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Abstract: Micro-fine lightweight Nb-Ti based alloy powder was fabricated by a hydride-dehydride method, and the hydrogen
absorption/desorption behavior was investigated. Results show that obvious hydrogen absorption occurs at 300 °C, and the
absorbed hydrogen quantity reaches a saturation value of 1.12 wt% at 400 °C. Binary and ternary hydrides (NbogosVo.197H,
Nbo.s96Vo.304H and TiHy) are formed after hydrogenation. Hydrogen-induced embrittlement facilitates the pulverization of the thin
alloy plate. During dehydrogenation process, hydrogen content is effectively reduced to 0.001 wt% at 300 °C. Phase transformation
from niobium or titanium hydrides to single phase solid solution alloy (8 phase) is achieved. Oxygen content of the powder
increases with increasing hydrogenation or dehydrogenation temperature due to the high reactivity of constituent elements with
oxygen, and both hydrogenation and dehydrogenation temperature of 400 °C is selected in order to prevent severe oxygen intake.
Micro-fine Nb-based alloy powder with average particle size <10 um and oxygen content of 2980 pg/g is obtained. Superfacial
contamination of the obtained powder is detected, and oxygen impurity exists in the form of Nb,Os and TiO..
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With low density, high melting point, high strength, and
favorable oxidation resistance, Nb-Ti based alloy has at-
tracted increasing  attention as a  promising
high-performance lightweight refractory metal for high-
temperature structural application in aerospace and military
weapon industries™®. A multicomponented, body centered
cubic solid solution strengthened Nb-Ti based alloy is de-
veloped, aiming at service temperatures above 1200 <C.
This temperature is beyond the scope of Ni-based superal-
loys™®!. The alloying elements not only ensure high tem-
perature strength and oxidation resistance of the alloys but
also lower density (6.85 g<m™). Conventionally, Nb-Ti
based alloys were fabricated by vacuum arc melting, cast-
ing and rolling'®®. The complexities in their ther-
mo-mechanical processing and the subsequent machining,
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coarse microstructure and composition macrosegregation
greatly restrict their widespread usage. The complex shaped
Nb-Ti based alloy components are difficult to be fabricated
due to its high resistance to deformation and hard machina-
bility. In order to overcome these shortcomings, a powder
metallurgy based processing approach has attracted in-
creasing attention in recent years as it offers the prospect of
producing complex shaped parts with homogeneous micro-
structure and fine grains.

Raw powder material with fine particle size and low
oxygen content is prerequisite for niobium powder metal-
lurgy. The preparation of Nb-Ti based powder has several
difficulties due to its high melting temperature and high ac-
tivity. The traditional powder preparation process of Nb-Ti
alloy mainly involves mechanical alloying and atomization
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technologie . Due to the high melting temperature of

Nb-Ti alloy, argon atomization (AA) is no longer applicable.

Mechanical alloying has the disadvantage of low efficiency
and high risk of contamination™*?. Although the spherical
powder prepared by plasma rotating electrode process
(PREP) is suitable for powder metallurgy route, the low
yield rate of fine powder and the high cost restricts its
widespread application. It is necessary to develop more ef-
fective powder production methods for Nb-based fine
powder.

The hydride-dehydride (HDH) process provides a more
applicable method for the fabrication of Nb-Ti based alloy
powder™™! The alloy is converted to hydrides by absorb-
ing a significant amount of hydrogen, which facilitates the
embrittlement of the alloy. The hydrogenated alloy can be
easily pulverized to fine particles. Subsequently, the alloy
undergoes vacuum dehydriding by heating in vacuum to
obtain the corresponding metal powder. The great advan-
tage of this technique is its low cost and fine particle size
compared with other techniques such as atomization or
mechanical alloying. Understanding hydrogen absorption
and desorption behavior of the alloy is of vital importance
for the control of powder properties. Up till now, there are
very few reports on the HDH process of Nb-Ti based alloy
powder.

The objective of this work is to explore alternative
powder production method (HDH) for Nb-Ti based alloy
powder, which is beneficial to solve the difficulties in
preparation caused by its high melting temperature and high
activity. The main parameters of hydrogenation and dehy-
drogenation process were optimized in order to obtain fine
particle size with a controllable oxygen content.

1 Experiment

Table 1 lists chemical composition of the Nb-Ti based
alloy. Bulk metals (purity=99.9%) of Nb, Ti, Al, V, Cr, W
and Hf were purchased from Cuibailin Nonferrous Metal
Development Center (China). The alloy bar was prepared
by vacuum arc remelting. The alloy ingot was homogenized
at 1200 °C for 5 h in a ZW-15-20 vacuum furnace, and then
furnace-cooled to room temperature. The homogenized in-
got was cut into thin slices with thickness of 2 mm. The
slices were cleaned with acetone. The hydriding experi-
ments were carried out in a tungsten coil furnace at
200~800 <T. Initially, the furnace was evacuated up to 10 Pa.
After reaching the desired temperature, hydrogen gas
(99.999% purity) was introduced into the furnace under the
pressure of 0.2 MPa, keeping both pressure and temperature
constant for 1 h. After hydrogenation, the furnace was
cooled in hydrogen to 150 °C at a cooling rate of 1 °C/min.
The hydrogenated Nb-Ti based alloy was pulverized by disc
refiner in Ar atmosphere, and then sieved into fine particle.
The dehydriding process was performed in vacuum furnace

(10 Pa) at 100~800 < for 30 min. Differential scanning
calorimetry (DSC) analysis was carried out on a STA 409
instrument (Netzsch-Geraetebar GmbH, Bayern, Germany).
The microstructure of the ingot and the powder was ob-
served on a JSM-6480LV scanning electron microscope
(SEM) equipped with energy-dispersive X-ray spectroscope
(EDS). Phase constituents were characterized by a Rigaku
D/MAX RB X-ray diffractometer (XRD) using Cu radiation.
The hydrogen and oxygen contents of the powders were
measured by an inert gas fusion thermal conductivity me-
thod according to ASTM E1447-09. The X-ray photoelec-
tron spectrometer (AXIS ULTRADLD) was used to analyze
the surface state of the powder particles. Particle size dis-
tribution of the powders was measured on a LMS-30 laser
particle size analyzer.

2 Results and Discussion

2.1 Nb-based alloy ingot

Homogenizing treatment of the ingot is prerequisite for
the fabrication of the powders with uniform element distri-
bution. Fig.1a shows the back scattered electron image of
the vacuum arc-remelted ingot. Table 2 lists the result of
EDS analysis for the vacuum arc-remelted ingot. Some
cavities (the dark spots on Fig.1a) are formed due to solidi-
fication contraction. Regions with different contrast are
observed, suggesting the existence of local inhomogeneity
in composition. The light grey area (A) has a higher content
of Nb and a lower content of Ti and Al compared with that
of the dark grey area (B).

As for the ingot annealed at 1200 <C for 5 h, the main
alloying elements, Nb, Ti and V, exhibit a high composition
uniformity, as shown in Fig.1b.

Fig.2 shows the XRD pattern of the homogenized Nb-Ti
based alloy. The main phase is Nb-Ti based solid solution
(8 phase) with a body centered cubic structure, indicating
that all the alloying elements are dissolved in the niobium
matrix.

2.2 Hydrogenation and pulverization

With the aim to figure out the process in which hydrogen-
penetrates, hydrogen absorption behavior was investigated,
followed by oxygen impurity variations during hydrogena-
tion process due to its pronounced impact on densification
behavior and mechanical properties. Fig.3 shows the hy-
drogen and oxygen contents of the slices hydrogenated in
the temperature range of 200~800 °C. When the tempera-
ture is lower than 300 °C, the increase in absorbed hydrogen
is not obvious, and the hydrogen content is lower than

Table 1 Chemical composition of the Nb-Ti based alloy
(wt%o)
Nb Ti Al \% Cr W Mo Hf

60.93 21.14 2.80 558 426 264 050 2.10
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Fig.1 BSE images of the vacuum arc-remelted ingot (a) and the
homogenized ingot (b)

Table 2 EDS result of A and B area in the cross section of the
powder in Fig.1la (wt%)

Area Nb Ti Al \Y Hf

W Mo Cr

A 63.01 19.02 254 540 215 239 0.51 4.98

B 40.14 4572 3.83 6.12 0.84 - 334
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Fig.2 XRD pattern of homogenized Nb-Ti based alloy

0.02 wt%. A sharp increase in the absorbed hydrogen quan-
tity is observed in the temperature range of 300~400 °C.
Hydrogen content increases to 1.12 wt% at 400 °C. When
the hydrogenation temperature is higher than 400 °C, the
adsorbed-hydrogen quantity reaches a stable value, indi-
cating that hydrogen has been saturated in the Nb-Ti based
alloy. Although the alloying elements (Nb, Ti and V) in the
alloy are all highly reactive to hydrogen, the quantity of the
absorbed hydrogen is lower than that of the Ti (4 wt%~
5 wt%) and Ti-6Al-4V alloy (3 wt%~4 wt%)™!. This is
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Fig.3 Hydrogen and oxygen contents of the powder hydroge-
nated at different temperatures

associated with the crystal structure and the degree of or-
dering™®. However, the absorbed hydrogen is enough to fa-
cilitate the embrittlement of the plate with the thickness of
2 mm. Oxygen content of the hydrogenated powder in-
creases with increasing hydrogenation temperature due to
the high reactivity of constituent elements (such as Nb, Ti,
Al, V) with oxygen. On the consideration of the hydrogen
embrittlement effect and the oxygen contamination, the
most suitable hydrogenation temperature of 400 °C is se-
lected.

Fig.4 shows the XRD patterns of the powder hydroge-
nated at different temperatures. In the hydrogenation tem-
perature range of 200~800 °C, the relative intensity of
NbggosVo197H increases with the increasing temperature,
indicating the increased content of absorbed hydrogen and
the formation of niobium hydride. At 200 °C, the peaks of
phase vanish and NbggsVo30sH phase is formed instead,
suggesting that the alloy has a high capability of hydrogen
absorption, and that the hydrogenation reaction of the alloy
occurs at the temperature as low as 200 °C. A comparison of
the peak positions of hydrides of the 200, 400 and 600 °C
annealed samples reveals that the peaks move slightly to-
wards lower 26 values because of the hydrogen-induced
expansion of the crystal structure, which is in accordance
with the result reported by Oh et al™"*®l. At 800 °C, signif-
icant broadening and intensity reduction of the peaks of
Nbggo3Vo.197H and TiH, hydrides is observed, which is at-
tributed to the fragmentation of brittle hydride. The struc-
tural transition of NbggesVo304H hydride to Nbg g3V 197H
and TiH, occurs at 800 °C with the increased content of
absorbed hydrogen.

The phase purity, surface composition, and chemical
states of the hydrogenated powder were further investigated
by XPS measurements. Fig.5 shows the XPS spectra of the
hydrogenated powder. It is revealed in Fig. 5a that Nb, Ti,
V and O are the main elements on surface of the hydrogen-
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Fig.4 XRD patterns of the powder hydrogenated at different
temperatures
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ated powder. The Nb 3d XPS spectrum (Fig.5b) was de-
convolated into two major peaks with a binding energy
values of 209.5 and 206.8 eV, corresponding to the Nb 3d,,
and Nb 3ds, spin—orbit peaks of the Nb,Os phase, respec-
tively. Fig.5c shows the Ti 2p XPS spectrum. The spectrum
was deconvoluted to several Gaussian peaks using a peak
synthesis procedure. Two peaks of 2ps, and 2p,;, with bet-
ter symmetry at the peak binding energies of 463.9 and
458.2 eV, corresponds to the 2p binding energy of the Ti/O
bond in TiO,, respectively™®®. And the other two weak
peaks of 459.8 and 453.9 eV are assigned to the state of
TiH,. In the XPS spectra of V 2p (Fig.5d), two sub-peaks
located at 156.4 eV and 158.4 eV were observed, which
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Fig.5 XPS spectra of the hydrogenated powder: (a) full spectrum; (b) Nd 3d, (c) Ti 2p, and (d) V 2p

correspond to the V 2ps, state and the V 2py, state for
standard VO,, respectively. The XPS results illustrate that
the main compounds on surface of the hydrogenated powd-
er are TiO,, Nb,Os and VO..

Fig.6 shows the SEM images of the hydrogenated plates.
A lot of cracks and fissures are observed, as marked by the
circles. During hydrogenation, interstitially dissolved hy-
drogen is trapped preferably in areas of local stress concen-
trations, such as vacancies, dislocations, precipitations,
phase and grain boundaries, which cause crystal lattice dis-
tortion around hydrides due to the increase of dislocation
density®?®?!. The penetration of hydrogen atoms induces
embrittlement effect, which facilitates pulverization of the

hydrogenated plates.

The formed hydride particles produced brittleness of the
Nb-Ti alloy, and the alloy was pulverized in argon atmos-
phere. Fig.7 shows the SEM images and the corresponding
particle size distribution of the dehydrogenated powders
crushed for varied periods of time. It is shown in Fig.7a that
the powder crushed for 3 min is irregular polygon. The
powder exhibits a wide particle size distribution, and the
average particle size is approximately 36 um. Most of the
large particles with particles size of 50~100 pm remains,
and a small amount of fine particles are formed. After
milled for 5 min, the finer particles are mixed with a small
number of coarse particles with particle size 40~60 pum. The
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Fig.6 SEM image of the hydrogenated plates

powder crushed for 7 min exhibits normal distribution. A
narrow particle size distribution is achieved. The size of the
majority of the Nb-based particles is smaller than 9 um to-
gether with small volume fraction of large particles. The
powder exhibits similar irregular morphology to the me-
chanically alloyed powder, but the gains size is not as small

Fraction/%

Fraction/%

Fraction/%

as that of the mechanically alloyed powder (14 nm) #2,
2.3 Dehydrogenating

Nb-Ti alloy hydrides was vacuum annealed in the tem-
perature range of 100~800 °C to desorb hydrogen. Fig.8
shows the remained hydrogen and oxygen contents of the
dehydrogenated powder with particle size smaller than
15 um. The original hydrogen content of the powder is
1.14 wt%. At the dehydrogenation temperature of 100 °C,
the reduction of the hydrogen combined in the alloy is not
obvious. When the temperature increases to 200 °C, hydro-
gen content decreases sharply from 1.14 wt% to 0.15 wt%,
suggesting that the combined hydrogen in the alloy can be
easily destroyed. When the dehydrogenation temperature is
higher than 400 °C, minor change of hydrogen content is
observed, and hydrogen content remains at the low level of
around 0.001 wt%. Oxygen content of the dehydrogenated
powder increases with the increasing dehydrogenation
temperature due to the high reactivity of the alloying ele-
ments (such as Nb, Ti, Al, V) with oxygen and the high
specific area of the powder. Oxygen contamination is at-
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Fig.7 SEM images (a, c, ) and the corresponding particle size distribution (b, d, f) of the dehydrogenated powders crushed for varied pe-

riods of time: (a, b) 3 min (c, d) 5 min; (e, f) 7 min
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tributed to the combination of highly activated surface in
the hydrogenated and pulverized powder. In order to avoid
excess contamination of the powder by oxygen impurity,
dehydrogenating temperature of 400 °C is selected. The
oxygen content of the powder after dehydrogenated at
400 °C is about 2980 Lg/g

Fig.9 shows DSC results of the hydrogenated powders.
The hydride phase forms exothermically and is generally a
self-sustaining reaction. A large exothermic peak was ob-
served at around 340 <C on the DSC curve, corresponding

to the dehydrogenating process of the hydrogenated powder.

This is in agreement with the rapid desorption rate in the
temperature range of 100~300 <C. The peak temperature is
higher than that of the rapid dehydrogenating temperature
range (100~300 <C) shown in Fig.8. This is ascribed to the
varied dehydrogenating atmosphere. DSC was performed in
Ar gas atmosphere while dehydrogenating was carried out
in vacuum, indicating that vacuum accelerates the dehy-
drogenating process.

Investigation of dehydrogenation behavior of the powder
is important in deciding dehydrogenation temperature. Fig.
10 displays the XRD patterns of the powder dehydroge-
nated at varied temperatures. At the dehydrogenation tem-
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Fig.8 Remained hydrogen and oxygen contents of the dehydro-
genated powder
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Fig.9 DSC curve of the hydrogenated powders

perature of 100 °C, less hydrogen is removed and phase
constituent of the dehydrogenated remains unchanged
compared with the hydrogenated powder (NbgggsVo.304H).
With the increase in dehydrogenation temperature, hydro-
gen is removed gradually, and phase constituent of the alloy
changes correspondingly. At 200 °C, phase transformation
from NbggpsVo107H and TiH, hydrides to Nb-based solid
solution (B phase) is observed. Additionally, the intensity of
B peaks increases with the increasing dehydrogenation
temperature. Therefore, the phase changes from Nb based
solid solution (f phase) of the ingot to hydrides of Nb, V
and hydrides of Ti during hydrogenation, and then back to
its B phase after dehydrogenated. The peaks of
Nbyg 69sVo.304H Vanish at 200 °C. The onset of dehydriding
occurs at the temperature as low as 200 °C, suggesting the
lower thermal stability of the hydrides. This phase transi-
tion temperature is lower than that of the niobium hydride
(380 <C), which is associated with the interstitially dis-
solved alloying elements that enhances the equilibrium va-
cancy concentration and destabilizes the hydrides ™® 2,
Additionally, mild deformation during pulverization also
accelerates hydrogen desorption. The absence of a peak po-
sition shift for the (111) p-phase reflection indicates that
there is no significant variation of the lattice parameter of
this phase during dehydriding, indicating that a possible
decrease in lattice parameter due to hydrogen release could
be compensated by thermal expansion effects. This result is
in agreement with the result reported by Ref.[22].

Fig.11 shows XPS spectrum of the dehydrogenated
powder. It reveals that the main compounds on the powder
surface are TiO, and Nb,Os, and the substrate is the
Nb-based solid solution. Some Ti and Nb are found on the
surface of the dehydrogenated powder. It is considered that,
the hydrides of Ti and Nb decomposed and the Ti and Nb on
the surface are hard to dissolve again into the substrate and
the Ti and Nb inside dissolve again into the substrate to
form the Nb-based solution phase.
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Fig.10 XRD patterns of the powder dehydrogenated at varied
temperatures
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Fig.11 XPS spectra of the dehydrogenated powder: (a) Nd 3d and (b) Ti 2p

3 Conclusions

1) The Nb-Ti based alloy prepared by the hy-
dride-dehydride process exhibits relatively low hydrogena-
tion temperature and solid solubility limit of hydrogen. Hy-
drogen-induced binary and ternary hydrides (Nbggo3Vo.107H,
NbgeesVo304H and TiH,) are formed. The absorbed hydrogen
is 1.12 wt% at the temperature of 400 °C.

2) Dehydrogenation of niobium and titanium hydride
particles starts and completes at a relatively low tempera-
ture, and the remained hydrogen content is 0.001 wt% at
400 °C. After dehydrogenation, phase constituents of the
powder change back to its original constituents (S phase).

3) Micro-fine light Nb based alloy powder with particle
size below 10 pm is obtained. The oxygen content of the
powders after dehydrogenated at 400 °C is about 2980 pg/g.
The oxides on surface of the hydrogenated and dehydroge-
nated powder exist in the form of Nb,Os and TiO,.

4) The hydride-dehydride process is approved to be an
effective method to prepare Nb-Ti based alloy powder.
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SR EEFI % Nb-Ti EEEH R

ZEFRE?, mOMY R, AWM, et
(1. AERERHERE BB AR B A0 R R TR2 mks AR 0 0 BARACE & B R S LR AR mi st s, dba
100083)
(2. MRMEL LT 25T, ks 100076)

i OE: RAEA-BEES & TR Nb-Ti A SR, IR T REMWRAT . 300 CH, FWIKHE, 400 CH LA &
EREAE 1.12% (RESED. SAJE R8I0 =082 (Nbo.sosVo.107H, NbogesVoseaH, TiHy) o I FEBEEN, A5 1)
W AR JE 153 B AN b AR AR K . EBERE R, S &AL 300 CHIE RUBFK A 0.001%, LI T MR sl Bk S A0 97 B B AR [ 75 44
Ha (BHD MR, HTHSTRSARBE R, HARPAS EHR AN EEE N ST, A7 Pk iUm s 4L,
S AR E AL A 400 C. LIS R AR T FERAR/NT 10 pm, A E&EN 2980 pg/g BIRA Nb B:& &K, HM KRR
HIE A 5T E DL NboOs Al TiO, IJE A7 1E .

KR MR\ E; Nb-Ti EAE: WHRG&: S BA

EF TN ZRZE, 55,1976 F4, H4, S TEMN, B RZFMEHE AR, b EER TR ERHRH .0, 63
100083, E-mail: sichuanli@aliyun.com



