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Abstract

:

Within the scope of the transregional collaborative research centre TCRC73, the effects of an oscillation superimposed forming process for the production of a demonstrator component are investigated. Previous studies in this field were limited to a consideration of the process-related parameters such as the influence of the plastic work and the friction or the component-related parameters such as the influence of the surface quality and the mold filling. This research concentrates on the consideration of the mechanical vibration resistance of components that were manufactured superimposed oscillated. For this purpose, Wöhler tests are conducted in which the fatigue strength of superimposed oscillation pre-stretched test samples and oscillation-free pre-stretched test samples are investigated. First, Wöhler curves are generated in the tensile threshold range for tensile samples made out of the steels DC04 and DP600. Subsequently, tensile specimens are pre-stretched superimposed oscillated and oscillation-free. These specimens are subjected to a tensile threshold load until they break. The influence of the superimposed oscillation forming on the long-term fatigue of components is derived from the comparison of the bearable load cycles. Investigations of the microstructure of the specimens are conducted in order to draw conclusions about the influence on the long-term strength.
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1. Introduction


The influence of pre-stretching on the fatigue strength of various types of steel has been investigated in previous studies. For example, Zhao et al. found an intensifying extension of the fatigue strength in the range of numbers of cycles to failure (Nf) > 104 for tensile specimens made of SAPH440 steel with increasing pre-stretching. This effect was attributed to an increase in pre-stretched induced dislocation density in microscopic mechanism, which lead to a higher static and fatigue strength [1]. Ha et al. attributed an improvement in tensile and fatigue strength after a pre-stretching due to deformation [2]. Other researchers found an increase in fatigue strength also in interstitial-free (IF) [3], twinning induced plasticity (TWIP) [4], dual phase (DP) [5] and transformation induced plasticity (TRIP) [6] steels due to pre-stretching. Shang et al. described an improved fatigue life for steel wheels made of DP600 due to an increased residual stress [7]. Especially in the area of Nf > 105 load cycles, a significant enhance in fatigue strength with growing pre-stretching was recorded [8,9]. Previous studies have also investigated the influence of a superimposed oscillated forming on material-related effects. For example, Izumi et al. found a change in dislocation movements that explains a decrease in the average forming force caused by a superimposed oscillation [10]. Furthermore, Liu et al. observed an oscillation-induced change in the flow behavior of dislocation movements and an oscillation substantiated grain refinement [11]. However, the effects of superimposed oscillated forming on the tensile and fatigue strength of components are still largely unexplored.



Since the high potential of superimposed oscillated-forming processes on effects such as increasing the surface quality [12] and improving the form-filling [13] of components has been demonstrated in previous studies, this technology has promising application possibilities. Especially in the new technology of sheet-bulk metal forming, which aims at the production of complex functional components with secondary forming elements made of thin sheets [14], superimposed oscillated forming offers the interesting possibility of extending the production limits of this technology. In this research, the influence of a superimposed oscillated pre-stretching on the fatigue strength of tensile specimens made of the materials DC04 and DP600 is investigated. For this purpose, non-pre-stretched tensile specimens are first tested in fatigue tests until failure. Subsequently, oscillation-free and superimposed oscillation pre-stretched tensile specimens are tested for their fatigue strength. The corresponding fatigue strength curves are recorded and compared. In addition, hardness measurements are conducted on the pre-stretched specimens in order to draw conclusions about work-hardening mechanisms. The specimens are examined microscopically to obtain material-related influences on the fatigue strength. The aim of this research is to gain a deeper understanding of the influence of a superimposed oscillation-forming process on the fatigue and tensile strength of components.




2. Materials and Methods


The Wöhler test or fatigue test is a suitable experiment for determining fatigue strength [15]. In this test, samples are subjected to a load amplitude at constant middle stress until fracture. The number of load cycles until specimen break is plotted in a diagram over the stress amplitude applied. The experiments are performed on the resonance pulser Testronic (max. force: 150 kN) by the company Rumul AG, Neuhausen am Rheinfall, Switzerland (see Figure 1). Tension specimens with a cross-sectional area of 25 mm2 are cut out in the rolling direction from 2 mm thick sheets by water jet cutting. In order to prove that the cutting edge does not provide an unnecessarily large region of attack for crack propagation, it is measured on an optical measuring macroscope VR3200 of the company Keyence, Osaka, Japan. The image of a cutting edge as well as the sample geometry is shown in Figure 1. A good cutting quality is demonstrated.



The sample materials used are the ferritic deep-drawing steel DC04 and the two-phase steel DP600, which mainly consists of a ferritic structure with martensitic inclusions. These materials are selected because of their significantly different mechanical properties and industrial relevance. DC04 has a tensile strength of 270 to 350 MPa [16], while DP600 has a tensile strength of 580 to 670 MPa [17] in the delivery condition. In addition, both materials have different chemical compositions, as shown in Table 1. Thus, cross-material effects can be observed for superimposed oscillated forming.



The samples are divided into three classes for each steel (see Table 2). The first class refers to tensile specimens without further pre-treatment in the condition as delivered by the steel manufacturer Salzgitter Flachstahl GmbH, Salzgitter, Germany. The second class designates specimens that are pre-stretched by a length change of 15% at the resonance pulser without superimposed oscillation. For this purpose, the specimens are clamped on each side with two mechanical clamping jaws and drawn until the final geometry is reached. The third class designates specimens that are pre-stretched superimposed oscillated by a length change of 15% at the resonance pulser. The superimposed oscillation on the average tensile stress has a stress amplitude of σA = 40 MPa and a frequency of f = 90 Hz.



After pre-treatment, the samples are clamped at the resonance pulser and subjected to a fatigue test. The loading takes place in the tensile threshold range. A constant middle stress of σm = 160 MPa is applied to the DC04 samples. For the DP600 samples, a constant middle stress of σm = 460 MPa is applied. The samples are tested in a tensile test to determine the tensile strength. The samples are subjected to different amplitudes at constant average stress until they break. The average load cycles until fracture are plotted in a diagram over the amplitude applied. Hardness measurements are conducted on all six sample types. The grain structure is examined microscopically to obtain conclusions about the material related-effects influencing the fatigue strength. The experiments are conducted at room temperature.




3. Results


In the following chapter, the results of the fatigue tests are presented with the fatigue strength curves, micrographs of the grain structure, and hardness measurements. First, the fatigue strength curves for the different materials and pre-stretches are evaluated. In addition, a metallographic examination of the pre-stretched and non-pre-stretched specimens is conducted. For this purpose, micrographs of the grain structure and hardness measurements are carried out.



3.1. Fatigue Life Cycles and Tensile Strength


The flat-tensile specimens are tested for their tensile strength in a uniaxial tensile test. The tensile strength of the material DC04 is 295 MPa for the samples without pre-treatment. At a pre-strain of 15% without superimposed oscillation, a tensile strength increase to 334 MPa is measured. Furthermore, a superimposed oscillation pre-stretching of 15% leads to an increase in tensile strength to 326 MPa. Thus, the tensile strength for quasi-statically pre-stretched DC04 specimens is slightly higher than for the oscillation-superimposed pre-stretched specimens. For the DP600 specimens without pre-treatment, the tensile strength is 595 MPa. At a pre-strain level of 15%, the tensile strength of oscillation-free pre-strained DP600 specimens increases to 640 MPa. A superimposed oscillated pre-stretching of 15% leads to an increase in tensile strength up to 642 MPa. The results of the fatigue tests for the samples made of the material DC04 are shown in Figure 2. The results of the fatigue tests for samples made of the material DP600 are shown in Figure 3.



The fatigue strength curves are determined by trend lines from the diagrams. The trend lines are shown in Figure 2 and Figure 3. The lines are described mathematically by the following formulae in Table 3. The formulas were obtained by drawing the compensation lines between the experimental determined points:



The evaluation of the fatigue test curves shows that the fatigue strength of both the DC04 and the DP600 samples increases with pre-stretching. This confirms the results from previous studies [9]. For the DC04 specimens, the average fatigue strength at an amplitude of 130 MPa increases from approximately Nf = 17,000 for sample C specimens to approximately Nf = 2,062,700 for sample A specimens. With a superimposed oscillated pre-stretching of the sample B specimens, the average fatigue strength of the DC04 specimens increases to approximately Nf = 1,285,900. The fatigue strength lines, which are shown as trend lines in Figure 2, run almost parallel for all three types of DC04 specimens. A superimposed oscillated pre-stretching for the DC04 samples leads to a reduction of the fatigue strength compared to the oscillation-free pre-stretched samples. A possible pre-loading of the specimens due to the superimposed oscillation pre-stretching can be declared as an explanation for this phenomenon. The superimposed oscillated forming of the specimen could promote fatigue phenomena in the material, such as enhanced void growth, which leads to a reduction of the fatigue life.



For the DP600 specimens, the average fatigue strength at an amplitude of 130 MPa increases from approximately Nf = 19,840 for sample F to approximately Nf = 1,181,100 for sample D. For sample E, the average fatigue strength of the DP600 specimens increases at an amplitude of 130 MPa to approximately Nf = 1,408,000. Compared to the DC04 specimens, the fatigue strength lines for the DP600 specimens are steeper when the material is pre-stretched. For sample D, the fatigue strength line is steeper than that for sample E (see Figure 3). As a result, the fatigue strength in the range of approximately Nf < 900,000 is higher for sample D specimens than for sample E specimens. This is confirmed by the tensile strength measurements, which show a slightly higher value at 642 MPa for the sample D specimens than for the sample E specimens with a value of the tensile strength of 640 MPa. For load cycles beyond Nf = 900,000, a superimposed oscillation in pre-stretching for DP600 specimens leads to an increase in fatigue strength compared to oscillation-free pre-stretched specimens. A steeper course of the fatigue strength line due to pre-stretching has already been observed by Zhao et al. [1]. For DP600, this can be explained by a reduction in ductility as a result of work-hardening mechanisms due to pre-stretching. A superimposed oscillated pre-stretching leads to a reduction in fatigue strength for higher stress amplitudes for the DP600 specimens. Similar to the DC04 specimens, this can be explained by a possible pre-loading of the specimens due to a superimposed oscillated pre-stretching. Since the fatigue strength is higher for lower stress amplitudes for superimposed oscillated pre-stretched specimens than it is for the oscillation-free pre-stretched DP600 specimens, the pre-loading introduced into the material DP600 seems to be less critical for failure in the range of lower stress amplitudes.




3.2. Metallographics


Hardness measurements are conducted. The evaluation of the hardness measurements is shown in Figure 4. Hardness is measured according to the Vickers test method with a test load of 9.807 N at six positions on the specimens (see Figure 4). Three samples per set of parameters were measured. The DC04 specimens have a hardness of 98 ± 2 HV in the delivery condition. For the sample B specimens, the hardness increases to 136 ± 3 HV, and for the sample A specimens, the hardness increases to 131 ± 2 HV. According to Hance, strain hardening increases with increasing pre-stretching [18]. Since the sample B specimens have a hardness of 3.6% higher than the sample A specimens, it is assumed that the superimposed oscillation leads to increased strain hardening. This can be explained by oscillation-induced incremental movements in the material, which superimpose the global material movement during forming. Due to the superimposed oscillation, the DC04 specimens deform more strongly at the microstructure level, which leads to the increased pre-loading of the material. Oscillation-induced pre-load explains the lower fatigue strength for the superimposed oscillated pre-stretched DC04 specimens in Figure 2.



The DP600 specimens have a hardness of 186 ± 4 HV in delivery conditions. For the sample E specimens, the hardness increases to 222 ± 7 HV, and for the sample D specimens, the hardness increases to 223 ± 3 HV. In contrast to the DC04 specimens, the DP600 specimens show no significant difference in strain-hardening for superimposed oscillated and oscillation-free pre-stretched specimens. In addition to the observations from the fatigue tests, a superimposed oscillation during forming causes different effects in both materials. Any oscillation-induced pre-load occurring in the material is not noticeable in the DP600 specimens by considering the strain hardening. The curves of fatigue strength for the sample D and sample E specimens are not as clearly separated from each other as the fatigue strength curves of the DC04 specimens. Thus, it can be assumed that the influence of the superimposed oscillation for the pre-stretching of the DP600 specimens shows lower impact.



Figure 5 shows light microscopic microstructure images for the six sample types. Grain size and grain orientation are visualized by light microscopy. For the superimposed oscillated pre-stretched DC04 specimens, a more elongated microstructure can be seen than for the oscillation-free pre-stretched DC04 specimens. This confirms the assumption that deformation at the microstructure level is enhanced by incremental oscillation-induced movements in the DC04 samples. Thus, superimposed oscillation favors the material flow for DC04. Deviations in the forming behavior in a superimposed oscillation forming between DC04 and DP600 material have already been determined in previous studies [19] but are not yet fully clarified. For the DP600 specimens, no differences in grain size and grain orientation can be detected for oscillation-free and superimposed oscillated pre-stretched specimens. This can be explained by the fact that the microstructure of the DP600 material with martinsitic inclusions is less sensitive to the incremental load cycles of a superimposed oscillation. Since the load amplitude of 40 MPa for the superimposed oscillated forming was the same for both DC04 and DP600, it can be assumed that the harder DP600 material does not react as strongly to the superimposed oscillation as the softer DC04 material. This is confirmed by the observation from the hardness measurements, which suggests a reduced influence of the superimposed oscillation forming on the material properties of the DP600 samples.





4. Discussion


In this research, the effects of a superimposed oscillated pre-stretching on the fatigue strength, strain hardening, and structural properties of tensile test specimens made of the materials DC04 and DP600 were investigated. Since a superimposed oscillation has a high potential according to an extension of forming limits [13], a better understanding of the effects of a superimposed oscillation on the fatigue strength and strain hardening is of high importance. It was found that the fatigue strength behavior, strain hardening, and the influence on the microstructure of the materials DC04 and DP600 can be influenced differently by a superimposed oscillation. For DC04, there is a slight trend to a reduction in fatigue strength due to a superimposed oscillated pre-stretching compared to an oscillation-free pre-stretching. This is explained by an oscillation-induced pre-load of the DC04 steel. The incremental movements superimposed on the global movement during the forming process in the material also lead to a strain hardening in the DC04 that is increased by about 3.6%. The influence of a superimposed oscillation can also be seen in microstructure images in the DC04 by an enhanced stretching of the grains. Therefore, a tendency toward higher strain hardening correlates with a more deformed microstructure in the DC04 samples. The relation between higher structural deformation and higher strain hardening is known from the literature [20]. It is of interest that this effect occurs primarily on the microstructure scale in this research, since the total strain (of 15%) is the same for superimposed oscillated and oscillation-free pre-stretched samples.



For DP600, the fatigue strength curves for superimposed oscillated and oscillation-free pre-stretched specimens lay closer together, whereas the fatigue strength curve for superimposed oscillated pre-stretched specimens is steeper. The influence of a superimposed oscillation on the strain hardening and the microstructure of DP600 is not apparent in the current investigations. This can be explained by the martinsitic inclusions in DP600, which lead to a higher basic hardness of the material. This leads to a higher resistance against oscillation-induced movements in DP600 steel for the investigated amplitude range. Kalashami et al. found that for DP steels, the microstructure deformation occurs in several steps. At relatively low loads, the ferritic phase deforms first, while the martinsitic phase remains intact [21]. Therefore, it is assumed that the superimposed oscillation may have induced an effect in the ferritic phase of the microstructure without being apparent on the microscopic image. This effect could be responsible for the flatter course of the stress-life curve of the superimposed oscillated formed DP600 samples. In the case of hardness measurements, the values for the superimposed oscillated and oscillation-free formed samples are almost in the same order, so no concrete conclusions can be drawn. To investigate this suspected influence, more experiments should be carried out in future works.



Therefore, the different material-dependent influences on superimposed oscillated forming processes are very interesting and require deeper investigations. Furthermore, the oscillation-induced increased strain hardening of the DC04 steel shows potential for further investigations. In addition, the influence of a superimposed oscillation on the fatigue strength of the DP600 steel can be investigated in more detail in further studies. Especially in the field of long-term strength, the DP600 steel shows potential.




5. Conclusions


In summary, the following conclusions can be derived from the results of this research:



(1) The fatigue strength of tensile test specimens increases significantly for the steels DC04 and DP600 with a pre-stretching of 15%. This is due to enhanced strain hardening caused by forming.



(2) A superimposed oscillation shows different effects on the forming behavior of steels that differ greatly in their mechanical and structural properties.



(3) For DC04, strain hardening increases slightly with a superimposed oscillated uniaxial forming, while the fatigue strength slightly decreases. This is explained by an enhanced deformation on microstructural scale and a simultaneous preloading of the material.



(4) For DP600, the long-term strength increases for uniaxial superimposed oscillated pre-stretched samples in comparison to uniaxial oscillation-free pre-stretched samples.



(5) The stress-life curve flattens when the flat-tensile test specimens made of DP600 are pre-stretched superimposed oscillated.



Especially for the dual-phase steel, the mechanisms of the oscillation-induced effects in the microstructure should be investigated in more detail in future studies because of the potential of increasing the long-term strength.
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Figure 1. Experimental stand for fatigue tests and sample geometry. 
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Figure 2. Stress-life curves for flat-tensile test specimens made out of DC04. 
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Figure 3. Stress-life curves for flat-tensile test specimens made out of DP600. 
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Figure 4. Hardness values for DC04 and DP600 flat tensile specimen in delivery state and superimposed oscillated and oscillation-free 15% pre-stretched levels. 






Figure 4. Hardness values for DC04 and DP600 flat tensile specimen in delivery state and superimposed oscillated and oscillation-free 15% pre-stretched levels.



[image: Metals 10 01274 g004]







[image: Metals 10 01274 g005 550] 





Figure 5. Micrographs for superimposed oscillation and oscillation-free pre-stretched and non-pre-stretched tensile test specimen. 
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Table 1. Chemical components of DC04 [16] and DP600 [17].
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	Material
	C
	Si
	Mn
	P
	S
	Al
	Cr + Mo + Ni





	DC04
	0.08%
	–
	0.4%
	0.03%
	0.03%
	–
	–



	DP600
	0.14%
	1.5%
	2.0%
	0.07%
	0.015%
	0.015%
	1.0%
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Table 2. Sample classes for fatigue tests.
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Material

	
Pre-Treatment

	
Sample Class






	
DC04

	
oscillation-free pre-stretched (15%)

	
A




	
superimposed oscillation pre-stretched (15%)

	
B




	
delivery state

	
C




	
DP600

	
oscillation-free pre-stretched (15%)

	
D




	
superimposed oscillation pre-stretched (15%)

	
E




	
delivery state

	
F
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Table 3. Mathematical course of the trend lines.






Table 3. Mathematical course of the trend lines.





	Sample
	Formula
	Number





	DC04 delivery state
	σA = −4.82ln(Nf) + 175.11
	(1)



	DC04 15% oscillation-free pre-stretched
	σA = −5.125ln(Nf) + 206.64
	(2)



	DC04 15% superimposed oscillation pre-stretched
	σA = −5.095ln(Nf) + 204.5
	(3)



	DP600 delivery state
	σA = −3.994ln(Nf) + 170.29
	(4)



	DP600 15% oscillation-free pre-stretched
	σA = −35.69ln(Nf) + 628.85
	(5)



	DP600 15% superimposed oscillation pre-stretched
	σA = −15.4ln(Nf) + 352.81
	(6)











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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