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Abstract:



This study reported the effect of thermal wear on cylindrical tool steel (AISI H13) under aluminum die-casting conditions. The AISIH13 steels were immersed in the molten aluminum alloy at 700 °C before water-quenching at room temperature. The process involved an alternating heating and cooling of each sample for a period of 24 s. The design of the immersion test apparatus stylistically simulated aluminum alloy dies casting conditions. The testing phase was performed at 1850, 3000, and 5000 cycles. The samples were subjected to visual inspection after each phase of testing, before being examined for metallographic studies, surface crack measurement, and hardness characteristics. Furthermore, the samples were segmented and examined under optical and Scanning Electron Microscopy (SEM). The areas around the crack zones were additionally examined under Energy Dispersive X-ray Spectroscopy (EDXS). The crack’s maximum length and Vickers hardness profiles were obtained; and from the metallographic study, an increase in the number of cycles during the testing phase resulted in an increase in the surface crack formation; suggesting an increase in the thermal stress at higher cycle numbers. The crack length of Region I (spherically shaped) was about 47 to 127 µm, with a high oxygen content that was analyzed within 140 µm from the surface of the sample. At 700 °C, there is a formation of aluminum oxides, which was in contact with the surface of the H13 sample. These stresses propagate the thermal wear crack length into the tool material of spherically shaped Region I and cylindrically shape Region II, while hardness parameters presented a different observation. The crack length of Region I was about 32% higher than the crack length of Region II.
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1. Introduction


It is crucial in aluminium die casting to manufacture more than 100,000 castings per die application, but this often results in die failures. Meanwhile, the viability of the provisional tools determines the fabrication cost, and it is influenced by the material choice, heating mechanics, tool design, and constraints [1,2]. The surface of dies easily wears during the casting of components with complicated geometries. Moreover, in the presence of defects due to erosion within the die, there is always a contact between the die surface and the molten material, which will subsequently lead to intense erosive reaction after many cycles [3].



Some of the prominent die failures noted includes washouts, soldering defects due to die-molten metal contact, and thermal cracks [4,5,6,7,8]. In mild conditions, materials can withstand thermal strains and their associated stress over many thermal cycles before cracking, but in severe conditions, cracks can develop within few cycles. Components with relatively higher sizes experience higher surface contraction or expansion when exposed to thermal strain. Maiya and Burke [9] have demonstrated an increase in life when sheet-metals are exposed to tests for thermal fatigue, with a decrease in the thickness. Visser [10] stated that solid cylindrical samples, when subjected to rapid alternate heating and cooling cycles would have a weakened thermal tolerance as the radius increases.



There is a direct correlation between crack propagation and the local plastic strain aggregation, which occur during each casting cycle. The cracked surface oxidation initially facilitates the propagation of cracking, while the continued growth is smoothed by the combined effects of crack filling of the cast material, oxidation and ductility of the tool material. The interaction of a molten metal with a die increases the surface temperature, raising it more than the temperature of the interior [11,12,13,14,15,16,17,18,19,20,21].



The evolution of thermal wear and cracks in tool steel samples at different thermal wear cycles and locations was investigated in this study. The samples are initially immersed in molten aluminum, before being quenched in water bath at room temperature. At the end of each testing cycle, the processed samples were examined for the development of metallurgical and mechanical behaviors, as well as checking for the initiation of thermal cracks [22,23,24]. The oxidation and thermal cycle-induced damages on the sample’s surfaces and transverse sections were examined under optical microscopy and Scanning Electron Microscopy (SEM). Additionally, the micro-hardness profiles of the cycled specimens were assessed for behavioral changes after cyclic immersion tests.




2. Materials and Methods


Material


AISI H13 tool steel and aluminium 356 alloys were employed in this study. Their chemical configurations are shown in Table 1. The outer and inner diameter of the samples was 33 and 20 mm, respectively (Figure 1a,b).


Figure 1. (a) Thermal wear test sample dimension and (b) schematic representation of the thermal wear test set-up (unit: mm).
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Table 1. Chemical composition of AISI H13 tool steel and A356 aluminium.







	
H13 Tool Steel




	
Element

	
C

	
Si

	
Mn

	
Cr

	
Mo

	
V

	
W




	
wt %

	
0.51

	
1.26

	
0.413

	
5.5

	
1.52

	
1.0

	
0.02




	
Al 356




	
Element

	
Cu

	
Mg

	
Mn

	
Si

	
Zn

	
Ti

	
Fe




	
wt %

	
0.25

	
0.45

	
0.35

	
7.5

	
0.35

	
0.25

	
0.2










The specimens were introduced into the molten aluminium at 700 °C, before being quenched in a water bath at 32 °C for 7 s. This is to the sticking of aluminium on the test specimens, and to generate thermal gradients during the cooling process. The cooled samples were then passed through air at 28 °C for 5 s, before re-immersing into the molten aluminium alloy at 700 °C for another 24 s. The samples were then, cooled for 5 s in air and 7 s in water. The enabling of a cyclical movement between the molten aluminium, air, and water baths ensured the achievement of thermal wear loading. The inner wall of the samples was cooled through water spraying at 32 °C for 3 s. Thermal wear tests were performed at 1850, 3000, and 5000 cycles in succession. K-type thermocouples were attached to the procedure to measure the changes in temperature during the thermal cycles.



During the experiments, an oxide coating was generated on the metallic sample surface, which subsequently shielded the resulting damages. Thus, a chemical cleaning process was performed to remove the outer oxide layer and to prevent any surface imposition. The samples were initially immersed in a boiling solution of saturated NaOH for 60 s, then dipped in 10% HCl solution for 10 s, before dipping in boiling distilled water for 60 s. The last two dipping steps were necessary for the completion of the NaOH reactions and to eradicate the chlorides on the sample surface. The sample surfaces were periodically examined through optical microscopy (MT8000 Series Metallurgical Microscopes, Microscope.com, Roanoke, VA, USA) and SEM (HITACHI Tabletop Microscope TM3030Plus, Hitachi High Technologies America, Inc., Schaumburg, IL, USA). For every immersion cycle, a sample from the final treatment step was selected for characterization. The transverse section of the samples (cycled) was examined for micro-hardness, microstructural changes, and detrimental penetration depth.



The specimens (now thermally worn) were examined for cracks, hardness, and metallographically. The metallographic investigation and crack analysis were carried out on longitudinal cross-sections of the sample using Energy Dispersive X-ray Spectroscopy (EDXS), (HITACHI Tabletop Microscope TM3030Plus, Hitachi High Technologies America, Inc. Schaumburg, IL, USA) and SEM. The length of the surface cracks was determined using image analysis software. The sample hardness across the sample thickness was measured with Vickers indenter to determine the stability of the H13 steel structure to high temperature.





3. Results and Discussion


3.1. Metallographic Study


Figure 2 shows the observed cracks on the surface of the thermally worn sample. There was a large surface crack of 28.3 µm in width due to the great temperature difference from the heating and cooling on samples. The Figure also showed the number of cycles for the initiation of the first thermal fatigue cracks. Figure 2a–c shows that the thermal cracks occurred at 1850, 3000, and 5000 cycles, respectively. Wear is a mechanical flux action against the die, while thermal wear results from repeated tension and compression due to rapid heating and cooling [13].


Figure 2. Micrographs of surface cracks in the thermally worn sample at (a,d) 1850; (b,e) 3000; and, (c,f) 5000.
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The maximum crack length at different thermal wear cycles is also shown in Figure 2, where the longest surface cracks occurred near Region I due to a higher temperature gradient from the operation temperature of 700 °C at the external surface, and 32 °C temperature on the inner surface. A great temperature difference can result in thermal stress on the sample’s outer surface [25]. The mean crack length value varied from 42.2 to 111.2 µm in length depending on the cycle number. The cracks formation resulted from the continuous material contraction and thermal expansion during the heating and cooling cycles. Variations in the microstructure and substantial structure of the sample resulted from the exposure of the die surface to high temperatures. The interaction between the die surface and the hot melt resulted also in decreased physical properties in terms of the strength and resistance of the material [26]. Furthermore, there was a local plastic distortion due to the increase in the local cracks, which eventually spread failures as die usage increases [27,28]. In addition, these areas experienced melt shocks, resulting in a decrease in the die life.



The relationship between crack length and cycle number is shown in Figure 3a,b. Region I and Region II in the figures represent the round ended samples and cylindrically shaped surfaces. There were evident cracks on the sample surface and in the cross-sections. Figure 3a,b represent the mean and maximum crack lengths at different cycles; the crack length propagated from 16.3 to 47.2 µm (Figure 3a), while the maximum crack length propagated from 53.2 to 127.2 µm (Figure 3b). The cracks presumed to occur near the die surface; where there was a high thermal stress due to a higher temperature gradient. The stress was additionally enhanced by the local stress concentrators, leading to a local accumulation of plastic strain.


Figure 3. Maximum crack length in (a) Region I and (b) Region II of thermally worn samples at different wear cycles.
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There were variations in these cracks in terms of the shape, size, and density, based on their position from the die surface. Additionally, they varied in their depths, which increased as they approach the die, with melt and temperature being increased by the casting process. The surface locations of Region I witnessed the deepest cracks, which were enlarged because of the melt erosion (two or more cracks merged at some locations) [29]. The surface composition between the cracks was eliminated by this merging, thereby, generating wide cracks.



The thermal wear level was observed at locations that were far from the die surface. The lower strength of the material and the thermal fatigue on the surface of the die produced thermos-mechanical loads that surpass the elastic strength; leading to crack nucleation and local material failure [7,14]. Under SEM, typical thermal cracks were observed at different resolutions (Figure 2). There were cracks in the material’s microstructure; wide cracks exhibited oxidized surfaces in a molten number of cycles.




3.2. Energy Dispersive X-ray Spectroscopy (EDXS) Analysis


There seems to be a homogenous distribution of aluminium and oxygen, though oxygen inter-penetration was continuous. Oxygen penetration after thermal wear process was monitored through EDXs mapping (Figure 4). The molten Al was found to penetrate through the cracking and react with the steel to form Fe-Al intermetallic compound. These compounds lead to the main defect, such as cracks. The micro cracks are the most likely factors causing the penetration of molten aluminium into the crack. Other factors such as the reaction between the H13 and molten aluminium can affect the thermal wear in liquid. The result of the immersion test may be affected by Iron (Fe) atoms from the steel surface layer, which diffuse into the surface and react with oxygen. The Cr, Mo, and Fe levels were low near the crack boundary, because, above 500 °C, substitution diffusion is likely to occur, and alloy carbides can displace the less stable cementite and dissolve into a finer alloy carbide dispersion form [30]. The vacancies on the surface of the steel layer were occupied by the alloying components. The effect of silicon and aluminium can be caused by the short crack within the surface, meaning that they were in contact with the molten aluminium alloy. There was a negative effect of the oxide layer, it was at is its lowest thermal expansion and higher volume and fragility.


Figure 4. Oxygen distribution within the crack area of Region I and Region II in thermally worn H13 samples at 1850 cycles (a,b); 3000 cycles (c,d); 5000 cycles (e,f), respectively.
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The external side of the crack surface was occupied by oxygen, thereby, facilitating crack growth on the die surface. The Fe content of H13 spread into the molten aluminium due to the severe decrease in in ductility, whereas the Fe weight percentage differed with various cycles. Therefore, the average percentage weight range of the specimen reduced from 0.585% for Region I to 0.367% for Region II through the loss of Fe. Previous experimental studies have confirmed the role of iron in Al-356 alloy, suggesting that the Yield Strength, Ultimate Tensile Strength, and percentage elongation decreased with an Fe content increase from 0.2 to 0.6 wt %; whereas, the hardness increased with Fe content [31,32] due to the higher weight proportion (wt %) of Region I when compared to Region II. Contrarily, Region I has a high Fe percentage to maintain its hardness. Therefore, Region I has a higher hardness than Region II because of the higher Fe percentage.



Oxygen-Fe layers are formed on the surface of specimen due to the presence of atmospheric oxygen at 700 °C. The formed oxide layer lowered the thermal expansion of the material and increased its volume and fragility [29,33,34].



The oxygen concentration in Figure 5 changed significantly in Region I, but after 1850 cycles, the oxygen weight of Region II became less than that of the Region I Figure 5a–c showed the decrease in oxygen weight 33% with an increased number of thermal wear cycle (3000 and 5000 cycles). This is because of the formation of aluminum layer, which, in turn, prevents the interaction of oxygen with air. The surface of the material experienced a significant drop in hardness, while no change was observed at a depth of 160 µm from the materials’ surface. These results from surface oxidation and the presence of Mo, V, and Cr in the carbide layers around the cracks.


Figure 5. Concentration of oxygen along the surface depth from Region I and II in thermally worn H13 samples at (a) 1850 cycles; (b) 3000 cycles; and, (c) 5000 cycles.



[image: Metals 07 00475 g005a][image: Metals 07 00475 g005b]






From the study, it was observed that the hardness significantly impacted the rate of crack propagation. The comparative study of the thermal wear cycles at 700 °C showed that the plastic strain amplitude of the specimen at Region I was more significant than in Region II. It is evident that when specimens are subjected to tension loading during heating, the specimen will encounter compressive tension inducement during cooling. Plastic strain is the leading force of crack propagation. Another important negative factor in thermal wear is the oxidation at the tip of the thermal cracks. The oxidation at the crack tip always aggravates the stress condition and speeds up the occurrence of thermal cracks [35,36]. Therefore, the alloying of elements with more affinity for oxygen than that of iron is likely to result in the formation of oxides and other non-metallic compounds. When tool steel is melted during the immersion process, elements such as Al and Si can deoxidize steel by taking oxygen from iron.




3.3. Hardness Properties


An increasing number of cycles significantly decreased the surface hardness within a depth of 80 µm, while thermal wears of more than 700 °C considerably softened the tool materials. Figure 6 shower some examples of hardness depth profiles after thermal cycling at 700 °C. In this figure, it was evident that thermal cycling at 700 °C decreased the hardness of the superficial surface layer, while that of the deeper layer was virtually unaffected. Furthermore, the materials were unaffected at this depth, by contact with the cyclic high-temperature. Ferrite tempering was noticed on the surface of the die, while the microstructure of the central material experienced no changes [34]. The hardness of the material dropped significantly at the surface, while no change was observed at about 120 µm depth from the material’s surface. The lowest hardness value of 182 HV0.5 was measured at Region II of the thermally-worn sample surface. After 3000 cycles, a hardness value of 263 HV0.5 was witnessed in Region II, which was lower than the samples what were subjected to 1850 and 5000 cycles. After 3000 cycles at 700 °C, there was a reduction in the surface hardness of the specimens from 35% to 40%, but increased with increasing depth from the surface down to the centre.


Figure 6. Comparison of Region I and II hardness properties along the surface depth a thermally worn AISI H13 steel sample.
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The lowest hardness value of 351 HV0.5 was measured in Region 1 after 500 cycles in the thermally-worn samples. The lower hardness value in Region I after 5000 cycles was due to the thermal gradient and the increased softening of the sample surface. The surface temperature mainly caused the decrease in hardness values. The areas with crack density and cracks at their highest and deepest values recorded the lowest hardness values [28].



At temperatures of about 500 °C, the hardness value of the materials was minimized and declined considerably at high temperatures [35,36]. At above 500 °C, Cr, Mo, and V carbides hardened, and steadily decreased the material’s hardness [28]. Similarly, variations in the microstructure of the material also reduced the hardness of the material. This migration occurred at high-temperature heating that exceeded the activation energy of C atoms, thereby initiating their diffusion [27]. Figure 6 show the assessment of hardness loss at the surface of the specimens after 1850, 3000, and 5000 cycles. A higher hardness was observed in Region I as compared to Region II due to higher Fe percentage in Region 1.



The solubility of the alloy elements of Region I in molten aluminium metal during specimen immersion is low. A cup-like shape was formed around Region I through a thermal wear cycle. This part can easily slide out of the Region I during the rotating cycle, while a piece of molten aluminium metal adhered at Region II. Therefore, a portion of H13 alloys Region II elements dissolved in the molten metal, resulting in Fe loss (Figure 5).





4. Conclusions


The thermal wear characteristics of H13 alloy steel at three cycle numbers were quantitatively estimated through the analysis of the thermal wear life in relation to the hardness, microstructure, and cyclic softening of the materials. Furthermore, there was an increase in the die and crack surface through oxidation, while the melted metal crack fillings led to cracks formation. In crack investigation, steel softening is the most significant factor. There was low thermal wear impairment at conditions that promote minimal external temperature but retains strength and hardness. There was a decrease in the strength on the crack front as a result of increases in the thermal fatigue crack impairment.



The variations in elemental concentrations along 200 µm depth below the surface tampered the die material microstructure. An increase in the number of thermal wear cycle from 3000 to 5000 decreased the oxygen weight 33% (allowable limit is <25%), because of the formation of a layer of aluminium that prevented oxygen interaction with air.



The oxidation attack on the crack surface caused the initial thermal crack formation. The oxides that filled the cracks mainly consist of iron oxides. Additionally, the crack growth sustained due to the supplementary oxidation attack on the crack surfaces. The crack length of Region I was about 32% higher than that of Region II, while the hardness presented a different scenario.



The drastic reduction in ductility caused a spread of the Fe content of the H13 specimens in the molten aluminium, though the Fe weight percentage at various cycle numbers varied. The average weight percentage of the specimen reduced by a range of 0.585% for Region I and 0.367% Region II. The increase Fe content (0.2 to 0.6 wt %) in the sample resulted in an increased cast hardness. Regions with higher Fe content on the other hand, maintained their hardness. The hardness of Region I was higher when compared to that of Region II due to increase a Fe percentage. Moreover, there was a drop in hardness in all of the studied specimens. Region II witnessed a high drop in hardness (35% to 40%) after 3000 cycles at 700 °C.
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