives the microwaves as 

reflected from the structure. A corrosion detection processor measures the phase and 

amplitude of the reflected signal, and compares measurement data to reference data to 

determine if corrosion under the coating is indicated. 

United States Patent 11,220,356 

NON-DESTRUCTIVE INSPECTION USINGUNMANNED AERIAL VEHICLE 

Inventors: James J. Troy, Gary E. Georgeson, Joseph L. Flafenrichter, Scott W. Lea 

Assignee: The Boeing Company, Chicago, IL (US) 

Provided is a nondestructive inspection (“NDI”) system that includes an unmanned aerial 

vehicle (“UAV”) comprising a body structure and at least one support arm. The support arm 

includes a first arm portion having a first end coupled to the body structure and a second 

end coupled to a second armportion. The second arm portion includes a first end coupledto 

the second end of the first arm portion and a second end coupled to an NDI scanning 

device. The support arm also includes a compliant member disposed between the first arm 

portion and the second arm portion. The NDI scanning device includes one or more NDI 

sensors., accurate, efficient on-machine wall thickness measurement of the large panel. 
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