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Abstract

:

The article presents a newly patented rapid tube hydroforming (RTH) manufacturing method, perfectly suited to single-piece production. The RTH technology significantly complements the scope of hydroforming processes. Due to the unusual granular material of the die tool, in particular moulding sand or mass, the process design requires the use of numerical modelling calculations. This is related to the complexity and the synergistic effect of process parameters on the final shape of the product. The work presents the results of numerical modelling studies of the process, including the behaviour of the die material and the material of the hydroformed profile. The numerical calculations were performed for a wide range of parameters, and can be used in various applications. The significant properties of moulding material used for the RTH tests were determined and one was chosen to build the die in RTH experiments. The results of the numerical modelling were compared with the results of the experiments, which proved their high compatibility. The final conclusions of the analyses indicate that the RTH technology has many possibilities that are worth further development and research.
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1. Introduction


Tube hydroforming is a relatively young metal forming technology, and the first applications date to the 1940s. The first patents [1,2] concerning this technology revealed that the technology could be aimed at producing thin wall components with complex shapes and demanding applications. The constant development of hydroforming technology is due to the clear advantages of this forming method over other cold forming methods, among which the following benefits should be mentioned:




	
more complex shapes in fewer operations;



	
lighter components with the same strength or stiffness [3].








These features, combined with the use of advanced materials and new measurement methods such as [4], make hydroforming applicable in many industries, e.g., aerospace, automotive, agricultural machinery, and medical equipment [5,6,7,8,9,10].



The low manufacturing cost is another feature of hydroforming that makes it attractive for the forming of hard-to-work materials. However, profile forming in the hydroforming process so far has been limited by the time and cost of producing dies, hence meaning that low unit costs could be achievable only in long series. The economically reasonable amount for classic hydroforming (for rigid dies) was 1000 pieces of the product. The introduction of plastic, concrete or hardwood dies has made production profitable in batches of several hundred. However, this is still not cost effective to produce details in short series or prototypes. Today’s market requires a quick and individualized approach to the expectations of the industry machines and devices. This means that the production of prototype devices, single or very short series, will probably increase in the near future. The authors of the study set out to develop a hydroforming method suitable for short series, or even piece production. As hydroforming machines are universal and allow for the forming of profiles in a wide range of dimensions, the implementation of this goal is necessary to develop a method of quick and cheap production of dies. The authors proposed a complete change in the approach to the role and behavior of the die during the hydroforming process. In typical hydroforming, the die does not undergo plastic deformation leading to its destruction. In the new approach, a one-time, cheap matrix is completely destroyed, but this destruction is fully controlled. In order to control the die deformation process, advanced numerical modelling methods had to be incorporated into the technology design process. The recent development of such methods has allowed the use of numerical modelling in many aspects of the analysis of the shaping process, even as complex as, for example, forecasting the formation of defects [11]. The use of numerical modelling, in the case of this proprietary method, allows the development of a new method of hydroforming individual parts, without limiting the materials used. The rapid tube hydroforming (RTH) method, recently patented by the authors [12], makes hydroforming cost-efficient for single-piece production. The new method has thereby complemented the range of hydroforming technology and allowed for its use in the full range of production volumes, as represented in Figure 1 which highlights the new completed classification of hydroforming methods [13,14].



In regular hydroforming processes, as in many other metal forming techniques, the die cavity is designed to force the final product shape. That means that the hydroformed profile is the only one which undergoes plastic deformation and the die remains rigid. Moving away from this principle allowed for the use of other susceptible materials on dies, being much cheaper and easier to obtain. In this way, the idea of using granular materials for dies in hydroforming technology, e.g., moulding sand or mass, came up. This means that both the product and the tool, are being shaped during forming operation, in accordance with their respective material properties. This required the development of a method to control the die deformation process during profile deformation. According to the patent claims, the hydroformed profile deforms the die cavity and this acts in a fully controlled and intended way during hydroforming. The deformation of the profile is therefore the result of the current state of deformation of the die at the contact area. The process of deformation of the die during profile forming is based on the scenario predicted in the numerical simulation. The high complexity of the RTH method is related to several process variables: geometric, material, and process parameters, as schematically shown in Figure 2.



To fully control the profile forming process in the RTH method, it is important to know how the moulding mass die is deformed. This appears to be crucial when it comes to the proper design of the entire RTH process and, first, the original shape of the die cavity. There are a few points to consider when analysing this issue. The key question is what properties of moulding sand affect the deformability of the die cavity, and then, what initial values they would take to successfully shape the profile using the RTH method. Only the determination of the above enables one to make a final choice of material for the designed RTH process.



The studies in this article have identified the material parameters of moulding masses used in RTH matrices and investigated the possibility of forming profiles. The essence of the studies presented in the article is to demonstrate the effect of the properties of the masses on the deformability of RTH matrices, since this issue is necessary for the full control of the RTH process. The article also shows the results of an experiment confirming the correctness of numerical modelling of the process.




2. RTH Die Parameters


The essence of the new technology is that the die cavity material properties are more crucial in contrast to the classic metal or hydroforming processes. The most important assumption for classic tools is that its strength significantly exceeds the limit of plastic deformation of the shaped material. The die is supposed to deform in the elastic range of strain and has contact impact on the shaped material. In the new RTH technology, the condition of greater tool strength is not met, but also strength properties change during the forming process. Another novelty is the fact that the properties of the die vary in different zones and result from the forming element current state. This is the result of the behaviour of die material, which can thicken and move as a result of the push of the deformed element. Both of these phenomena lead to local changes in die properties.



The complexity of the RTH process, due to the multitude of variables affecting the final shape of the formed profile, presupposes the use of numerical tools to support the process design. It is necessary to define the appropriate parameters of the die, which include its initial shape, as well as the properties before and during the deformation process.



Tools made of moulding sands are not new, but their previous use in foundry processes as a sand mould, where excessive deformation is a defect, does not cover the needs of the RTH method. Therefore, the study analysed the behaviour of the moulding mass during profile formation, taking into consideration the knowledge gained from soil mechanics [15]. This approach allows to determine the deformation of the die, taking into account the mechanical properties of the test mass. The deformability of moulding mass as a granular material is associated with many properties such as compressibility or compactness, which are related to the physical parameters of the granular medium. However, from the point of view of the RTH process design analysis, one of the most important features of a fragmented centre is its strength, i.e., the load response. The strength of the granular medium is measured by the value of the shear stress resulting from the normal forces acting on the specimen. The boundary criterion describing the phenomenon of destruction in soils is explained in the Mohr–Coulomb (abbreviated as M–C) hypothesis, which unites the limit shear stresses to normal stresses. According to this hypothesis the medium strength depends on the cohesion c and the angle of internal friction φ of the granular material. Both parameters determine the internal resistance of the material related to shear stress caused by normal load [16].



Previous studies on phenomena associated with the compaction of granular material, including moulding masses, have indicated [17,18] that the M–C criterion can be successfully used for numerical modelling and analysis of mass movement and compaction under the influence of external forces. This approach prompted the authors to focus on the internal friction angle φ and the cohesion c as substantial factors of moulding sands used in RTH processes.



2.1. Material for RTH Die


Initially, it was necessary to specify the range of the examined values of c and φ before significance analysis of die behaviour in RTH processes. Therefore, an overview of the various materials belonging to the group of granular media and soils was conducted, choosing materials from loose sands to hard rocks [19]. A wide range of studies and accurate values of the cohesion coefficient and the angle of internal friction can be found in the soil and geomechanics literature, including studies on soil—which is a mixture of sands and clays [20]—and even on topics as exotic as soils on other planets [21].



In addition, the literature describing the mould sand’s properties [17] was used in determining the c and φ range. Forming masses used in foundries have rarely and a very small extent been studied in this respect and the literature on the subject gives approximate or wide ranges [17,19,22]. The methods have developed over the years and are commonly used in foundries to measure mass fluidity, mass density or mass properties correctly to determine the ability of a particular mass to produce foundry forms.



On this basis, the width of the cohesion coefficient c and the internal friction angle φ which are the critical values for the M–C model, are indicated; c = 0.1–5.0 MPa, and φ = 10°–50° [14]. The lower values were assigned to the moulding masses, and the upper values were assigned to materials belonging to fragmented centres in the field of geology, i.e., soil and rocks. The adoption of such a wide range of variability of both parameters requires confirmation in practical studies that an actual moulding mass can obtain such a range of variability.




2.2. Determining the Properties of Moulding Sand


The cohesion coefficient c and the angle of internal friction φ of granular materials may be examined in the triaxial shear test described, e.g., in standard test [23]. The test is performed on standard cylindrical samples with a diameter of Ø36 mm and a height of 76 mm, as shown in Figure 3.



The known moulding sands were selected for preliminary studies: synthetic bentonite mass and water glass mass. The experiments aimed to determine the possible range of variability of the analysed parameters in moulding masses. In the latter case, an unusual content of ingredients was used. The test samples were made from mould sand Grudzeń Las 0.32/0.40/0.20. The compositions of both masses are given in Table 1.



Measurements of the shear strength of the moulding mass were made using the AT-3 three-axis compression device, see Figure 3b. The experiments for both materials were performed at different values of hydrostatic pressure (50, 150, 200, 300 and 400 kPa) and at an axial force until the sample cracked. As a consequence of the grain structure of examined materials, the triaxial tests are characterized by a high degree of uncertainty of the results, which is due, e.g., to the mixing method and its compaction. To improve the results, at least three measurements were made for each pressure. Examples of test results, in the form of M–C wheels, are shown in Figure 4. The cohesion coefficient c, specified for the test mass, was 0.025 MPa and the internal friction angle φ was 22°.



According to the methodology of the triaxial test, the internal friction coefficient is defined as the angle of inclination of the line tangent to the M–C wheels, while the value of the cohesive coefficient c is determined as the intersection of this tangent with the Y axis.



For the mass with water glass the corresponding test and analysis were performed, and sample results are shown in Figure 5. The cohesion coefficient c specified for the test mass was 0.65 MPa and the internal friction angle φ was 33°.



It is worth realizing that the investigated parameters are in the range of known physical properties of the moulding mass. The investigated materials are a good example including a strong relationship between the internal friction with the size and shape of the grain warp [24]. This can be confirmed by results of the performed tests and the fact that the moulding sands have a wide-ranging grain size, coefficient of grain shape and surface character. It makes obtaining moulding masses with pre-established parameters possible, i.e., a cohesion coefficient c in the range of 0.1–1.5 MPa and an angle of internal friction φ in the range of 10°–55°.





3. Numerical Analysis of RTH Dies


To estimate the significance of the internal friction angle φ and the cohesion coefficient c in the RTH process, a numerical model based on the Mohr–Coulomb hypothesis described earlier was developed. It allowed numerical experiments to be made taking into account the wide range of the two parameters tested. Numerical calculations were implemented to examine the effect of c and φ parameters on mass deformability under a given load.



When developing a numerical model to analyse RTH die behaviour during tube hydroforming, the basic die geometry with an ellipse-shaped cavity was adopted. A cylindrical element (pretending to be a hydroformed tube) was placed inside the die and was deformed by increasing its diameter. This study intended to investigate the behaviour of dies made of different materials (with different combinations of c and φ) in a repeatable way of deformation of a cylindrical element. Therefore, the expanding element has been modelled as a rigid part that increases its diameter evenly and the effect of the deforming die on it has not been directly analysed. Thanks to this, the effect on die deformability could be analysed independently of the variable response of the real hydroformed tube. The analysed die was assumed to be 110 mm × 80 mm and the ellipsoidal cavity was assumed to be 72 mm × 38 mm. The expanding element (punch) had an initial Ø 38 mm diameter that ensured initial contact with the cavity from the beginning of the simulation. The deformation of the die continued until the punch reached a diameter of 48 mm. The geometry of the RTH process used in the numerical analysis and the corresponding computer model are shown in Figure 6.



Numerical calculations were performed using MSC.Marc software (ver. 2019, MacNeal-Schwendler Corporation (MSC), Newport Beach, CA, USA) that allowed to define the material model using the Mohr–Coulomb strength hypothesis. As mentioned above, the numerical model used to analyse the impact of parameters c and φ is based on the interaction of an expanding punch deforming the moulding die. The plain strain triangular elements in the number of 1745 were used to mesh moulding die material. The number of elements and grid arrangement were determined during the model calibration process taking into account the criterion of calculation stability and the calculation time minimization. An elastic–plastic model with a plastic criterion based on the Mohr–Coulomb linear model was used to describe the behaviour of the moulding mass [25]. The elastic deformation part is defined by Young modulus E = 100 MPa and the Poisson coefficient ν = 0.2 (according to [26]). Calculations were made by entering the Coulomb coefficient of friction between the die and the punch as a value of 0.1.



There were a number of calculations performed for a range of data that were determined as described in Chapter 2, i.e., for the internal friction range φ from 10° to 55° and for cohesive c from 0.1 to 5 MPa. All analysed cases are shown in the table in Figure 7a.



When analysing the results, the main focus was on the deformation of the die and the degree of its movement under the influence of the movement of the expanding punch. Since the tested c and φ parameters represent the internal resistance of the die material, it was expected that for high values of both parameters the mass would deform mainly around the contact location with the punch. This could indicate the smaller impact of the punch on the other regions of the die. On the other hand, for masses with lower internal resistance, i.e., for low values c and φ, the mass would not only undergo deformation in contact with the punch, but would also move to further regions of the die. Numerical calculations confirmed this hypothesis and thus made it possible to identify parameters favourable to the appearance of these two characteristic extreme occurrences of mass deformation: with deformation in the punch area and with additional mass pushed into further fragments of the die. Examples of the two different moulding mass behaviours are shown in Figure 7b,c. Figure 7b shows the final deformation stage of the RTH die for a mass with relatively high internal strength, characterized by the properties c = 1.5 MPa and φ = 40° (calculation case M57, Figure 7a). It can be observed that the punch pushes the mass just close to the contact area (area C). The mass in the unsupported area of the die (area M) does not experience significant transposition and deformation. The extremely different nature of the moulding mass behaviour can be illustrated in Figure 7c, which represents the deformation of the RTH die made of material with much less internal strength (c = 0.3 MPa and φ = 15°, computational case M22, Figure 7a). It can be observed, in addition to moving region C deep into the die, that the mass also moves into the unsupported space between the die cavity and the punch (area D). This ease of movement occurs in accordance with the phenomenon of lower internal mass resistance, i.e., the smaller cohesion and the angle of internal friction. Some designations of characteristic regions were introduced. Thus, area C can be defined as the one in which the mass tends to be compacted, while area D is part of the mass which can be easily displaced and in which the density is unlikely to occur (dilated).



The simulations also allowed us to study the nature of mass movement in the deformed die, which can be easily observed from the distribution of displacement vectors, see Figure 8. Calculations for “weak” die material (Figure 8a) and the “resistant” material (Figure 8b) with displacement vector distributions openly show significant qualitative differences, indicating a lack of material movement in the zone of punch contact. There can be also quantitative variance, i.e., the length of displacement vector, which is starting to increase for a low c and φ mass and is up to 4 mm, Figure 8a.



The results shown in Figure 8 regarding the characteristic die behaviours were so interesting that other computational cases were analysed in this respect. To make this easier, a division criterion was introduced which distinguished between cases where the mass not only suffered displacement due to direct stamp pressure (area C), but also moved below the original die cavity (area D > 0), see Figure 9b. These cases are shown in green in the table in Figure 9a, other cases, that is, those in which the mass is moved only above the cavity profile (area C) are indicated in orange. The analysis of Figure 9 shows that the effect of the frictional angle on the behaviour of the mass is relatively small, and at the same time it is not difficult to see that with the stamp forcing, the moulding mass with a cohesion of more than 1.5 MPa practically does not move into the free space between the die cavity and the punch (D ≤ 0), see case in Figure 9c. This means that RTH dies made of masses with high internal pressure based on cohesiveness will tend to behave similarly to rigid matrices, of course, when it comes to the nature of the reaction due to the deforming profile rather than the magnitude of the contact pressures. Low-pressure masses will be much more susceptible to deformation, and their shape and deformation will also be able to affect the deformed profile outside the primary contact region.



The applied Mohr–Coulomb material model in MSC.Marc does not allow for direct determination of mass density, but by analysing the strains in the X and Y directions it is possible to conclude where the mass tends to be compacted or where it is free to move without any compaction inclination. The tendency for compaction can be linked to negative strains in both the X and Y direction. On the other hand, the positive strains indicate mass regions with unrestricted displacement of the die material.



Thus, for the “weak” mass (Figure 10) located near the contact zone with the punch, the material is pushed in the Y direction, as evidenced by the negative strain values, which can indicate its compaction (Figure 10b). However, at the same time positive strains on the X-axis (Figure 10a) are observed, suggesting the movement of the mass in the direction of the free space between the punch and the die. The described locations are marked with red boxes in Figure 10.



On the other hand, for masses with higher internal resistance, e.g., c = 1.5 MPa and φ = 40°, areas of compaction tendency can be certainly observed where the deformations in both directions are negative, see red frames in Figure 11.



The numerical analysis of the RTH die for a wide range of parameters has highlighted an additional, important aspect for the entire RTH profile forming process. The stress distribution caused by the moving punch has revealed a mass response for the established deformation. It can be seen that the stresses are several times higher for a mass with high c and φ values than for a weaker mass, see Figure 12 showing the major stress distribution for the two types of die materials. This can result in the profile being more ellipsoidal.



To conclude the numerical analysis, it can be observed that for different mass parameters it is possible to obtain a high shape variation of RTH dies, which, in combination with the deformation-induced die material response, can be essential for the deformability of the hydroformed profile in the real RTH process. In addition, for the analysed die shape and the assumed deformation, mass deformations have been shown to be significant only for limited narrower ranges c and φ. This is particularly obvious in the case of cohesion, where increasing above 1.5 MPa does not produce visible die deformation. Thus, dies made of high cohesion materials have a much higher chance of effectively supporting the shaped profile in the actual RTH process.




4. RTH Experiments


To verify the usefulness of the Mohr–Coulomb model to describe the behaviour of the moulding die in computer simulations, a new numerical model of thin-walled steel profile hydroformed in the moulding die has been built. The results obtained using this model were compared to the results obtained in the real RTH experiment. For this comparison, a particular test was developed at the TH (Tube Hydroforming) research stand [11]. The experiment involved a E235 + N steel tube (Ø38 × 2), hydroformed in a die made of water glass mass with the physical properties described in Chapter 2. In Figure 13 the scheme of the RTH experiment and the die cavity geometry are shown.



For both profile and die geometry, the information used in the experiments was entered into the numerical model. The die was modelled according to the Mohr–Coulomb criterion using the material data for the water glass mass described in Chapter 2. For the steel profile an elastic–plastic model with Huber-von Mises-Hencky’s criterion was adopted. According to the RTH method the tube was formed by the internal pressure of the working liquid, changing as in the experiments. The performed RTH tests clearly demonstrated the ability of the moulding die to sustain the deforming profile, which was assessed by roundness deviation analysis. For the selected experimental cases cross-sections of the initial and final outlines were measured and the results were compared with the equivalent dimensions obtained in the numerical simulation. In one of the experiments, a circular tube with an initial diameter of 38 mm was hydroformed and finally acquired, with the shape of an ellipse with minor and major axes of 42.8 mm and 46.3 mm, respectively. This is shown in Figure 14, which represents an experimental RTH case with a high compatibility of results being achieved.



A critical limitation in hydroforming, is the acceptable thinning of the profile wall depending on its material and geometry and how it is deformed. Due to the unusual association between the die and the profile, it was important to take a closer look at the behaviour of the cross-section profile and to analyse the thickness distribution. The microscopic examination of the thickness distribution was performed for selected sections of the deformable profile. The results of the measurements of two critical section points are shown in Figure 15. As can be observed, this aspect also achieved high compatibility between modelling and experimentation.




5. Conclusions


The presented research entirely confirmed the usefulness of the new patented RTH method for the hydroforming of single parts or short series. The existing hydroforming methods using die tools made of inexpensive materials, such as hard wood or plastic, for economic reasons were limited to the production of more than several dozen pieces. The new RTH method has repealed this limitation. Unlike hydroforming in plastic or wood dies, the method allows to form profiles at elevated temperatures. Due to the use of materials known in foundry, the method has no limitations on the height of the profile forming temperature.



The numerical modelling of the RTH process showed a significant influence of the properties of the moulding sand on the behaviour of the die during the forming process. The wide variability of the die deformation character justifies the conclusion that there is a possibility of using the RTH method in a wide range of materials and geometry of the profiles. Numerical analysis of the RTH process showed the important effect of moulding mass parameters on the deformability of the RTH die. These two properties (internal friction angle and cohesion coefficient) have been shown to be key parameters influencing the determination of the shape of the initial die, which will guarantee that the final shape of the hydroformed profile will be as designed.



Numerical analysis also showed that high cohesion masses deform with much greater difficulty and thus generate significant resistance to the eventually deformed thin-walled profile process.



The experiments verified the numerical modelling at two levels, i.e., the profile shape obtained and the section geometry (wall thickness). In both cases, the results of modelling and the actual experiment showed a far-reaching compatibility with the resulting profile shape, demonstrating the high effectiveness of the developed hydroforming method.



The new method of tube forming, due to its individual character, seems to be excellent for application, and also for materials with unique properties, e.g., high-pressure steels or magnesium alloys. Further research is necessary to determine the material properties of the profile to be shaped and the interaction between the mass properties of the die and the properties of the material.
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Figure 1. New classification of hydroforming technology [13,14]. 
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Figure 2. Rapid tube hydroforming (RTH) process scheme and its variables. 
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Figure 3. Sample test made of synthetic bentonite mass (a) and triaxial test site (b). 
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Figure 4. Examples of cohesion coefficient c and inner friction angle φ for bentonite mass. 
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Figure 5. Examples of cohesion coefficient c and inner friction angle φ for water glass mass. 
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Figure 6. RTH numerical model: (a) scheme of the real RTH process, (b) numerical model geometry. 
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Figure 7. Numerical experiments of RTH: (a) case table, (b) RTH die deformation for high internal resistance, (c) RTH die deformation for low internal resistance. 






Figure 7. Numerical experiments of RTH: (a) case table, (b) RTH die deformation for high internal resistance, (c) RTH die deformation for low internal resistance.



[image: Materials 13 05427 g007]







[image: Materials 13 05427 g008 550] 





Figure 8. The mass displacement vectors as result of punch movement for two different die materials: (a) c = 0.3 MPa and φ = 15°, (b) c = 1.5 MPa and φ = 40°. 
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Figure 9. Summary of RTH die behaviour for different materials: table of all investigated cases (a), case for masse with low cohesion (b), case for mass with high cohesion (c). Legend: green: the mass moves into the space between the punch and the die (D > 0), orange: the mass does not travel into the space between the punch and the die (D ≤ 0). 
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Figure 10. The die deformation for a mass with low internal pressure (case M21): (a) deformation on the X-axis, (b) deformation on the Y-axis. 
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Figure 11. Deformations of die material with high internal pressure (case M21): (a) deformation on the X-axis, (b) deformation on the Y-axis. 
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Figure 12. The major stress for a deformable die of two different masses: (a) with low internal pressure (case M22), (b) with high internal pressure (case M47). 
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Figure 13. The RTH experiment on TH research stand: (a) scheme and tools, (b) die cavity profile [12]. 
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Figure 14. The comparison of experiment (a) and numerical (b) result of RTH process. 
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Figure 15. The comparison of the thickness of the characteristic regions of the hydroformed tube: (a) the results obtained in experiments, (b) the numerical simulation results. 
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Table 1. Chemical composition of tested masses.
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Bentonite Mass

	
Water Glass Mass






	
Sand:GrudzeńLas 0.32/0.40/0.20

	
88.6%

	
Sand:GrudzeńLas 0.32/0.40/0.20

	
92.6%




	
Bentonite

	
8.9%

	
Sodium water glass R-145

	
6.5%




	
Water

	
2.6%

	
Ester hardener (of ethylene glycol diacetate)FlodurFM-4

	
0.9%
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