MATERIALS.
TECHNOLOGIES.
DESIGN

DOI 10.54708/26587572 2025 732299

VIIK 539
P.A.C.S. 61.50.Ks

MICROSTRUCTURE AND MICROHARDNESS OF HYDROGENATED
T1-2Fe-0.1B ALLOY A SUBJECT TO HPT IN THE SOLID SOLUTION STATE

Xujia Zhou ', Yuecheng Dong ?, Igor Vasilevich Alexandrov '

!'Ufa University of Science and Technology, 32 Zaki Validi st., 450076 Ufa, Republic of Bashkortostan, Russia
2 Nanjing Tech University, 30 South Puzhu Road, 211816 Nanjing, Jiangsu Province, China
* zhouxujial111@163.com

ABSTRACT

This paper presents the results of a study of the microstructure and mechanical properties of a
hydrogenated Ti-2Fe-0.1B alloy (in wt. %), subjected to high-pressure torsion (HPT) in a solid-
solution (SS) state. The hydrogenated samples with a uniform distribution of hydrogen were
obtained by holding at a temperature of 700 °C for 2 hours in a high-purity hydrogen environment
and naturally cooling together with a furnace to room temperature. To form the SS state, the samples
were placed in a vacuum and subjected to heat treatment. SS state with a hydrogen content of
0.3 wt.% and 0.5 wt.% was formed by holding at temperatures of 720 °C and 640 °C, respectively,
for 1 hour in a vacuum followed by cooling in water. The temperature was set 10 °C above the
B—a phase transformation temperature. The phase composition after SS treatment was characterized
by a predominance of the B-phase and a small volume of the a-phase. The HPT was carried out at
a pressure of 6 GPa at room temperature with a different number of turns. The microstructure and
microhardness of the hydrogenated samples that were SS and HPT treated were investigated. The
results obtained were compared with similar results obtained for samples before HPT. Microstructural
analysis showed that as a result of hydrogenation and SS treatment, a B-Ti(H) phase saturated with
hydrogen was formed. HPT contributed to the formation of a dispersed w-phase and the refinement
of grains in both B- and a-phases. Precipitations in the form of whiskers of the TiB phase were also
observed in the microstructure. The microhardness of the alloy has increased significantly as a result
of the hydrogenation, SS treatment and HPT.
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AHHOTAIIUA

B 27011 cTaTee npeacTaBiIeHbl pe3ybTaThl HCCIEN0BAHUS MUKPOCTPYKTYPbI U MEXaHUYECKUX CBOUCTB
HaBogopokeHHoro criasa Ti-2Fe-0,1B (B mac.%), moaBeprayToro Kpy4eHuo 1oj BEICOKUM JaBiie-
nuem (KB/I) B tBepnopactBopHOM (TP) cocrosuuu. HaBonopoxeHHble 00pa3iipl ¢ paBHOMEPHBIM
pacrpejielieHueM Bo1opo/ia ObLITH MOJydeHbl TyTeM BhIIepkKHU Ipu Temreparype 700 °C B TeueHue
2 4acoB B Cpeie BOJOPOJA BBICOKOM YMCTOTHI M €CTECTBEHHOTO OXJIA)KIEHUS BMECTE C IE€YbI0 10
KOMHaTHOW Temneparypsl. [y dopmupoBanus TP cocrosHust 00pasibl ObUIM NOMEIIEHBI B BAKYYM
U TO/IBEPTHYTHI TepMuueckoil oopadorke. Ilpu 3rom TP cocTosiHUS B 3aroTOBKAax C COJEpKaHUEM
0,3 macc.%H u 0,5 macc.%H Obitn cpopMupoBaHbl MyTeM BBIAECPXKKH IpH Temneparypax 720 °C
n 640 °C, cOOTBETCTBEHHO, B T€UEHHE | Yaca B BaKyyMe C IOCIEAYIOLIUM OXJIAXJAECHUEM B BOJE.
Temneparypa 6bu1a ycranoBieHa Ha 10 °C Bblie Temneparypsl (a3oBoro npespaiueHus B—o. da-
30BBIN cocTaB nocie 0opaborku Ha TP xapakrepusoaics npeobnananueM B-¢azbl 1 HEOOIBIIUM
oobeMoM a-¢a3zel. KB/] npoBoamiocs noxa aasnenueM 6 I'Tla npu koMHaTHON Temneparype ¢ pa3HbIM
qrcaoM 000poToB. bbutn Hcciea0BaHbl MUKPOCTPYKTYPa U MUKPOTBEPIOCTh HAaBOJOPOXKEHHBIX 00-
pa3uos, npomeamux oopadorky Ha TP u KB/I. IlonydyeHHble pe3ynbTraThl CPaBHUIM C aHAIOTUY-
HBIMHU pe3yJIbTaTaMu, MOJy4YeHHbIMU i1 00pa3uoB 1o KB/l. MUKpOCTpYKTypHBIN aHaNN3 MoKasad,
YTO B pe3yJbTaTe HaBOJOpOXKUBaHUS U 00paboTku Ha TP obOpa3oBanack dasa B-Ti(H), HacelenHas
BogopoaoM. KB/l cioco6cTBOBaio 00pa30oBaHuI0 AUCTIEPCHONW ®-(ha3bl U U3MEIBYCHUIO 3€PEH Kak
B -, Tak U B a-¢azax. B MUKpoCTpyKType Takxke HabIroJaIuCh BblieseHus B Buje ycoB (assl TiB.
MHUKpPOTBEpPAOCTH CIUIaBa B pe3yibTraTe HaBoAOpokuBaHUs, 00padoTku Ha TP u KBJl 3HaunTensHO
BO3poOCIIa.

KJIFOYEBBIE CJIIOBA

TuTaHOBBIN CIUIaB; HABOJOPOXKKUBaHUE; TBepAbIN pacTtBop; UITJK.

Introduction forming a Ti-Fe eutectic phase [1]. Ti-Fe phase
is a CsCl-kind intermetallic compound, usually
containing 20~25 wt.% Fe.

Hydrogenation causes drastic changes in
the structure of Ti-2Fe-0.1B alloy. This method
is known, as a temporary alloying method, has

emerged as a promising approach to modify the

Titanium alloys are widely used in the
aerospace, marine, biomedical and another
branches of industry due to their high strength-to-
weight ratio and corrosion resistance. However,
their applications are often limited by the lack
of ductility and the challenges of microstructure

refinement [1].

Fe, as a PB-phase stabilizing and low-cost
alloying element, has a significant regulatory
effect on the microstructure and mechanical
properties of Ti-2Fe-0.1B alloy [32]. The
B-phase possessing the body-centered cubic
crystal lattice, reduces the transition temperature
from B-phase to a-phase, increases the content
of high-temperature B-phase and increases the
ductility. Then the hot working performance
of the alloy can be improved. In addition, Fe
inhibits grain growth by segregation at grain
boundaries, and refines the as-cast structure by
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microstructure of titanium alloys decreasing the
temperature of the p—a phase transformation
[2]. However, after excessive hydrogenation,
the hydrogen atoms in the SS and precipitated
hydrides preferentially accumulate at the grain
boundaries to produce stress concentrations,
accelerating the initiation and propagation of
cracks. So the fracture mode of titanium alloys
during tensile testing changes from ductile
transgranular to brittle intergranular fracture,
resulting in a sharp decrease in the ductility
of hydrogenated titanium alloys at room
temperature.



During the hydrogenation at high
temperature the transitions a — o, + B, B — B,
occur. The eutectic reaction occurs during the
subsequent cooling process B, — o + & and
a, — o + O, martensitic o' formed with
lamellar o . But in total after cooling the
proportion of B-phase in Ti-2Fe-0.1B-0.3H
alloy has been greatly increased from 4.95%
to 30.1% [3].

Previous studies [7] have shown that the
addition of B to Ti alloys promotes the formation
of TiB whiskers, fixes grain boundaries during
SS treatment, inhibits recrystallization, and
enhances grain boundary strengthening. EBSD
analysis confirmed that B deposition at the
o/f interface improves interfacial cohesion
[4].

Severe plastic deformation (SPD) methods
can be used to form ultrafine-grained (UFQG)
states and enhance the properties of Ti alloys [5].
The average grain size decreased from 1.72 um
in the coarse grain state to 240 nm in the UFG
state formed by equal channel angular pressing
(ECAP) deformation of Ti-2Fe-0.1B alloy [9].
High pressure torsion (HPT) has a very strong
grain refinement ability too [11]. HPT of Ti-
2Fe-0.1B alloy resulted in the severe refinement
of the grains from 3.5 pum in the initial state to
about 20 nm after 10 turns. It was also proved
that HPT can greatly increase the hardness of
Ti-2Fe-0.1B alloy to the maximum 483 HV
after 5 turns [1].

The optimization of the Ti-2Fe-0.1B-xH
alloy could follow from the combination of
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strengthening due to Fe, grain refinement due to
B, hydrogenation, SS and SPD.

In this paper, the synergistic effect of
hydrogen content, SS treatment, and HPT on the
microstructure and microhardness of Ti-2Fe-
0.1B alloy was studied.

1. Materials and methods

1.1. Materials.

The low-cost titanium alloy Ti-2Fe-0.1B
was made of grade 0 titanium sponge, industrial
pure iron and Ti-B master alloy. The compounds
were first melted twice in a vacuum arc melting
furnace to obtain an ingot with a diameter of
approximately 420 mm. The ingot was forged
to diameter 125 mm. Surface defects and
contaminated layers were removed to ensure the
purityandperformanceconsistency ofsubsequent
processed materials. The diameter 120 mm
of ingots was obtained by grinding process.
The phase transition point was determined as
857+5 °C. [3] Then the diameter was decreased
from 120 mm to 20 mm by continuous rolling
at about 836 °C. This temperature made it
easy to deform and prevented the P-phase
grains from growing bigger. The chemical
composition and initial grain size are shown in
Table 1. The content of Fe was determined by
ICP-AES (Inductively Coupled Plasma Atomic
Emission Spectrometry) analyzer. The C, O, N,
H elements were determined by gas analyzer.
The content of B element was determined by
nominal content due to high analytical difficulty
and poor accuracy.

Table 1. The element composition and grain size of Ti-2Fe-0.1B alloy in the as-received state

Tadauua 1. DneMeHTHBIH cocTaB U pa3Mep 3epHa crutaBa Ti-2Fe-0,1B B HCXOTHOM COCTOSTHHA

Element / Grain size, um /
Fe B C O N H Ti Pa3mep 3epemn,
DIEeMEHT
MKM
5 ;
WL% 71189 | 0.08 | 0.014 | 0.062 | 0.004 | 0.0012 |  Residual amount/ 1.72
Bec.% OcTaTo4yHOE KOJIUYECTBO
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1.2. Hydrogenation and solid solution heat
treatment.

High-temperature gas-phase hydrogenation
treatment was used to get the compositions of the
investigated Ti-Fe-B alloy with 0.3 wt.%H and
0.5 wt.%H. Before the hydrogenation treatment,
the oxide scale was removed and the surface of
the billets was cleaned by ultrasonic vibration
in acetone. Then the ingots were placed in the
hydrogenation treatment furnace and kept at
700 °C for 2 hours in a high-purity hydrogen
environmenttomakethehydrogendiffuseevenly.
The high temperature improved the diffusion
coefficient of hydrogen and accelerated the
diffusion rate of hydrogen atoms from the surface
to the center. The long holding time provided
sufficient diffusion time for the hydrogen atoms.
The hydrogen atoms have more opportunities
to diffuse from the high-concentration surface
area to the low-concentration internal area until
the concentration gradient disappeared and the
homogenization was achieved. Then furnace
was cooled to room temperature. The hydrogen
content was determined by weighing the ingots

L

=

before and after the hydrogenation treatment.
The analytical balance with an accuracy of
0.00001 g was used.

The ingots were put in vacuum with the
pressure under 5.0x10~ Pa and heat-treated
for 1 hour. The temperature was set 10 °C
above the hydrogen-containing  — a-phase
transformation point. It was put as 720 °C for
0.3%H and 640 °C for 0.5%H [3]. Then the
ingots were water-cooled.

1.3. High-pressure torsion.

Before HPT, the as-received and
hydrogenated ingots were cut into the disks
with a diameter of 20 mm and a thickness of
1.5 mm. Then the disks were polished to about
I mm using sandpaper of 80#, 240#, 400#,
600#, 800#, 1200# and 1500# in turn, so that
the size of the specimen meets the dimensional
requirements for HPT.

The samples were a subject to HPT.
The pressure of 6 GPa was applied at room
temperature. The numbers of turns were selected
as 1/2, 1, 5, and 10.

A LLLETTY

epe o+
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Fig. 1. Hydrogen treatment furnace

Puc. 1. [1eus 1715 HABOJOPOKUBAHUS
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Fig. 2. High pressure torsion equipment diagram

Puc. 2. Cxema 000py1oBaHuUs ISl KPYUCHHS [TO]] BBICOKHM JaBJICHHEM

1.4. Characterization methods.

1.4.1. SEM observation.

I mm thick discs with @ 20 mm were
polished with sandpaper to remove the surface
oxide layer, grounded until the surface became
smooth, then mechanically polished to make
the surface of the sample mirror-like, cleaned,
and dried for the observation by backscatter
analysis/ The scanning electron microscope
JEOL JSM-6510 was used.

1.4.2. XRD analysis.

1 mm thick discs with @ 20 mm were
polished with sandpaper to remove the surface
oxide layer, grounded until the surface became
smooth, mechanically polished, cleaned, and
dried before XRD testing. The investigations
were conducted on the diffractometer Rigaku
RINT 4200. The X-ray diffraction analysis of
the samples was carried out by Cu-Ka radiation
at room temperature. The 20 range from 20
to 80° was selected. The scanning speed was
5°/min. At the end of the experiment, the data
were exported and analyzed by EVA and Jade
software to confirm the possible phases and
corresponding crystal structures. The analysis
data were re-plotted by Origin software. The
identified phases were labeled in the Origin
diagram.

1.4.3. Vickers hardness test.

I mm thick discs with @ 20 mm were
polished with sandpaper to remove the surface
oxide layer, grounded until the surface became
smooth, and machine polished to make the
surface of the sample mirror-like, cleaned and
dried for microhardness testing. The model of
the equipment used for the microhardness test
was Emco-Test Durascan 50. The load was
HVO0.2 (i.e. 0.2 kgf), and the holding time was
10 s. At the end of the experiment, the data
were exported, and then re-plotted using Origin
software. The identified phases were labeled in
the Origin diagram.

2. Results and discussion

2.1. Microstructural evolution.

According to the SEM analysis, after
hydrogenation and SS treatment blocks of
B-phase grains, needle-like a-phase grains,
and black o'-phase grains appear in the image
(Fig. 3). The original B-phase area enlarged
because the hydrogenation reduced the phase
transition temperature f — o of the alloy.
Martensite  a'-phase  (lath-like  structure)
appeared due to cooling in water after SS
treatment. The B — o' martensitic phase
transformation refined the microstructure. After
HPT, a large number of dislocations appear in

2025. Vol. 7, No. 3(22) 103
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the alloy structure which increases with the
number of HPT turns [5].

During HPT, the transition from the a-phase
to the w-phase occurs [27]. The w-phase grains
are extremely small in size (2—10 nm) [6]. They
are usually evenly distributed in the matrix.
A large number of the w-phase appears in the
hydrogenated SS ingots. When the number of

20kV X800  20pm 11 54 BES

HPT turns is 1/2 turn, o-phase appeared in the
alloy. The volume fraction of it is about 38%.
With the increase of the number of HPT turns,
the volume fraction of the w-phase continues
to increase. After 5 turns, the volume fraction
reached the maximum about 80%. When the
number of HPT turns continues to increase the
volume fraction of w-phase begins to decrease.

X800 20pm 11 54 BES

Fig. 3. SEM of Ti-2Fe-0.1B-xH alloy after SS treatment: a — Ti-2Fe-0.1B-0.3H, b — Ti-2Fe-0.1B-0.5H
Puc. 3. POM cnunasa Ti-2Fe-0,1B-xH nocne 006pabotku Ha TBepubiid pactBop: a — Ti-2Fe-0,1B-0,3H; b — Ti-2Fe-0,1B-0,5H

20KV X800  20pm

20kV X800  20pm

20kV X800  Z20pm 12 54 BES

20kV X800  20pm 12 54 BES

Fig. 4. SEM of Ti-2Fe-0.1B-0.3H alloy after HPT: a — 1/2 turns,; b — I turn; ¢ — 5 turns, d — 10 turns
Puc. 4. COM cmuasa Ti-2Fe-0,1B-0,3H nocie KBI: a — 1/2 o6opom,; b — 1 obopom; ¢ — 5 obopomos; d — 10 0b6opomos
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20kV X800 20pm

20kV X800 20pm

13 54 BES

12 54 BES

20kV X800 20pm 12 54 BES

20kV X800  20um 12 54 BES

Fig. 5. SEM of Ti-2Fe-0.1B-0.5H alloy after HPT: a — 1/2 turns; b — I turn; ¢ — 5 turns; d — 10 turns

Puc. 5. COM cmuaBa Ti-2Fe-0,1B-0,3H nocne HPT: a — 1/2 o6opoma; b — 1 obopom, ¢ — 5 obopomos; d — 10 obopomos

Intensity (Counts)

(1) u mo/a’ o Ay o0 ow
ou .
H b . . °
(e) A ¢ e © . o H
n
| | g L ]
n
%) Lole HE S
-
s i :
(c) AN HER . LI
L]
H .
(b) e HE
L ]
. s} :
(a) H e S
1 1 1 1 1 1
20 30 40 50 60 70 80

26 (degree)

Intensity (Counts)

(2) H mo/a’ o3 Ay 0 ow
s O% n .
(e) 2\ HE . s 2

>enm
cen
son
on
e
L]
cenm
om

(d)

—

(2]
~
>e
-

on
oe
L]
cem
om

cem
son

(b)

%’.
on
oe
L]
]
ce
onm

=

(@)

20 30 40 50 60 70 80
26 (degree)

Fig. 6. XRD patterns of Ti-2Fe-0.1B-xH alloy after SS treatment:
(1) Ti-2Fe-0.1B-0.3H; (2) Ti-2Fe-0.1B-0.5H (a—e). The numbers of HPT turns are 0, 0.5, 1, 5, 10

Puc. 6. Pentrenorpammsl crutasa Ti-2Fe-0,1B-xH nocne o6padorku na TP:
(1) Ti-2Fe-0,1B-0,3H; (2) Ti-2Fe-0,1B-0,5H (a—e). Yucno obopomos npu KBI] cocmasnsem 0, 0,5, 1, 5, 10
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The XRD patterns of Ti-2Fe-0.1B-xH alloy
are shown in Fig. 6. The relative intensity of
the B-Ti peaks increases with the increase of
hydrogen content, indicating that the addition of
hydrogen improves the stability of the B-phase.
Then more B-phase is retained when the ingot
is cooled to room temperature. A hydride
diffraction peak with a face-centered cubic
structure is found near 70°. It corresponds to the
hydrides with the chemical composition TiH, .-
TiH, ,,. The addition of hydrogen leads to the
increase of hydrogen concentration in the lattice
structure, and the reaction with titanium atoms
at high hydrogen concentration forms a large
number of hydrides.

A large volume of the w-phase appears in
the alloy with the increase in the number of
HPT turns. The volume fraction of the w-phase
continues to increase, reaching the maximum
after 5 turns. In case of further increase of
the number of HPT turns up to 10 turns, it is
found that the volume fraction of the w-phase
decreases. With the increase of the strain, the
dislocation density becomes extremely high,
and the transition of the m-phase is mechanically
inhibited by the stress field formed by the
dislocations. According to the increase of the

520 - —8—n=0——n=0.5—4—n=1—v—n=5—4—n=10

500

Hardness(HV)
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o
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full width at half-maximum (FWHM), grain
size decreases with the number of HPT turns.

2.2. Microhardness.

It is evident from Fig. 7 that the
microhardness distribution along the diameter
of the disks for the alloy with the different
concentration of H (Ti-2Fe-0.1B-0.3H and Ti-
2Fe-0.1B-0.5H) in the hydrogenated SS state
before HPT is relatively uniform, ranging
from 360 to 380 HV. The average values are
368 HV and 367 HV, respectively. However,
the microhardness of the sample after HPT
treatment is very uneven in the radial direction,
and the curve is roughly V-shaped. The
microhardness value increases with the increase
of the distance from the center of the disk. After
the HPT treatment, the microhardness increased
with the increase of the number of turns. After
10 turns the microhardness of the alloy with
the different content of H (Ti-2Fe-0.1B-0.3H
and Ti-2Fe-0.1B-0.5H) reached 499 HV and
498 HYV, respectively. It is 73.75% and 73.69%
higher than that of the hydrogenated SS samples
without HPT processing. However, the saturated
microhardness of Ti-6Al1-4V and pure titanium
after HPT is only 435 HV and 350 HV [1].

| —=—n=0 —e—n=0.5 ——n=1 —v— n=5—+—n=10

I
N
o

I
o
o

380

360

340

Distance from center(mm)

Fig. 7. The microhardness distribution along the diameter of the disks of the alloy with the different content of H:
a— Ti-2Fe-0.1B-0.3H; b — Ti-2Fe-0.1B-0.5H

Puc. 7. Pacipenienenre MUKpOTBEPIOCTH BAOJIb JUAMETPa AUCKOB CILIABA C PA3IMUHBIM COJEPKaHUEM BOJIOPOAA:
a— Ti-2Fe-0,1B-0,3H; b — Ti-2Fe-0,1B-0,5H
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It can be seen that the hardness increases
as the strain applied to the sample increases.
It is mainly caused by the grain refinement
by HPT and the dislocation density increase
[5]. Even after 1/2 turn of HPT processing,
the microhardness of the sample increased
significantly compared to the hydrogenated SS
sample before HPT. The hardness of the center
of the disc was significantly lower than that of
the edges, but still higher than that before HPT.
In general, the hardness changes tend to increase
from the center along the radial direction to the
edge. This is due to the fact that the strain of the
disc sample increases from the central region
along the edge after high-pressure torsion.

Conclusion

1. The B-phase of SS-treated alloy has a
higher volume fraction. Hydrogen reduces the
phase transition point temperature of titanium
alloys o/B. As a result, SS treatment can be
carried out at lower phase transition point
temperatures. The excessive growth of B grains
was inhibited.

2. In the process of HPT, the transition
from the a-phase to the w-phase occurs. About
80% of the w-phase appears in the SS ingots.
With the increase in the number of HPT turns
the volume fraction of the w-phase continues
to increase, and reaches the maximum after
5 turns. Then the volume fraction of the m-phase
begins to decrease as the number of HPT turns
continues to increase up to 10.

3. The saturated microhardness (499 HYV,
498 HV) of the alloy hydrogenated alloy (Ti-
2Fe-0.1B-0.3H and Ti-2Fe-0.1B-0.5H) after SS
treatment and HPT is 3% higher than that of Ti-
2Fe-0.1B alloys (483 HV) after high-pressure
torsion.
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