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ABSTRACT 

The thermal fatigue (TF) performance of H13 hot work die steel is the main factor that affects the service life of 

the die. Brief detail of status and evaluation method of thermal fatigue performance of hot-work die steel are 

described. At the same time, the factors affecting TF performance and methods to improve TF performance are 

discussed. Experimentally analyzed the performance and the influence of microstructure evolution, crack 

initiation and propagation on TF. In addition, summarized the trend of TF research on hot work die steels is 

prospected.  
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INTRODUCTION 

The mold industry is the leading industry of contemporary manufacturing, and its industrial level has become a 

standard to measure the level of a country’s manufacturing industry [1-3]. The demand of modern industry has 

promoted the rapid development of the mold industry. With people's increasing attention to product quality, 

modern industry has put forward higher requirements for mold performance and service life. Hot work die steel 

is mainly used in the fields of metal hot forming, hot extrusion and pressure casting. The hot work mold is not 

only subjected to high temperature and heavy load impact during service, but also subjected to repeated cycles of 

heat and chill. The harsh service environment is likely to cause TF cracks to initiate and expand on the surface of 

the mold, thereby reducing the service life of the mold [3]. Thermal fatigue of hot work mold refers to the 

phenomenon that the free expansion or contraction of the material is restricted due to temperature changes, and 

thermal stress is generated in the material due to deformation and resistance, which leads to the phenomenon of 

cracking on the mold surface [4-5]. The surface state of the mold cavity directly affects the quality of the product, 

so the thermal fatigue performance has a very important impact on the service life of the hot work mold and the 

quality of the product. 

A lot of research on the TF mechanism of hot work die steel, in order to understand the initiation and propagation 

of TF cracks. In [12] studied the influence of the crack network evolution mechanism on crack propagation, and 

concluded that there are stress concentration and stress shielding areas around the interacting cracks, which makes 

the cracks form a network and inhibits the initiation of cracks. In [13] proposed that during mold work, cracks 

would preferentially initiate at crack tips, grain boundaries, and stress concentrations. In [14] studied the TF 

properties of tool steels with hard coatings, and pointed out that adding hard coatings on the surface of tool steels 

can inhibit the initiation of TF cracks and delay the nucleation and propagation of cracks. In [15] introduced TF 

testing machine to conduct TF tests, and simulated the thermal cycle process by thermal-mechanical coupling 

finite element. The fatigue life of the compound layer and the sample with reduced compound layer thickness 

ratio is higher. It is also pointed out that due to the diffusion of nitrogen, it has a very high surface hardness, which 

increases the threshold of crack initiation at the surface. 

Recently, many researches have also carried out in-depth research on the TF properties of hot work die steel. In 

[16-19] put forward a quantitative parameter for quantitative evaluation of TF performance, TF crack factor, in 

response to the problem that TF performance cannot be quantitatively evaluated, so that TF performance enters 

the stage of quantitative evaluation from qualitative evaluation. In [20] developed a new TF life prediction 

standard for the die-casting process through an improved general slope equation, and processed and tested the 

micro-H13 steel insert samples, and concluded that the model can predict the die-casting die TF life is an effective 
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tool for predicting the life of hot working tool steels. In [21] improved the traditional fatigue prediction life model 

and established a cyclic softening model for fatigue life prediction. This model can be applied to the prediction of 

thermal-mechanical fatigue life, and a complete stress amplitude-cycle time curve can be obtained. Papers must 

be written in British English. Technical terms should be explained if they are highly specialized, in the session 

called "Glossary". Abbreviations should be explained at least upon first use.  

BACKGROUND 

Thermal fatigue crack propagation mechanism 

Thermal fatigue crack (TFC) growth is usually divided into 4 stages: micro-crack form growth-small crack form 

growth-large crack form growth-and finally ring failure occurs. Generally, the first two stages are called crack 

initiation stage, and the third stage is called crack propagation stage. In [22] have shown that the initiation of TF 

cracks is the generation of vacancies under the interaction of dislocations during thermal cycling. Under the action 

of thermal stress and high temperature, these vacancies accumulate in the grain boundaries and are the first in the 

grain boundaries. Cracks are generated in it. Therefore, the initiation of TF cracks mainly depends on the change 

of the material's microstructure, the type and size of stress, and so on. TF crack growth is related to fatigue crack 

growth rate and stress intensity factor [23]. Some researchers believe that due to the sudden cooling and heating 

of the mold surface temperature, the surface temperature changes greatly, while the core temperature change is 

small, and the surface core temperature difference produces plastic deformation and cracks [22]. Some researchers 

have also obtained through computer simulations that TF cracks are generated under the action of thermal stress. 

Compressive stress is generated when heated, and tensile stress is generated when cooled, so that tensile strain 

and shear strain appear in the TF cycle loop [23].  

Performance evaluation of thermal fatigue 

A lot researchers have conducted research on the evaluation method of TF performance of hot work die steel, but 

there is still no set of accurate and universal evaluation specifications. Currently, the most widely used Uddeholm 

TF assessment method [24], this method divides the TF assessment method into two standards: reticulated cracks 

and main cracks. The reticular crack standard is mainly based on the comprehensive analysis and rating of the TF 

crack reticular integrity, density and crack size. It is divided into 10 grades. The higher the grade, the more severe 

the TF. The main crack evaluation standard is divided into 10 grades according to the size and number of the main 

cracks, the higher the grade, the more severe the TF [18]. The biggest advantage of Uddeholm method evaluation 

is that it is relatively intuitive, which can reflect the local width and overall width of the crack, but the disadvantage 

is that it is difficult to quantify, so that it is impossible to quantitatively evaluate TF.  

In [24] used advanced image processing technology to analyze TF cracks based on the Uddeholm standard map, 

which could not be quantitatively evaluated, and proposed quantitative evaluation parameters for the first time, 

by defining the surface crack factor Ds=A•W/ L (where A is the surface crack area percentage; L is the total length 

of the surface crack; W is the width of the widest crack), the depth crack factor Dd=P•dmax/d5 (where P is the 

percentage of the cross-sectional crack area; dmax is the deepest crack depth ; d5 is the average depth of the 5 

main cracks) to obtain the total TF crack factor of the material D=Ds×Dd. Thermal fatigue crack factor D is used 

as a quantitative parameter to quantitatively evaluate thermal fatigue performance, and a TF crack image analysis 

system has been developed. The system automatically evaluates the TF level by scanning the TF cracks and 

analyzing the TF crack images, and realizes computer automation and intelligent quantitative evaluation of the 

TF performance of hot work die steel [24]. This method can minimize the interference of human factors and can 

objectively assess the degree of TF crack. The evaluation flow chart of the analysis system for TF cracks is shown 

in Figure 1.  
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Figure 1. Flow chart of thermal fatigue crack analysis system [24] 

METHOD AND MEASUREMENT  

Heat treatment process control 

Laser cladding uses high-density laser beams to radiate the substrate and the coating material to melt the coating 

material and the substrate together. After rapid solidification, it forms a surface coating that is combined with the 

substrate at a low dilution rate to improve the corrosion resistance of the material, wear resistance, high 

temperature resistance and TF resistance. After laser cladding Ni-Cr-B-Si coating on the surface of H13 die steel, 

fine grains can be obtained, the hardness is high, the surface cladding layer is firmly bonded to the substrate, and 

the cladding layer is dense. There are no defects of cracks and pores. The expansion coefficient of Ni in the 

cladding layer is not much different from that of Fe, so that the thermal stress generated by the die steel during 

the cycle is small, which can avoid the phenomenon of fatigue life caused by the large difference between the 

cladding layer and the substrate's expansion coefficient. The Cr of the cladding layer can generate chromium oxide 

with oxygen, thereby inhibiting the oxidation of the matrix structure and improving the TF resistance of the die 

steel. The cladding Co-based alloy coating on the surface of H13 hot work die steel, and conducted the same cold-

heat cycle comparison test on the Co-based alloy coating and ordinary H13 steel, and found that ordinary H13 

steel has obvious TF. 

Measurement 

 The thin-film electron diffraction and extraction replication methods used to study the carbides and 

microstructures of H13 hot work die steel after different times of TF cycles.  

RESULT AND DISCUSSION 

The selective laser surface melting conducted of chromium-nickel alloy on H13 steel, and found that laser alloying 

has relatively low crack density and low oxidation corrosion in the thermal cycle test, so it has good TF properties. 

The remelted and alloyed the laser surface of H13 steel, and the results showed that this method can repair a larger 

proportion of hot cracks, while strengthening the network to obtain ultra-fine structure and better TF performance, 
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and inhibit the hot cracking extension. Figure 2, shows the cracks, and Fe, Co, Cr oxides on the surface of the Co-

based coating, and no obvious cracks. 

 

Figure 2. Surface morphology of H13 steel (a) and Co-based alloy coating (b) after 1000 thermal cycles 

 

Figure 3. Hardness gradient of H13 hot work die steel without thermal fatigue cycle (a) and after 3000 thermal 

fatigue cycle (b) [18] 
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Figure 3 shows that the surface hardness was improved and the TF performance is improved by alleviating the 

hardness gradient of the seepage layer. Figure 4, shows the change of thermal stress along the radial distance when 

H13 hot work die steel is heated and cooled. The distribution chart shows that compressive stress produces 

compressive strain when heating, and tensile stress produces tensile strain when cooling, resulting in uneven 

thermal stress distribution. During thermal cycling, columnar cracks will be generated on the surface due to 

thermal stress and propagate in the axial direction. As the number of cycle’s increases, the columnar cracks 

gradually coarsen and produce network branches, which eventually form TF cracks [23]. Therefore, the 

propagation direction of TF cracks on the surface of hot work die steel is controlled by thermal stress [13]. 

 

Figure 4. Thermal stress along radial distance of the H13 hot work die steel during TF cycle (a) during heating; 

(b) during cooling. 

Figure 5, it can be seen that the creep in the early stage of crack growth makes the crack growth rate high, so the 

creep plays a leading role in the early stage of crack growth, and the crack growth caused by stress relaxation and 

TF plays a leading role in the later stage. The temperature-displacement coupling method used to simulate the 

change of the instantaneous temperature field at the crack tip, and found that the crack tip position and the crack 

propagation maximum heating point are consistent. There is a power function relationship between the crack tip 

temperature rise signal and the crack growth rate and the range of the stress intensity factor in the crack tip, which 

can quickly predict the TF life. 

 

Figure 5. Crack growth rate of H13 steel under creep and thermal fatigue 
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CONCLUSION  

The thermal fatigue performance of hot work die steel is the main factor that affects the service life of the die. 

Although scholars have conducted a lot of research on the initiation and propagation of TFC, the evaluation of 

thermal fatigue performance and measures to improve thermal fatigue performance, the following: 1) Research 

on the prediction of thermal fatigue life of materials, especially the use of computer technology to simulate the 

coupling of stress field and temperature field is relatively lacking. 2) The evaluation of thermal fatigue 

performance has developed from qualitative to quantitative, but there is no complete and systematic evaluation 

standard, so the evaluation standard of thermal fatigue performance needs to be further improved. 3) The thermal 

fatigue performance of die steel mainly depends on the internal structure. The growth theory of the second phase 

carbide in die steel and the law of influence on thermal fatigue performance need further research and 

improvement. 4) The use of innovative heat treatment processes and surface treatment methods can effectively 

improve the thermal fatigue properties of materials. 
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