

  metals-12-00622




metals-12-00622







Metals 2022, 12(4), 622; doi:10.3390/met12040622




Article



Investigation of Through-Thickness Residual Stress, Microstructure and Texture in Radial Forged High-Strength Alloy Steel Tubes



Weisheng Xu and Jin Zhang *





Institute for Advanced Materials and Technology, University of Science and Technology Beijing, Beijing 100083, China









*



Correspondence: zhangjin@ustb.edu.cn; Tel.: +86-010-82377393







Academic Editors: Thomas Niendorf, Zhenjia Xie, Xueda Li and Xiangliang Wan



Received: 22 March 2022 / Accepted: 2 April 2022 / Published: 4 April 2022



Abstract

:

Gradient variations of through-thickness residual stress, microstructure and texture greatly affect the performance of cold radial forged tubes. In this work, the through-thickness distribution of residual stress was measured based on the Debye ring. The microstructure was characterized with the electron backscattering diffraction technique. The texture was measured by the X-ray diffractometer. The influence of microstructure and texture on the strength and anisotropy of forged tubes with different thickness reductions was analyzed. The results show that the residual stress varies gradually from compressive to tensile from the outer to inner surface. The microhardness of the outer surface is lower than the inner. The dislocation density and low-angle grain boundary fraction are the smallest in the one-third thickness. The dislocation density and low-angle grain boundary fraction increase gradually from the one-third thickness to the inner surface. The main texture components of the forged tube include {111}<110>, {001}<110> and {114}<110>. Texture {111}<110> deflects gradually toward {114}<110>, {112}<110> and {110}<110> from the external tube to the internal tube. The gradient variation of strength mainly resulted from the difference of the dislocation density. The difference of strength along the radial direction is reduced with a larger thickness reduction. This work has important significance for improving the performance of high-strength alloy steel tubes processed by cold radial forging.
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1. Introduction


The performance of the barrel can be improved greatly by cold radial forging [1,2]. In the forging process, it is very common to observe the deformation gradient through the thickness [3]. The uneven deformation will result in residual stress and gradient changes of the microstructure. The through-thickness residual stress distribution has a significant impact on the product, such as strength, dimensional stability and fatigue strength [4,5]. The through-thickness texture and microstructure will also affect the performance of products. Chen et al. [6] found that texture changes along the thickness direction can lead to differences in the anisotropy. Moreover, the gradient change of texture also affects the through-thickness distribution of residual stress [7]. Gradient variations of the microstructure will cause the differences in strength, which, in turn, affect the overall performance [8]. Therefore, it is necessary to study the through-thickness variation of residual stress, microstructure and texture in cold radial forged tubes.



The simulation method was mainly adopted on the current research of radial forging [9,10,11,12]. It shows that the influence of friction is mainly on the surface residual stress. Ishkina et al. [13] found that both the residual stress and microstructure of the internal and external surface in the rotary forging steel tube were different. The research of Ghaei et al. [14] proved that the surface residual stress was reduced significantly when the mandrel was used. Xu et al. [15] worked over the effect of the radial forging process on the near surface microstructure and texture. It indicated that the texture and anisotropy increased gradually with the increase of deformation. Arreola et al. [16] researched the impact of cold forging on the property of 32CDV13 steel. It showed that large deformation had a positive effect on the hardness yield and tensile strength. Xiao et al. [17] investigated the microstructure of the radial forged 20MnTiB steel. It was found that the ferrite grains were elongated after forging while the pearlite grains were refined. Kamikawa [18] and Barrett [19] found that the through-thickness shear texture was affected by the friction. Gao et al. [20] found that the thickness reduction had an impact on texture types and tensile strength.



Although research on the microstructure and texture of forging have been reported, these studies mainly focus on the microstructure of the surface. Research is lacking on the through-thickness residual stress, microstructure and texture. Furthermore, the influence of the through-thickness microstructure and texture on the strength and anisotropy is unclear. This work has important significance for evaluating the process optimization to improve the overall performance of forged tubes. This paper focused on the through-thickness distribution of residual stress, hardness, grain boundary, grain size, dislocation density and texture in the radial forged tube. The residual stress was measured by the XRD method based on the Debye ring. The through-thickness microstructure was characterized using the electron backscattering technique. The measurement of texture was performed on an X-ray diffractometer.




2. Materials and Methods


2.1. Materials and Cold Radial Forging


As shown in Figure 1, the inner and outer radius of the tube before forging are represented by Ri and Ro. The inner and outer radius of the forged tube are expressed by ri and ro. The chemical composition of the tube is shown in Table 1, which is a Ni−Cr−Mo high-strength low alloy steel with a yield strength of 1000 MPa. After the forging process, the strength of the forged tube increases by 20%, which is about 1200 MPa. The dimensions of the radial forged tube are shown in Table 2. The thickness reduction η is given by the following equation:


  η =      R o 2  −  R i 2    −    b 2  −  a 2       R o 2  −  R i 2     



(1)








2.2. Residual Stress Determination


The portable X-ray residual stress analyzer used in the test is a μ-X360n [21]. The target material is chromium, and the crystal plane for the measurement of residual stress is (211). E and ν are the elastic modulus and Poisson’s ratio of the material, which are 225.5 GPa and 0.28 for the calculation of residual stress [22,23]. The radial residual stress of the outer surface should be 0 MPa [14]. After the axial and hoop residual stress    σ z ′   r   ,    σ t ′   r    at the radius r were measured, the initial axial, hoop and radial residual stress    σ z   r   ,    σ t   r   ,    σ r   r    were calculated with the following formula [24,25]:


   σ z   r  =  σ z ′   r  − 2   ∫  r   r o     r   r 2  −  r i    2     σ z ′  d r  



(2)






   σ t   r  =  σ t ′   r  −    r 2  +  r i    2     r 2      ∫  r   r o     r   r 2  −  r i    2     σ t ′  d r  



(3)






   σ r   r  = −    r 2  −  r i    2     r 2      ∫  r   r o     r   r 2  −  r i    2     σ t ′  d r  



(4)








2.3. Microhardness and Texture


The sections of outer surface (r = 11 mm), one-third thickness (r = 8.3 mm), two-thirds thickness (r = 5.6 mm) and inner surface (r = 2.9 mm) were selected for the measurement of the Vickers hardness (HV) and texture of the forged tube with a reduction of 42.7%, as shown in Figure 2. The hardness was measured by the hardness tester of HXD-1000. The retention time was set to 15 s, and the load was 500 g. The measurement of the texture was performed on the Bruker D8 Advance diffractometer. The different directions of the sample are shown in Figure 2. AD, HD and RD are the axial, hoop and radial direction of the forged tube.




2.4. Microstructural Characteristics


The sections with a radius of 11, 8.3, 5.6 and 2.9 mm were selected for the observation of the microstructure of the forged tube with a reduction of 42.7%, as shown in Figure 2. The inner (r = 2.9 mm) and outer (r = 10.9 mm) surface were selected for the observation of the microstructure of the forged tube with a reduction of 48.7%. The microstructure of the forged tube was observed by a field emission scanning electron microscope. The model of the electron microscope is a JSM-7100 (Oxford Instruments, Oxford, UK), which is equipped with an electron backscatter diffraction system. The solution for the electrolytic polishing was an alcohol containing 5% glycerol and 10% perchloric acid. A step size of 0.08 μm was set to scan the sample.





3. Results


3.1. Residual Stress


The residual stress varies gradually from compressive to tensile from outside to inside, as shown in Figure 3. The hoop residual stress was smaller than the axial residual stress at the same location. The radial residual stress is less than 110 MPa. The radial residual stress of the tube satisfies the balance condition. Since the residual stress measured in this work is uniformly distributed along the circumferential direction of the tube, the tensile, radial residual stresses in opposite directions of the same radius can balance each other, so there is no need for the simultaneous existence of both tensile stress and compressive stress. The change of residual stress is large near the inner and outer surface while the stress changes slowly in the middle. The residual stress on the outer surface is compressive, and the tensile, residual stress near the inner surface is up to 728 MPa. The compressive stresses on the outer surface can prevent the propagation of a crack. The tensile stresses of the inner surface will reduce the fatigue life of the forged tube. Therefore, it is important to reduce the residual stress of the inner surface.




3.2. Microhardness


The distribution of hardness is uneven in the radial direction of the forged tube. The microhardness of the one-third thickness is lower than the inner surface, as shown in Figure 4. The increase of microhardness is caused mainly by the work hardening of metal. The uneven distribution of hardness is related to the deformation inhomogeneity through the thickness direction. The outer surface of the tube contacts directly with the hammer, and the inner surface contacts with the mandrel. The deformation of the near outer surface is small due to the friction [26]. In order to measure the distribution of microhardness along the thickness direction, a strip of 4 mm (thickness) × 4 mm (width) × 8.1 mm (height) was cut from the section of the forged tube. Since the size is small enough, the residual stress of the measured strip has been released. The influence of residual stress on the measurement of microhardness is negligible. Therefore, there is no quantitative relationship between the microhardness and residual stress measured in this work. However, the deformation of the inner surface is greater than the outer, according to the distribution of hardness. The uneven deformation of the forged tube is the main component affecting the distribution of residual stress. When the elastic strain and stress of the outer surface is completely recovered after the external force is removed, there is still tensile, residual strain on the inner surface. Due to the restriction of the strain of the inner and outer surfaces, the outer surface is subjected to compressive residual stress, and tensile residual stress is formed on the inner surface.




3.3. Microstructure Evolution


The through-thickness deformation can be reflected by the changes of grain boundaries and grains. The grain boundaries and grains at different radial positions are shown in Figure 5a–d. The low-angle grain boundaries (LAGBs) are expressed with the white lines, which are larger than 2° and smaller than 5°. The yellow line is the medium-angle grain boundary between 5° and 15°. The black line represents the high-angle grain boundary with an orientation difference greater than 15°. The grain boundaries and grains at different radial positions are shown in Figure 5a–d. More grains are elongated along the axial direction with the increase of deformation [27].



Figure 5i–l shows the through-thickness average grain size (AGS) of the forged tube. The grain size decreases gradually from the one-third thickness to the inner surface. The relative frequency of grains smaller than 0.5 μm increased from 77% to 83%, and the average grain size decreased from 0.48 μm to 0.41 μm. The grain refinement is mainly on the inner surface. As shown in Figure 5a–d and Table 3, the distribution of the grain boundaries is uniform in the whole map. However, the low-angle grain boundaries fraction increases significantly near the inner surface. The high-angle grain boundaries are mainly between 40° and 60°, as shown in Figure 5e–h. The distribution of the medium- and low-angle grain boundaries is mainly between 2° and 10°. The low-angle grain boundary decreases gradually from the one-third thickness to the inner surface. The increase of the low-angle grain boundary will lead to an increase in the strength.



The variation of the dislocation density is related to the deformation during forging. Figure 6 shows the local misorientation at different radial positions. The blue and red represent the low and high misorientation, as shown in Figure 6. The high local misorientation is distributed mainly near the high-angle grain boundaries. The local misorientation inside the large grains is low. The average local misorientation near the outer surface is the smallest. The local misorientation increases significantly on the inner surface. Figure 7 shows the distribution of the local misorientation. The local misorientation is distributed mainly from 0 to 2 degrees. The difference between the outer surface and one-third thickness is small. The average local misorientation increases gradually from the one-third thickness to the inner surface.



The geometric necessary dislocation (GND) density is calculated by the average local misorientation (   θ  K A M    ), and the formula is as follows [28]:


   ρ  GND   ≅   2  θ  K A M     b d    



(5)




where the step size (d) is 0.08 μm in this work. The Bragg vector length ( b ) is equal to 0.248 nm for martensitic steel. The GND at different radial positions is shown in Table 4. The GND of the inner surface increases significantly. The strength will increase with the increase of the dislocation density [29,30]. The strength of the one-third thickness is the weakest as a result of the lowest dislocation density.




3.4. Texture Evolution


The texture of the forged tube is shown in Figure 8. The green, blue and red represent the texture of the <110>//axial direction (AD), <111>//AD and <001>//AD. The main texture component of the forged tube is texture <110>//AD (α-fiber). The intensity of the texture <110>//AD increases gradually from the one-third thickness to the inner surface. The texture <110>//AD of the one-third thickness is the weakest. Figure 9 is the 45° ODF diagram at different radial positions. The main texture of the forged tube is texture <110>//AD, texture {111}//forging surface (γ-fiber) and texture {001}//forging surface (λ-fiber). The main texture components include texture {111}<110>, {001}<110> and {114}<110>. The γ-fiber texture is more obvious on the outer surface. There are more α-fiber and λ-fiber texture on the inner surface. The thickness’s uneven deformation greatly affects the distribution of texture. [31,32].



The orientation density distribution of different radial positions is shown in Figure 10.    φ 1    is the Euler angle for the first rotation around the Z axis (RD),  Φ  is the Euler angle rotating around the X axis (AD) and    φ 2    is the Euler angle for the second rotation around the Z axis (RD). The volume fractions of the main texture components are shown in Table 5. The proportion of various textures is different from the outside to the inside surface. The texture {001}<110> increases gradually from the outer surface to the two-third thickness. Texture {111}<110> deflects gradually toward {110}<110>, {112}<110> and {114}<110>. The shear texture [33] {001}<110> is larger in the one-third and two-third thickness. The larger the shear deformation, the more obvious the shear texture. Friction has an influence on the shear texture. The shear texture can be reduced by lubrication [19]. Shear deformation occurs at the interface of the thickness reduction zone of the inner and outer wall [20]. The one-third thickness is sheared by the deformation of the inner and outer wall, resulting in the forming of a shear texture.





4. Discussion


4.1. Relationship of Through-Thickness Microstructure and Residual Stresses


The GND, LAGB fraction and local misorientation decrease from the outer surface to the one-third thickness and then increase gradually from the one-third thickness to the inner surface. There is the smallest GND, LAGB and average local misorientation in the one-third thickness. According to the variation of the microstructure, the deformation of the inner surface is larger than the outer. Due to the uneven deformation, a strong shear texture is formed in the middle layer. There is the smallest deformation where the residual stress is close to 0 MPa. The more through-thickness deformation inhomogeneity, the greater residual stress on the outer surface. Therefore, the residual stress can be used to analyze the deformation inhomogeneity of the forged tube.




4.2. Effect of Through-Thickness Microstructure on Strength


The strength of the tube increases with the increase of the dislocation density and grain refinement. The dislocation strengthening (  Δ  σ ρ   ) and grain boundary strengthening (  Δ  σ  G B    ) can be calculated with the dislocation density ( ρ ) and average grain size (D) [34,35,36]:


  Δ  σ ρ  = α M μ b  ρ  1 / 2    



(6)






  Δ  σ  G B   = 17.402  D  − 1 / 2    



(7)




where the constant α is equal to 0.23. For martensitic steels with body-centered cubic crystal, M (Taylor factors), μ (shear modulus) and b (mode of Burgers vector) are equal to 2.9, 88 GPa and 0.248 nm.



According to the Equations (6) and (7), the influence of dislocation and grain boundary strengthening on the strength are shown in Table 6. As shown in Table 6, since the grain size is greater than 100 nm, the grain boundary strengthening has little effect on the thickness gradient of strength. The gradient change of strength along the thickness is related to the dislocation strengthening. The strength of the one-third thickness (r = 8.3 mm) is the weakest. The strength of the inner surface is the largest. Uneven deformation leads to different dislocation densities of the inner and outer surfaces. Different dislocation densities result in the gradient change of strength. It has a great effect on the performance of the tube whether or not the strength of the one-third thickness is improved.




4.3. Through-Thickness Texture and Anisotropy


The larger the Taylor factor, the more deformation energy needs to be consumed for deformation. Figure 11 shows the Taylor factor distribution of different tensile directions. The red indicates a high Taylor factor, and the yellow indicates a low Taylor factor. As shown in Figure 11, the axial Taylor factor is greater than the hoop. There is little difference in the hoop Taylor factor at different radial positions. The outer surface is the most difficult to deform since there is the highest Taylor factor while the one-third thickness is the easiest to deform for the lower Taylor factor.



The anisotropy is caused mainly by the texture {111}<110>, {110}<110>, {112}<110>, {223}<110> and {114}<110>, of which the hoop Taylor factor is lower than the axial [15]. The through-thickness variation of different textures results in a difference of the average Taylor factor, which leads to the change of the anisotropy. Table 7 shows the average Taylor factor of different radial positions. As shown in Table 7, the difference between the axial and hoop Taylor factors of the outer surface is the largest. The anisotropy of the outer surface is the most obvious. The anisotropy of the near outer surface is the smallest difference between the axial and hoop Taylor factors.




4.4. Influence of Thickness Reduction on Strength and Anisotropy


The performance of the forged tube is affected mainly by the gradient change of dislocation density and texture. The uneven deformation can be improved with a larger deformation [37]. Figure 12 shows the distribution of the Taylor factor and local misorientation with a larger thickness reduction of 48.7%, as shown in Table 2.



Compared with Figure 11, the difference of the axial Taylor factor between the inner and outer surfaces is reduced. The unevenness of the anisotropy along the thickness direction is reduced. Compared with Figure 6, the local misorientation of the outer surface increases, and the local misorientation of the inner surface decreases. The microhardness and dislocation strengthening are shown in Table 8. It can be seen from Table 8 that the strength of the outer surface is enhanced with a larger thickness reduction rate. The difference of strength along the thickness direction is reduced. It is beneficial to improve the overall performance of the forged tube with a larger thickness reduction.





5. Conclusions


In this paper, the through-thickness distribution of residual stress, hardness, grain boundary, grain size, dislocation density and texture in the radial forged tube was studied. The main conclusions of this work are summarized as follows:




	(1)

	
The microhardness of the outer surface is lower than the inner. There is a tensile, residual stress up to 728 MPa near the inner surface. The residual stress on the outer surface is compressive. The axial and hoop residual stress of the one-third thickness (r = 8.3 mm) are close to 0 MPa.




	(2)

	
The main texture components of the forged tube include texture {111}<110>, {001}<110> and {114}<110>. From the outer to inner surface, texture {111}<110> deflects gradually toward {114}<110>, {112}<110> and {110}<110>. There is a larger shear texture {001}<110> in the middle layer than the inner and outer surface. The anisotropy of the outer surface is the most obvious.




	(3)

	
There is the smallest GND and LAGB fraction in the one-third thickness of the forged tube. The GND and LAGB increase gradually from the one-third thickness to the inner surface. The variation of the through-thickness strength mainly resulted from the difference of dislocation density. The strength inhomogeneity in the radial direction is reduced with a larger thickness reduction.
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Figure 1. Schematic diagram of the cold radial forged tube. 
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Figure 2. Measuring plane of hardness, EBSD and texture. 
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Figure 3. Residual stress distribution of the forged tube with a reduction of 42.7%. 
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Figure 4. Microhardness of the forged tube with a reduction of 42.7%. 
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Figure 5. Grain boundary maps of the forged tube with a reduction of 42.7%: (a,e,i) r = 11 mm; (b,f,j) r = 8.3 mm; (c,g,k) r = 5.6 mm; (d,h,l) r = 2.9 mm. 
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Figure 6. The KAM maps of the forged tube with a reduction of 42.7%: (a) r = 11.0 mm; (b) r = 8.3 mm; (c) r = 5.6 mm; (d) r = 2.9 mm. 
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Figure 7. Local misorientation distribution of the forged tube with a reduction of 42.7%. 
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Figure 8. The IPFX maps of the forged tube with a reduction of 42.7%: (a) r = 11.0 mm; (b) r = 8.3 mm; (c) r = 5.6 mm; (d) r = 2.9 mm. 
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Figure 9. The 45° ODF diagrams of the forged tube with a reduction of 42.7%: (a) r = 11.0 mm; (b) r = 8.3 mm; (c) r = 5.6 mm; (d) r = 2.9 mm. 
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Figure 10. Orientation density distribution along various orientation lines in the forged tube with a reduction of 42.7%: (a) α-fiber orientation; (b) γ-fiber orientation; (c) λ-fiber orientation. 
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Figure 11. The Taylor factor distribution of the forged tube with a reduction of 42.7%: (a–d) tensile along AD; (e–h) tensile along HD. 
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Figure 12. The Taylor factor distribution and KAM maps of the forged tube with a reduction of 48.7%: (a,b) aylor factor distribution; (c,d) KAM maps. 
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Table 1. Chemical composition of the Ni−Cr−Mo steel (wt%).
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	C
	Ni
	Cr
	Mo
	W
	V
	P, S





	0.22–0.28
	2.60–3.20
	1.20–2.30
	0.45–0.75
	0.30–0.60
	0.15–0.35
	≤0.01
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Table 2. The dimensions of the steel tube with different thickness reductions (mm).
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	Ro
	Ri
	ro
	ri
	   η   





	15.10
	5.60
	11.00
	2.90
	42.7%



	15.10
	5.60
	10.45
	2.90
	48.7%
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Table 3. Grain boundary fraction and AGS of the forged tube with a reduction of 42.7%.
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	Radial (mm)
	LAGBs (%)
	MAGBs (%)
	HAGBs (%)
	AGS (μm)





	11.0
	47
	14
	39
	0.48



	8.3
	40
	17
	43
	0.48



	5.6
	54
	13
	33
	0.44



	2.9
	60
	12
	28
	0.41
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Table 4. GND of the forged tube with a reduction of 42.7%.
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	Radial (mm)
	11
	8.3
	5.6
	2.9



	GND (1015 m−2)
	1.31
	1.18
	1.52
	1.95
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Table 5. Volume fractions of the main texture components of the forged tube with a reduction of 42.7% (%).
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Texture

Component

	
{112}

<110>

	
{223}

<110>

	
{111}

<110>

	
{110}

<110>

	
{001}

<110>

	
{114}

<110>

	
{111}

<011>

	
{001}

<110>

	
α-fiber

	
γ-fiber

	
λ-fiber




	
Euler Angle

	
(0, 30, 45)

	
(0, 45, 45)

	
(0, 57, 45)

	
(0, 90, 45)

	
(0, 0, 45)

	
(0, 20, 45)

	
(60, 55, 45)

	
(90, 0, 45)

	
-

	
-

	
-






	
11 mm

	
3.62

	
6.48

	
10.85

	
2.66

	
3.41

	
4.92

	
10.50

	
3.40

	
14.68

	
22.15

	
11.89




	
8.3 mm

	
5.48

	
5.77

	
8.14

	
3.93

	
5.29

	
7.77

	
7.96

	
5.28

	
16.75

	
17.41

	
14.43




	
5.6 mm

	
6.46

	
5.91

	
7.47

	
4.28

	
5.59

	
9.00

	
7.38

	
5.57

	
16.62

	
16.30

	
14.92




	
2.9 mm

	
6.56

	
6.96

	
8.27

	
3.55

	
4.65

	
8.30

	
8.37

	
4.64

	
15.37

	
18.13

	
13.92
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Table 6. The dislocation and grain boundary strengthening of the forged tube with a reduction of 42.7% (MPa).
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	Radial (mm)
	11
	8.3
	5.6
	2.9





	Δσρ
	527
	500
	568
	643



	ΔσGB
	25
	25
	26
	27
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Table 7. The average Taylor factor of the forged tube with a reduction of 42.7%.
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Radial (mm)

	
11

	
8.3

	
5.6

	
2.9






	
Tensile

direction

	
AD

	
3.316

	
3.153

	
3.200

	
3.212




	
HD

	
3.015

	
3.058

	
3.005

	
3.016
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Table 8. The HV, GND and dislocation strengthening of the forged tube with a reduction of 48.7%.
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	Position
	HV500
	GND (1015 m−2)
	    Δ  σ ρ  ( MPa )    





	Outer surface
	376
	1.37
	539



	Inner surface
	396
	1.77
	612
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