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A Nb-50(wt.)%Ti alloy was melted and remelted in an electron beam furnace and the cast ingot was sub-
sequently deformed into a bar by cold swaging, undergoing a maximum reduction in the area of 90%.
Samples of the cold deformed bar were subjected to isochronous annealing cycles for 1 h in the temperature
range between 250 and 1000 °C. The microstructural changes of the samples were monitored by optical
microscopy, scanning electron microscopy with backscattered electron diffraction (EBSD), X-ray diffraction
for pattern and texture determinations, and Vickers microhardness measurements. Recovery is the main
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Nb-50Ti alloy softening mechanism in the samples annealed at temperatures up to 600 °C, but recrystallization is sig-
Recovery nificant at temperatures equal to or above 750 °C and might also contribute to softening. Grain growth is

also noted after annealing at the temperatures of 900 °C and 1000 °C. The microstructures of the cold
deformed sample and of the samples annealed at temperatures up to 600 °C display a curly structure caused
by deformation bands and their dislocation substructures. At the annealing temperatures of 900 °C and
1000 °C, complete recrystallization occurs and eliminates the deformation bands, but the curly pattern still
exists and is probably due to a residue of the microsegregation of elements that occurs during solidification
of the ingot. An intense fiber texture that is typical of cold swaging is observed in the cold deformed sample
and in those annealed at temperatures up to 750 °C, but annealing at temperatures of 900 °C and 1000 °C
weakens this texture owing to complete recrystallization. The results of the present work show the im-
portance of the strong interactions among the phenomena of recovery, recrystallization, and micro-
segregation in determining the microstructure and texture of cold deformed and annealed Nb-Ti alloys.
© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The main application of Nb is as an alloying element added to
melts of steels and superalloys in the form of Fe-Nb or Ni-Nb alloys,
produced by aluminothermic reduction. Pure Nb, Nb alloys, and Nb
compounds have applications that are more specific and are pro-
duced in smaller quantities and sold at higher prices. Pure Nb is
superconducting at very low temperatures, but several Nb com-
pounds (NbsSn, NbsAl, NbsGa, and NbsGe) and Nb solid solutions
(Nb-Ti, Nb-Zr) have better superconducting properties [1,2]. The
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alloys of the Nb-Ti system are the most largely produced Nb alloys
and are used in superconducting cables, electromagnets, and or-
thopedic/orthodontic implants [3-8]. Superconducting commercial
Nb-Ti alloys, generally with Ti contents between 45 and 65 (wt.)%,
display a unique combination of critical temperature, critical cur-
rent, and critical magnetic field [7,9]. Although these alloys are es-
sentially solid solutions with a body-centered cubic crystalline
structure, other phase structures may form below 600 °C for higher
Ti contents [10,11].

In general, the production of Nb-Ti ingots starts with melting and
eventually remelting in a vacuum arc remelting (VAR) furnace. An
alternative processing step is the electron beam melting (EBM), with
the important advantage of a relatively low final concentration of
interstitial elements (C, N, O, and H), improving ductility, toughness,
and superconducting properties [12,13]. Important disadvantages of
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the EBM process, however, are the difficult control of chemical
composition due to evaporation of Ti during melting under high
vacuum and the microsegregation of elements during solidification
in a water-cooled copper mold [14].

A possible subsequent processing step of the Nb-Ti alloys is the
plastic deformation of their cast ingots. Because of their very good
manufacturability and ductility, bars of these alloys with diameters of
several centimeters are plastically deformed into superconducting
filaments with micrometric diameters for the production of super-
conducting cables [15]. During cold deformation of these alloys, curly
grain patterns observed in other refractory metals and alloys [16,17]
and named van Gogh sky (VGS) microstructures can also form.

Intermediate annealing cycles are often required during me-
chanical processing, causing precipitation of phases, recovery, and
recrystallization, which might significantly change the micro-
structure of the deformed alloy [18] and its superconducting prop-
erties [19,20]. As an example, precipitates and subgrain boundaries
formed during recovery would work as flux pinning centers and
improve superconducting properties [19,20].

Recovery and recrystallization studies of Nb-Ti alloys produced by
EBM and subsequently cold deformed by swaging are very scarce in the
scientific literature. For example, the competition between recovery
and recrystallization during annealing and the interactions between
microsegregation and the curly structure in these alloys have not yet
been studied in detail [21,22]. Particularly the Nb-50(wt.)%Ti alloy is the
least studied among all the superconducting Nb-Ti alloys [14,21].

The main objective of this work is to study the microstructural
modifications during isochronous annealing cycles of 1 h at tem-
peratures between 250 °C and 1000 °C of a cold deformed Nb-
50(wt.)%Ti alloy. An ingot of the alloy was initially cast by the
electron beam melting and remelting process and the cast ingot was
next deformed by cold swaging. The evolution of microstructure and
texture (in the macro, micro, and mesoscopic scales) during an-
nealing was followed by optical microscopy, scanning electron mi-
croscopy (SEM), electron backscatter diffraction (EBSD), X-ray
diffraction, and Vickers microhardness measurements.

2. Materials and methods

A compacted cylinder composed of a mixture of Nb machining
chips and Ti sponge was melted in a 60 kW EBM furnace under
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vacuum (107 mbar). An excess of 2(wt.)% Ti was added to com-
pensate for Ti loss by evaporation. After casting, the resulting ingot
was remelted and cast again into a cylinder with 50 mm diameter
and 200 mm length [14]. The chemical analysis of the cast alloy
was: 49.9 + 0.1 (wt.)%Ti, 800 ppm of O, 100 ppm of N, and 100 ppm
of C. The content of interstitial elements meets the specifications
for Nb-Ti superconducting alloys recommended by the ASTM
B884-1 standard. Before cold deformation, the cast cylinder was
machined into a bar of 38 mm diameter to fit into the swaging
machine, remove surface irregularities, and eliminate a Ti-rich
surface layer formed by condensation of Ti vapor. The machined bar
was deformed by swaging at room temperature in three sequential
deformation steps of area reductions 53.5%, 75.2%, and 89.5%. The
final diameter was 12.3 mm [14]. Discs of about 5 mm thickness
were cut from the transversal section of the bar and encapsulated
in quartz ampoules under vacuum with a pressure of less than 5
1072 mbar to avoid contamination with O and N from the atmo-
sphere during the subsequent annealing cycles. The discs were then
annealed during 1 h at temperatures of 250, 350, 500, 600, 750,
900, and 1000 °C.

Samples extracted from the discs before and after annealing
were prepared by metallographic techniques for observation in
both optical and scanning electron microscopes (SEM). The pre-
paration steps were: (a) grinding with silicon carbide papers of
500, 600, 800, 1200, and 2000 grit sizes; (b) mechanical polishing
with diamond pastes of 6 um, 3 pm, and 1 pm; and (c) final me-
chanical polishing with a mixture of colloidal silica (0.05 nm) and
hydrogen peroxide (10% by volume). The samples to be observed in
the optical microscope were also etched in a solution of 3 HF: 5
HNO;: 8H,0 for about 60 s. Before polishing with colloidal silica
(after polishing with diamond past of 1 pm), Vickers microhardness
measurements were made with a load of 2 N and X-ray diffraction
patterns were obtained with CuKa radiation. The diffraction pat-
terns were refined by the Rietveld method, with weighted profile
residuals (Rwp) of approximately 10%. Macrotexture was also
measured with X-ray diffraction (CuKe radiation) by the Schulz
method [23]. The orientation distribution functions (ODF) were
built from incomplete pole figures (amax = 75°). The fiber macro-
texture was extracted to section ¢, = 0, ¢ = 45°, and ¢, in the range
of 0-90°. Microtexture and mesotexture were evaluated with the
EBSD technique with a SEM.
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Fig. 1. Microhardness measurements (load of 2 N) of samples subjected to isochronous annealing cycles of 1 h: (a) Vickers microhardness and (b) softening rate as a function of

the annealing and homologous annealing temperatures.
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Fig. 2. Diffraction patterns (Cu-Ka radiation) of all samples of the Nb-50(wt.)%Ti alloy after cold swaging (as deformed) and after cold swaging and annealing at different

temperatures for 1h.

3. Results and discussion

3.1. Transformation followed by optical microscopy, X-ray diffraction,
and microhardness measurements

The Vickers hardness measurements as a function of the an-
nealing and homologous annealing temperatures are given in
Fig. 1(a), showing a typical decrease (softening) when these tem-
peratures increase. At 500 °C, the softening is practically complete
and has probably been caused by recovery, as discussed later in this
section. A sigmoid curve was adjusted to the experimental points
and the softening rate was calculated as the derivative of this curve,
which is given as a function of the annealing temperature in Fig. 1(b).
The largest softening rate occurred at approximately 380 °C.

Microstructural modifications during annealing were in-
vestigated with X-ray diffraction and optical microscopy. The X-ray
diffraction patterns of the cold deformed sample and of those de-
formed and annealed at different temperatures are given in Fig. 2. All
patterns indicate a single phase of body centered cubic structure (p-
phase; BCC) with a lattice parameter of approximately 0.3285 nm.
The (220) peak of the p-phase is shown in detail in Fig. 3, where
evidences of line sharpening and of the appearance of a Ka1 and Ka2
doublet are already seen at the annealing temperature of 500 °C, but
these are well established at temperatures equal to or above 600 °C.
In Fig. 4, the full-width at half-maximum (FWHM) of the peak is
shown to decrease when the annealing temperature increases. Peak
sharpening occurs when cold deformed metals are annealed, be-
cause of the rearrangement and elimination of crystalline defects
(mainly dislocations) by recovery or recrystallization [24]. The main
difference between these two modes of microstress reduction is that
only during recrystallization does the elimination of defects occur by
the migration of high-angle grain boundaries [25]. This distinction
will be used later to identify the softening mechanism at different
annealing temperatures.

Micrographs obtained with optical microscopy of the cold de-
formed alloy before annealing (Fig. 5) show evidences of deforma-
tion bands with curly morphology, especially in the central region of
the bar cross section (Fig. 5b). This type of morphology often occurs
in BCC metals and alloys deformed by swaging or drawing, but it has
also been observed in FCC and HCP crystalline structures [16,17].
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Fig. 3. Magnification of the (220) line of the p-phase observed in the diffraction
patterns of Fig. 2.

After annealing at temperatures equal to or below 500 °C, the
curly structure can still be seen (Fig. 6) without evidences of re-
crystallized grains and, consequently, of recrystallization. After an-
nealing at 600 °C (Fig. 7), however, very few recrystallized grains
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Fig. 4. Full-width at half-maximum of the (220) peak of the g-phase diffraction
pattern as a function of the annealing temperature.

(confirmed by EBSD analysis) are indicated by arrows in Fig. 7(b),
located within relatively large deformed grains of the curly struc-
ture. The absence of recrystallization after annealing at 500 °C and
the incipient recrystallization after annealing at 600 °C imply that
the substantial softening observed in Fig. 1 in the temperature range
between 250 and 600 °C is due exclusively to recovery. This con-
clusion agrees with the significant softening by recovery reported in
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the literature for the annealing of cold worked BCC metals and
alloys [22,26].

When the annealing temperature increases to 750°C, re-
crystallized grains are now clearly visible (Fig. 8) and a further in-
crease to 1000 °C causes not only extensive recrystallization, but also
abnormal grain growth (Fig. 9). In this sample, the average grain size
is 97 £ 11 um, which is larger than the size of 36 + 5um measured
in the sample that was not annealed (Fig. 5), indicating that grain
growth is significant at 1000 °C.

The volume fraction of recrystallized grains was measured by the
manual counting procedure described in the ASTM E562-08 stan-
dard. A square grid of approximately 6000 points was used and the
number of observed fields was sufficient to guarantee about 10%
relative accuracy. The volume fraction of recrystallized grains is re-
lated to the annealing temperature in Fig. 10. Note that incipient
recrystallization occurs at 600 °C, but the microstructure is com-
pletely recrystallized at annealing temperatures of 900°C and
1000 °C, as observed in the micrographs. Consequently, the softening
that occurred at these two temperatures might have been caused by
a combination of recovery and recrystallization.

In the sample annealed at 1000 °C, it is still possible to see re-
sidues of the curly morphology underlying a completely re-
crystallized grain structure. The usual curly morphology is attributed
to the dislocation substructure in the deformation bands [12,15], but
deformation bands no longer exist in this sample after complete
recrystallization. Therefore, the curly visual pattern still observed
after annealing at 1000 °C is probably due to a microsegregation
pattern that was originally formed during solidification of the cast
ingot. An example of microsegregation in as-cast samples of a si-
milar alloy has been reported in the literature [27]. This micro-
segregation was twisted during cold deformation by swaging and
probably helped reveal the curly structure formed by deformation

Fig. 6. Micrographs (optical microscopy) of samples of the cold swaged bar. Regions near the bar (a) surface and (b) center after annealing at 500 °C for 1h (etching with

3HF:5HNO5:8H,0 for 60s).



A.M. Ferreira, M.A. Martorano, N.B. de Lima et al.

Journal of Alloys and Compounds 887 (2021) 161334

Fig. 7. Micrograph (optical microscopy) of a sample from (a) the central region of the cold swaged bar after annealing at 600 °C for 1 h and (b) a magnified view with very few
recrystallized grains (indicated by arrows) within relatively large and deformed grains of the curly structure (etching with 3HF:5HNO5:8H,0 for 605s).

Fig. 8. Micrographs (optical microscopy) of samples of the cold swaged bar. Regions near the bar (a) surface and (b) center after annealing at 750 °C for 1h (etching with

3HF:5HNO3:8H,0 for 60s).

bands after the samples were etched. Nevertheless, when re-
crystallization was complete, deformation bands were eliminated
and only the microsegregation pattern remained in the form of the
curly structure. Therefore, even after annealing at 1000 °C, the re-
sidual microsegregation was sufficient to be revealed by the etchant,
showing a curly pattern. Note that recovery, recrystallization, and
homogenization of composition are diffusion-controlled phenomena
[28], but they occur by different mechanisms that have, respectively,
increasing activation free-energy barriers. Therefore, as observed in
the present work, increasing the annealing temperature would first
promote recovery, then recrystallization, and finally composition
homogenization.
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3.2. Transformation followed by texture measurement

Maps of grain orientations were obtained by the EBSD technique
for samples from the central region of the Nb-49.9% Ti bar after cold
swaging (as deformed - AD) and after cold swaging and annealing at
different temperatures (Fig. 11). The maps of the as-deformed
sample and of those deformed and annealed at 250 or 600 °C have
similar features, displaying gradients of orientations (gradients of
colors) within grains. Relatively large deformed grains with internal
color variations have parts with different orientations and, conse-
quently, indicate a region not yet recrystallized [29,30]. Never-
theless, in the maps for the annealing temperatures of 750 or

R

C:
C TR

Fig. 9. Micrographs (optical microscopy) of samples of the cold swaged bar. Regions near the bar (a) surface and (b) center after annealing at 1000 °C for 1h (etching with

3HF:5HNO3:8H,0 for 60 ).
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Fig. 10. Recrystallized volume fraction as a function of the temperature and homo-
logous temperature of isochronous annealing cycles of 1h.

1000 °C, recrystallized grains with uniform orientations (uniform
colors) exist, confirming that recrystallization occurred significantly
at these temperatures. Recrystallization occurred in approximately
50% of the volume of the sample annealed at 750 °C, as indicated by
the many relatively small grains with uniform colors shown in detail
in Fig. 12. In the map for the annealing temperature of 1000 °C,
completely recrystallized grains (uniform internal colors) have
grown extensively throughout the sample.

Journal of Alloys and Compounds 887 (2021) 161334

Fig. 12. Electron backscatter diffraction (EBSD) map showing a partially recrystallized
microstructure in the sample from a central region of the bar, deformed by cold
swaging and annealed at 750 °C for 1 h. Different colors represent different crystal-
lographic orientations, indicated in the inverse pole figure.

Maps of the distribution of grain boundary misorientations for
the same microstructures of Fig. 11 are provided in Fig. 13. There is
no significant difference in the distributions of low-angle, high

Fig. 11. Electron backscatter diffraction (EBSD) maps of samples from the central region of the Nb-49.9% Ti bar after cold swaging (as deformed - AD) and after cold swaging and
annealing at the indicated temperatures for 1 h. Different colors represent different crystallographic orientations indicated in the inverse pole figure at the lower-right side.

6
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== High-angle boundaries (15° - 65°)
== Mixed angle boundaries (5° - 15°)
%| === Low-angle boundaries (2° - 5°)

Fig. 13. Maps of distribution of grain boundary misorientations of samples from the central region of the Nb-49.9% Ti bar after cold swaging (as deformed - AD) and after cold

swaging and annealing at the indicated temperatures for 1 h.

angle, and mixed-angle boundaries between the map of the as-de-
formed sample and those of the samples deformed and annealed at
250 or 600 °C, which is consistent with the maps of Fig. 11. Low and
mixed-angle boundaries suggesting the existence of cell/subgrain
boundaries are observed within grains, which are outlined by high-
angle boundaries. In the map for the annealing temperature of
750 °C, given in detail in Fig. 14, relatively small recrystallized grains
without cell/subgrain boundaries are noted. In the annealing tem-
perature of 1000 °C, boundaries are mainly high-angle, since the low
and mixed-angle boundaries were eliminated by complete re-
crystallization.

The recovery and recrystallization events that were confirmed by
complementary characterization techniques suggest that the sam-
ples deformed by sequential steps of area reductions of 53.5%, 75.2%,
and 89.5% and subsequently annealed for 1h in the temperature
range between 500 and 600 °C could display improved super-
conducting properties. The present experimental evidence indicate
that these samples might have a well-defined structure of subgrains,
because they have undergone significant recovery without re-
crystallization. As mentioned in the introduction section, subgrain
boundaries work as flux pinning centers, which improve the su-
perconducting properties [19,25]. This improvement for the sug-
gested conditions, however, should be verified with further
experiments.

In the cold deformed sample and also in those samples subse-
quently annealed, the orientation distribution functions (ODF) in-
dicate a fiber texture, in which the planes (110) are scattered at
random in directions perpendicular to the < 110 > direction, which
is parallel to the swaging direction (Fig. 15). This texture, reported in
the literature [31] for deformed metals, agrees with models pro-
posed to explain the formation of the curly structure [16,17].

=== High-angle boundaries (15° - 65°)
== Mixed angle boundaries (5° - 15°)
=== | ow-angle boundaries (2° - 5°)

Fig. 14. Map of grain boundary misorientations showing the distribution of re-
crystallized grains and subgrains of the Nb-49.9% Ti bar after cold swaging and an-
nealing at 750 °C for 1h. Central region of bar.
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samples annealed at different temperatures. The fibers appear in the transversal
section and were extracted from the ODF with section of ¢? =0 and ¢ =45°.

For the annealing temperatures in the range between 250 °C and
500°C, only recovery occurred, and for 600°C or 750°C, re-
crystallization was negligible or only partial, respectively.
Consequently, the fiber texture in these annealed samples were
practically similar to that in the cold deformed sample (and not
annealed), because recovery does not change crystallographic or-
ientations significantly. In the samples annealed at 900 °C and
1000 °C, however, complete recrystallization was observed, clearly
reducing the intensity of the fiber texture because of the significant
rearrangement of crystal planes that occurred within the re-
crystallized grains.

4. Conclusions

An ingot of a Nb-49.9(wt.)%Ti alloy, cast after electron beam
melting and remelting, was deformed into a bar by cold swaging.
Different slices of this bar were subsequently annealed for 1 h (iso-
chronous annealing) at different temperatures in the range between
250 and 1000 °C. The X-ray diffraction patterns of all samples (cold
deformed with or without subsequent annealing) indicate the pre-
sence of only the p-phase, with a body-centered cubic structure
(BCC). In the samples annealed at temperatures up to 600 °C, since
recrystallized grains are not detected or are negligible, recovery is
the main mechanism of softening, which was observed by micro-
hardness measurements. After annealing at 750 °C, however, ap-
proximately 50% of the sample volume consists of recrystallized
grains (confirmed by EBSD). At the temperatures of 900 °C and
1000 °C, recrystallization occurs completely and might contribute to
softening. Some grain growth is also noted at 1000 °C. Observations
with the optical microscope of the cold deformed sample (not an-
nealed) and of the samples with subsequent annealing at tempera-
tures up to 600 °C reveal a “curly structure”, which is a visual pattern
attributed to deformation bands and their dislocation substructures.
In the samples annealed at 900 °C and 1000 °C, however, deforma-
tion bands are eliminated by recrystallization, but the curly pattern
still exists and is now probably due to a residual microsegregation of
elements that formed during solidification of the initial cast ingot. A
fiber texture is observed in the cold deformed sample and in the
samples annealed at temperatures up to 750 °C. After annealing at
the temperatures of 900 °C and 1000 °C, the intensity of the fiber
texture significantly decreases owing to complete recrystallization.
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