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Abstract: Nb tubes were fabricated through hydrostatic extrusion at extrusion ratios of 3.1 and 6.1 at ambient 
temperature, and then their microstructure, texture, and Vickers hardness were investigated based on electron 
back-scattered diffraction (EBSD) data. The fraction of low-angle boundaries (LABs) largely decreased with a sharp 
decrease in mean grain sizes after hydrostatic extrusion and was not proportional to extrusion ratios, assuming that 
mixed-asymmetrical junctions forming LABs dissociate at high extrusion ratios from the external stress (>981 MPa) 
with thermal activation by the generated heat. The correlation between grain size and Vickers hardness followed the 
Hall−Petch relationship despite the texture gradient of the 111 cyclic fiber textural microstructure at low extrusion 
ratios and the 100 true fiber textural microstructure at high extrusion ratios. The increase in hydrostatic pressure on 
the Nb tubes contributed to texture evolution in terms of extrusion ratios due to the difference between {110}111 and 
{112}111 components based on EBSD data. 
Key words: niobium tube; hydrostatic extrusion; microstructure characterization; mechanical properties; texture 
evolution 
                                                                                                             

 

 

1 Introduction 
 

Nb tubes are used as superconductive 
materials, such as NbTi, Nb3Sn and Nb3Al, and for 
MgB2/Nb/Cu, Nb as diffusion barriers which 
disturb the chemical reaction between in-situ     
or ex-situ Mg−B powders and Cu sheath   
materials [1−4]. The above-mentioned materials are 
produced by a wire with a diameter of less than 
1 mm for use in magnetic resonance imaging (MRI) 
magnets with a drawing process. To improve the 
superconductivity of the materials incorporated in 
Nb tubes, the essential key is to deform the Nb tube 
to the required wire diameter without cracking it. 
Nb tubes have a body-centered cubic (BCC) 
structure. As such, it is important to control the 

texture evolution to avoid cold brittleness and 
brittle fracture because these can occur in the 
directions of dislocation along the crystal lattice 
111 in the BCC structure (the commonly active 
slip systems in a BCC structure are {110}111 and 
{112}111) [5−7]. Conventional process such as 
drawing, however, exhibits difficulty in evolving 
the crystal texture due to the limitation in strain or 
reduction rate of the low die angle and the area 
reduction between 5% and 10% [8,9]. It is critical 
to understand the relationships between individual 
reduction thickness of the Nb tube and 
microstructural evolution during deformation to 
fabricate Nb tubes without fractures or defects. 
There are only a few studies on thickness reduction 
of Nb tubes using the drawing processes for one 
pass because of die angle and low area reduction.  
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However, the extruding process can be used to 
produce Nb tubes with various extrusion ratios 
because the die angle can be varied up to ~90° and 
a high pressure can be applied to Nb tubes for 
deformation depending on the specification of the 
extruding equipment. 

Of the extruding processes, the hydrostatic 
extrusion (HE) method is optimal for fabricating 
products with a high extrusion ratio and complex 
shapes because the processing conditions enable the 
application of uniform pressure on the product. In 
addition, there is low friction between the product 
and the container. The desired shape of the material 
is obtained using tools with special geometries, 
which prevent the free flow of the material and 
thereby generate a significant hydrostatic pressure. 
For instance, Ni single crystals subjected to HE 
yielded strongly refined microstructures with    
an average sub grain diameter of approximately  
300 nm; HE was realized through sever plastic 
deformation (SPD) [10] due to external stress and 
extrusion ratios that are higher than other extrusion 
processes at ambient temperature [11]. HE was also 
performed with the aim of applying SPD and 
refining the grain size to a nanometric scale. 
Currently, in spite of changes in material 
dimensions, the HE method is generally classified 
as an SPD method and recognized as a method of 
grain refinement for metallic materials because the 
larger shear strains generate high-density crystal 
lattice defects, especially dislocations, which can 
lead to significant grain refinement [12]. It is worth 
noting that for HE, the friction between the die and 
the material is significantly reduced due to the 
hydrostatic medium and the lubricant additionally 
applied at the outlet of the die. HE results in a 
product with high surface quality, which is 
particularly important for fabricating the tube 
materials [13]. 

During Nb tube deformation, the 
microstructure, the texture, and the relationship 
between neighboring grain boundaries are 
determined by complex mechanisms [14,15]. These 
mechanisms include dislocation interactions that 
result in the formation of sub-grains and in 
homogeneities, rotation of grains, and preferential 
grain coarsening, and they contribute to the 
mechanical properties of Nb tubes, such as the 
Vickers hardness. Recovery and recrystallization 
are important mechanisms for grain refinement and 

for avoiding the crack caused by dislocation. The 
hydrostatic extrusion experiment was performed at 
room temperature; therefore, recovery and 
recrystallization did not induce microstructure 
evolution due to the high melting temperature of Nb 
materials (~2750 K). During the HE deformation of 
Nb tubes, it is expected that the HE process, 
through SPD, brings about the microstructure and 
texture evolution of the Nb tube under high 
hydrostatic pressure at ambient temperature. 

This work aims to investigate the effect of 
extrusion ratios on Vickers hardness, micro- 
structural evolution, and textural evolution during 
the hydrostatic extrusion of Nb tubes by increasing 
the extrusion ratio at ambient temperature. 

 
2 Experimental 
 

Niobium, used in the present study in the form 
of extruded and subsequently annealed tube, was 
obtained from Baoji Junuo Metal Co., Ltd. (China). 
The nominal impurity levels of the used niobium 
tubes in the starting material are given in Table 1. 
 
Table 1 Chemical composition of as-received Nb tube 

(wt.%) 

Nb C N O H Fe Si 

≥99.95 0.003 0.003 ≤0.007 0.001 0.002 0.003

 
The niobium tubes were 40 mm in diameter, 

4 mm in thickness, and 200 mm in length. The Nb 
tube and Al bar exhibited ultimate tensile strengths 
of 245 MPa and 190 MPa, respectively, at ambient 
temperature. An aluminum (Al 1100) bar was 
inserted in the Nb tube to avoid crushing, as 
depicted in Fig. 1(a), when the pressure of the fluid 
in the hydrostatic extrusion system (Fig. 1(b)) was 
increased to the critical stress required by the billet 
to deform [16]. The front of the billet was spun to 
fit the extrusion die at 45°, to prevent the spilling of 
the pressure medium between the die and billet 
during pressing. A ram diameter of 150 mm, ram 
speed of 0.2 mm/s, and moly grease (omni−59, 
Rauh Chemical Co. Ltd, South Korea) were used as 
the pressure medium for the structure depicted in 
Fig. 1(b). Hydrostatic extrusion was carried out at 
ambient temperature. The initial billet with a 
diameter of 40 mm was hydrostatically extruded  
to a diameter of 24 and 16 mm in one pass, 
respectively. 
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Table 2 lists the outer diameter, inner diameter, 
thickness, area reduction, and true strain of the Nb 
tube for the determination of tube extrusion ratio. 
The tube extrusion ratio (R) of the Nb tube was 
calculated as the initial cross-sectional area of the 
Nb tube divided by the cross-sectional area of the 
final extrusion. The true strain of Nb tubes can be 
calculated using the following equation: 
 

0 fln( / ) lnA A R                           (1) 
 
where A0 and Af refer to the initial and finial 
cross-sectional areas of Nb tubes, respectively. 

The Nb tubes before and after extrusion were 
examined using the Vickers hardness (VH) 
measurement and were observed along the 
directions parallel and perpendicular to the direction 
of extrusion, as seen in Fig. 1(c). Here, ED, RD and 
TD indicate extrusion direction, radial direction, 
and tangential direction, respectively. The observed 
areas were in the extruded tube core because the 
deformed tubes are extremely sensitive to the 
deformation geometry [17,18]. The microstructure 
and crystal texture of the samples were 
characterized using electron backscatter diffraction 
(EBSD) analysis. The grain orientation was 
determined using the EBSD technique in 
combination with high-resolution thermal field 
emission scanning electron microscopy (FE-SEM; 
S−4300SE, Hitachi Co. Ltd.). Before and after each 

deformation, the EBSD maps of both areas were 
obtained (Fig. 1(c)) by using step scans with steps 
of 0.25 μm. On one of the internal surfaces, the 
observation area had dimensions of 200 μm × 
200 μm. For the EBSD analysis, the samples were 
subjected to electro-polishing before fine grinding 
to ensure that the orientation remained unaffected 
by the treatment procedure. The image quality of 
the Kikuchi pattern at each EBSD data point was 
obtained using the OIM analysis software (TSL Co. 
Ltd.). A relatively clean image was obtained by 
utilizing the grain dilution clean-up function with a 
tolerance of 5°. 
 
3 Results 
 
3.1 Microstructure of tested Nb tube 

Figure 2 illustrates the grain boundary maps 
obtained from EBSD data for the Nb tube before 
and after the deformation at hydrostatic extrusion 
ratios of 3.1 and 6.1 at ambient temperature. The 
grain boundaries measured using EBSD (Fig. 2) 
were defined as follows: the red lines are low-angle 
boundaries (LABs, 2°−15°) and the black lines 
indicate high-angle boundaries (HABs, 15°−65°). 
The grain size of the Nb tubes decreased before and 
after hydrostatic extrusion at both normal planes 
perpendicular and parallel to the extrusion direction. 
The LABs and HABs were mixed together at the 

 

 

Fig. 1 Schematic diagrams of Nb billet (a), hydrostatic extrusion (b), and area of Vickers hardness measurement and 

microstructure observation in Nb tube (c) (ED−Extrusion direction; RD−Radial direction; TD−Tangential direction) 

 
Table 2 Variations in thickness, tube area, and strain with extrusion ratio 

Sample 
No. 

Outer  
diameter/mm 

Inner diameter/ 
mm 

Thickness/ 
mm 

Tube  
area/mm2

Area  
reduction/% 

Strain 
Extrusion

 ratio 

1 40 32 4 452.4 0 0 1 

2 25 20.6 2.2 157.6 65.2 1.1 3.1 

3 16 12.7 1.65 74.4 83.6 1.8 6.1 
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Fig. 2 Grain boundary maps before (a, b) and after deformation at hydrostatic extrusion ratios of 3.1 (c, d) and 6.1 (e, f): 

(a, c, e) Plane perpendicular to ED; (b, d, f) Plane parallel to ED 

 

extrusion ratio of 3.1; however, the HABs without 
LABs, as well as the HABs neighboring LABS, 
were observed at the extrusion ratio of 6.1. The 
microstructure of the Nb tube varied with the 
observed planes in terms of extrusion direction. In 
the normal plane parallel to the extrusion direction 
(ED) in Figs. 2(c, e), the grain was refined and 
shaped by circle type at lower extrusion ratios 
(Fig. 2(c)). On the other hand, at higher extrusion 
ratios (Fig. 2(e)), the grain sizes were irregular and 
bent-type shaped grains were observed, which were 
probably operated by the shear stress along the 

tangential direction (TD). From the results of the 
microstructure observation on the normal plane 
perpendicular to the ED in Figs. 2(d, f), wide bands 
with width of 10−25 μm, consisting of LABs, were 
formed at lower extrusion ratio, whereas the narrow 
bands of ~5 μm in width were arranged at higher 
extrusion ratios, thereby showing that the tensor 
mode was operated differently under applied stress 
by increasing the extrusion ratio. 
 
3.2 Vickers hardness of tested Nb tube 

The relationship between the mean grain sizes 
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and mechanical properties of Nb tubes was 
investigated using the Vickers hardness 
measurement. As can be seen from Fig. 3(a), the 
Vickers hardness increased with decreasing mean 
grain size of the ND and TD planes in the Nb tube 
subjected to hydrostatic extrusion. The mean grain 
size decreased when the extrusion ratio reached 3.1, 
and then slightly increased at extrusion ratio of 6.1. 
To increase the mean grain size, it is necessary to 
identify what needs to be introduced to stimulate it. 
The variation in the Vickers hardness (H) and mean 
grain size (d), as shown in Fig. 3(b), is described 
mathematically by the Hall−Petch equation, which 
establishes a relationship between the hardness of a 
material and its flow stress [19,20]: 
 
H=H0+KHd−1/2                                           (2) 
 
where H0 and KH are experimental constants. From 
Fig. 3, H0 and KH can be calculated to be 
1070.9 MPa and 20.3 MPaꞏmm1/2, respectively, for 
Nb tubes subjected to hydrostatic extrusion at 
ambient temperature. The KH-value varies with the 
 

 

Fig. 3 Change in Vickers hardness and mean grain size 

vs extrusion ratios (a), and stress vs grain size (b) 

extent of deformation due to dislocation 
strengthening and high angle boundary 
strengthening [21]; therefore, KH (≈2.07 kgꞏmm−3/2) 
values of this study are twice that (≈1.02 kgꞏmm−3/2) 
of annealed Nb materials in a previous study [22]. 
The increase in the KH-value caused by the work- 
hardening characteristics is interpreted in terms of 
the cell formation theory (LABs or sub- grains) of 
working hardening, which is in good agreement 
with Fig. 2 showing the increase of LABs fraction 
after hydrostatic extrusion [23]. 
 
3.3 Grain boundary character of tested Nb tube 

Figure 4 shows the relation of the fractions of 
the LABs and HABs against the extrusion ratios in 
the ED plane and TD planes of Nb tubes. The 
fraction of LABs increased before and after 
hydrostatic extrusion, and decreased as the 
extrusion ratio increased, and vice versa for the 
HABs. Interestingly, the fraction of LABs and 
HABs in the ED and TD plane of the Nb tube is 
analogous, irrespective of extrusion ratios, 
indicating that dislocations glide on a similar slip 
system and grains rotate at similar angles in the ED 
and TD planes during the deformation. LABs are 
composed of an array of edge dislocation, screw 
dislocations, and mixed dislocations. 
 

 

Fig. 4 Variation in LAB and HAB fractions against 

extrusion ratio in ED and TD planes of Nb tubes 

 
The increase in extrusion ratios produced a 

strain in the Nb tubes, which resulted in 
microstructure evolution through plastic strain. The 
potential use of EBSD is quantifying strain in 
deformed materials, as the residual strain manifests 
local variations in lattice orientation. The Kernel 
average misorientation (KAM) is the average 
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misorientation among all neighboring points within 
the kernel. A kernel is a set of points of a prescribed 
size surrounding the scan point of interest. The 
merit of KAM is that it focuses on local small 
rotations because the grain boundary effect is 
excluded by only including misorientation less than 
a specified tolerance value from the averaging 
calculation. If the kernel contains a grain boundary, 
then the KAM value would be quite large [24]. 
Figure 5(a) shows the average degrees of KAM 
values of Nb tubes before and after hydrostatic 
extrusion. The mean KAM value increased after 
hydrostatic extrusion through plastic strains. From 
Fig. 5(a), the mean KAM value for the plane 
normal to ED is higher than that for the plane 
parallel to ED, which indicates the differences in 
the plastic strain at the same extrusion ratio. In 
addition, the difference in the mean KAM values 
for both the plane normal and parallel to the ED is 
larger at low extrusion ratio than at a high extrusion 
ratio. Therefore, manipulating the identical extent 
of a plastic strain in terms of directions normal  
and parallel to the ED can give rise to the Nb tube 

 

 

Fig. 5 Variation in mean KAM value (a) and GND 

density (b) against extrusion ratio in ED and TD planes 

during deformation by increasing the extrusion 
ratios. There are areas with net nonzero Burgers 
vectors across which there is a change in 
crystallographic orientation or lattice curvature due 
to extra stress. These dislocations are termed 
geometrically necessary dislocation (GNDs). 
Figure 5(b) shows the variation of GND density 
versus extrusion ratios in terms of the planes 
normal and parallel to ED. The GND density of the 
Nb tube largely increased after hydrostatic 
extrusion, and the plan normal to the ED had a 
larger value for GND density than the plan parallel 
to the ED. Interestingly, the difference between 
both planes at the same extrusion ratios decreased 
with an increase in the extrusion ratio. It is notable 
that the fraction of sub grains in Nb tubes can be 
confined by extrusion ratios because arrays of 
GNDs can form sub grain boundaries. 
 
3.4 Microtexture of tested Nb tube 

Figure 6 depicts the {100} discrete pole 
figures for the plane parallel to the ED in the Nb 
before and after hydrostatic extrusion. As can be 
seen, the type of the pole figure varied with 
extrusion ratios, and the pole figure for the Nb tube 
at low extrusion ratios indicated the 111 fiber 
texture, whereas at high extrusion ratios, the pole 
figures indicated 100 fiber textures [25]. As can 
be seen from Figs. 6(b, c), both fiber textures had 
different types, and they were the so-called cyclic 
texture (Fig. 6(b)) and true fiber texture (Fig. 6(c)). 
The texture heterogeneities were observed in the 
wire, and the texture type varied from cyclic texture 
to true fiber texture with increasing distance from 
the wire core because the area adjacent to the wire 
die was subjected to larger shear stress than the 
wire core [17]. Such significant variations in texture 
have also been observed in extruded materials from 
the surface to the center [26]. It is suggested that 
increasing the extrusion ratios could exert larger 
shear stress in Nb tubes during hydrostatic 
extrusion. 
 
3.5 RW/RD measurement of tested Nb tube 

Figure 7 shows the variation of the RW/RD 
value as a function of extrusion ratios. Here, RW is 
the reduction in wall thickness of the tube, and RD 
defines the reduction in tube diameter. RW and RD 
are calculated as follows: 
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Fig. 6 {100} discrete pole figures for plane parallel to 

ED in Nb tubes before (a) and after hydrostatic extrusion 

at extrusion ratios of 3.1 (b) and 6.1 (c) 
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where ti and tf are the wall thicknesses of the initial 
and final tubes, respectively, and di and df are the 

diameters of the initial and final tubes, respectively. 
The RW/RD value is more than 1 at low extrusion 
ratios and approximately 1 at high extrusion ratio. 
The reason for applying the above equation is to 
compare the texture evolution shown in the 
previous studies using zircaloy tubes with a 
hexagonal close packed (HCP) structure formed 
through extrusion and pilgering [17]. As a result, 
the texture of zircaloy exhibits three separate types 
according to the RW/RD value of more than, less 
than, and equal to 1. The present study used an Nb 
tube with the BCC structure to show both distinct 
types of texture from the RW/RD value of more than 
and equal to 1 at low and high extrusion ratios, 
respectively. According to Ref. [17], a value of 
more than 1 indicates that the strain level in the 
radial direction is larger than that in the tangential 
direction, and a value of approximately 1 shows 
that the strain level in the radial direction is 
analogous to that in the tangential direction, thereby 
implying that extrusion ratios make it possible to 
constrain the texture evolution during hydrostatic 
extrusion. 
 

 

Fig. 7 Variation in RW/RD values as function of extrusion 

ratio 

 
4 Discussion 
 
4.1 Mechanical properties and microstructure 

evolution 
The variation in hardness, microstructure, and 

texture evolution of the Nb tube were investigated 
during deformation under hydrostatic extrusion. 
The microstructure of the Nb tube was refined and 
the fraction of LABs largely increased after 
hydrostatic extrusion, and the LABs had different 
misorientations, as shown in Fig. 7. The texture 
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evolution of the plane parallel to the ED in Nb 
tubes was shown by increasing the extrusion ratios. 
The variation in Vickers hardness with respect to 
grain size followed the Hall−Petch equation without 
exhibiting a boundary-hardening effect (Fig. 2) or 
textural gradient (Fig. 6). In general, the hardening 
sequence from 111 to 100 and to 110 may 
result from the difference in atomic distance of Nb 
materials, respectively, d111=9.5 nm, d100=16.5 nm, 
and d110=23.3 nm. The Nb tubes subjected to 
hydrostatic extrusion at various extrusion ratios 
exhibited the 111 fiber texture at low extrusion 
ratios and the 100 fiber texture at high extrusion 
ratios; however, the texture evolution did not 
contribute to the variation in Vickers hardness 
(Fig. 6) due to low shear modulus (38 GPa), and 
then Nb materials have high ductility to fracture 
and are not susceptible to fracture at room 
temperature. According to Ref. [27], the physical 
properties of Nb show that the critical temperature 
is 290 K, with a thermal contribution of 13 MPa, 
implying that the lattice resistance to dislocation 
motion is negligible at room temperature in the 
Vickers hardness measurement. The phenomenon 
was also supported by a work [28,29] on uniaxial 
compression experiments over a wide range of 
strain (10−3−104 s−1), and Nb materials exhibit 
excellent ductility and significant thermal softening 
for the 100 textured polycrystalline both at 
quasi-static and high-strain rates. 
    The fraction of LABs was larger at low 
extrusion ratios than at high extrusion ratios, and 
the mean grain size increased by increasing the 
extrusion ratios. It is associated with dislocation 
interactions and the formation of LABs during 
deformation. LIU et al [30] reported the correlation 
of dislocation interactions and low-angle boundary 
strengthening using discrete dislocation dynamics 
(DD) simulation. Five different dislocation 
interaction types are considered: collinear, 
mixed-symmetrical junction, mixed-asymmetrical 
junction, edge junction, and coplanar. Of these, 
mixed-symmetrical junction formation events are 
found not only to cause a strong resistance against 
the incident dislocation penetration, but also to 
transform the symmetrical low-angle tilt grain 
boundary into a hexagonal network (a general 
low-angle GB). As a result of the DD simulation, 
the mixed-symmetrical junctions forming LABs 
dissociate when the external stress reaches 981 MPa. 

In the present study, the external stress for 
hydrostatically extruding the Nb tubes was 
increased from 629 to 998 MPa by increasing the 
extrusion ratios from 3.1 to 6.1. Such an increase in 
external stress could be attributed to the decrease in 
the LABs fraction and the increase in the mean 
grain sizes in the Nb tubes caused by increasing the 
extrusion ratios due to the dissociation of 
mixed-symmetrical junctions during deformation. 
 
4.2 Microtexture evolution 
    Texture evolution is associated with the slip 
system activating the Nb tube during the 
deformation under hydrostatic extrusion at various 
extrusion ratios. A change was observed from the 
111 fiber textured microstructure to the 100  
fiber textured microstructure of Nb tubes with an 
increase in the extrusion ratios. According to 
Ref. [31], above 175 K, slip was observed on {110} 
and {112} planes depending on the temperature, 
loading direction, and orientation of single crystal 
of Nb materials. In detail, the kink pair theory 
presented by SEEGER and HOLZWARTH [32] 
suggests that at moderate temperature, slip occurs 
on {112} planes, and that at very low temperatures, 
slip should occur on {110} planes because of the 
{110} planes having lower energy barriers than 
{112} at 0 K. In contrast to the kink pair theory, 
recent work by CAILLARD [33,34] showed that 
screw dislocations always move on fundamental 
{110} planes in the temperature range between 100 
and 300 K. The screw dislocation core structure is 
responsible for the high lattice friction, and thus the 
temperature and strain rate dependence of plastic 
deformation in BCC metals [35−37]. Increasing the 
extrusion ratios in the present study requires more 
external stress, which leads to an increase in strain 
rate and heat generation [38,39]. Therefore, the 
formation of screw dislocation core structure is 
more likely to occur at high extrusion ratios than at 
low extrusion ratios. The increase in the fraction of 
screw dislocations at high extrusion ratios 
contributes to the formation of LABs less than at 
low extrusion ratios. Because the screw dislocation 
line and the Burgers vector are parallel, the 
dislocation may slip in any plane containing the 
dislocation, resulting in less LABs formation. The 
variation of both {110}111 and {112}111 
component fractions as a function of tolerance 
based on EBSD data at low and high extrusion 
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ratios was investigated, as shown in Fig. 8(a). It can 
be seen that the fraction of the {112}111 
component is higher at low extrusion ratio 
(Fig. 8(b)) and that of the {110}111 component is 
higher at high extrusion ratios (Fig. 8(c)) with a 
tolerance of 30°, implying that much more screw 
dislocations glide on the {110} plane at high 
extrusion ratios. TERENTYEV et al [40] have 
shown that the [100] segment formed in the 
reaction with a 1/2[111]  loop does not move easily 
at room temperature. However, with a sufficiently 
high stress it spits into 1/2[111] and 1/2[111]  
segments, with the common glide plane (01 1),  
which is also a possible interpretation of Fig. 8. 
 

 

Fig. 8 Variation in texture component fractions as 
function of tolerance (a), and texture component maps at 
extrusion ratio of 3.1 (b) and 6.2 (c) with tolerance of 
30° (The red and blue colors indicate {112}111 and 
{110}111, respectively) 

 
5 Conclusions 
 

(1) The fraction of LABs largely decreased 
with a sharp decrease in mean grain sizes after 
hydrostatic extrusion and was not proportional to 
the extrusion ratios. It is assumed that 
mixed-asymmetrical junctions forming LABs 
dissociate at high extrusion ratios because of the 
external stress (>981 MPa) with thermal activation 
from generated heat. 

(2) The correlation between grain size and 
Vickers hardness followed the Hall−Petch 
relationship despite the texture gradient. The 111 
cyclic fiber textural microstructure was developed 
at low extrusion ratios and 100 true fiber textural 
microstructure was evaluated at high extrusion 
ratios, although the hardening sequence of BCC 
structural material is from 111 to 100 because  
of atomic distance, due to being negligible for the 
lattice resistance to dislocation motion above room 
temperature. 

(3) The increase in hydrostatic pressure on Nb 
tubes contributed to texture evolution in terms of 
extrusion ratios due to the difference between 
{110}111 and {112}111 components based on 
EBSD data. 
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挤压比对静液挤压纯铌管硬度、 

显微组织和晶粒织构各向异性的影响 
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摘  要：在室温下采用静液挤压法制备挤压比为 3.1 和 6.1 的铌管，利用电子背散射衍射(EBSD)研究铌管的显微

组织、织构和维氏硬度变化。静液挤压后，小角度晶界(LABs)分数随平均晶粒尺寸的急剧减小而大幅降低，且与

挤压比不成正比，可能是因为形成 LABs 的混合非对称晶界在高挤压比下由于外部应力(>981 MPa)和因发热产生

的热活化而分解。尽管在低挤压比下的111环状纤维织构和在高挤压比下的100纤维织构显微组织的织构梯度不

同，晶粒尺寸与维氏硬度之间的关系仍遵循 Hall−Petch 公式。根据 EBSD 数据，在不同挤压比下{110}111和

{112}111含量存在差异，因此，Nb 管所受静液压力的增加促进织构的演变。 

关键词：铌管；静液挤压；显微组织表征；力学性能；织构演变 
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