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Abstract

:

Mass flow inequality in the initial stage of tube processing can lead to eccentricity and micro- and nano-structural changes that affect residual stress and texture development. In this study, the macro- and micro-texture development of copper tubes drawn with a tilted die was investigated using three methods: synchrotron, neutron diffraction, and electron backscatter diffraction, in the positions of maximum and minimum wall thickness of the tubes. Understanding how a tilted die can affect the texture development in copper tubes is the main aim of this study. The micro-texture results of EBSD examinations showed the same behavior at the maximum and minimum sides of the as-received tube, as observed using the synchrotron diffraction method as well as macro-texture measurements. The cube texture component was found to be the predominant orientation in the as-received tube. However, it almost disappeared after drawing with −5° tilting. By contrast, the Cu texture component increased significantly. Before drawing, the cube component varied strongly across the wall thickness. After drawing, however, there was no noticeable texture gradient across the wall thickness. The analyses showed that tilting is not creating an inhomogeneous texture development over the circumference.
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1. Introduction


In terms of applications and properties, residual stresses (RS) and eccentricity (E) are two main features in the tube drawing, as they affect the limits of the tubes. However, no industrial technique has yet been developed to control these parameters in a repeatable manner using the standard drawing method. To address this problem, Foadian et al. investigated a method to affect E and RS through mass flow control in tubes [1]. This was accomplished as the die was tilted or the tube was moved off center before entering the die. They showed that depending on the alignment of the maximum/minimum wall thickness in the tube, this method is able to reproducibly decrease or even increase E. In addition, Foadian et al. [2] investigated the influence of the die tilting (0° and ±5°) during the tube drawing process on the development of RS by neutron diffraction for as-received copper tubes, both in the drawing zone and on the leaving side. Their findings showed a significant shift of the RS in the direction of compression for the tubes drawn with a −5° tilting angle.



During plastic deformation, crystal rotation occurs, altering the microstructures and crystallographic textures of the materials. Texture in a polycrystalline material describes the distribution of the crystallite orientation. The mass flow, on the other hand, is the outcome of interactions among some process conditions such as temperature, microstructure, and time. It has also been well established that texture development is strongly influenced by the microstructure [3,4]. Therefore, in order to recognize the flow of mass and thus understand the variation and evolution of RS and E, it is necessary to understand the evolution of crystallographic orientation. A thorough knowledge of texture development during the process of deformation is indispensable. This is because the deformation texture not only plays an important role in determining the various material properties but can also significantly influence the recovery and recrystallization behavior. Furthermore, texture analysis can help to understand the deformation mechanisms [5].



In processes where the plastic strain near the surface differs from that in the interior, a texture gradient across the thickness may occur, especially in rolling and drawing with small reductions, resulting in texture inhomogeneity [6]. One of the most influential factors in developing the local texture is the inhomogeneity of mass flow over the tube’s circumference. This results from eccentricity and leads to the development of a complex RS pattern, which affects the materials’ behavior. Therefore, to better understand the material property, texture evolution studies and anisotropic behavior in drawn tubes seem essential. It also helps control the properties and the process [7,8,9,10,11]. Al-Hamdany et. al. studied the texture gradient in copper tubes along the thickness. They showed that both global texture and texture gradient are affected by the thickness of the wall [7]. In another study, the texture evolution of Al-6063 tubes was investigated by Cho et al. during the drawing process. Their results indicated that the severe texture gradient of hot extruded tubes decreased after cold drawing [8].



It has been demonstrated that the average texture of the material can affect different material properties, such that the influence of texture in many cases has been reported to be up to 20–50% of the property values [12]. It has been shown, for example, that the crystallographic direction can result in the anisotropy of the elastic properties [13].



The macroscopic texture is a statistical measurement showing the orientations of the individual grains in a material without taking the spatial position into account. Microscopic texture, on the other hand, determines the orientation of each individual grain in a grain population. It includes the type and degree of misorientation of the grain in relation to its nearest neighbors [6].



Truszkowski et al. [14] investigated the influence of flow characteristics on texture inhomogeneity in the rolling process. They showed that the work hardening exponent and yield strength have a decisive effect on the texture heterogeneity; the higher flow characteristics lead to less shear deformation and, as a result, less heterogeneity in texture. The texture inhomogeneity in cold-drawn wires was analyzed by Bunge and Schläfer [11] by the neutron scattering method. An inhomogeneity in texture from the central axis to the outer surface was observed, in which an axial was detected at the center; however, a rolling-type one was at the outer surface.



Brokmeier et al. [9] investigated the changes in the texture gradient at the maximum and minimum wall thicknesses of the copper tubes. Their results show that the strongest texture forms on the outer surface and a much weaker one in the middle region of the tube. Al-Mg-Si alloy tubes were analyzed for deformation and annealing texture using the EBSD method by Park and Lee [15]. Their observations showed that after drawing with a thickness and diameter reduction of 30% and 10%, respectively, the orientations {111}<001> and {112}<111> were the dominant components.



The texture of hot extruded aluminum tubes followed by cold drawing was investigated by Cho et al. [8]. According to their results, a strong texture gradient was observed moving from the midplane to the wall surfaces. This texture gradient, however, became less pronounced after cold drawing.



Chen et al. [16] investigated the evolution of global texture for cold-drawn copper wires using diffractometry and EBSD. The results showed the formation of <111> and <100> duplex fiber textures, whereas the intensities grew as the strain increased. Using neutron and synchrotron diffraction techniques, Carradò et al. [10] investigated how RSs and texture developed in drawn copper tubes.



In previous studies [1,2], it was shown that it is not only possible to control the eccentricity with a tilted die in the tube drawing process but also to reduce the resulting RS at the surface and through the tube wall thickness. Therefore, this work aims to study the possible influence of these parameters on the crystallographic evolution during drawing using a die with a −5° tilting angle. For this purpose, the micro- and macro-texture of the tubes were analyzed before and after two drawing steps with a tilted die at different wall thickness positions.




2. Materials and Methods


2.1. Materials


Annealed copper deoxidized phosphorus tubes (Cu-DHP—ASTM B75) with original dimensions of 65.0 × 5.5 mm2 (outer diameter × wall thickness) were used. As given in Table 1, the drawing of Cu tubes was conducted in two steps. The final dimension of the tubes, deformation, and the geometrical information of the tools are listed in Table 1, too. For ease of use, the area with the maximum (minimum) wall thickness will be called max (min) in this study. Figure 1 illustrates the microstructure of the as-received as well as the drawn tubes at max and min positions. As can be seen, the microstructures are equiaxed recrystallized grains containing annealing twins. The average grain size of the as-received sample at max and min is the same with 47.1 ± 4.0 µm and 48.3 ± 6.1 µm, respectively.




2.2. Drawing Process


The drawing process was performed using a laboratory 2500 kN hydraulic tube drawing machine with a fixed plug, as shown in Figure 2. The drawing speed was between 5 and 30 m/min. An inner clamping system was used for the drawings. For tilting, a die holder with a fixed tilting angle was used. Moreover, a set-up with an in-line system for eccentricity measurement and setting the tilting angle was used, as introduced in previous studies by the authors [1,2].




2.3. Texture Analysis


The global texture changes of the copper tubes were measured using two techniques of neutron and synchrotron diffraction methods at different positions during the drawing steps by interrupting the drawing process to get a so-called Interrupted Drawn Tube (IDT), as shown schematically in Figure 3. Three different zones were analyzed in this IDT: the as-received position, the deformation zone, and after drawing. The coarse grain size of the as-received tubes makes it unsuitable for using the synchrotron diffraction method as it does not have a sufficient number of grains in the sample gauge volume (SGV). For this reason, it was measured using neutron diffraction. However, the deformation made the grains fine enough to be analyzed by the synchrotron diffraction technique. In addition, the local textures have been measured by both the synchrotron and electron diffraction techniques (as shown in Figure 3).



Samples were taken from the as-received and the drawn tubes without and with tilting angles of ±5° at three positions of max and min to be evaluated for texture development.



2.3.1. Texture Measurements by Neutron Diffraction


Neutron diffraction measurements were performed using the STRESS-SPEC instrument at Heinz Maier-Leibnitz (FRM II) [17]. Pole figure determinations were carried out with an Eulerian cradle Huber 512. Cubic samples with dimensions of 10 × 10 × wall thickness (mm3) were analyzed. Three similar samples were glued together to provide a sufficient thickness for the neutron measurements. A neutron wavelength of 1.565  Å  was used for the measurements obtained from a Ge (311) monochromator.




2.3.2. Measurements of Texture with Synchrotron Diffraction


Texture measurements were performed ex situ using the HEMS-P07B instrument at the German Electron Synchrotron (DESY), which has an X-ray beam with a wavelength of 0.142441 Å and a size of 0.5 × 0.5 mm2 for the local texture measurements. The distance between the sample and the 2D Perkin Elmer (PE) detector was 1123 mm. The PE detector had a resolution of 0.2 mm and a diameter of 416 mm. The azimuthal rotation (phi) was driven from -90° to 90° in steps of 5° with an exposure time of 3 s for every step. The samples were fixed on a pin and mounted on the ω-rotation stage, in which the drawing direction pointed in the direction of the detector. LaB6 was used for the correction of the data.



Averaging the measured data for the different positions was used to calculate the global texture variation. To calculate the ODF, the PFs {111}, {200}, and {220} were used with the degree of series expansion Lmax = 23. The ODF calculation was performed with triclinic sample symmetry because of the lower sample symmetry.




2.3.3. Texture Measurements by Electron Diffraction


The electron diffraction method with the EBSD technique was also used for the measurement of micro-textures. The samples were taken from the axial/radial plane at the max and min positions. Scanning electron microscope Tescan Vega II XMU with Digiview III type EBSD camera with forward scatter detector (FSD) was used. The scan size was 800 × 550 µm2 with a step size of 0.3 µm. The scan voltage was 30 kV, the probe current was 127 pA, and the probe size was 0.3 µm. Using Orientation Imaging Microscopy (OIM) data acquisition software V5.31 and OIM analysis software V5.31, as well as MTEX 3.5.0 software, data processing was performed.






3. Results and Discussions


The crystallographic evolution was studied to obtain an understanding of the probable anisotropic characteristics of the tubes during the drawing process with and without a tilted die and to analyze the evolution of new crystallographic orientations during drawing with tilting. In this context, the influence of tilting on texture development was investigated by comparing various crystallographic orientations before and after drawings utilizing macro-texture. To find any possible texture inhomogeneities over the tube wall thicknesses, micro-texture was investigated.



3.1. Macro-Texture Analysis


3.1.1. As-Received Tubes


Figure 4 shows (a) and (b)     111   ,   200     and     220     PFs at max and min positions of the tubes in the as-received condition. Following the volume and anisotropic absorption corrections, the PFs are plotted to depict the samples’ global texture. They exhibit the same shape and almost the same density in both positions. This could be expected of the annealing pre-treatment.



When the PFs at the max and min positions of the as-received tube (Figure 4) are compared to the findings of heat-treated Cu samples at 400 °C by Suwas et al. [19], the PFs have the same shape. The cube component     001   <  100  >   is also the most dominant in both figures, as described by Engler and Randke [20].



This is typical of the recrystallization texture in materials such as Al, Ni, and Cu that have a medium to high stacking fault energy (SFE) level [19]. Heat-treated and deformed PF have a cube-shaped texture due to the cube-shaped nuclei resulting from the band-like pattern. The deformed grains that still have a cube orientation make up the majority of the bandlike structure or cube bands. Given their ideal conditions for growth into the deformation texture, this orientation will predominate primarily during the following growth [21]. Twin orientations are also visible in the PFs of the as-received tube, confirmed by microstructural analysis as shown in Figure 1. However, this twin orientation is weaker than the cube one.



Pure metals with a medium to high SFE primarily exhibit a copper-type deformation texture (pure type). The SFE will be lower when alloying elements are present, as they are in brass or austenitic steel, indicating an alloy-type texture. Deformation twinning occurs in these materials and leads to the formation of enormous shear bands, which alter the evolution of the deformation texture [22].



The ODF    φ 2    sections of the as-received samples at max and min positions were calculated based on the use of     111   ,   200     and     220     pole figures. The calculated ODF sections for different    φ 2    angles at max and min positions are shown in Figure 5a,b, respectively. It is worth mentioning that sections 0° and 45° show the cube, copper (Cu), and brass (Bs) components, which are the most important components in the deformation processes. As a result, only these two components are typically mentioned in most cases. Figure 5c,d illustrates the 0° and 45° sections of the achieved ODF for max and min positions and detected components. The cube and Bs components are detected in the 0° range of the received tube in max and min positions. However, the Cu and Bs orientations can be observed in the 45° section (Figure 5d). As stated by Wassermann et al. [23], the rolling texture of pure copper and brass also contains the Bs components in the 0 ° section and the Cu component in the 45° section. In the 65° section of the rolling texture, the S components were seen to be in virtually the identical visual location as the Cu component in the 45° section.




3.1.2. Texture Development following the First Drawing Step


The {111}, {200}, and {220} PFs of the samples drawn with a tilt angle of −5° at the max and min positions are shown in Figure 6a,b, respectively. The cube orientation, which was predominant in the initial tube, almost completely disappeared in the deformation texture after the first drawing step due to its optimal growth conditions. Furthermore, it is obvious that the Cu orientation has taken over as the dominant orientation. Comparing PFs at the max and min sides reveals that both sides have nearly identical PFs across all three planes. The cube component on the min side has fully disappeared; however, there are still some on the max side. This is the only difference between max and min positions. This issue is most likely caused by the varied paths and degrees of deformation on these two sides. Both sides have nearly identical PF densities.



The tubes drawn with a +5° tilting angle are subjected to the same comparison as the max and min sides (Figure 7a,b). There is no noticeable change between the two sides, and the same components as in the tubes drawn with the −5° tilting angle are visible. The max and min positions of the drawn tube with the −5° tilt angle are shown in Figure 8a,b for the    φ 2  = 45 °   ODF sections. Similar to the PF results, these ODFs demonstrate the disappearing cube component. Compared to the as-received tubes, the cube orientation is weaker after drawing, with the Cu orientation being the predominant one. However, the ODF densities at the max and min sides differ slightly, being larger at max. Because of the symmetry in the ODFs, only 0 < 𝜑1 < 180 is presented in the figures.




3.1.3. Texture Evolution after the Second Drawing Step


After the second step of the drawing process, the macro-textures were also examined. The     111     PFs at the max and min positions of the tubes drawn with a −5° tilting angle are depicted in Figure 9a,b. As can be observed, the higher deformation leads to a significant increase in the PF density at max. On the other hand, texture development at max and min is slightly asymmetrical as a result of tilting, which generates a mass flow directionally from one side of the tube to the other.



After the second step, as with the first drawing step, the Cu component is dominating. Comparing the ODFs of max and min demonstrates the same behavior as for the first step. Moreover, the additional deformation of the tube results in a considerable rise in the ODF density in comparison to the as-delivered tube as well as the one-time drawn tube.




3.1.4. Texture Gradient


Another factor that contributes to the inhomogeneity over the wall thickness is the texture gradient. The texture was measured at several points over the wall thickness of each sample using the synchrotron technique to investigate how the ODF density varied. The measurement points across the wall thickness of the tube are shown in Figure 10a, beginning from the outer surface to the inner surface.



As seen in PF results, Figure 10b also shows that the cube component is found to be predominant in the initial tube, but its density changes across the thickness. The outer surface has the highest density, and as expected, it is almost the same at the max and min positions. On the other hand, the Cu component has the same intensity at max and min as the cube component and is essentially constant across the wall thickness.



The Goss and Bs components differ slightly across the thickness in addition to the Cu and cube components. The variation among the four components is shown in Figure 10c,d. The highest ODF density is for the cube component, and the lowest is for the Goss component. There are no significant changes in the Bs and Cu components.



Figure 11 compares the ODF densities of the four main components before and after the first step of drawing with −5° tilting at max and min sides. It reveals that the density of the Cu component at both max and min has significantly increased after drawing, whereas the cube component has decreased (Figure 11a,d). However, their variation is not significant over the wall thickness. Figure 11b,c depicts the variation of the Bs and Goss components. After drawing, the Goss component increased while the Bs component decreased.



Figure 12a–d demonstrates the ODF density variation across the wall thickness at the max side of the tube in different states of as-received condition after the first and after the second drawing step using −5° tilting. The Cu component density increases considerably after each step of drawing, as seen in Figure 12a. The Goss component density also increased after drawing, but not significantly (Figure 12d). However, Bs and cube components diminished following the second drawing step, similar to the first step (Figure 12b,c). In conclusion, aside from some slight variations observed on the max and min sides, no remarkable texture gradient was observed over the wall thickness after drawing.





3.2. Micro-Texture Analysis


The micrographs of the max and min positions of the tube in its as-received state are shown in Figure 13a,b, respectively. It is possible to distinguish between grains with various orientations. However, there is no discernible difference between the two positions. Moreover, the micrographs’ color pattern demonstrates that there is no dominant orientation and that various grains exhibit a variety of orientations. The micrographs after the first drawing step with tilting angles of 0° and −5° do not clearly exhibit any dominant orientations, as illustrated in Figure 13c,d.



Figure 14a–c shows the {111}, {100}, and {110} PFs of the obtained tube on the min side are shown. Similar to the macro-texture, the cube component could be identified as the only dominant one in these PFs. As can be observed, the density of the PFs is quite weak, such that the maximum intensity is about 1.78. The same behavior was observed at the max position.



PFs of the tubes at the min side after the second drawing step with a 0° tilt angle (standard drawing) are shown in Figure 15. Same as the macro-texture measurements, the Cu component predominates after the second drawing step. However, components with lower densities such as cube, Bs, and Goss were also detected.



The     111    ,     100    , and     110     PFs after the second drawing step with −5° tilting at the min side of the tube are shown in Figure 16. No remarkable difference between the PFs of the samples after tilting and standard drawing was observed. In the case of −5° tilting, the maximum intensity of the PFs was enhanced (3.71) compared to the standard drawn tubes (2.42), which is the only noticeable difference.





4. Conclusions


In the present study, the development of macro- and micro-textures in copper tubes drawn with a tilt angle of 0° and −5° was investigated. The main objective of the texture measurements was to understand if and how the tilt affects the texture development in the tubes. The macro-textures of the tubes—before and after the drawing steps—were analyzed using neutron and synchrotron diffraction techniques. In contrast, the micro-textures of the samples were analyzed using the electron diffraction method. In both the max and min positions of the wall thicknesses of the tubes, the texture was analyzed.



In the as-received tubes, the cube-shaped component was the predominant orientation, which corresponds to the heat treatment process applied to the tubes in the as-received tubes. Comparing the     111   ,   200     and     220     PFs showed that there is no noticeable difference in the PFs at the max and min sides of the as-received tube, and both sides showed nearly the same PF densities. Both cube and Bs components were detected in the    φ 2  = 0 °   ODF section of the as-received tube. However, Cu and S components were visible in the    φ 2  = 45 °   and    φ 2  = 65 °   sections, respectively.



As the most dominant component at both the max and min sides of the as-received tubes, the cube component varied strongly over the wall thickness of the tube. However, its variation on both sides was almost similar. The Cu, Goss, and Bs components were more or less constant over the wall thickness in both positions of the as-received tube.



Owing to its ideal conditions of growth into the deformation texture, the cube component almost disappeared after the first step of drawing with −5° tilting at max and min sides of the tube, while the Cu component increased significantly. The     111   ,   200     and     220     PFs revealed that the cube component at the min side fully vanished, whereas at the max side there was still some cube component, and this was the only difference between these two positions. The ODF results also showed a decrease in the intensity of the cube and Bs components, which was remarkable in the case of the cube component. Moreover, the intensity of both Cu and Goss components increased, which was strong for Cu. As with the first drawing, the second drawing shows the same tendencies. A texture gradient was observed for only the cube component over the wall thickness after the first and second drawing steps; however, other components varied slightly.



The micro-texture results of EBSD examinations showed the same behavior at the max and min sides of the as-received tube, as observed using the synchrotron diffraction method as well as macro-texture measurements. The EBSD micro-texture of the tubes after drawing using −5° and 0° tilting also showed nonsignificant differences in micro-texture. The only difference was the greater PF density for tubes drawn with −5° tilted die (3.71) in comparison with the 2.42 for the standard-drawn ones.



The analyses showed that there are no significant differences between the drawn tubes with and without tilt in terms of texture development, except for some minor variations. Tilting is not creating an inhomogeneous texture development over the circumference. Moreover, deviations in wall thickness over circumference must not be taken into account concerning texture development when reducing the eccentricity by changing the tool conditions, e.g., tilting the die.
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Abbreviations




	Symbol
	Definition
	Unit



	Bs
	Brass orientation
	[-]



	CP
	Crystal plasticity
	[-]



	Cu
	Copper orientation
	[-]



	DESY
	German electron synchrotron
	[-]



	E
	Eccentricity
	[%]



	EBSD
	Electron backscatter scanning diffraction
	[-]



	FSD
	Forward scattered detector
	[-]



	IDT
	Interrupted drawn tube
	[-]



	Max
	Maximum
	[-]



	Min
	Minimum
	[-]



	ND
	Normal direction
	[-]



	ODF
	Orientation distribution function
	[-]



	OIM
	Orientation imaging microscopy
	[-]



	PE
	Perkin Elmer
	[-]



	PF
	Pole figure
	[-]



	RD
	Rolling direction
	[-]



	RS
	Residual stress
	[MPa]



	SGV
	Sample gauge volume
	[-]



	TD
	Transverse direction
	[-]
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Figure 1. Cross-section of (a,b) specimen in as-received condition and (c,d) of the tube drawn with a tilt angle of −5° in the max and min positions. 
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Figure 2. Tube drawing facility. 
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Figure 3. The interrupted drawn tube IDT used for texture measurements. 
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Figure 4. {111}, {200}, and {220} PFs of the as-received tubes at (a) max and (b) min positions, reprinted with permission from [18]. 2019, Elsevier. 






Figure 4. {111}, {200}, and {220} PFs of the as-received tubes at (a) max and (b) min positions, reprinted with permission from [18]. 2019, Elsevier.
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Figure 5. The ODF cuts of the as-received tube at (a) max and (b) min positions for different    φ 2    angles. The (c) 0° and (d) 45° ODF sections showing the detected components, reprinted with permission from [18]. 2019, Elsevier. 
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Figure 6.     111   ,   200     and     220     PFs at the (a) max and (b) min positions of the drawn tube using −5° tilting angle. 
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Figure 7.     111   ,   200     and     220     PFs at the (a) max and (b) min sides of the drawn tube using +5° tilting angle. 
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Figure 8.    φ 2  = 45 °   ODF section of (a) max and (b) min sides of the drawn tube using −5° tilting angle. 
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Figure 9.     111     PFs after the 2nd drawing step at (a) max, (b) min. 45° ODF section at (c) max and (d) min. 
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Figure 10. (a) Reference points over the wall thickness of the as-received tube. (b) Variation of the cube and Cu components at max and min positions of the initial tube. (c) Max and (d) min position comparison of the four principal components. 
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Figure 11. Change in principal components cube, Goss, and Bs before and after the first drawing step at (a,b) max and (c,d) min side of the tube. The measuring points are P1 to P9, as sketched in Figure 10. 
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Figure 12. Changes in the texture components over the wall thickness of the tube at max side before and after drawing steps; (a) Cu, (b) cube, (c) Bs, and (d) Goss components. 
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Figure 13. Micrograph of the as-received tube at (a) max and (b) min positions, (c) max side of the drawn tubes with 0° tilting, and (d) −5° tilting angle. 
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Figure 14. (a)     111    , (b)     100    , and (c)     110     PFs of the as-received tubes at min side. The maximum intensity of PFs is approximately 1.78. 
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Figure 15. (a)     111    , (b)     100    , and (c)     110     PFs of the tubes drawn with the standard die after the second drawing step at min position. The maximum intensity of PFs is approximately 2.42. 
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Figure 16. (a)     111    , (b)     100    , and (c)     110     PFs of the tubes drawn with −5° tilted die after the second step of drawing at min. The maximum intensity of PFs is approximately 3.7. 
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Table 1. Tube drawing process of Cu tubes.
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	Step
	Initial Size, mm
	Die ∅, mm
	Plug ∅, mm
	    Thickness   Reduction ,     ε   s      
	    Diameter  Reduction ,     ε   d      
	Q Value
	Final Size, ∅ × t, mm





	First
	65.0 × 5.5
	60.0
	51.0
	0.20
	0.08
	2.5
	60.0 × 4.5



	Second
	60.0 × 4.5
	50.0
	44.0
	0.22
	0.11
	2.0
	× 4.0
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