
 

  

 
THERMAL FATIGUE OF LASER MODIFIED 

TOOL STEELS MOULD SURFACE AT HIGH 

TEMPERATURE 

 

 

 

 

ANNIE LAU SHENG 

 

 

 

 

 

 

MASTER OF SCIENCE 

 

UNIVERSITI MALAYSIA PAHANG 

 



 

SUPERVISOR’S DECLARATION 

I hereby declare that I have checked this thesis and in my opinion, this thesis is adequate 

in terms of scope and quality for the award of the degree of Master of Science.  

 

 

 

_______________________________ 

 (Supervisor’s Signature) 

Full Name  : DR. IZWAN BIN ISMAIL 

Position  : SENIOR LECTURER 

Date   :  

 

 

  

Lenovo
Typewriter
21/07/2020

Lenovo
Stamp



 

STUDENT’S DECLARATION 

I hereby declare that the work in this thesis is based on my original work except for 

quotations and citations which have been duly acknowledged. I also declare that it has 

not been previously or concurrently submitted for any other degree at Universiti Malaysia 

Pahang or any other institutions.  

 

 

_______________________________ 

 (Student’s Signature) 

Full Name : ANNIE LAU SHENG  

ID Number : MMF17005 

Date  :  

 

Lenovo
Stamp

Lenovo
Typewriter
21/07/2020



 

 

 

THERMAL FATIGUE OF LASER MODIFIED TOOL STEELS MOULD 

SURFACE AT HIGH TEMPERATURE 

 

 

ANNIE LAU SHENG 

 

 

 

Thesis submitted in fulfillment of the requirements 

for the award of the degree of 

Master of Science 

 

 

 

Faculty of Manufacturing and Mechatronic Engineering Technology 

UNIVERSITI MALAYSIA PAHANG 

 

 

JULY 2020 

 

 



ii 

ACKNOWLEDGEMENTS 

My deep gratitude goes first to my research supervisor, Dr. Izwan Bin Ismail who always 

give me patient guidance in completing my Master’s degree project. I would like to thank 

my research supervisor for giving me constant support, suggestion, correct my mistakes 

and spending his time at every stage of my research. I feel grateful to have a respectful 

supervisor that led me through this research study. 

I also would like to take this opportunity to acknowledge technicians from Faculty of 

Manufacturing Engineering, Faculty of Mechanical Engineering and Central Laboratory 

UMP. Due to their support and guidance, I success overcome the problems that I had 

faced and completed my Master’s degree project. Also not forgotten, I would like to thank 

En. Abdul Fattah Bin Mohd Tahir from Kolej Kemahiran Tinggi MARA (KKTM) for his 

help and training.  

Furthermore, I would like to express my thanks to my parents for giving me support, 

encouragement and love. They always sacrifice themselves to provide me with economic 

support on my accommodation and study so that I can focus on my project. They also 

inspired me when I feel tired and faced problems throughout my research study. Without 

them, I cannot achieve my targets.  

Moreover, my sincere thanks also go to all my friends, Fazliana Binti Fauzun, James Lau 

and Hazim who always lend me their hand and encourage me. I cannot find appropriate 

words to express my appreciation for their helping and support but I will keep them in 

my heart.  

 

 



iii 

ABSTRAK 

Dalam persekitaran penuangan acuan, hayat acuan menurun disebabkan oleh hakisan, 

pengaratan, kelesuan haba dan pengoksidaan yang berlaku di permukaan acuan yang 

menyebabkan penurunan masa dan kerugian. Retakan akibat kelesuan haba adalah punca 

utama kegagalan acuan iaitu hampir 70%. Untuk mengurangkan retakan kelesuan haba, 

kekasaran permukaan (SR) dan kekerasan sampel perlu disesuaikan. Dalam kajian ini, 

kesan parameter pengubahsuaian permukaan laser pada SR dan kekerasan telah dikaji 

untuk mengurangkan retakan kelesuan haba. Kekerasan dan mikrostruktur untuk sampel 

yang diubahsuai dengan laser dan AISI H13 yang asal juga dikaji selepas ujian kelesuan 

haba. Pertama, DOE dengan faktorial penuh telah dijalankan. Tiga faktor yang diguna 

adalah kuasa puncak (W), kekerapan nadi lasik (PRF) dan kadar pertindihan (%) dengan 

julat 1500-1900W, 40-60Hz dan 10-30%. Lasik jenis fiber laser telah digunakan pada 

permukaan bahan keluli karbon tinggi AISI H13. SR dan kekerasan bagi semua sampel 

yang diubahsuai dengan laser telah diukur. Selepas itu, AISI H13 yang asal dan sampel 

yang diubahsuai dengan laser yang dipilih digunakan untuk menjalankan ujian kelesuan 

haba yang melibatkan ujian kitaran perendaman. Ujian kelesuan haba dilakukan dengan 

memanaskan sampel dalam aluminium cair pada julat suhu 850-900 °C dan menyejukkan 

dalam air pada suhu 27 °C secara berterusan. AISI H13 yang asal dan sampel yang 

diubahsuai dengan laser dikaji dari segi kekerasan, mikrostruktur dan retakan kelesuan 

haba sebelum dan selepas 5000 kitaran. Dari hasil kajian ini, kekerasan sampel yang 

diubahsuai dengan laser meningkat 3 kali kanda dari 203.3 HV hingga 744.6 HV. Walau 

bagaimanapun, SR juga meningkat dari 1.3 μm hingga julat 8.97-42.31 μm disebabkan 

oleh pelbagai parameter laser. Kadar pertindihan merupakan kesan yang penting terhadap 

kekerasan. Manakala, SR yang rendah diperoleh pada 1900 W kuasa puncak dan 10% 

kadar pertindihan. Walau bagaimanapun, PRF adalah parameter yang tidak ketara untuk 

mempengaruhi kekerasan dan SR. Model Ramalan telah dibangunkan untuk mengenal 

pasti penetapan parameter laser yang sesuai untuk nilai SR dan kekerasan. Kekerasan dan 

mikrostrktur bagi sampel diubahsuai dengan laser sebelum dan selepas ujian kelesuan 

haba telah disiasat. Kekerasan untuk sampel yang diubahsuai dengan laser menurun 

secara mendadak kerana mikrostruktur berubah. Walau bagaimanapun, sampel yang 

diubahsuai dengan laser menunjukkan prestasi yang lebih baik daripada AISI H13 yang 

asal. Sampel yang diubahsuai dengan laser telah berjaya mengurangkan bilangan dan 

panjang keretakan dari 27 hingga 17 dan 6.87 mm hingga 1.84 mm masing-masing. 

Sebagai kesimpulan, parameter laser yang sesuai dapat menghasilkan sampel dengan SR 

yang rendah dan kekerasan yang tinggi. Ujian kelesuan haba membuktikan bahawa 

kekerasan yang tinggi mempunyai rintangan tinggi terhadap kelesuan haba yang juga 

boleh mengurangkan retakan kelesuan haba. SR yang rendah juga boleh mengurangkan 

pengumpulan oksida yang boleh mengakibatkan retakan kelesuan haba berlaku. Secara 

keseluruhan, kajian ini amat penting untuk meningkatkan sifat permukaan seperti 

rintangan kelesuan haba dan kekerasan untuk bahan keluli karbon tinggi AISI H13 dalam 

aplikasi suhu tinggi. 
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 ABSTRACT 

In die casting environment, tool steel service life decrease due to the oxidation, erosion, 

corrosion and thermal fatigue cracks which occur on the die surface that cause production 

downtime and losses. Thermal fatigue cracks is a significant failure which is around 70% 

in die casting dies. In order to reduce the thermal fatigue cracks, the surface roughness 

(SR) and hardness of laser modified samples have to be tailored. In this study, the effect 

of laser surface modification parameters on SR and hardness was investigated to reduce 

the thermal fatigue crack. The hardness and microstructure of laser modified and as-

received AISI H13 tool steels that subjected to the thermal fatigue test were also 

investigated. First, a full factorial design of experiment (DOE) was developed. The three 

factors were peak power (W), pulse repetition frequency (PRF) and overlap rate (%) with 

the range of 1500-1900W, 40-60Hz and 10-30% respectively. Then, fiber laser system 

with pulse mode was applied on the surface of AISI H13 tool steel. The SR and hardness 

of all the laser modified samples were then measured. After that, the as-received AISI 

H13 and selected laser modified samples were used to conduct a thermal fatigue test 

which involve cyclic immersion test. The thermal fatigue test was conducted by 

continuously heating the samples in molten aluminium and cooling in a water bath at a 

respective temperature range of 850-900 °C and 27 °C. The characterisation of as-

received and laser modified samples for hardness, microstructure and thermal fatigue 

crack conducted before and after 5000 cycles. From the findings, the hardness of the laser 

modified samples increased 3 times from 203.3 HV to 744.6 HV. However, the SR has 

also increased from 1.3 µm to the range of 8.97-42.31 µm due to the various parameters 

of laser surface modification. The overlap rate has a significant effect on hardness. While, 

a low SR can be obtained at 1900 W of peak power and 10% of overlap rate. However, 

the PRF was an insignificant parameter to affect the hardness and SR. Prediction model 

was developed to identify suitable laser parameters setting for the intended value of SR 

and hardness. The hardness and microstructure of laser modified samples before and after 

thermal fatigue (TF) test were investigated. The hardness of laser modified samples 

decreased dramatically due to the microstructure changed. However, the laser modified 

samples significantly performance well than the as-received AISI H13. Laser modified 

samples reduce the number and length of cracks from 27 to 17 and 6.87 mm to 1.84 mm 

respectively. In conclusion, a suitable laser parameters setting can produce a low SR and 

high hardness sample. The thermal fatigue test proved that high hardness has a high 

resistance of thermal fatigue which can reduce the thermal fatigue cracks. Low SR can 

also reduce the accumulation of oxide which can generate the thermal fatigue cracks. 

Overall, this study is significant to enhance the surface properties such as resistance of 

thermal fatigue and hardness for AISI H13 tool steel in high temperature applications. 



v 

TABLE OF CONTENT 

DECLARATION 

TITLE PAGE  

ACKNOWLEDGEMENTS ii 

ABSTRAK iii 

ABSTRACT iv 

TABLE OF CONTENT v 

LIST OF TABLES ix 

LIST OF FIGURES x 

LIST OF SYMBOLS xiii 

LIST OF ABBREVIATIONS xiv 

 INTRODUCTION 1 

1.1 Project Background 1 

1.2 Problem Statement 2 

1.3 Hypothesis 3 

1.4 Objectives 3 

1.5 Scopes of research 4 

 LITERATURE REVIEW 5 

2.1 Introduction 5 

2.2 Failures of die in the die casting process 6 

2.3 Laser surface engineering (LSE) technique 8 

2.3.1 Surface coating 8 



vi 

2.3.2 Laser surface modification 9 

2.4 Type of lasers system 10 

2.5 Effect of laser parameters 11 

2.5.1 Laser parameters controlling the surface roughness of the 

material 11 

2.5.2 Laser parameters controlling the microhardness of the material 12 

2.5.3 Laser parameters controlling the depth of MZ 15 

2.5.4 Laser parameters controlling the microstructure 16 

2.6 Factors affecting the thermal stability of laser modified surface 18 

2.6.1 Effect of thermal cycle temperatures and number of thermal 

cycles 18 

2.7 Factors affecting thermal fatigue cracks on laser modified surface 20 

2.7.1 Effect of thermal cycle temperature and number of thermal 

cycles 20 

2.8 Summary 23 

 METHODOLOGY 24 

3.1 Introduction 24 

3.2 Preparation of samples 27 

3.2.1 AISI H13 tool steel samples for Stage I and II 27 

3.3 Stage I: Select suitable average power for LSM 28 

3.3.1 Laser Surface Modification (LSM) process 28 

3.3.2 LSM parameters setting for Stage I 30 

3.4 Stage II: Select suitable parameters for TF samples by develop DOE 31 

3.4.1 Develop full factorial DOE 31 

3.4.2 LSM parameters setting for Stage II 32 

3.5 Preparation of TF samples for Stage III 33 



vii 

3.6 Stage III: LSM parameters selected from DOE for TF testing 34 

3.6.1 LSM parameters setting for Stage III 34 

3.6.2 Thermal fatigue (TF) test 35 

3.7 Characterisation techniques 37 

3.7.1 Surface roughness 38 

3.7.2 Surface morphology 39 

3.7.3 Depth of MZ 40 

3.7.4 Microstructure 41 

3.7.5 Microhardness testing 43 

3.7.6 Thermal fatigue crack 44 

3.8 Summary 44 

 RESULTS AND DISCUSSION 45 

4.1 Introduction 45 

4.2 Results and discussion for Stage I 46 

4.2.1 Surface roughness of laser modified AISI H13 46 

4.2.2 Depth of melted zone (MZ) for laser modified AISI H13 48 

4.3 Results and discussion for Stage II (DOE) 52 

4.3.1 Effect of laser parameters on surface roughness 52 

4.3.2 The microhardness of laser modified AISI H13 54 

4.4 Results and discussion for Stage III 56 

4.4.1 Effects of laser scanning speed on the microhardness 56 

4.4.2 Microstructure of laser modified AISI H13 57 

4.5 Thermal fatigue test 60 

4.5.1 Changes of microstructure before and after TF test 60 

4.5.2 Comparison of microhardness before and after TF test 63 



viii 

4.5.3 Rate of surface roughness change before and after TF test 65 

4.5.4 Energy Dispersive X-ray Spectroscopy (EDXS) analysis before 

and after TF test 67 

4.6 Thermal fatigue crack 69 

4.6.1 Formation of oxide layer after the TF test 69 

4.6.2 Comparison of crack length between laser modified samples and 

as-received AISI H13 72 

4.7 Summary 74 

 CONCLUSION 75 

5.1 Conclusion 75 

5.2 Recommendation 76 

 

REFERENCES 77 

APPENDIX A Change of Microstructure for all laser modified samples after 

5000 cycles TF test 85 

APPENDIX B Specification of Machine 86 

APPENDIX C Publications 93 

 

 



ix 

LIST OF TABLES 

Table 2.1 Summary of failures in die casting 7 

Table 2.2 Summary of method and material used in this research study. 23 

Table 3.1 Chemical composition of AISI H13 tool steel. 27 

Table 3.2 Mechanical and physical properties of AISI H13 tool steel. 27 

Table 3.3 Summary of specification of Ytterbium fiber laser machine. 28 

Table 3.4 Laser parameters setting for the samples of Stage I. 30 

Table 3.5 Factors of full factorial DOE for Stage II. 31 

Table 3.6 Parameters of full factorial DOE for Stage II. 32 

Table 3.7 Selected laser parameters from DOE for the TF testing. 34 

Table 3.8 Summary of TF test parameters. 36 

Table 3.9 Summary of parameters for surface roughness test. 38 

Table 3.10 Specification of automatic mounting press machine. 41 

Table 4.1 Surface roughness of laser modified samples with different laser 

average power. 46 

Table 4.2 Depth of laser melted zone with different laser average power. 49 

Table 4.3 Surface roughness of laser modified samples with full factories of 

DOE. 52 

Table 4.4 Microhardness of laser modified samples with full factories of DOE. 55 

Table 4.5 Chemical composition of as-received AISI H13 before the thermal 

fatigue test. 65 

Table 4.6 Chemical composition of samples before the thermal fatigue test. 67 

Table 4.7 Chemical composition of samples after thermal fatigue test. 68 

Table 4.8 Length of cracks for laser modified samples and as-received AISI 

H13. 72 

Table 4.9 Summary of laser surface modification parameters and results of the 

TF test for the AISI H13 tool steel. 74 

 



x 

LIST OF FIGURES 

Figure 2.1 Comparison of different type of laser systems 10 

Figure 2.2 Vickers hardness distribution of AISI H13 at different regions 13 

Figure 2.3 Microhardness of laser surface melted steel with different laser 

power with constant 3.33 mm/s of scanning speed 14 

Figure 2.4 Depth of MZ at a different scanning rate of the laser beam 15 

Figure 2.5 Depth and shape of melted zone at different laser energy: (a) 4J, (b) 

5J, (c) 6J, (d) 7J, (e) 8J, (f) 9J, (g) 10J, (h) 11J and (i) 12J 16 

Figure 2.6 Microstructure of sample in cross-section after laser surface 

melting: (a) Optical image of laser melted zone; (b) and (c) SEM 

image of the melted zone; (d) SEM image of HAZ 17 

Figure 2.7 Microhardness in-unit depth direction at different thermal cycles 18 

Figure 2.8 Microhardness of laser affected area and untreated sample at 

different thermal cycle temperature: (a) 600 °C; (b) 650 °C; (C) 700 

°C; and (d) 750 °C 19 

Figure 2.9 Various non-smooth surfaces of soil animals and biomimetic units: 

(a) punctuate non-smooth surface on the head of dung beetle; (b) 

striate non-smooth surface on the elytrum of dung beetle; and (c) 

reticulate non-smooth surface on the head of black ant. 20 

Figure 2.10 Thermal cracks quantity and length after 4000 cycles of thermal 

fatigue test with different thermal cycle temperature 21 

Figure 2.11 Density of cracks and length of main cracks at different thermal 

cycles 22 

Figure 3.1 Flow chart of methodology in this research study 26 

Figure 3.2 AISI H13 tool steel plates for Stage I and II 28 

Figure 3.3 Conduct laser surface modification process by using fiber laser 

machine 29 

Figure 3.4 Laser modified surface of AISI H13 with various parameters setting

 31 

Figure 3.5 Laser modified samples with full factorial of DOE 33 

Figure 3.6 Orthographic drawing of AISI H13 tool steel sample with dimension

 33 

Figure 3.7 Laser modified samples with selected laser parameters for the TF 

test 34 

Figure 3.8 Schematic diagram and set up of TF machine at the robotic 

laboratory of FKP 35 

Figure 3.9 TF test with repeated heating and cooling 36 

Figure 3.10 Section of the sample that subjected to the TF test 37 

Figure 3.11 Branson 3800 CPXH Ultrasonic Cleaner 37 



xi 

Figure 3.12 Mahr MarSurf PS1 surface roughness tester with a display screen 39 

Figure 3.13 Zoom Stereo Microscope (SOPTOP) with HD camera and display 

screen 40 

Figure 3.14 Buehler IsoMet 4000 Precision Cutter 40 

Figure 3.15 TF sample after subjected to 5000 cycles of TF test 41 

Figure 3.16 Buehler SimpliMet 1000 Automatic Mounting Press 42 

Figure 3.17 JEOL JSM-7800F Prime Field Emission Scanning Electron 

Microscope (FESEM) 42 

Figure 3.18 Tukon 1202 Vickers Series Hardness Testers 43 

Figure 4.1 Surface roughness (Ra) of laser modified samples with different 

average power 47 

Figure 4.2 Surface morphology and depth of melted zone produced by 1700W 

of peak power, 50Hz of PRF and 10% of overlap rate with different 

average power using optical microscope: (a)&(d) 50W, (b)&(e) 

60W and (c)&(f) 70W. 50 

Figure 4.3 Surface morphology and depth of melted zone produced by 2500W 

of peak power, 70Hz of PRF and 50% of overlap rate with different 

average power using optical microscope: (a)&(d) 50W, (b)&(e) 

60W and (c)&(f) 70W 51 

Figure 4.4 Surface roughness of laser modified AISI H13 affected by PRF: (a) 

40 Hz of PRF and (b) 60 Hz of PRF 53 

Figure 4.5 Microhardness of laser modified AISI H13 affected by overlap rate: 

(a) 10% of overlapping and (b) 30% of overlapping. 56 

Figure 4.6 Microhardness of laser modified AISI H13 with the various laser 

scanning speed 57 

Figure 4.7 Micrograph of laser modified layer and substrate for sample S7 in 

cross-section area 58 

Figure 4.8 Micrograph of laser modified samples with the different power 

density 59 

Figure 4.9 Micrograph in cross-section area before and after 5000 cycles of 

thermal fatigue (TF) test 61 

Figure 4.10 Changes of microstructure in cross-section area of laser modified 

samples after 5000 cycles of thermal fatigue test 62 

Figure 4.11 Microhardness of laser modified AISI H13 from melted zone to 

substrate: (a) before thermal fatigue test and (b) after 5000 cycles of 

thermal fatigue test 64 

Figure 4.12 Microhardness of as-received AISI H13 before and after 5000 

cycles of thermal fatigue test 65 

Figure 4.13 Rate of surface roughness change after 3000, 4000 and 5000 cycles 

of thermal fatigue test 66 

Figure 4.14 Micrograph of sample S6 in cross-section with EDXS line-scan 67 



xii 

Figure 4.15 Surface morphology of laser modified samples and as-received AISI 

H13 after thermal fatigue test 69 

Figure 4.16 Micrograph and SEM EDXS elementary maps of oxide layer in 

cross section area 70 

Figure 4.17 Oxide layer of samples in cross-section area after a thermal fatigue 

test 71 

Figure 4.18 Section morphology of oxide layer: (a)-(b) crack within the oxide 

layer and (c) delamination of the oxide layer 72 

Figure 4.19 The quantity of cracks and average of crack length for laser 

modified samples and as-received AISI H13 73 

 



xiii 

LIST OF SYMBOLS 

HV Vickers hardness unit 

v Scanning speed 

Pp Peak power 

Pave Average power 

η Overlap rate 

Lc Cut off value 

Lt Traversing length 

  

  

  

  

  

  

  

  

 

 



xiv 

LIST OF ABBREVIATIONS 

AISI American Iron and Steel Institute 

BSE Backscattered Electron Mode 

C Carbon 

CNC Computer Numerical Controlled 

CO2 Carbon Dioxide 

Cr Chromium 

CW Continuous Mode Laser 

DOE Design of Experiment 

EDXS Energy Dispersive X-Ray Spectroscopy 

Fe Iron 

FESEM Field Emission Scanning Electron Microscope 

HAZ Heat Affected Zone 

LSE Laser Surface Engineering 

Mo Molybdenum 

MZ Melted Zone 

Nd:YAG Neodymium-Doped Yttrium Aluminum Garnet 

O Oxygen 

PACVD Plasma-Assisted Chemical Vapor Deposition 

PRF Pulse Repetition Frequency 

PVD Physical Vapor Deposition 

SEM Scanning Electron Microscope 

Si Silicon 

SR Surface Roughness 

TF Thermal Fatigue 

V Vanadium 

VC Vanadium Carbide 



77 

REFERENCES 

Abdulhadi, H. A., Aqida, S. N., Ishak, M., & Mohammed, G. R. (2016). Thermal Fatigue 

of Die-Casting Dies: An Overview. MATEC Web of Conferences, 74, 1–6.  

Abdulhadi, H., Ahmad, S., Ismail, I., Ishak, M., & Mohammed, G. (2017). Thermally-

Induced Crack Evaluation in H13 Tool Steel. Metals, 7(11), 475.  

Abdulhadi, Hassan A., Aqida, S. N., & Ismail, I. (2019). Tool Failure in Die Casting. 

Reference Module in Materials Science and Materials Engineering, 1–11.  

AlMangour, B., Grzesiak, D., & Yang, J.-M. (2017). Selective laser melting of 

TiB2/316L stainless steel composites: The roles of powder preparation and hot 

isostatic pressing post-treatment. Powder Technology, 309, 37–48.  

Amine, T., Newkirk, J. W., & Liou, F. (2015). Methodology for Studying Effect of 

Cooling Rate During Laser Deposition on Microstructure. Journal of Materials 

Engineering and Performance, 24(8), 3129–3136.  

Apparao, K., & Birru, K. (2015). Optimization of the aluminium die casting process 

based on the Taguchi method. Materials Today: Proceedings, 216(2), 969–977.  

Aqida, S. N., & Ahmad, S. (2011). Laser Surface Modification of Steel, PhD Thesis. 

Aqida, S. N., Brabazon, D., & Naher, S. (2013). Atomic diffusion in laser surface 

modified AISI H13 steel. Applied Physics A: Materials Science and Processing, 

112(1), 139–142.  

Aqida, S. N., Brabazon, D., & Naher, S. (2011a). Designing Pulse Laser Surface 

Modification of H13 Steel Using Response Surface Method. AIP Conference 

Proceeding, 1315, 1371–1376.  

Aqida, S. N., Calosso, F., Brabazon, D., Naher, S., & Rosso, M. (2010). Thermal fatigue 

properties of laser treated steels. International Journal of Material Forming, 3(1), 

797–800.  

Aqida, S. N., Maurel, M., Brabazon, D., Naher, S., & Rosso, M. (2009). Thermal stability 

of laser treated die material for semi-solid metal forming. International Journal of 

Material Forming, 2(1), 761–764.  

Aqida, S. N., Naher, S., & Brabazon, D. (2011b). Laser surface modification of H13 die 

steel using different laser spot sizes. AIP Conference Proceedings, 1353, 1081–

1086. 

Ardila-Rodríguez, L. A., Menezes, B. R. C., Pereira, L. A., Takahashi, R. J., Oliveira, A. 

C., & Travessa, D. N. (2019). Surface modification of aluminum alloys with carbon 

nanotubes by laser surface melting. Surface and Coatings Technology, 377(March), 

124930.  

 



78 

Badkar, D. S., Buvanashekaran, G., & Pandey, K. S. (2008). Laser Surface Modification 

Technique for Improved Performance of Engineering Components. Conference: 

Seminar on Application of Laser in Materials Processing, 136-143. 

Bailey, N. S., Katinas, C., & Shin, Y. C. (2017). Laser direct deposition of AISI H13 tool 

steel powder with numerical modeling of solid phase transformation, hardness, and 

residual stresses. Journal of Materials Processing Technology, 247, 223–233.  

Balla, V. K., Soderlind, J., Bose, S., & Bandyopadhyay, A. (2014). Microstructure, 

mechanical and wear properties of laser surface melted Ti6Al4V alloy. Journal of 

the Mechanical Behavior of Biomedical Materials, 32, 335–344.  

Baniasadi, F., Bahmannezhad, B., Nikpoor, N., & Asgari, S. (2016). Thermal stability 

investigation of expanded martensite. Surface and Coatings Technology, 300, 87–

94. 

Bobzin, K., Brogelmann, T., Hartmann, U., & Kruppe, N. C. (2016). Analysis of 

CrN/AlN/Al2O3 and two industrially used coatings deposited on die casting cores 

after application in an aluminum die casting machine. Surface and Coatings 

Technology, 308, 374–382.  

Bombač, D., Gintalas, M., Kugler, G., & Terčelj, M. (2019). Thermal fatigue behaviour 

of Fe-1.7C-11.3Cr-1.9Ni-1.2Mo roller steel in temperature range 500–700 °C. 

International Journal of Fatigue, 121, 98–111.  

Chang, S. H., Huang, K. T., & Wang, Y. H. (2012). Effects of Thermal Erosion and Wear 

Resistance on AISI H13 Tool Steel by Various Surface Treatments. Materials 

Transactions, 53(4), 745–751.  

Chang, S. H., Tang, T. P., & Huang, K. T. (2010). Improvement of Aluminum Erosion 

Behavior and Corrosion Resistance of AISI H13 Tool Steel by Oxidation Treatment. 

ISIJ International, 50(4), 569–573.  

Chang, S. H., Tang, T. P., & Tai, F. C. (2011). Enhancement of thermal cracking and 

mechanical properties of H13 tool steel by shot peening treatment. Surface 

Engineering, 27(8), 581–586.  

Charles, A., Elkaseer, A., Thijs, L., Hagenmeyer, V., & Scholz, S. (2019). Effect of 

Process Parameters on the Generated Surface Roughness of Down-Facing Surfaces 

in Selective Laser Melting. Applied Sciences, 9(6), 1256.  

Chen, C., Wang, Y., Ou, H., & Lin, Y. J. (2016). Energy-based approach to thermal 

fatigue life of tool steels for die casting dies. International Journal of Fatigue, 92, 

166–178.  

Cong, D., Zhou, H., Ren, Z., Zhang, H., Ren, L., Meng, C., & Wang, C. (2014a). Thermal 

fatigue resistance of hot work die steel repaired by partial laser surface remelting 

and alloying process. Optics and Lasers in Engineering, 54, 55–61.  

Cong, D., Zhou, H., Ren, Z., Zhang, Z., Zhang, H., Meng, C., & Wang, C. (2014b). The 

thermal fatigue resistance of H13 steel repaired by a biomimetic laser remelting 

process. Materials and Design, 55, 597–604.  



79 

Cui, X. H., Wang, S. Q., Wei, M. X., & Yang, Z. R. (2011). Wear characteristics and 

mechanisms of h13 steel with various tempered structures. Journal of Materials 

Engineering and Performance, 20(6), 1055–1062. 

Dadbin, S. (2002). Surface modification of LDPE film by CO2 pulsed laser irradiation. 

European Polymer Journal, 38(12), 2489–2495.  

Dobrzański, L. A., Piec, M., Klimpel, A., & Trojanowa, Z. (2007). Surface modification 

of hot work tool steel by high-power diode laser. International Journal of Machine 

Tools and Manufacture, 47(5 SPEC. ISS.), 773–778.  

Dutta, M. J., Nath, A. K., & Manna, I. (2010). Studies on laser surface melting of tool 

steel - Part II: Mechanical properties of the surface. Surface and Coatings 

Technology, 204(9–10), 1326–1329. 

Fauzun, F., Aqida, S. N., Ismail, I., & Bariman, N. (2017). Micro-Bulges Investigation 

on Laser Modified Tool Steel Surface. MATEC Web of Conferences, 95, 02007.  

Fazliana, F., Aqida, S. N., & Ismail, I. (2020). Effect of tungsten carbide partial 

dissolution on the microstructure evolution of a laser clad surface. Optics and Laser 

Technology, 121, 105789.  

Gautam, G. D., & Pandey, A. K. (2018). Pulsed Nd:YAG laser beam drilling: A review. 

Optics and Laser Technology, 100, 183–215.  

Gupta, H. S., Hussain, M., Singh, P. K., Shubham, Kumar, V., Kumar, S., & Das, A. K. 

(2019). Laser surface modification of sae8620 hvd material for transmission gear. 

Materials Today: Proceedings, 11, 813–817.  

Hekmatjou, H., & Naffakh-Moosavy, H. (2018). Hot cracking in pulsed Nd:YAG laser 

welding of AA5456. Optics and Laser Technology, 103, 22–32.  

Hou, X. D., Bushby, A. J., & Jennett, N. M. (2008). Study of the interaction between the 

indentation size effect and Hall-Petch effect with spherical indenters on annealed 

polycrystalline copper. Journal of Physics D: Applied Physics, 41(7), 074006.  

Hu, J., Kong, L. C., & Liu, G. (2008). Structure and hardness of surface of 

Al18B4O33w/Al composite by laser surface melting. Materials Science and 

Engineering A, 486(1–2), 80–84.  

Hu, Y., & Yao, Z. (2008). Overlapping rate effect on laser shock processing of 1045 steel 

by small spots with Nd:YAG pulsed laser. Surface and Coatings Technology, 

202(8), 1517–1525.  

Jhavar, S., Paul, C. P., & Jain, N. K. (2013). Causes of failure and repairing options for 

dies and molds: A review. Engineering Failure Analysis, 34, 519-535.  

Jia, Z. X., Liu, Y. W., Li, J. Q., Liu, L. J., & Li, H. L. (2015). Crack growth behavior at 

thermal fatigue of H13 tool steel processed by laser surface melting. International 

Journal of Fatigue, 78, 61–71.  

 



80 

Kabir, I. R., Yin, D., Tamanna, N., & Naher, S. (2018). Thermomechanical modelling of 

laser surface glazing for H13 tool steel. Applied Physics A: Materials Science and 

Processing, 124(3), 260.  

Kang, S. H., Han, J. J., Hwang, W. T., Lee, S. M., & Kim, H. K. (2019). Failure analysis 

of die casting pins for an aluminum engine block. Engineering Failure Analysis, 

104, 690–703.  

Klobčar, D., Kosec, L., Kosec, B., & Tušek, J. (2012). Thermo fatigue cracking of die 

casting dies. Engineering Failure Analysis, 20, 43–53.  

Klobčar, D., Tušek, J., & Taljat, B. (2008). Thermal fatigue of materials for die-casting 

tooling. Materials Science and Engineering: A, 472(1), 198–207. 

https://doi.org/10.1016/j.msea.2007.03.025 

Klobčar, D., & Tušek, J. (2008). Thermal stresses in aluminium alloy die casting dies. 

Computational Materials Science, 43(4), 1147–1154.  

Kulka, M., & Pertek, A. (2003). Microstructure and properties of borided 41Cr4 steel 

after laser surface modification with re-melting. Applied Surface Science, 214(1–4), 

278–288.  

Kusinski, J., Kac, S., Kopia, A., Radziszewska, A., Rozmus-Górnikowska, M., Major, 

B., Major, L., Marczak, J., & Lisiecki, A. (2012). Laser modification of the materials 

surface layer – a review paper. Bulletin of the Polish Academy of Sciences: 

Technical Sciences, 60(4), 711-728. 

Lee, J. H., Jang, J. H., Joo, B. D., Son, Y. M., & Moon, Y. H. (2009a). Laser surface 

hardening of AISI H13 tool steel. Transactions of Nonferrous Metals Society of 

China (English Edition), 19(4), 917–920.  

Lee, J. H., Jang, J. H., Joo, B. D., Son, Y. M., & Moon, Y. H. (2009b). Laser surface 

hardening of AISI H13 tool steel. Transactions of Nonferrous Metals Society of 

China (English Edition), 19(4), 917–920.  

Lee, J. H., Jang, J. H., Joo, B. D., Yim, H. S., & Moon, Y. H. (2009c). Application of 

direct laser metal tooling for AISI H13 tool steel. Transactions of Nonferrous Metals 

Society of China (English Edition), 19(1), 284–287.  

Li, C., Wang, Y., & Han, B. (2011). Microstructure, hardness and stress in melted zone 

of 42CrMo steel by wide-band laser surface melting. Optics and Lasers in 

Engineering, 49(4), 530–535.  

Li, C., Wang, Y., Zhang, Z., Han, B., & Han, T. (2010). Influence of overlapping ratio 

on hardness and residual stress distributions in multi-track laser surface melting 

roller steel. Optics and Lasers in Engineering, 48(12), 1224–1230.  

Li, H., Wang, C., He, L., & Zhang, C. (2017). Effect of Heating and Mold Temperature 

on the Mechanical Properties and Microstructure of B1500HS Boron Steel. 

Materials Performance and Characterization, 6(1), 17-32.  

 



81 

Li, S., Wu, X., Chen, S., & Li, J. (2016). Wear Resistance of H13 and a New Hot-Work 

Die Steel at High temperature. Journal of Materials Engineering and Performance, 

25(7), 2993–3006.  

Li, Y., Yang, H., Lin, X., Huang, W., Li, J., & Zhou, Y. (2003). The influences of 

processing parameters on forming characterizations during laser rapid forming. 

Materials Science and Engineering A, 360(1–2), 18–25.  

Lin, P., Zhang, Z., Kong, S., Zhou, H., Tong, X., & Ren, L. (2018). Mechanical properties 

of composite coating on cast iron by laser. Surface Engineering, 34(4), 289–295.  

Lin, P., Zhang, Z., Zhou, H., & Ren, L. (2013). The mechanical properties of medium 

carbon steel processed by a biomimetic laser technique. Materials Science and 

Engineering A, 560(45), 627–632.  

Liu, B., Wang, B., Yang, X., Zhao, X., Qin, M., & Gu, J. (2019). Thermal fatigue 

evaluation of AISI H13 steels surface modified by gas nitriding with pre- and post-

shot peening. Applied Surface Science, 483, 45–51.  

Liu, J., Lu, E., Yi, H., Wang, M., & Ao, P. (2017). A new surface roughness measurement 

method based on a color distribution statistical matrix. Measurement: Journal of the 

International Measurement Confederation, 103, 165–178.  

Lu, Y., Ripplinger, K., Huang, X., Mao, Y., Detwiler, D., & Luo, A. A. (2019). A new 

fatigue life model for thermally-induced cracking in H13 steel dies for die casting. 

Journal of Materials Processing Technology, 271, 444–454.  

Mahamood, R. M., & Akinlabi, E. T. (2017). Scanning Speed Influence on the 

Microstructure and Micro hardness Properties of Titanium Alloy Produced by Laser 

Metal Deposition Process. Materials Today: Proceedings, 4(4), 5206–5214.  

Majumdar, J. D., & Manna, I. (2014). Laser of surface engineering. Handbook of 

Manufacturing Engineering and Technology, 1-32. 

Markežič, R., Naglič, I., Mole, N., & Šturm, R. (2019). Experimental and numerical 

analysis of failures on a die insert for high pressure die casting. Engineering Failure 

Analysis, 95, 171–180.  

Mellouli, D., Haddar, N., Köster, A., & Ayedi, H. F. (2012). Thermal fatigue failure of 

brass die-casting dies. Engineering Failure Analysis, 20, 137–146.  

Mellouli, D., Haddar, N., Köster, A., & Ayedi, H. F. (2014). Hardness effect on thermal 

fatigue damage of hot-working tool steel. Engineering Failure Analysis, 45, 85–95.  

Meng, C., Zhou, H., Zhang, H., Tong, X., Cong, D., Wang, C., & Ren, L. (2013). The 

comparative study of thermal fatigue behavior of H13 die steel with biomimetic non-

smooth surface processed by laser surface melting and laser cladding. Materials and 

Design, 51, 886–893.  

  



82 

Meng, C., Zhou, H., Zhou, Y., Gao, M., Tong, X., Cong, D., Wang, C., Chang, F., & Ren, 

L. (2014). Influence of different temperatures on the thermal fatigue behavior and 

thermal stability of hot-work tool steel processed by a biomimetic couple laser 

technique. Optics and Laser Technology, 57, 57–65.  

Mohammed, A., Marshall, M. B., & Lewis, R. (2015). Development of a method for 

assessing erosive wear damage on dies used in aluminium casting. Wear, 332–333, 

1215–1224.  

Moradi, M., Arabi, H., Karami Moghadam, M., & Benyounis, K. Y. (2019). 

Enhancement of surface hardness and metallurgical properties of AISI 410 by laser 

hardening process; diode and Nd:YAG lasers. Optik, 188(March), 277–286.  

Moriya, R., Iguchi, M., Sasaki, S., & Yan, J. (2016). Surface Property Modification of 

Alumina Sprayed Coatings Using Nd:YAG Laser. Procedia CIRP, 42, 464–469.  

Muhič, M., Tušek, J., Kosel, F., Klobčar, D., & Pleterski, M. (2010). Thermal Fatigue 

Cracking of Die-Casting Dies. Metalurgija, 49(1), 9–12. 

Naimi, S., & Hosseini, S. M. (2015). Tool Steels in Die-Casting Utilization and Increased 

Mold Life. Advances in Mechanical Engineering, 7(1), 1–10.  

Oliveira, A. S. C. M., Paredes, R. S. C., Weber, F. P., & Vilar, R. (2001). Microstructural 

changes due to laser surface melting of an AISI 304 stainless steel. Materials 

Research, 4(2), 93–96. 

Park, C., Sim, A., Ahn, S., Kang, H., & Chun, E. J. (2019). Influence of laser surface 

engineering of AISI P20-improved mold steel on wear and corrosion behaviors. 

Surface and Coatings Technology, 377, 124852.  

Pei, H., Wen, Z., Wang, Z., Gan, W., Lu, G. X., & Yue, Z. (2020). Transient thermal 

fatigue crack propagation behavior of a nickel-based single-crystal superalloy. 

International Journal of Fatigue, 131, 105303.  

Pellizzari, M., Molinari, A., & Straffelini, G. (2003). Thermal fatigue resistance of gas 

and plasma nitrided 41CrAlMo7 steel. Materials Science and Engineering A, 352(1–

2), 186–194.  

Persson,  A., Burman, C., & Hogmark, S. (2001). Experimental Investigation on the 

Influence of Surface Engineering on Thermal Fatigue of a Hot Work Tool Steel. 

ICF10, Honolulu, Hawaii - 2001. 

Persson, A. (2004). Strain-based approach to crack growth and thermal fatigue life of hot 

work tool steels. Scandinavian Journal of Metallurgy, 33(1), 53–64.  

Persson, A., Hogmark, S., & Bergström, J. (2004). Simulation and evaluation of thermal 

fatigue cracking of hot work tool steels. International Journal of Fatigue, 26(10), 

1095–1107.  

Pinto, H., & Silva, F. J. G. (2017). Optimisation of die casting process in Zamak alloys. 

Procedia Manufacturing, 11, 517–525.  



83 

Salem, M., Roux, L. S., Dour, G., Lamesle, P., Choquet, K., & Rézaï-Aria, F. (2019). 

Effect of aluminizing and oxidation on the thermal fatigue damage of hot work tool 

steels for high pressure die casting applications. International Journal of Fatigue, 

119, 126–138.  

Salloom, R., Joshi, S. S., Dahotre, N. B., & Srinivasan, S. G. (2020). Laser surface 

engineering of B4C/Fe nano composite coating on low carbon steel: Experimental 

coupled with computational approach. Materials and Design, 190, 108576.  

Shah, S. V., & Dahotre, N. B. (2002). Laser surface-engineered vanadium carbide coating 

for extended die life. Journal of Materials Processing Technology, 124(1–2), 105–

112.  

Shahane, S., Aluru, N., Ferreira, P., Kapoor, S. G., & Vanka, S. P. (2020). Optimization 

of solidification in die casting using numerical simulations and machine learning. 

Journal of Manufacturing Processes, 51(April 2019), 130–141.  

Shin, H. J., Yoo, Y. T., Ahn, D. G., & Im, K. (2007). Laser surface hardening of S45C 

medium carbon steel using ND:YAG laser with a continuous wave. Journal of 

Materials Processing Technology, 187–188, 467–470.  

Skumavc, A., Tušek, J., Nagode, A., & Klobčar, D. (2016). Thermal fatigue study of 

tungsten alloy WNi28Fe15 cladded on AISI H13 hot work tool steel. Surface and 

Coatings Technology, 285, 304–311.  

Suleiman M. Elhamali, Etmimi, K. M., & Usha, A. (2013). The Effect of Laser Surface 

Melting on the Microstructure and Mechanical Properties of low carbon steel. 

International Journal of Materials and Metallurgical Engineering, 7(3), 447–449. 

Telasang, G., Dutta Majumdar, J., Padmanabham, G., & Manna, I. (2015). Wear and 

corrosion behavior of laser surface engineered AISI H13 hot working tool steel. 

Surface and Coatings Technology, 261, 69–78.  

Vachhani, H., Rathod, M., & Shah, R. (2019). Dissolution and erosion behavior of AISI 

H13 shot sleeve in high pressure die casting process. Engineering Failure Analysis, 

101, 206–214.  

Vetriselvan, R., Sathiya, P., & Ravichandran, G. (2018). Experimental and numerical 

investigation on thermal fatigue behaviour of 9Cr 1Mo steel tubes. Engineering 

Failure Analysis, 84, 139–150.  

Wang, H., Cheng, Y., Zhang, X., Yang, J., & Cao, C. (2020). Effect of laser scanning 

speed on microstructure and properties of Fe based amorphous/ nanocrystalline 

cladding coatings. Materials Chemistry and Physics, 250, 123091.  

Wang, Y., Charbal, A., Hild, F., Roux, S., & Vincent, L. (2019). Crack initiation and 

propagation under thermal fatigue of austenitic stainless steel. International Journal 

of Fatigue, 124, 149–166.  

Yan, H., Hua, J., & Shivpuri, R. (2007). Flow stress of AISI H13 die steel in hard 

machining. Materials and Design, 28(1), 272–277.  



84 

Yang, X., Li, C., Zhang, Z., Zhang, X., & Gu, J. (2020). Effect of cobalt-based coating 

microstructure on the thermal fatigue performance of AISI H13 hot work die steel. 

Applied Surface Science, 521, 146360.  

Yap, C. Y., Chua, C. K., Dong, Z. L., Liu, Z. H., Zhang, D. Q., Loh, L. E., & Sing, S. L. 

(2015). Review of selective laser melting: Materials and applications. Applied 

Physics Reviews, 2(4), 1-21.  

Yasavol, N., Abdollah-Zadeh, A., Ganjali, M., & Alidokht, S. A. (2013). Microstructure 

and mechanical behavior of pulsed laser surface melted AISI D2 cold work tool 

steel. Applied Surface Science, 265, 653–662.  

Zhang, J., Zhao, Z., Kong, Y., Zhang, Z., & Zhong, Q. (2019). Crack initiation and 

propagation mechanisms during thermal fatigue in directionally solidified 

superalloy DZ125. International Journal of Fatigue, 119, 355–366.  

Zhang, K., Hao, L., Du, M., Mi, J., Wang, J.-N., & Meng, J.-P. (2017). A review on 

thermal stability and high temperature induced ageing mechanisms of solar absorber 

coatings. Renewable and Sustainable Energy Reviews, 67, 1282–1299.  

Zhang, Z., Lin, P., Cong, D., Kong, S., Zhou, H., & Ren, L. (2014). The characteristics 

of treated zone processed by pulsed Nd-YAG laser surface remelting on hot work 

steel. Optics and Laser Technology, 64, 227–234.  

Zhang, Z., Ren, L., Zhou, H., & Tong, X. (2009). Biomimetic coupling effect of non-

smooth mechanical property and microstructural features on thermal fatigue 

behavior of medium carbon steel. Chinese Science Bulletin, 54(4), 584–591.  

Zhang, Z., Zhou, H., Ren, L., Tong, X., Shan, H., & Liu, L. (2009). Effect of units in 

different sizes on thermal fatigue behavior of 3Cr2W8V die steel with biomimetic 

non-smooth surface. International Journal of Fatigue, 31(3), 468–475.  

  




