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The objective of this work  was to  study the phenomena of Thermal fatigue and Erosion 

that occur in the die during a HPDC process.  

It has been demonstrated that there are different wear mechanisms that contribute to 

damage the High Pressure Die Casting dies, and erosion and thermal fatigue are both the 

topic of this thesis. Erosion and thermal fatigue are both long term failures, that are very 

difficult to predict and expensive to repair. Erosion is a mechanical action of the flux 

against the mould surface, and thermal fatigue is the cracking that results from the repeated 

compression and tension due to the rapid heating and cooling of the mould surface.  

The aim was achieved by the study of the literature of previous tests and by performing 

some laboratory tests, that have been used to simulate both phenomena and understand 

them better, in order to predict their appearance in the HPDC moulds. The tests were 

carried out on AISI H11 and H13 steels, which are the most commonly used die materials 

hot work tool steels, thanks to their resistance properties.  

The results of the experimental study of thermal fatigue confirmed that to a greater 

amplitude, and at a constant temperature, correspond  a less number of residues cycles. 

From the results of these tests we have managed to identified an equation that can be 

considered a good starting point to describe the behavior between applied stress and 

number of residues cycles to rupture. It is however necessary to clarify that is  still a work 

in progress. 

The results of the experimental study of the erosion demonstrated that the most affecting 

parameters are the impact angle and the velocity of the erodent flow. In particular the mass 

lost values are inversely proportional to the increasing angle, that is larger values of impact 

angle corresponds to a less mass lost, while the wear depth has a maximum on 45°, a 

minimum at 15° and an intermediate value at 90°. 
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HPDC = High pressure die-casting; 

PID = Proportional-Integral-Derivative; 

CL = Constant Load; 

CF = Cycle Fatigue; 

SSR = Slow Strain Rate; 

HTMF = High Temperature Mechanical Fatigue 

LCF = Low Cycle Fatigue; 

FE = Finite Element; 
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The present work is a little part of an European project that is called óôMUSICôô. Below 

there is an explanation about the principal points and purposes that this project wants to 

reach.  

óôHigh Pressure Die Casting (HPDC)  is one of the most representative large-scale 

production-line in manufacturing field. Due to the high number of process variables 

involved and to the non-synchronisation of the process control units, HPDC is most 

ñdefect-generatingò and ñenergy-consumptionò processes in EU industry showing less 

flexibility to any changes in  products and in process evolution. The sustainability issue 

imposes that machines/systems are able to efficiently and ecologically support the 
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production with higher quality, faster delivery times, and shorter times between successive 

generations of products. 

Therefore, the MUSIC is strongly aimed at leading EU-HPDC factories to cost-based 

competitive advanced through the necessary transition to a demand-driven industry with 

lower waste generation, efficiency, robustness and minimum energy consumption. The 

development and integration of a completely new ICT platform, based on  innovative 

Control and Cognitive system linked to real time monitoring, allows an active control of 

quality, avoiding the presence of defects or over-cost by directly acting on the process-

machine variables optimisation or equipment boundary conditions. The Intelligent 

Manufacturing Approach (IMA) will work at machine-mould project level to 

optimise/adapt the production to the specific product and can be extended at factory level 

to select/plan the appropriated and available production line.  

The sensors calibration and quality measurements will be the pre-requisite of Intelligent 

Sensor Network (ISN) to monitor the real-time production and specific focus will be also 

devoted to Standardisation issues. 

The challenge of MUSIC is to transform a production-rate-dominated manufacturing field 

into a quality/efficiency-driven and integration-oriented one to exploit the enormous (and 

still underestimated) potential of HPDC/PIM through collaborative research and 

technological development, along the value chain with research groups, design, 

engineering and manufacturing companies and through advances in manufacturing, ICT 

and model process technologies.ôô 
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Typical system for High Pressure Die Casting phases [9]. 

High pressure die casting, HPDC, is a process widely used to manufacture non-ferrous 

castings for the automotive industry. 
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With HPDC the molten metal is forced into the die cavity under pressure. Typified by high 

fi lling speeds and rapid solidification rates, this casting process can produce shapes which 

are more detailed than components manufactured using gravity or low pressure die casting 

methods. 

Non-ferrous alloys, mainly aluminium, magnesium and zinc are most commonly cast using 

this process. HPDC is ideal for high volume thin walled castings due to the fast cycle 

times, ranging from seconds to several minutes depending on casting size and wall 

thickness, therefore enabling production in excess of 60 castings per hour from one casting 

machine. 

A production of 100,000ï300,000 casting per die is a common series, although some dies 

fail even after 5000ï25,000 cycles. During aluminium die casting, molten aluminium at 

temperatures 670ï710 °C is injected into the mould at velocities between 30 and 100 m/s. 

The injection pressures are between 50 and 80 MPa. 

The important material properties required for HPDC dies are resistance to thermal shock 

and to softening at elevated temperatures. The most commonly used die materials are H11 

and H13 hot work tool steels. The longevity of the die is directly related to the casting 

temperature of the molten metal, thermal gradients in the die and the exposure frequency to 

the high metal temperature.  

HPDC it is used for almost 70% of aluminium components manufactured today many 

aluminium components for the automotive industry are cast using this method, due to the 

high productivity and near net shape production. Large components such as gearbox 

housings and engine blocks are typical examples where casting weight can be in excess of 

15 kg.  
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2.1 HIGH PRESSURE DIE-CASTING TECHNOLOGY 
 

 

Fig 2.1 HPDC phases [9]. 

In Fig. 2.1 are showed the different phases of the HPDC process, as can be seen molten 

aluminium is poured into the shots sleeve and then injected into the die cavity by a plunger 

under pressure.  

The purpose of the applied pressure is to reduce the amount of gas porosity, feed shrinkage 

porosity, and increase dimensional accuracy of the part. The die is usually internally 

cooled to increase the rate of solidification. After solidification the die opens and the 

casting is separated from the die by hydraulic ejector pins.  

With HPDC, the die surface is rapidly heated when the molten aluminium is injection into 

the die cavity. After the casting solidifies, it is ejected and then removed from the die. The 

die surface is then cooled by the die-lube spray (mix of oil and water), used to both 

lubricate and cool the surface of the die. For HPDC there is no insulating die coat layer 

between the casting and the die, which is commonly used for gravity and low pressure 
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permanent mould casting. Therefore, the molten aluminium makes more direct contact 

with the die surface, encouraging a fast solidification time due to the high heat transfer 

coefficient between the die surface and the casting. As there is little insulation between the 

die surface and the molten metal, the heat transfer coefficient between the die and casting 

along with the peak die surface temperature are much greater than seen with other casting 

methods 

2.2 HPDC PRODUCTS 
 

High-pressure die-casting is a process widely used to manufacture non-ferrous castings for 

the automotive industry. The main classes of HPDC products are reported in Figure 2.2. It 

can be observed that 83.7% of the HPDC foundries focus on automotive applications (with 

a similar percentage for SMEs and IND ), followed by Electronics (30.2%), Mechanical 

Engineering (27.9%), and Architecture and Design (9.3%). In the "Other" category, mainly 

applications. for mechanics and engineering were mentioned in the survey. SME and 

INDôs meaning is small-medium enterprises and large industries respectively [10].  

 

Figure 2.2 Final applications of castings produced by HPDC foundries, divided into SMEs and IND [10] 
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2.3 DAMAGE OF THE DIE IN HPDC PROCESS 
 

 

Figure 2.3 Principal Damage of the Die in HPDC Process.  

Since the cost of the die covers about 20% of the total production cost in aluminium alloy 

die-casting, the damage of the dies for HPDC, is a matter which is subject to numerous 

studies. 

The main reasons are essentially two: the spread of this type of process, about 70% of total 

production, and the maintenance and the initial cost of the die. For these reasons, it has 

been tried to improve the quality, and in particular the duration of the dies, in order to 

prevent several costs about maintenance and downtime. 

Aluminium die-casting dies fail because of a number of different and simultaneously 

operating stresses. The stresses are of two basic kinds: the first which are created during 

the manufacturing of the die, and the second which are produced during exploitation 

process. As already said the replacement of a die is expensive in both: money and 

production time.  



Chapter Two: HPDC Process 

 

12 

 

In particular during the real exploitation process of die casting, different type of failure 

take place. The most affecting damage are surface heat checks, which are caused by 

thermal fatigue of die material, and occurs through a process of crack initiation and 

propagation from the thermal stress fatigue induced on a die surface. These die surface 

cracks causes the unwanted marks (fins) on the casting surface.  

 

Figure 2.4 Typical macroscopic surface damages observed on worn-out cavity inserts and cores [16].  

Furthermore, there are other type of damage like, corrosion and soldering due to 

aluminium oxidation to the die surface; erosion due to melt flow; catastrophic failures 

due to thermal shocks; and heating of die material, which causes instability of the 

mechanical properties. 

Visual inspection of damaged mould allowed identifying the most common failure 

mechanisms and most of all are connected to each otherôs.  

A brief presentation of these phenomena is listed below: 

Die soldering: 

When molten aluminium comes into contact with the ferrous die material, the iron and the 

aluminium atoms diffuse into each other, resulting in the formation of a series of 

intermetallic phases over the die. Initially, iron and aluminium react to form binary iron-

aluminium intermetallic phases. Subsequently, these phases react with the molten 

aluminium to further form ternary iron-aluminium-silicon intermetallic phases.  
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Fig. 2.4 Intermetallic layers formed after dipping H13 steel [11]. 

 

Fig. 2.5 Pyramid-shaped intermetallic phase at the soldering interface [11]. 

The resulting formation of a layer of the cast alloy that occurs on the interface is called 

soldering. The distinction between corrosion and soldering has its roots in the die-casting 

engineering practice. The term corrosion emphasizes the undesirable removal of the die 

material due to a chemical deterioration of the die surface, while soldering refers to the 

effect of adhesion (sticking) of cast material to the die surface. 

Die soldering can be divide in two categories: metallurgical-chemical or mechanical. 

Mechanical soldering sticking of the melt to the die happens after a few shots. Sticking 

is not related to any metallurgical-chemical reaction because there is not time/temperature 

to form intermetallic layers, but could be related either to high pressure or to an error in the 

design of the mould. 

Metallurgical -chemical soldering interactions: dissolution of the die material iron into 

the melt or to the cast alloy elements diffusing into the die. As result, intermetallic layers 

are formed on the die surface. Chemical interactions between the die and the melt are 
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possible only when any protective skin layer (including iron oxide film and lubricant, or 

coating) is removed by erosion.  

In detail, the mechanism of soldering consists in several steps as shown in Figure 2.6. After 

a local coating failure (Figure 2.7), the molten aluminium attacks the grain boundaries, and 

loosens up the hard grains and martensitic plates giving rise to pitting on the die surface.  

The formation of the iron-aluminium intermetallic phases (such as FeAl, FeAl2, Fe2Al5 

and FeAl3) occurs inside the pits and around the broken grains close to the die surface. 

 

Fig. 2.6 Sketched steps of soldering process [12]. 

At this point, it should be noted that the solidus temperatures of the binary FexAly 

intermetallic phases are well above 700°C, i.e. much higher than typical die-casting 

temperatures. Hence such intermetallic sub-layers will remain in solid state throughout the 

casting operation. Subsequently, the ternary Ŭ-(Al, Fe, Si) phase grows with pyramidal 

shape (Figure 3.2) on the pits over the ɖ-Fe2Al5 and the pits expand laterally and in depth. 

When the aluminium concentration in the die surface layer reaches a value sufficient to 

form a eutectic Al-rich phase and the surface temperature is high enough to re-melt it, the 

molten aluminium sticks resulting in the beginning of soldering. The intermetallic layers 

grow and the neighboring pits merge to form a consecutive zigzag shape. After that, the 

closing of the gaps between the adjacent pits occurs, the chemical reaction mechanism 

becomes very slow, and silicon precipitates at the grain boundaries of the ɖ-Fe2Al5 phase 

and at the intersection boundaries between the binary and ternary intermetallic layers. 
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Irrespective of the process conditions (time, temperature and die surface area), the ratio of 

the intermetallic layer thickness and the soldered aluminium is ca. 1:5. 

 

Fig. 2.7 SEM images of the reaction areas: (a) coating broken by lateral growth in soldering area, (b) 

coating cracked and migrated away, and (c) coating washed-out [12]. 

Washout: 

The term washout (literally failure), in the field of casting, and in particular in the case of 

die casting, indicates a type of damage that developed on the dies. This type of failure is 

defined as a set of damage that can occur simultaneously, but which have fully different 

behaviors. 

Corrosive wear results from the fact that tool steel and other metal are in some degree 

dissolvable in liquid aluminium and the high pouring temperatures may cause oxidation of 

the die surface. Despite this type of behavior, in literature, is often associated to the die 

soldering, it is not entirely true. In fact there are different types of damages due to the 

effect of corrosion. It is important to clarify the two main phenomena. 

The high temperature corrosion (or oxidation) is the formation of an iron oxide layer with 

no chemical reaction and is beneficial to protect the die from damage. 

The chemical (or electrochemical) corrosion is closely related with die soldering, and it 

could have also influence on thermal fatigue or erosion because of the changes of 

mechanical properties of the corroded die. 
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         . 

Fig. 2.8  SEM Fractographs taken from tested pins after 94 casting (a) and after 50 casting (b) [13]. 

Erosive wear is defined as the gradual physical removal of material from the die 

substrate with every liquid aluminium impingement. This takes place as a result of the 

motion of the aluminium melt. 

Three basic erosion mechanisms have been proposed:  

Liquid-impingement erosion that creates pits on the eroded sample surfaces, mostly 

affected by droplet or jet sizes and impact velocities, die material properties, die working 

temperature, angle of attack, amount of hard particles in the alloy melt (chemistry and 

impurities). 

 

Fig 2.9   Representation of a high angle impinging jet of molten aluminum, and (Inset) pit formation 

through erosive wear and local deformation [14]. 
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Cavitation, which is the result of the formation and collapse of bubbles (cavities) in a fluid 

due to local pressure fluctuations that comes from the flow characteristics and from casting 

metal vapor pressure.  

 

              

(a)                                                                       (b) 

Fig 2.10  Wear mechanisms (a) AlCrN and (b) CrN after 720 minutes of cavitation erosion testing. [15]. 

And solid erosion, which is caused by the impact of solidified particles (Si particles, 

oxidation particles, and impurity or intermetallic particles) during filling. 

Thermal fatigue: 

As mentioned previously, the last type of damage described here, is considered the most 

affecting. It is called thermal fatigue because the material is subjected to real alternating 

cycles of heating and cooling phases, therefore the stresses to which is submitted the steel 

of the dies, can be considered fatigue, considered as the original meaning of the word. 

Two are the different types of cracks that form due to these stresses heat checks and corner 

cracks. In addition to notice them on the die surface, their presence can be seen on the cast 

causing the unwanted marks (fins) on the casting surface. 
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Heat checks are normally observed on the flat die surface, where normally stress 

concentration does not take place.  Because of the large thermal gradients, during heating, 

the die steel surface is under compression and it is in tension during cooling. This leads to 

die surface cracks, which are popularly known as óheat checksô. The direction of cracking 

depends on which component of strain is dominant, but could exist a point in the die where 

there are two directions of maximum strain because of symmetry, thus the cracking can 

occur in both directions. This phenomenon deteriorates the surface but can also initiate 

crack propagation, leading to gross failure of the die.  

An example of thermal fatigue cracks in a large transmission die is shown in figure 2.12 

and 2.13. 

 

Fig 2.12  Large transmission die affected by heat checks. [17]. 

 

Fig 2.13 An example of heat checking. [17]. 
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Corner cracks the type that, in most of the laboratory tests, are observed more often, may 

appear in corners that are more susceptible to this type of damage, in particular in presence 

of sharp edges or abrupt transitions. During the cyclic strain, cracks can appears in two 

different directions [17], perpendicular to the edge, because of cyclic strain in direction 1, 

and along the edge because of cyclic strain in direction 2 (fig 2.14 (a),(b)).  

 

Fig 2.14 (a) Schematic of crack direction and stress direction and (b) corner cracking [17]. 

The damage due to thermal fatigue, again is considered the most critical, therefore will be 

analyzed and discussed in detail in the following chapters. As the subject of this analysis, 

will be detailed theoretical studies, from the literature, and also discussed some practical 

experiments for the analysis of this phenomenon. 
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3.1 THERMAL FATIGUE 
 

Low cycle fatigue (LCF) has been described as a progressive failure phenomenon brought about by 

the cyclic application of strains that extends into the plastic range to produce failure in about 105 

cycles or less. High cycle fatigue is caused when elastic strain exceeds plastic strain, resulting in a 

failure in more than 105 cycles. Thermal fatigue is categorized as low cycle fatigue. Often the 

strains produced during thermal cycling are not high, yet plastic range is reached due to decrease in 

yield strength at elevated temperature. It must be observed that for equal values of plastic strain 

range the number of cycles to failure is much less for thermally cycled specimen. This result shows 

that although the mechanical low cycle fatigue phenomenon and thermal low cycle fatigue 

phenomenon are very similar, the use of mechanical low cycle fatigue results for prediction of 
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thermal fatigue life must be undertaken with care as they significantly over-predict the cycle to 

failure [45]. 

Many methods have been used to evaluate the thermal fatigue resistance. Previous work used direct 

flame impingement on a surface. However, the combustion conditions could introduce an arbitrary 

environment, which may influence the cracking mechanism. High frequency heating and electrical 

resistance heating systems are generally expensive to construct and may not represent the rapid 

heating and cooling experienced in die casting. An effective way of simulating thermal fatigue 

conditions as well as die-molten metal contact is to use liquid metal bath heating followed by water 

quenching [45]. 

 

3.1.1 NATURE EXPLANATION OF THE FAILURE 

 

The formation of thermal cracks can be divided into three stages: nucleation, initial 

growth, and proceeded crack growth which produces surface destruction or surface 

delamination of the degraded material [42].   

The crack nucleation is associated with the accumulation of the local plastic strain in the 

surface material, which is typical for low cycle fatigue (LCF) [43]. This could in turn 

produce sharp surface corners i.e. weak regions in which crack nucleation could occur. The 

initial growth of the thermal fatigue cracks is facilitated by oxidation of the cracked 

surfaces by increasing the volume of the oxidized layer. Proceeded growth is facilitated by 

filling of cracks with cast material, by oxidation, and softening of the tool material due to 

tempering or aging of surface layer [43]. 

Nucleation and initial crack growth. 

During the hot phase of die casting cycle a high compressive stresses are produced in the 

surface material. These stresses are additionally increased by a filling pressure of the die. 

Generally a compressive stresses are suppressing the crack nucleation and crack growth, 

which is favorable, if no local plastic deformation would occur. Instead a local plastic 

deformation occurs as a consequence of exceeding local material yield strength at working 

temperature, which is especially expressed on locations with notch effects, stress 

concentrators, sharp transitions and large changes in the mass of the tool. 
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During the cold phase of die casting cycle a high tensile stresses are produced on the 

surface material, which are increased by the plastic deformation of the surface material. 

These stresses exceed the local yield strength and sometimes ultimate tensile strength of 

the surface material at working temperature. At cyclic loading (repetition of these loads) a 

low cycle fatigue occurs, which produces nucleation and initial crack growth. 

 

Crack growth promoted by crack oxidation. 

The crack growth is facilitated by oxidation of the working surface and surface of the crack 

(Fig. 3.1a). Iron atoms from the steel surface layer diffuse to the surface and to the oxygen. 

Vacancies in the steel surface layer are filled with alloying elements (Ni and Mo) (Fig. 

3.1b). On the surface of tools and cracks a layer of iron oxides is generally formed, due to 

the presence of air oxygen and high temperature environment. Additionally oxides of 

aluminium and silicon are present, which are the result of reaction between air oxygen and 

aluminium alloy. At the oxide side of the boundary between the oxide layer and hot work 

tool steel a chromium oxides are laid (Fig. 3.1b).  

The negative influence of the oxide layer is its low thermal expansion, bigger volume and 

fragility. The presence of nitrogen and aluminium alloy inside the cracks, increases the 

tension at the crack tip (during the cold phase of the cycle), causing the growth of cracks 

(Fig. 3.1c) 

Tensile stresses during cold phase of the cycle, causes local crack formation in the oxide 

layer and in the crack filling (Fig. 3.1c). This causes crack opening due to fragility of oxide 

layer and the difference in thermal expansion between the oxide layer and subsurface steel. 

These cracks act as the channels for introducing the aluminium alloy and air oxygen into 

the crack. Air oxygen in high temperature environment is causing the oxidation of the 

crack [42]. 
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Fig 3.1 Mechanism of crack growth promoted by oxidation [42]. 

Crack growth promoted by thermal softening 

During aluminium die-casting process, the dies operate at temperatures around secondary 

hardening or even at higher temperatures. Under such operating conditions, almost all 

steels present a general softening trend. In some conditions a hardening is observed in 

early cycling, but very soon softening prevails. Three softening stages are observed: rapid 

softening controlled by a dislocation density reduction, a quasi-stationary softening 

governed by carbide evolution, and a drastic stress reduction, due to gross cracking. 

Depending on the type of steel, a strain rate and exposure time also influence on softening. 

The undesired softening also aggravates material yield strength. This in turn causes rapid 

progression of the crack length up to the layer of unaffected material [42]. 

From an accurate measurement of the die surface temperature, the thermal fluctuations 

could be used to determine the stress fluctuations on the die surface. The stress fluctuations 

could then be applied to a fatigue prediction model, the results of which could be compared 

to actual die surface damage [46]. 

A common approach for estimating the peak temperature of the die surface is proposed by 

Hattel [46]. The theory presumes that the molten aluminium and the die can be treated as 

semi-infinite bodies and that there is perfect contact between the two, thus neglecting 

thermal resistance at the interface.  

A consequence of the first assumption is that the predicted temperature is independent of 

time, which clearly it is not. However, the method provides a reasonable estimation of the 

die surface temperature at the instant in which the molten aluminium first makes contact. 

This temperature approximates the peak cycle temperature. Figure 3.2 illustrates the 
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predicted temperature variation between domain 1, representing the molten aluminium, and 

domain 2, representing the die. 

 
Fig 3.2 Analytical solution for the two domains, i.e. the casting and the die [46]. 

The peak temperature calculated at the interface between the two domains is the Riemann 

temperature TS given by [46]: 

 

Ὕ                                             3.1 

 

Where  b = Ὧ”ὅ is the mould cooling capacity, k is the thermal conductivity, ɟ is the 

density, ὅ is the specific heat capacity.  

Considering the first cycle, that means when the die is started from cold (23°C), the peak 

measured die surface temperature is about equal to the corresponding Riemann 

temperature. For other cycles, however, the Riemann temperature underestimated the peak 

cycle temperature. Most of the thermal fatigue theories are based on this case, in which a 

bar is fixed at its ends between two immovable plates, so that the length of the bar must 

remain constant. This bar is assumed to be gradually cooled and heated. In this case, 

cracking will take place only when there is plastic yielding in both cooling and heating 

cycles, which leads to accumulation of plastic strain in every cycle. The constraint to 

thermal expansion is due to thermal gradient between surface and core of material and 

therefore, the thermal strain does not completely convert into mechanical stress. When the 

surface of the die is heated, a part of thermal strain converts into mechanical stress because 

of thermal gradient, and the remaining appears on the surface as it is. 
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3.1.2  FACTORS AFFECTING THERMAL FATIGUE AND HIGH TEMPERATURE 

MECHANICAL FATIGUE 

 

During the study of thermal fatigue it showed that there are some parameters that influence 

the effect, increasing or decreasing, the impact on the materials. They can be divided into 

categories depending on what element of the analysis are going to affect. 

The most important are of course the material properties: thermal expansion coefficient, 

thermal conductivity, yield stress, ultimate strain, Young modulus, resistance to tempering. 

Also during the experimental part it was highlighted how fundamental and how they can 

change the progress of the test. For example due to the repeated temperature fluctuations 

on the die, it must be dimensionally stable, have high hot yield strength, good resistance to 

high temperature softening and good thermal conductivity [46]. Furthermore higher 

thermal conductivity of steels enables quicker transmission of heat from the die surface to 

the core of the die. This lowers the thermal gradients i.e. thermal stresses and has the 

beneficial influence on the prolongation of the tool lifetime[42]. The negative influence of 

the oxide layer is its low thermal expansion between the oxide layer and subsurface steel, 

the bigger volume and fragility. 

The extreme thermal fatigue resistance of materials like Anviloy1150, Mo-785 results from 

the combination of high thermal conductivity, small thermal expansion, and very high 

melting point temperature (this will result in very high softening resistance at the tested 

temperature)[44]. 

The other category of affecting parameters is related to the die surface temperature and 

gradient during cycle: depends on casting temperature, cooling channels temperature, 

spraying, mould design. 

Finally Stress concentrators: due to the mould cavity geometry (corners) as discussed, but 

also at microscopic level (surface finishing) and also residual stresses. 

Regarding High Temperature Fatigue, apart from the parameters that affect fatigue such as 

the stress, material properties, and stress concentrators it is affected by temperature. 

In a HTMF test temperature and strain change simultaneously and independently. The 

changes in strain arise from a combination of thermal and mechanical effects. Since the 
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thermal strains are not associated with loading, it is customary to subtract the thermal 

strain to give the mechanical strain. It is also possible to define various paths in terms of 

temperature and strain[50]. 

A schematic of the stress/strain response in a so-called bi-thermal is shown in Figure 3.3 in 

which the total (mechanical + thermal) strain is shown for purpose of clarity. 

 

Fig 3.3 Illustration of a Thermo-mechanical cycle [50]. 

According to literature the effects of high temperature in properties that can affect fatigue 

are the following: 

¶ The tensile strength is reduced but elongation increases. 

¶ Young modulus reduced: Less stress for the same deformation. It has to be kept in 

mind that Low Cycle Fatigue (what concerns this study) is ruled by deformation 

and not by stress like in High Cycle Fatigue. 

¶ Oxidation: thermal fatigue is generated by an intergranular cracking in the surface. 

Oxidation is an intergranular effect as well. Its influence increases with time.  

Clearly oxides that form at high temperatures are easily cracked by the slip bands 

that form at the lower temperatures. 

¶ Creep: Viscous behaviour at high temperature. Deformation increases for a 

constant stress Fatigue resistance reduction and fatigue limit disappears. Creep 

temperature for these steels is around 580ºC, not being probably an influencing 

effect. 
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3.1.3 EXISTING TEST PROCEDURES AND PROTOCOLS 

 

Several authors have conducted research regarding the behavior of a specimen subject to 

thermal fatigue. The starting point of any study are definitely the E606 and E2368 

standards [1, 2], which describe both the analysis for strain controlled thermomechanical 

fatigue testing, and for normal strain-controlled fatigue testing. Using these starting 

guidelines some studies have been developed using different test rig to evaluate the effect 

of stress caused by both mechanical and thermal stresses. 

One of the most innovative work on how to test an element subjected to thermal stresses, 

and which describes the development of a test rig has been developed by some authors in 

the University of Ljubljana [40].  

The laboratory test rig (equipment) for their evaluation must be capable of carrying out 

such tests at various temperatures and have the capability, at the same testing temperature, 

to generate various temperature (stress) fields in order to better evaluate the usage of 

materials for a specific application. The test  rig  developed enables generation of high 

thermal stress with well-defined thermal boundary conditions which allows the study of the 

temperature and thermal stress distribution in order to better evaluate the thermal shock or 

fatigue resistance of the tested material[40]. 

The main idea was that the specimens would be rapidly heated to the maximum holding 

temperature and then the surface would be quenched with water. It was estimated that the 

cracks would form earlier than in 1000 cycles (for tool steel); this would shorten the testing 

time of a given specimen. This advantage becomes crucial in the analysis of cyclical stress, 

because they may need periods of very long experimentation. 

Circular and hollow shaped specimen were applied for testing, using a thermocouple inside 

welded system. The outer testing part of the specimen was placed in a cooling chamber 

(Fig 3.4). The cooling and emptying process was optimized by a pair of magnetic computer 

controlled valves. One valve controlled water quench and the other controlled the air 

compression to empty cooling chamber. 
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Fig 3.4 The cooling chamber with water quenched sample [40]. 

 

The setup of test rig, without working jaws is shown in Figure 3.5(a) and its positioning in 

the load cell is shown in Figure 3.5(b). 

 

Fig 3.5 (a) Testing device with specimen, (b ) Inserted test rig in the load cell [40]. 

At the end it was showed that the test was efficient and repeatable. In particular with a 

combination of simultaneously controlled cooling and resistance heating of the specimen, 

greater thermal gradients in relatively thin specimen surface layer were achieved, while the 

remaining depth of the specimen kept approximately the same value. This reduced the 

number of cycles needed for crack nucleation and resulted in faster crack growth. 



Chapter Three: Wear Mechanism in HPDC Dies Studied 

 

29 

 

With the possibility of generation various thermal gradient, the test can also simulate 

various thermal loading conditions in an applicative environment. 

If we go more specifically to evaluate the procedures developed in the analysis of the 

damage in case of die-casting dies it is possible to refer to the analysis of the D. Klobcĝar, 

Kosec, B. Kosec, J. Tuġek on damage of dies caused by thermo fatigue cracking [41, 42]. 

In these works it was tried to develop an optimal geometry for the specimens used in 

thermal fatigue analysis, the development of the optimized test specimen geometry is 

represented (Fig. 3.6).  

 

Fig 3.6 Evolution of the specimen geometry through the optimal one [41]. 

The aim of the optimized geometry is to accelerate thermal fatigue testing on immersion 

test apparatus. The immersion test apparatus [42] is shown in Figure 3.7 (a). It enables a 

controlled thermal fatigue testing at conditions similar to aluminium alloy die-casting. 

Thermal fatigue loading is achieved by cyclic movement of specimens between baths of 

molten aluminium thought the air into the bath of water-based lubricant. Nevertheless, the 

test specimens are not subjected to pressure and aluminium flows, unlike the die during 

die-casting. 

 

Fig 3.7 (a) Schematic of immersion test apparatus, (b) schematic of classic thermal fatigue test 

specimen, and (c) cross section of optimal test specimen [42]. 


















































































































































































































































