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Abstract

:

Residual stresses significantly affect the overall lifetime of constructions. The main disadvantage of residual stresses is that their effect and magnitude is not evident at first sight and can only be reliably determined using experimental methods. The experiment aimed to find out how much the cladding technology affects the residual stresses within the renovation of high pressure die casting molds. A total of four samples were prepared by different cladding techniques and with varying thicknesses of the result layer. The samples were then annealed and mechanically treated. Finally, the hole drilling method was applied to determine the residual stresses in the samples. The results point to more significant differences in the levels of residual stresses, which were determined in the subsurface layers.
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1. Introduction


High Pressure Die Casting (HDPC) is a technological process widely used to produce complex aluminium castings, mainly associated with the automotive industry. In this process, molten metal with a temperature of 670–710 °C is injected into the cavities of the molds at filling speeds of 30–100 m/s, under pressures ranging from 40 to 80 MPa.



The service life of injection molds is negatively affected by a combination of tribodegradation factors. Cyclic loading by high pressures, in combination with the corrosive properties of liquid aluminum, leads to aluminization or oxidation of the mold surface. At the same time, thermal fatigue of the surfaces occurs, followed by their cracking (Figure 1). In the vicinity of the ejectors, the surfaces are also stressed by adhesive–erosive combined wear. High melt flow rates of aluminum alloys (up to 120 m/s−1), high pressures (up to 120 MPa), and high maximum surface temperatures of mold parts (up to 550 °C) lead to erosion, abrasion, corrosion, and thermal fatigue of the mold. This issue is addressed in publications [1,2,3,4,5].



After several thousand cycles, the material loss in the injection channels occurs in the high-pressure casting molds. This is due to the interaction of adhesive–erosive and corrosive effects, which leads to the dissolution of the matrix (Figure 2). Before oxidation or aluminization, the mold surfaces are protected by lubricating coatings. These can still be removed in areas of high erosive stress by the pressure of the flowing metal [6,7].



The adhesion of aluminum to the mold surfaces is manifested by the partial or complete adhesion of the cast material to the metal matrix. The cause is either the chemical interaction of the aluminum alloy and the metal matrix or the infiltration of aluminum into the surface of the matrix through cracks caused by cyclic thermal stress. Such cracking results from thermal fatigue, which reduces the strength of the mold material as the cycle of heating and cooling is continuously repeated. Fluctuations in thermal and mechanical stress initiate the growth of microcracks on the surface, followed by the gradual peeling of particles from the surface of the molds, which is documented in sources [5,6,7,8].



The lifetime of the die matrices made of steel alloys is approximately 100,000 cycles and can be increased by heat treatment, thin coating, or cladding [9]. Publications [10,11,12] investigate the effects of different cladding techniques.



The submitted article presents an experimental analysis of different cladding techniques used to renovate the functional surfaces of molds for high pressure die casting of aluminum alloys. In the experiment, four samples with different cladding techniques were prepared, then the samples were heat treated and machined. Residual stress levels were determined on the samples prepared in this way by the hole drilling method, which is one of the semi-destructive experimental methods, and the authors have extensive experience with it [13,14,15,16].



There are also attempts to analyze residual stresses using simulation methods [17,18,19,20], though experimental methods are still more reliable. The non-destructive X-ray diffraction method is often used to analyze residual stresses, but it has certain disadvantages compared with destructive or semi-destructive methods. The use of the X-ray diffraction method to determine the residual stresses in the surfacing layer is described in [21]. The analysis of the residual stresses by hole drilling method in explosive welding is discussed in [22]. The determination of the residual stresses using the electroslag strip cladding method is discussed in [23]. Finally, the combination of the determination of residual stresses by finite element method and the hole drilling method is described in [24].




2. Materials and Methods


A total of two different materials were used in the experiment-base and added cladding layer, which was applied by four different techniques.



The base material for all samples with a same thickness was chrome-molybdenum-silicon-vanadium steel 1.2343, DIN-X38CrMoV51 (voestalpine High Performance Metals Germany, Düsseldorf, Germany), with a hardness of 50 HRC, which is used for high pressure casting molds. Material has good thermal conductivity, high toughness, and is hot cracking resistant. Its chemical composition, analyzed by the Belec Compact Port spectrum chemical analyzer (Belec Spektrometrie Opto-Elektronik GmbH, Georgsmarienhütte, Germany), is shown in Table 1. The mechanical properties defined by the manufacturer are shown in Table 2 [25,26].



A wire from Uddeholm under the trade name Dievar (1.2344, DIN-X40CrMoV51) (voestalpine High Performance Metals Germany, Düsseldorf, Germany) with a diameter of ø 1.2 mm and a hardness of 51 HRC was applied for the cladding layers. Steel 1.2344 has high heat and wear resistance, good toughness, thermal conductivity, and hot cracks resistance [27]. The chemical composition of the used additive material and its mechanical properties are shown in Table 3 and Table 4.



2.1. Cladding Technologies


Cladding processes were conducted at a robotic workplace, thus eliminating the influence of the human factor on the quality of the realized cladding layer [28]. For the production of experimental samples, progressive cladding technologies were chosen that minimize the heat input into the cladding layer, resp. to subsurface areas. The following cladding technologies were used for the production of experimental samples:




	
Disk laser








Laser cladding technology was the first to be used [29]. This energy beam method is increasingly being applied to restore the functional areas of molds. Its advantage is minimizing heat introduced into the material and making minor, local repairs. In addition, the automated mode allows for achieving a high quality of cladding layers. A TruDisk 4002 (TRUMPF Pvt. Ltd., Pune-Maharashtra, India) solid-state disk laser with BEO D70 focusing optics mounted on a 6-axis robot FANUC M-710iC/50 (FANUC Slovakia s.r.o, Nitra, Slovakia) [30] with the following parameters was used to create a Sample marked 01:




	
Focal length 200 mm,



	
Laser light cable diameter 400 µm,



	
Laser power 1.8 kW,



	
Cladding speed 10 mm/s,



	
Focusing + 6 mm,



	
Wire feed speed 70 cm/min,



	
Shielding gas flow rate Ar 30 L/min,



	
The cladding was performed without preheating.



	
CMT technology








CMT stands for cold metal transfer, and the method is based on electric arc welding in a protective gas atmosphere, the energy in this process is precisely supplied to the joint [31,32]. A Fronius Trans Puls Synergic 3200 welding source with the following parameters was used to prepare Sample 02:




	
Cladding current 224 A,



	
Cladding voltage 23.2 V,



	
Wire feed speed 6.5 m/min,



	
Cladding speed 8 mm/s,



	
Arc length correction 15%,



	
Dynamics correction 0.3,



	
Shielding gas flow rate Ar 15 L/min,



	
Moving the welding torch between cladded caterpillar 5.5 mm,



	
Distance between torch and surface 14 mm.








The claddings were made in two layers in 13 caterpillar-shaped welding traces. Base material was preheated to 300 °C before layers were applied.



	
MIG Pulse






The Metal Inert Gas (MIG) Pulse cladding method uses a pulsed welding current, which minimizes metal spatter in the cladding area [33,34]. The cladding layer on Sample 03 was formed by a welding source Fronius TPS600i (Fronius International GmbH Sales International, Wels, Austria) [35] with the following parameters:




	
Cladding current 196 A,



	
Cladding voltage 23.8 V,



	
Wire feed speed 6,5 m/min,



	
Cladding speed 8 mm/s,



	
Arc length correction 3%,



	
Pulse/Dynamics correction 0/0,



	
Shielding gas flow rate Ar 30 L/min,



	
Moving the welding torch between cladded caterpillar 5 mm,



	
Distance between torch and surface 19 mm,



	
The base material was preheated to 300 °C before cladding.













	
TOPTIG








The TOPTIG method was developed to combine the quality and advantages of a small heat-affected zone characteristic of TIG welding [36], with the welding power of MIG technology, in automated welding. TOPTIG works on the principle of TIG technology. However, the wire is led to the tip of the non-melting tungsten electrode in an area with high heat input. The additive material melts into tiny droplets, similar to the MIG method.



The AirLiquide TOPTIG 220 DC (Air Liquide Welding Central Europe s.r.o, Lužianky, Slovakia) welding power source [37] was used for Sample 04, with the following parameters set:




	
Cladding current 200 A,



	
Cladding voltage 15 V,



	
Wire feed speed 1.2 m/min,



	
Cladding speed 5 mm/s,



	
Shielding gas flow rate Ar 15 L/min,



	
Pre-blow: 2.5 s; After-blow 8.5 s,



	
Tungsten electrode: type WLa 15, diameter ø 2.4 mm,



	
Overhang tungsten electrode 5 mm,



	
Distance between electrode and surface 5 mm,



	
Electrode movement between caterpillar 3 mm.








Prior to cladding, preheating to 300 °C was used with this technology.




2.2. Heat Treatment and Final Machining


In the next step, the prepared samples were heat treated. They were annealed at 610 °C for 2 h and then cooled in air. The onset to the desired temperature took 2 h and 20 min.



The resulting hardness of the claddings after heat treatment was 48 HRC. Hardness in the range of 44–48 HRC is recommended for steels intended for the production of aluminum injection molds. This hardness guarantees a suitable type of structure with the required toughness. It is tempered martensite called sorbitol, or a structure formed by bainite and martensite. Higher hardness values (above 48 HRC) in the contact area indicate incorrect heat treatment. For these medium-alloy steels with a carbon content above 0.35%, it would mean a predominant coarse-grained martensitic structure, and a higher proportion of carbide inclusions, which reduces the material’s toughness. That can lead to cracks during cyclic loading of the material. The hardness range 44–48 HRC is also suitable from the point of view of the machinability of the mold parts. Machining processes are performed on CNC machines (5-axis milling machines). Due to the required quality of aluminum castings, it is necessary to finish their surfaces by grinding and polishing. Therefore, the samples were subsequently processed by milling and grinding to the final shape (Figure 3).



The resulting average thicknesses of the cladding layers on the individual samples after treatment were:




	
Sample 01–4.3 mm,



	
Sample 02–4.5 mm,



	
Sample 03–1.1 mm,



	
Sample 04–1.8 mm.









2.3. Residual Stress Measurement


Residual stresses on the prepared samples were determined using the hole drilling method. The hole drilling method’s principle consists of drilling a small blind hole in the center of the strain gauge and evaluating the released relative deformations in its vicinity. The resulting damage to the object under investigation is so small that it often does not affect its further use. Therefore, this method is suitable for measuring residual stresses on objects that will be further used. The advantage of this method is that it is easy to use in the field (outside the laboratory). The procedure for evaluating residual stresses is standardized and is given in ASTM E837 [38].



The SINT MTS-3000 measuring system (SINT Technology, Calenzano, Italy) was used in the experiment [39]. It is an automated measuring system that allows accurate measurement. A strain gauge HBM 1-RY61-1.5/120S was applied to the selected locations with X60 adhesive by HBM to record the relaxed deformations. The aim was to compare the levels of residual stresses in the cladding layer of individual samples. Location 1 and Location 2 were situated in one line about 15 mm from the edges of the cladding layer (Figure 4). Location 3 was in line with the locations 1 and 2 but outside the cladding area. Measurements in Location 3 were performed on samples 03 and 04, and their results are not discussed in this article. On samples 01 and 02, measurements were performed only on the cladding layer.



The SINT MTS 3000 measuring system was operated by the RESTAN control software (SINT Technology, Calenzano, Italy). The set parameters of all performed measurements were identical:




	
Drilling depth 2 mm,



	
Milling cutter diameter 1.8 mm,



	
Milling cutter suitable for hard samples with the designation 1-SINTCTT/1,



	
Number of realized measuring steps 20,



	
K-gauge factor of the used strain gauge rosette 1-RY61-1.5/120S k = 1.92.








After setting all the parameters, the SINT MTS 3000 measuring system was centered precisely above the center of the strain gauge, using a built-in microscope. Subsequently, the milling cutter was moved to the surface of the examined sample. The positioning process is automated. The milling cutter approaches the examined surface at a slow speed provided by a stepper motor. When the milling cutter and the sample surface come into contact, the mutual contact is confirmed, and the positioning process is stopped, setting the zero depth of the milling cutter. By this process, the exact position of the cutter on the examined surface is achieved, which is essential for measurement accuracy.



The measurement itself was performed in an automated mode. Relative deformations were recorded after each drilling step. After all twenty steps, the drilling process was finished. Finally, the eccentricity of the drilled hole was measured, and the result was recorded in the measurement protocol. The evaluation of the measured data was performed in the RESTAN EVAL software, where the ASTM method for not uniform stress distribution over sample thickness, which is standardized in ASTM E837, was used. The same procedure for measuring and evaluating residual stresses was conducted on all samples investigated locations. In Figure 4, we can see Sample 03 after measuring locations 1 and 2.





3. Results and Discussion


For experimental measurement of residual stresses, four samples were used, where two locations at equal distances from the edge of the cladding layer were selected on each (Figure 4). The hole drilling method was used to determine the residual stresses, where the released relative deformations in the vicinity of the drilled blind hole are registered by means of a strain gauge.



The depth of the blind hole is 2 mm, in accordance with ASTM E837. As already mentioned, the thickness of the cladding layers using different technologies varies. In the case of the analyzed samples, the thickness of the cladding layer is in the range from 1.1 mm to 4.5 mm. It follows that in some cases the blind hole interferes with the base material, which could to some extent affect the measured values of the released relative deformations on the surface of the cladding layer.



The ASTM not uniform method was chosen to compare the distribution of major residual stresses (Sigma max and Sigma min) in depth. A graphical interpretation of the results is shown in Figure 5, Figure 6, Figure 7 and Figure 8.



In Figure 5 and Figure 7, the Sigma max residual stress waveforms are measured on four samples. In Figure 6 and Figure 8 the residual stress of the Sigma min is shown.
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Figure 5. The resulting values of residual stresses (Sigma max) for all four samples at the measuring Location 1. 






Figure 5. The resulting values of residual stresses (Sigma max) for all four samples at the measuring Location 1.
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Figure 6. The resulting values of residual stresses (Sigma min) for all four samples at the measuring Location 1. 






Figure 6. The resulting values of residual stresses (Sigma min) for all four samples at the measuring Location 1.
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Figure 7. The resulting values of residual stresses (Sigma max) for all four samples at the measuring Location 2. 






Figure 7. The resulting values of residual stresses (Sigma max) for all four samples at the measuring Location 2.
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Figure 8. The resulting values of residual stresses (Sigma min) for all four samples at the measuring Location 2. 






Figure 8. The resulting values of residual stresses (Sigma min) for all four samples at the measuring Location 2.
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As can be seen from Figure 5, Figure 6, Figure 7 and Figure 8, compressive values of residual stresses were measured at almost all depths. Mild values of tensile stresses were registered only for Sample 2 at a depth of about 1 mm.



Not only the nature of the stress course over the depth but also the slight difference between the assessed locations 1 and 2 on the same sample seem interesting.



Maximum values of Sigma max compressive stresses in both locations on Sample 04 were almost the same, approximately −300 MPa, but in location 1 it was 0.175 mm deep and in location 2, which was closer to the surface, it was 0.075 mm deep. As for the Sigma min stresses on Sample 04, they were registered at the same depth for location 1 resp. location 2, but the values were different—in location 1 almost −520 MPa and in location 2 almost −400 MPa. However, it can be stated that the residual stresses are under consideration as compressive at the depth, so they do not cause a reduction in the service life of the component. It should be noted that this is a sample with a thinner cladding layer.



Samples 01 and 03 show a similar character of residual stress levels with slight deviations and, of course, with different values. Regarding the overall assessment of the residual stresses in these samples, they are also compressive.



In the case of Sample 02, a different character was registered in terms of stress distribution over the depth. The most significant compressive values are just below the surface and increase gradually with increasing depth. In location 1 e.g., the Sigma max value at a depth of 0.025 mm is lower than for the samples 01, 03, and 04, but from the second step, i.e., from a depth of 0.075 mm, the Sigma max value is higher up to the assessed depth of 0.975 mm.



The difference in the residual stresses between location 1 and location 2 also seems interesting. Their character at location 2 on all four samples is almost identical for both Sigma max and Sigma min. From Figure 7 and Figure 8, a gradual increase in the values of the main residual stresses is evident from a depth of approximately 0.5 mm. On the contrary, for example, on Sample 01 at location 1, the Sigma max and Sigma min values were almost unchanged (constant) from a depth of approximately 0.5 mm.



Analysis of the results can be further divided into two parts. Samples 01 and 02 are included in the first group, where a thicker layer has been formed. Sample 01 had a thickness of 4.3 mm and was formed using a disk laser technique. Sample 02 had a thickness of layer 4.5 mm and was formed by CMT.



During the entire analyzed depth of Sample 01 (0–1 mm), only compressive residual stresses have been reported in both measured locations (Location 1 and 2). The overall method of renovation used on Sample 01 can be considered appropriate because there was no tensile residual stress at a depth of 1 mm.



For Sample 02, in location 1 from the depth of 0.8 mm, the tensile residual stress has been recorded (up to this depth, only compressive residual stress was recorded). In depth of about 1 mm, residual stress reached a value of about 20 MPa, which is still low. With increasing depth, residual stress is likely to have further growing character. Therefore, it seems the use of a renovation method that was deployed for Sample 02 is less suitable compared to the method used in Sample 01.



The second group consists of samples 03 and 04. The cladding layer on Sample 03 was realized by MIG Pulse and reached a thickness of 1.1 mm. The cladding layer at Sample 04 was conducted using TOPTIG with a total thickness of 1.8 mm. Although drilling was performed in the depth of 2 mm in these samples, the evaluation interval of residual stress was 0–1 mm.



Only compressive residual stresses were recorded in both measured locations at Sample 03. Although at measurement Location 1, the maximum of Sigma max value was recorded just below the surface of the cladding layer (−117 MPa), other value ranges were from −300 to −200 MPa., which represents a favorable state of residual stress. At measurement Location 2, the residual stress levels were not as low, and at a depth of 1 mm, the recorded value of the Sigma max was approximately −10 Mpa, which still represents compressive stress.



For Sample 04, the residual stress values between locations 1 and 2 show a similar character. The fundamental difference is that in location 1, the initial residual stress value just below the surface of the cladding layer reaches the value of −60 MPa, but in Location 2, it is −300 MPa. Subsequently, the Sigma max value did slightly drop. From this point, the residual stresses have only a growing character. At a depth of 1 mm, the value of approximately −10 MPa was detected, so it is still compressive stress. The lowest Sigma max −300 MPa value was recorded, which is approximately the same as at the measurement location. Subsequently, the residual stress values were rising and at a depth of 1 mm reached a value of −20 MPa, which is again similar to the value specified at measurement point 2.



The results obtained are more favorable in Sample 04 compared to Sample 03 because lower residual stress was recorded in both sample measurement locations and all residual stress values have only a compressive character.




4. Conclusions


The aim was to assess four different progressive cladding techniques to residual stress levels. The base material was the same in all cases and had the same thickness. After cladding, samples were heat treated and machined to the required surface quality. Thus, four samples were formed, which had different thicknesses of the cladding layer. The robotized cladding methods resulted in very good quality layers. The residual stresses were then determined using the hole drilling method.



In samples 01, 03, and 04, compressive residual stresses were recorded up to a depth of 1 mm, which represents sufficient resistance to the formation and spread of cracks in renovated molds. Only Sample 02 showed tensile residual stresses near a depth of 1 mm.



The residual stress measurements show that the disk laser technique used for Sample 01 is more suitable in terms of residual stresses when forming a thicker cladding layer. However, if it is required to create a thinner cladding layer, the TOPTIG technique used in Sample 04 is more suitable with a lower value of residual stresses.



It should be noted that the values of the residual stresses before and after the processing of the cladding layer by machining were not compared. Nevertheless, the results obtained can be considered relevant, given that the values of the residual stress must be superimposed on the operating load during operation. In this case, the residual stress takes into account these real technological processes of material processing.



Presented results can be considered as another tool in the selection of a suitable method of creating a cladding layer, where, among other things, factors such as achieved hardness, time of financial implementation, and costs, etc. are assessed. In the next stage, metallurgical processes in the application of double and multilayer cladding layers will be analyzed, as the number of layers depends on the extent of damage to the molds and the required thickness, which must be supplemented by cladding.



Research is also directed to minimize heat treatment times and to verify the opportunities of interlayers with higher resistance to the formation and crack spread in materials. In this research, the possibilities of minimizing residual stress in renovated molds using, e.g., vibrating processing of cladding on molds, is outlined. Precisely for this purpose, it is advisable to apply a cladding method, minimizing the metallurgical changes in cladding surfaces and thus minimizing residual stress in the clads.
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Figure 1. Fractured surface of casting mold. 






Figure 1. Fractured surface of casting mold.
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Figure 2. Degraded surface of high pressure die casting mold. 






Figure 2. Degraded surface of high pressure die casting mold.
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Figure 3. Samples after heat treatment and subsequent machining. 
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Figure 4. Sample 03 after drilling measuring locations 1 and 2. 






Figure 4. Sample 03 after drilling measuring locations 1 and 2.
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Table 1. Chemical composition of the base material X38CrMoV5-1 (wt.%).






Table 1. Chemical composition of the base material X38CrMoV5-1 (wt.%).





	C
	Mn
	Si
	P
	S
	Cr
	Fe
	Ni
	Mo
	V
	Cu
	Fe





	0.384
	0.372
	0.915
	0.002
	0.009
	4.670
	91.580
	0.196
	1.270
	0.500
	0.072
	Bal.










[image: Table] 





Table 2. Mechanical properties of the base material X38CrMoV5-1 by manufacturer.






Table 2. Mechanical properties of the base material X38CrMoV5-1 by manufacturer.





	Yield Strength

(MPa)
	Tensile Strength

(MPa)
	Elongation A5

(%)
	Hardness

HRC





	1420
	1680
	12
	50
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Table 3. Chemical composition of the X38CrMoV5-1 additive material (in wt.%). Fe bal.






Table 3. Chemical composition of the X38CrMoV5-1 additive material (in wt.%). Fe bal.





	C
	Cr
	Si
	Mo
	Mn
	V





	0.35
	5.00
	0.20
	2.30
	0.50
	0.60
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Table 4. Mechanical properties of the cladding wire Diavar by manufacturer.






Table 4. Mechanical properties of the cladding wire Diavar by manufacturer.





	Yield Strength

(MPa)
	Tensile Strength

(MPa)
	Elongation A5

(%)
	Hardness

HRC





	1055
	1308
	12
	48
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