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Effects of triaxial rolling 
on the microstructure 
and installation characteristics 
of reactor pressure vessel studs
Wei Zhu 1,2, Hua Li 3, Decheng Wang 1*, Peng Cheng 4, Luoxing Li 2, Feng Feng 1 & Peng Zhou 1

Reactor pressure vessel (RPV) studs are key components of nuclear reactors, and their connection with 
flange ensures the sealing of the RPV under high-pressure and high-temperature conditions. In the 
present work, the external threads of the RPV stud were prepared by triaxial rolling, and the texture 
evolution of the external thread root material of an RPV stud was predicted by finite element analysis 
coupled with viscoplastic self-consistent simulations. The microstructure of the external thread 
root material of RPV stud was characterized by scanning electron microscope and electron back-
scattered diffraction. The installation characteristics of the turned and rolled parts of the RPV stud 
were tested by installation and pretightening tests. It was found that the dynamic recrystallization 
at the external thread root formed ultrafine tempered sorbite grains, high-angle grain boundaries 
(47%), and strong {111} <110> and {111} <112> textures. In the installation and pretightening test, the 
residual elongation of rolled parts was reduced by 6% under the same loading pressure. The triaxial 
rolling process distributed the microstructure of the external thread root of the RPV stud in a gradient 
manner, resulting in improved stud installation characteristics.
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Reactor pressure vessel (RPV) studs are important components of nuclear reactors, which are generally sub-
jected to high temperature, internal pressure, preload, and hydrostatic loading for a long time1,2. RPV studs have 
oversized diameters (nominal diameter is greater than 100 mm), and are therefore currently processed by the 
traditional turning method. However, turning is prone to accumulative thread errors3 and inevitably generates 
defects, such as tool marks and surface tissue damage4; thus, it is difficult for RPV studs to meet initial design 
requirements. The fracture of RPV studs rarely occurs in nuclear reactors, and the most common problems are 
the deformation and jamming of the external threads of RPV studs during assembly and operation due to insuf-
ficient strength and precision1. Therefore, to improve the installation characteristics of the RPV studs, this paper 
utilizes triaxial rolling instead of turning to enhance the installation performance of RPV studs.

In the cold rolling of threads, which began to develop in the 1990s, a thread rolling die is pressed into a work-
piece blank to produce plastic deformation and form threads with a mirror of the rolling die, resulting in better 
thread geometric accuracy and mechanical properties5–7. The optimization of cold rolling process parameters 
for threads, such as blank diameter, friction coefficient, and heat-treatment temperature, has been extensively 
performed8,9. Mohandesi et al.10 rolled and turned AISI 1035 steel bolts and found that the fatigue strength of 
the rolled threads increased by 55% as compared to that of the turned bolts. The increase in the dislocation 
density of the ferritic phase of the rolled threads was the main factor for strengthening. Zhu et al.11 analyzed 
thread characteristics under different lubrication and operating conditions of an axial feed thread rolling pro-
cess and noticed that strong shear stress led to the elongation and refinement of the bottom and lateral grains 
of the threads, increased the fraction of low-angle grain boundaries, and improved the strength and hardness 
of the threads. Kao et al.12 developed an integrated CAD/CAE/CAM system for thread rolling. In this system, 
a thread rolling mold was first automatically generated in Solidworks software and then imported into deform 
3D software to analyze the screw angle, the effective stress, the axial motion, and the radial load. Nitu et al.13 
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established a numerical model of wedge rolling. Zhang et al.14 developed a three-dimensional (3D) model of 
thread cold rolling to investigate the forming characteristics of threads and asserted that the axial and radial flow 
of the metal during thread forming was significant, whereas its circumferential flow was small. Moreover, the 
equivalent force (strain) in the thread contour region was larger than that in the central region of the workpiece.

The aforesaid experimental investigations have primarily focused on the rolling process and macroscopic 
performance of small-sized bolts. The numerical simulations mainly concentrate on the macroscopic deforma-
tion, stress–strain, and force distribution during the thread rolling process. In order to solve the problem of 
degradation and failure of RPV stud, many researchers have conducted studies on material selection15, heat 
treatment process16, and bolt preload control17, which have effectively improved the performance of RPV studs. 
However, there is little research report on the rolling process and microstructure evolution of the external threads 
of the RPV studs.

The viscoplastic self-consistent model (VPSC) was proposed by Lebensohn and Tomé18 and is often adopted 
to predict the plastic deformation behavior19,20, and microstructure evolution during rolling21,22. Chen et al.23 
established symmetric and asymmetric rolling models based on FEM and VPSC simulations to study the struc-
ture and texture evolution of Mg-3Al-1Zn alloy at different temperatures and stress levels and found that shear 
deformation played a crucial role in the activation of the deformation mode by increasing the effective Schmidt 
factor to promote twinning and slip. Mishin et al.24 adopted the VPSC model to predict the crystal texture of 
beryllium after cold deformation and asserted that the deformation of polycrystalline beryllium during cold roll-
ing occurred by < 11–20 > slip. Saleh et al.25 applied the VPSC model to predict the texture evolution of Fe-28Mn-
0.28C steel with cold rolling thickness reductions of 12–80% and propounded that the texture of Fe-28Mn-0.28C 
steel consisted of strong α-fibers and weak γ-fibers.

In this study, we will focus on the microstructural evolution of RPV studs and the changes in their installation 
properties. The external threads of an RPV stud were fabricated by triaxial rolling and the microstructure of the 
external thread root was characterized in depth. The texture distributions of the surface and subsurface layers 
of the external thread root of the RPV stud after rolling were predicted by finite element analysis coupled with 
VPSC simulations, and the simulation results were compared with electron back-scattered diffraction (EBSD) 
data to verify the accuracy of the VPSC model. A 1:1 installation and pretightening tests were performed on the 
turned and rolled parts of the RPV stud. It was found that the microstructure of the external thread root material 
of the rolled RPV stud was distributed in a gradient manner from the surface to the subsurface layers and the 
surface had a strong rolling texture. Hence, the rolled RPV stud had better installation preload characteristics.

Experiments
Triaxial rolling process
The external threads of the short RPV stud blank were rolled on a triaxial rolling machine (Fig. 1). The material of 
the rolling die was Cr12MoV. The diameters of the rolling die and the RPV stud blank were 283 mm and 168 mm, 
respectively. Under hydraulic pressure, three rolling dies were simultaneously fed radially to cold extrude the 
external surface of the RPV stud, and the RPV stud moved axially following the rotation of the rolling die. The 
dimensions of the RPV stud are shown in Fig. 2.

Figure 1.   Schematic diagram of the triaxial rolling process and photo of the reactor pressure vessel stud.

Figure 2.   Dimensions of the reactor pressure vessel stud (all units in mm).
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Sample preparation and characterization
The experimental material was 40CrNi2MoV steel, and its AFNOR brand was 40NCDV7-03. After forging, the 
RPV Stud was heat treated by water quenching and oil cooling at 850 °C, then tempered at 620 °C, and finally, 
oil-cooled after holding for six hours. The chemical composition of 40CrNi2MoV steel was determined by 
inductively coupled plasma emission spectrometry (ICP) (Table 1).

EBSD samples (S1, S2, S3, S4) were prepared from the root surface, subsurface (surface to surface dis-
tance = − 400 μm and − 800 μm), and matrix of the threaded section of the RPV stud (Fig. 3). The polished 
samples were etched with a 4% nitrite solution. The microstructures of the S1, S2, S3, and S4 samples on the 
RD-TD and ND-TD planes were observed by EBSD with a step size of 0.075 μm.

Finite element model development
First, hardening deformation parameters were determined by compression tests, and then a simplified finite 
element 3D model was established to predict the deformation behavior and velocity gradients of the thread 
rolling process based on VPSC simulations. The VPSC model was used to analyze microstructure distribution 
and evolution during the thread-rolling process.

The triaxial rolling process of the RPV stud was simulated in ABAQUS software. The macroscopic defor-
mation process of 40CrNi2MoV steel was described by the Johnson–Cook (JC) model11,26, and the obtained 
model parameters are shown in Table 2. The deformation gradient was derived using the VUMAT subroutine, 
as shown in Fig. 6. The three rolling dies were set as discrete rigid bodies to simplify the calculation (Fig. 4a). 
All three rolling dies have the same structure, with a thread height of 3.4 mm and a thread angle of 60°. They all 
rotated clockwise at 5 r/min (the center point of their upper surface circle was the reference point; radial feed 
depth = 2.25 mm). The RPV stud billet was set as a plastic body without considering the Bauschinger effect. The 
geometric model of the RPV stud billet was simplified to a circle with a radial thickness of 8 mm and a diameter 
of 168 mm. The inner surface of the circle was constrained by six degrees of freedom to replace the non-deformed 
middle area of the billet. The mesh size along the radial direction of the rings was set to single accuracy. The 
mesh size from the outer ring to the inner ring was 0.08, and in the circumferential direction, the mesh sizes 
of the inner and outer rings were 1.5 and 0.5, respectively. The meshes were performed with 8-node C3D8R 
elements and controlled by stiffness hourglass. The Arbitrary Lagrangian Eulerian adaptive mesh was used to 
ensure the mesh quality under large deformations. A circular compression test27 was used to determine the fric-
tion coefficient (μ = 0.2). The metallographic morphology of the thread cross-section is compared with the stress 
distribution simulation, and it can be seen from the metallographic map (Fig. 4b) that there are obvious metal 
flow lines in the root of the thread, which are getting thinner and thinner from the surface layer towards the core 

Table 1.   Chemical composition of 40CrNi2MoV7-03 steel (wt%).

C Si Mn Cr Ni Cu Mo V Fe

40 0.22 0.76 0.81 1.76 0.012 0.45 0.042 Balance

Figure 3.   Sample processing and characterization for EBSD.

Table 2.   Parameters of the Johnson–Cook model and Young’s modulus of 40CrNi2MoV steel.

A/MPa B/MPa C n E/MPa

1118 510 0.0137 0.42 228,600
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of the thread. From the simulation results, it can also be seen that the stress in the thread root is getting smaller 
and smaller from the surface layer to the thread core. It indicates that the thread root was well strengthened 
during the thread rolling process, and the closer to the thread surface, the more obvious the strengthening effect.

Viscoplastic self‑consistent model
The VPSC model works based on the shear mechanism of slip and twinning, and each grain is considered a 
viscoplastic ellipsoid embedded in an effective medium28. Input files for the VPSC model generally include the 
initial crystallographic texture, single crystal parameters, and boundary conditions. The initial texture file of the 
VPSC model consisted of nearly 5000 orientations obtained from the EBSD data of the matrix sample (EBSD 
data were taken every 10 points of the plot), and the single crystal parameters were mainly the elastic constants 
(Cij) of 40CrNi2MoV steel (calculated by Eq. (1)).

The stacking fault energies of BCC materials are generally very high, and their critical twinning stress does 
not vary much over a large temperature range of 4–300 K. Therefore, deformation twinning was negligible in 
the RPV stud material processed by triaxial rolling29. Moreover, the mechanical behavior of coarse-grained BCC 
materials is controlled by the slip of screw dislocations, which move only when the resolved shear stress is greater 
than the critical shear stress (CRSS), resulting in plastic deformation. The {110} < 111 > and {112} < 111 > slip sys-
tems are easily activated at room temperature30, whereas the {123} < 111 > slip system is only activated at elevated 
temperatures31. Therefore, the activated slip systems are set to {110} < 111 > , {112} < 111 > in the file of the VPSC.

The Voce hardening model was used to describe the evolution of CRSS with cumulative shear strain within 
each grain.

where τ sc  is the critical shear stress that causes slip during deformation, s is the whole deformation module, Γ is 
the accumulated shear within the grain, τ0 is the initial CRSS, τ1 is the steady-state critical decomposition shear 
stress, θ0 is the initial hardening rate, θ1 is the asymptotic hardening rate, and τ0 + τ1 is the back-extrapolated 
CRSS of the deformation module ‘s’.

The parameters of Eq. (2) were obtained by fitting the stress–strain curve of the compression test shown in 
Fig. 5 (Table 3). It is noticeable from Fig. 5 that the compression test results fitted well with the VPSC fitting 
results.

In crystal plasticity theory, the analysis of deformation kinetics is crucial. The VPSC model works based on a 
rate-dependent plasticity theory, and its accuracy is closely related to the accuracy of the velocity gradient. The 
deformation in the grain is represented by the deformation gradient tensor F. The deformation gradient tensor 
F =

∂x
∂X can be expanded in the following form.
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Figure 4.   (a) Finite element model of the triaxial rolling process and (b) Metallographic and simulation 
comparison of thread sections.
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During the triaxial rolling process, the deformation of the external thread of the RPV stud occurred mainly 
due to axial tension and radial compression, Therefore, the tensile deformation gradient F11 along the axial 
direction of the threads, the compressive deformation gradient F22 along the radial direction of the threads were 
mainly derived. When the deformation gradient was greater than one, the material experienced tensile defor-
mation, and when the deformation gradient was less than one, the material experienced compressive deforma-
tion. Defining the state variables in ABAQUS and associating them with the VUMAT subroutine to output the 
SDV state variable, the deformation gradient tensors F at different locations of the thread root were obtained. 
The deformation gradients on the root surface and subsurface (− 400 μm and − 800 μm) of the thread root are 
presented in Fig. 6. From S1 to S3, the final value of F11 gradually decreases while the value of F22 gradually 
increases, indicating that both the tensile deformation (along the axial direction) and compressive deformation 
(along the radial direction) of the material of the thread root decrease from S1 to S3.
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Figure 5.   Comparison of the stress–strain curves obtained from the VPSC simulation and the experiment.

Table 3.   Parameters of the Voce hardening model.

τ0 (MPa) τ1 (MPa) θ0 θ1

438 155 450 13

Figure 6.   Deformation gradients of the S1, S2, and S3 samples.
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The deformation gradient tensor F was converted into a velocity gradient tensor L according to Eq. (4) in 
Matlab with ∆T = 0.0005 S (FEM timestep) to predict the texture evolution at the thread root of the RPV stud 
during triaxial rolling.

Installation and pretightening test
The installation method of RPV studs is different from the general installation method of high-strength bolts. 
In the present study, instead of the torque or nut corner methods, residual elongation was used to preload the 
stud. The stud was first installed on the simulated installation test platform and then stretched by a hydraulic 
tensioner, as shown in Fig. 7a. When the stud stretching force reached the design value, the displacement of the 
measuring rod in the stud was calculated by a dial indicator. Subsequently, the nut was tightened, and the oil 
pressure in the hydraulic tensioner was removed. The residual displacement of the measuring rod was measured.

At the same time, to test the RPV studs for jamming problems, the installation was carried out with different 
eccentricity distances shown in Fig. 7b. Rotational torques and bolt positions were recorded in real-time every 
six mm during the test.

Results and discussion
Dynamic recrystallization
Continuous dynamic recrystallization (CDRX) occurred during triaxial rolling due to the severe plastic deforma-
tion of the material. Subgrain boundaries generated under low strains were gradually transformed into ultrafine 
grains with high-angle grain boundaries under high strains. The inverse pole figures of RD–TD plane of the S1–S4 
samples are displayed in Fig. 8a–d, respectively (high-angle grain boundaries (HAGBs; > 15°) and low-angle grain 
boundaries (LAGBs; < 15°) are represented by the black and green solid lines, respectively). The deformation of 
the material gradually decreased from S1 to S4, and dislocations within the grain decreased; therefore, LAGBs 
formed within the grain also gradually decreased. Moreover, ultra-fine grains transformed by LAGBs gradually 
decreased, and ultra-fine grains in the S1–S3 samples (− 400 μm) were distributed around coarse grains with 
HAGBs32. In contrast, very few ultra-fine grains existed in the S4 specimen.

The recrystallization diagrams of the S1–S4 samples are exhibited in Fig. 8e–h, respectively. The S1–S3 speci-
mens were subjected to the radial and tangential forces of the rolling dies and underwent CDRX. LAGBs were 
converted into subgrains, which then formed ultra-fine grains with HAGBs by recrystallization. Therefore, a 
large number of deformed and fully recrystallized grains were present in the S1–S3 samples. The S4 specimen 
was dominated by substructured grains after forging and heat treatments (quenching and tempering). The linear 
distributions of S1–S4 misorientations were calculated along L1, L2, L3, and L4 (line between two coarse grains), 
respectively, using the Misorientation profile in Channel 5. It is noticeable from Fig. 9 that the S4 specimen was 
dominated by high-angle coarse crystals. The number of HAGBs in the S1–S3 samples gradually decreased, and 
also the average orientation angle gradually decreased; thus, the orientation of initial grains on the outer surface 
of the RPV stud evolved significantly after triaxial rolling. The closer to the surface of the external thread root, the 
finer the grain size and the higher the number of grain boundaries. It can also be observed through the Scanning 
electron microscope images that after forging and heat treatment, the microstructure of the thread root (S4) was 
tempered sorbite, and after the triaxial rolling process, the grain size of the S1 sample in the surface layer of the 
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Figure 7.   (a) Tensile pre-tightening of the RPV stud and (b) Installation.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:20839  | https://doi.org/10.1038/s41598-024-68358-y

www.nature.com/scientificreports/

thread root was significantly reduced compared to the grain size in the substrate S4 sample, as shown in Fig. 10. 
Hence, the strength of the external threads was effectively improved33.

Texture analysis
During the triaxial rolling process, textures were formed in the external threads of the RPV stud, especially in 
the thread root area that was severely compressed and sheared. The finite element model was coupled with the 
VPSC model to predict textures at different depths along the radial direction of the external thread root of the 
RPV stud, and the results were verified with the EBSD data. Using the orientation distribution function (ODF) 
in the Euler space, the main textures of the ND-TD section of the S1–S3 specimens with surface and subsurface 
layers at φ2 = 45° were analyzed34. The algorithm used for ODFs calculations was spherical harmonics, with the 
half-width set to 5° and the cell width set to 5°. It is noticeable from Fig. 12 that the polar coordinate values of 
the simulated texture values were basically consistent with those of the experimental texture; however, some 
deviations still existed between them because the interaction between grains and the generation of dislocation 
substructures were not considered during VPSC simulations35,36. The distribution of texture intensity in simu-
lations was basically consistent with the experiments. But there were some differences in the values of texture 
intensity. The maximum texture intensity of S1 and S2 samples in the experiment were 9.13 and 8.35, respectively, 
while the predicted values of VPSC were 10.06 and 8.11, respectively. The reason for this is the limited orienta-
tions considered input and the choice of sampling for input orientations24. Compared with the typical texture 
diagram of body-centered cubic metal materials (Fig. 11), it is found that the texture strength was significantly 
enhanced under the synergistic action of radial pressure and tangential shear force after triaxial rolling. As shown 
in Fig. 12, obvious rolling textures were formed in the S1 and S2 samples. The main texture of the S1 specimen 
was copper{112} < 111 > ; however, it also contained an α{001} <110> texture and a γ{111} <110> texture. In the S2 
sample, the main texture was γ{111} <110>, whereas in the S3 sample, a weak γ{111} <110> texture was formed.

Figure 13 displays the strength variations of the α, γ, and ε textures of the S1–S3 specimens during triaxial 
rolling. The S1 sample was subjected to frictional force along the RD direction and compression force along the 
ND direction by the rolling dies, and its grains became stretched along the RD direction and compressed along 
the ND direction, generating an α{001} < 110 > texture. At the same time, since the S1 sample was subjected to a 
stronger shear force compared to the S2 and S3 samples, it was easier to cause the rotation of the exactly oriented 
cube grains, which promotes the formation of the copper texture in the S1 sample37. The S2 and S3 samples were 
located in the subsurface layer of the thread root and were subjected to radial rolling force; therefore, a rolling 
texture was formed in them due to strain deformation. During the triaxial rolling process, as strain accumulated, 

Figure 8.   Inverse pole figures of S1–S4 samples (a–d) and Recrystallization diagrams of the S1–S4 samples 
(e–h).
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the dislocation density inside the grains at the thread root gradually increased, which resulted in CDRX. As the 
{111} surface is the closely packed plane of cubic crystal structures with low surface energy, the recrystallization 
process generated textures based on the {111} surface. The rotational motion and radial feed movement of the 
rolling die elongated the grains at the thread root along the axial direction of the RPV stud; thus, a strong texture 
along the < 110 > or < 112 > orientation was formed.

Figure 9.   EBSD-grain boundary images of the S1–S4 samples.

Figure 10.   Scanning electron microscope images of the S1, S4 samples.
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Installation and pre‑tightening test
The RPV stud installation and pre-tightening test analyzed the stability and reliability of the stud. In the pre-
tightening test, when the high-pressure cylinder was filled with oil and pressurized, the internal piston of the 
cylinder moved upward and drove the main nut upward. The main nut was locked at the tension holding point, 
and the residual elongation of the RPV stud was checked after the pressure was released from the high-pressure 
cylinder. The residual elongations of the RPV stud processed by rolling and turning under different loading 
pressures are presented in Fig. 14. When the loading pressure reached 110 MPa, the residual elongations of the 
rolled and turned parts of the RPV stud were 1.759 mm and 1.881 mm, respectively. Hence, under the same 
loading pressure, the residual elongation of rolled parts was reduced by 6%. During triaxial rolling, grains at the 
external thread root of the RPV stud were subjected to severe plastic deformation, resulting in a reduction in 
grain size, an increase in dislocations, and a strong texture. This grain structure facilitates the improvement of 
tensile properties and reduces the deformation of the material when subjected to tensile loads. At the same time, 
the rolling process forms a hardened layer on the thread surface and introduces residual compressive stresses, 
which also reduce the residual elongation of the RPV stud.

The variations of installation torque with displacement in the turned and rolled parts of the RPV stud at dif-
ferent eccentric distances (0.0, 0.3, and 0.5 mm) in the installation test are exhibited in Fig. 15. The installation 

Figure 11.   Typical textures of body-centered cubic crystals.

Figure 12.   Comparison of experimental and simulated textures: (a–c) experimental textures of the S1–S3; (d–f) 
simulated textures of the S1–S3.
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Figure 13.   Orientation intensity plots of the S1-S3 samples: (a) α texture; (b) γ texture; (c) ε texture.

Figure 14.   Residual elongations of the rolled and turned parts of the RPV stud during the pretightening test.
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process was divided into three stages: (I) RPV stud feeding to the first four threads between 450 and 572 mm at 
6 r/min. (II) Fast screwing process between 572 and 776 mm at 25 r/min, and (III) Speed-down process between 
776 and 800 mm at 6 r/min.

In stage I, between 450 and 548 mm, the RPV stud was not yet in contact with the simulated flange, and the 
torque was constant. The stud contacted the first four threads of the simulated flange between 548 and 572 mm, 
and the torque started to increase.

In stage II, the installation torque of both turned and rolled parts increased with the number of thread engage-
ments. The torque of the turned part in the initial stage decreased as the eccentricity increased, indicating that the 
verticality of the RPV stud during turning was not good enough (Fig. 15a). The installation torque of the rolled 
part was larger than that of the turned part in stage II because the external threads had better surface quality 
and strength, thereby being able to withstand greater torques. The machining size of the rolled part was more 
stringent than that of the turned part, the fit clearance between the rolled part and the main nut was smaller, 
and the torque during installation was larger, causing better stability of the RPV stud.

As the rolling process mirrored the threads of the rolling die on the RPV stud, in stage III, the geometric 
accuracy of the threads was higher, the strength of the rolled part was higher, and the yield ratio was greater, 
resulting in less deformation during installation and a more stable fit clearance between the simulated flange 
bore threads and the stud. Hence, the installation torque of the rolled part was also more stable than that of the 
turned part. As the installation speed decreased from 25 to 6 r/min, the installation torque of the rolled parts at 
different eccentricities also decreased (Fig. 15b). However, a significant cumulative error occurred in the threads 
of the turned part, resulting in poor geometric accuracy and low stud strength. The RPV stud might be skewed 
or deformed during screwing in, resulting in increased friction between the stud and the simulated flange bore 
threads. Therefore, as the installation speed decreased, the installation torque of the turned part at eccentricities 
of 0.3 mm and 0.5 mm tended to rise and even exceeded the design limit.

Conclusion
Here an RPV stud was prepared by triaxial rolling, the microstructure evolution, installation, and preload per-
formance of which were investigated. The main observations of this study were as follows.

During triaxial rolling, the RPV stud was subjected to the radial, axial, and tangential forces of the rolling dies, 
resulting in severe plastic deformation, which caused the continuous dynamic recrystallization of the surface 
and subsurface grains of the external threads. Subsequently, low-angle grain boundaries were transformed into 
sub-grains, and ultra-fine grains separated by high-angle grain boundaries were formed by recrystallization; 
thus, the grain size at the thread root was refined.

The finite element model was coupled with VPSC simulations to predict texture distribution and evolution 
in the rolling strengthening process of the RPV stud, and the results were verified by EBSD experiments. The S1 
sample was subjected to frictional force along the RD direction and compression force along the ND direction; 
thus, its grains got stretched along the RD direction and compressed along the ND direction, resulting in an 
α{001} < 110 > texture. Under the combined action of shear force and ultra-fine grains, the S1 sample also had 
a strong copper texture. The S2 and S3 samples were mainly subjected to radial rolling force; hence, their main 
textures were {111} < 110 > and {111} < 112 > .

In the installation tests with different eccentric distances, the rolled part of the RPV stud had a more stable 
installation torque than the turning part. Due to the thread accumulation error and the deformation of the 
external threads of the turned part, when the eccentricities were 0.3 mm and 0.5 mm, the torque of the turned 
part increased linearly as the number of engaged threads increased; meanwhile, the torque of the rolled part was 
within a stable range due to its higher strength, better accuracy, and good surface quality.

Figure 15.   Installation torques at different eccentricities: (a) Turned part and (b) Rolled part.
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