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Microstructures of TC21 alloys after hydrogenation and dehydrogenation
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Abstract: Microstructural evolution and phase transformation of hydrogenated and dehydrogenated TC21 alloys were investigated
by optical microscopy (OM), X-ray diffraction (XRD) and transmission electron microscopy (TEM). XRD peaks of a and f phases
after hydrogenation shifted to low angle because of lattice expansion with the solution of hydrogen atoms. Microstructure of TC21
alloy after hydrogenation changed apparently. Compared to the as-received one, the contrasts of equiaxed a phase and transformed /8
phase under optical microscope were reversed. In addition, XRD and TEM analyses revealed that hydrides and «' martensite
precipitated from o and £ phases. Bulk of twins and some Ti;Al particles were observed in hydrogenated TC21 alloy, which means
that hydrogen led to the redistribution of alloying elements in ¢ and S phase. After dehydrogenation, the microstructure of TC21 alloy
was similar to that of the as-received one, which consisted of « and S phases.
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1 Introduction

Ti—6Al-2Sn—2Zr—3Mo—1Cr—1INb (TC21) alloy is a
new o/f high strength and toughness alloy as a candidate
material for structural parts of advanced aircraft [1-3].
However, high cost of machining attributed to low limit
of deformation, high deformation resistance, high flow
stress, low strain rate and high hot working temperature
is the bottleneck of large scale application. In recent
years, thermohydrogen processing (THP) has been
proved to be an effective way to modify microstructures
and enhance the mechanical properties and processability
of titanium alloys. It has been shown that the addition of
hydrogen increases the ductility, reduces the flow stress
and decreases f transformation temperature of titanium
alloys [4—6]. ZONG et al [7] reported that the addition of
0.3% (mass fraction) hydrogen in Ti—6Al—4V alloy
decreased the flow stress by 11.2% and increased the
plasticity by 20%, which was attributed to the following
reasons: hydrogen induced the decrease of stacking fault
energy and dislocation density; the occurrence of
twinning in starting microstructure; the increase of more

workable £ phase; dislocation mobility and stimulated
evolution of dynamic recrystallization during hot
working. CHEN et al [8] investigated the effect of
hydrogen on high temperature yield strength of Ti-60
alloy. The experimental results showed that high
temperature yield strength of Ti-60 alloy continuously
decreased with increasing hydrogen contents, and it
reduced about 70% at 900 °C for the alloy containing
0.3% hydrogen. HE et al [9] studied the deformation
behavior of Ti40 alloy after hydrogenation and reported
that the flow stress initially increased and then decreased
with the increase of hydrogen content because of
solution strengthening by hydrogen and precipitation of
new phase. The superplastic forming and diffusion
bonding (SPF/DB) of hydrogenated TC21 alloys were
carried out by WANG et al [10] and the results showed
that the bonding ratio increased with hydrogen. ZONG et
al [11] studied the effects of hydrogen addition on high
temperature deformation behavior of TC21 alloy and the
results showed that suitable hydrogen addition can
significantly decrease the flow stress and improve the hot
workability of TC21 titanium alloy.

The change of microstructure and precipitation of
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hydrides plays an important role in mechanical properties
and working properties of titanium alloys. The addition
of hydrogen leads to precipitation of new phases and
generation of defects in specimens [12—15]. In this work,
the effects of hydrogen content on precipitation of new
phases and generation of defects are investigated, which
is beneficial to further research on mechanical properties
and working properties of titanium alloys.

2 Experimental

The received TC21 titanium alloy consisting of o
and f phases was used. The bars of TC21 alloy were
heated to 900 °C, held for 1 h and cooled in air to room
temperature. Specimens with the size of d10 mm x 20
directly cut from heat-treated bar,
mechanically polished to remove the surface oxide layer
and ultrasonically cleaned with acetone in order to

mm  were

maintain alloy surface finish. The received alloy as
referential material was experienced the same heat
treatment in vacuum furnace. The specimens were
hydrogenated by holding them at 750 °C in pure
hydrogen atmosphere for 2 h and then air-cooled to room
temperature. After hydrogenation, the hydrogen content
of specimens was measured by weighting specimens
before and after hydrogenation treatment using electronic
balance with accuracy of 10~ g. Specimens with various
amounts of hydrogen were attained by controlling
hydrogen pressure. Dehydrogenation process was carried
out by vacuum annealing heat treatment. Hydrogenated
specimens were held at 750 °C in vacuum furnace until
vacuum level reached to 10 Pa. After dehydrogenation,
hydrogen content was measured by hydrogen-oxygen
analyzer.

All metallographic specimens were mechanically
polished with sandpaper, then etched using a solution of
V(HF): V(HNO;): ¥(H,0)=1:3:7. Microstructure of TC21
alloys with different hydrogen contents was observed
using optical microscopy (OM) and scanning electron
microscopy (SEM, S-5200). Micro-hardness was tested
by micro hardness tester (MVS-1000JM2T) with a dwell
time of 10 s and load of 4900 mN. Phases of
hydrogenated TC21 alloys were measured by XRD
which was performed via RINT 2100 X-ray diffraction
instrument with Cu K, radiation under 40 kV and 20 mA,
scanning parameter of 0.006 (°)/step. Thin foils for
transmission electron microscopy (TEM) analysis were
electro-polished by MTP—1A twin-jet electro-polisher in
a solution bath consisting of CH;0H, C4HsOH and
HCIO, (volume ratio of 10:6:1). Thin foils were
observed using JEOL-JEM 3010 TEM instrument at
300 kV.

3 Results and discussion

3.1 X-ray diffraction analysis

XRD patterns of TC21 alloys before and after
hydrogenation with different hydrogen contents are
shown in Fig. 1. As seen from the XRD patterns,
as-received TC21 alloy consists of primary a phase and a
small amount of S phase. After hydrogenation, XRD
patterns change apparently. The intensity of a phase
decreases with the increase of hydrogen content, and
even some peaks with high angle disappear when
hydrogen content increases to 0.576% (mass fraction) or
higher, while the intensity of § phase increases with the
increase of hydrogen content. Hydrogen is S phase
alloying element which can reserve more S phase to
room temperature during cooling. In addition, the peaks
of o phase and S phase shift to low angle because the
addition of hydrogen leads to expansion of lattice
parameter. It is seen that some peaks of o phase and f
phase are broadened due to the precipitation of face-
cubic ¢ hydride and the generation of dislocation and
twins. As hydrogen content reaches to 0.576%, some
new peaks appear. From PDF card and TEM
investigation discussed later, new phase is face-cubic ¢
hydride with molecular formula of TiH, (1.5<x<2) and
CaF, type structure.
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Fig. 1 XRD patterns of hydrogenated TC21 alloys with

different hydrogen contents: (a) As-received; (b) 0.196% H;
(c) 0.438% H; (d) 0.576% H; (¢) 1.028% H

3.2 Microstructure of hydrogenated TC21 alloys
Figure 2 shows the microstructures of as-received
and hydrogenated TC21 alloy with different hydrogen
contents. It is seen that the as-received one has equiaxed
a phase (white) and transformed g phase (dark) with
lamellar o beam domain (Fig. 2(a)). With the addition of
hydrogen, a phase and f phase boundaries become
ambiguous (Fig. 2(b)). Compared with the as-received
one, the contrasts of equiaxed a phase and transformed S
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Fig. 2 Microstructures of hydrogenated TC21 alloys with different hydrogen contents: (a) As-received; (b) 0.576% H;

(c, d) 1.028% H

phase under optical microscopy with 1.028% H are
completely reversed (Fig. 2 (¢)). The dark phase in TC21
alloy with 1.028% H was analyzed by SEM, as shown in
Fig. 2(d). Lamellar structure is observed in dark phase.
Several lamellar structures with similar length are
distributed parallel and constructed colonies with
different orientations. The growth of lamellar structure is
restricted each other. The reason is that hydrogen causes
the decrease of relative electrochemical potential of
equiaxed a phase and transformed S phase. Hydrogen as
p stabilizing element increases electrochemical potential
of f phases when hydrogen atoms exist in interstitial
sites of f§ phases. However, the change of lattice volume
in a phase leads to the elastic or plastic strain in matrix.
The formation of lattice defects decreases
electrochemical potential of « phase. The critical value of
hydrogen content is 0.5%—0.6%.

3.3 TEM analysis

TEM micrographs of the hydrogenated TC21 alloys
are shown in Figs. 3 and 4. The selected area electron
diffraction (SAED) pattern does reveal the presence of
FCC-¢ titanium hydride, as shown in Fig. 3(c) and Fig.
4(a). The bright field micrographs show that lamellar 0
hydrides precipitate not only from a phase, but also from
S phase. The lamellar ¢ hydrides are approximately
parallel and distributed alternatively with lamellar o’
phase. And HCP o' martensite with different orientation

is detected in the specimen (Fig. 3(a)). A large number of
twins arise (Figs. 4(a) and (c)). In addition, some
particles precipitate in the specimen with 1.028%
hydrogen (Fig. 4(c)). According to SAED pattern, the
particle is Tiz;Al phase with HCP structure (Fig. 4(d))
because of redistribution of alloying elements in a and S
phases. The amount of Al in a phase increases with the
increase of hydrogen added, and Ti;Al phase
precipitates when Al element in a phase exceeds the
limitation.

Microstructures of TC21 alloy with different
hydrogen contents were studied. As seen from the results
of OM, XRD and TEM analysis, the addition of
hydrogen results in obvious change of microstructure,
and accelerates the generation of twin and the
precipitation of Ti;Al phase. The formation of hydrides
and twin is discussed as follows.

WANG et al [16] indicated that the hydrogen
absorption process obeyed three-dimension diffusion
mechanism and the formation of hydride proceeded
through atom diffusion. The reasons are as follows: 1)
Considerable diffusivity of hydrogen in titanium alloys
can not be ignored. Diffusion coefficient of hydrogen in
pure titanium was described by WASILEWSKI and
KEHL [17] as: D,=1.8x10 exp((—6200+340)/T), Dy~
1.95%10 %exp((—3320+250)/T), where D, is the
diffusivity of hydrogen in a phase, Dy is the diffusivity
of hydrogen in f phase and 7 is the temperature; 2)
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Fig. 3 TEM images of TC21 alloy with 0.576% hydrogen: (a) o’ martensite; (b) SEAD pattern of o’ martensite; (c) J hydride;

(d) SEAD pattern of ¢ hydride

hydrogen weakens the bonding force of atoms and
increases the diffusivity of alloying elements; 3) the
crystal structures between hydride and parent phase are
different and the shear mechanism can not be realized.

A lot of dislocations were observed in a phase.
Hydrogen atoms aggregated at dislocation and
distortions were created in o phase. Dislocation supplied
bulk of nucleation sites for hydrides and distortion
energy facilitated the growth of hydrides. The solubility
of hydrogen in f phase at high temperature was large and
decreased with the decrease of temperature. The
saturation state appeared and fy—a+d eutectoid reaction
occurred at eutectoid temperature.

According to the investigation of TEM, bulk of
twins was observed in hydrides when the hydrogen
content was high, where twin plane was {110} and zone
axis was [011];. This kind of twin appears as parallel and
regular array of annealing twins due to eutectoid

(f—a+0) change.

3.4 Microhardness of TC21 alloys with different

hydrogen contents

Microhardness depends on the composition and
microstructure, and it is a simple way to represent the
effect of hydrogen on phase transformation of titanium
alloys. Microhardness variation of TC21 alloys with
different hydrogen concentration is shown in Fig. 5. As
hydrogen content increases, the microhardness decreases
abruptly, reaches a minimum value when hydrogen
content is 0.5%—-0.6%, and then increases slightly.
According to XRD analysis, the proportion of S phase
which is softer than a phase increases with the addition
of hydrogen because hydrogen lowers f transus
temperature. Moreover, the addition of hydrogen changes
elastic moduli and dislocation slip systems that are
activated, which accelerates dislocation motion.
Therefore, the microhardness decreases when hydrogen
content increases. When the addition of hydrogen
exceeds solid solubility limit, brittle phase of hydrides
will precipitate. According to TEM images (Figs. 4 (a)
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Fig. 4 TEM images of TC21 alloy with 1.028% hydrogen: (a) é hydride; (b) SEAD pattern of ¢ hydride; (c) Ti;Al phase; (d) SEAD
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Fig. 5 Microhardness of TC21 alloys with different hydrogen
contents

and (c)), bulk of twins is formed. Hence, as
microhardness reaches a minimum, it increases slowly.

3.5 Phases and microstructure of dehydrogenated
TC21 alloy
XRD patterns of hydrogenated and dehydrogenated
TC21 alloy with hydrogen content of 1.028% are shown
in Fig. 6. As shown in Fig. 6, the dehydrogenated TC21
alloy shows similar peaks with the as-received one,

which consists of a and f phases. New peaks which
result from the precipitation of hydrides and martensites
disappear because of the decomposition of hydrides and
the precipitation of a phase from hydrogen-rich f phase.

Figure 7 shows the
dehydrogenated TC21 alloy, which consists of equiaxed
a phase and transformed f phase. Compared with the
as-received one, lamellar a phase precipitated from
p-rich phase. The equiaxed dark phases of TC21 alloy
with 1.028% hydrogen consist of bulk lamellar structure
and twins. A large number of a phase nucleates at twins

microstructure  of

and phase boundary during dehydrogenation. Moreover,
lack of hydrogen leads to the increase of transformation
temperature. According to lever law and phase
equilibrium law, lamellar o phase precipitates from S

phase.

3.6 Microstructure evolution mechanism of TC21
alloy during hydrogenation and dehydrogenation
Limited solubility of hydrogen in a and f phases

has great difference, and the effects of hydrogen on

phase transformation of a and g phases are different.

According to different action of hydrogen, phase
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transformation of a and S phases during hydrogenation
and dehydrogenation is shown in Fig. 8. a phase:
o—ay—oytfy—atota'—a; f phase: p—pfy—atdit

Pu—otp.
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Fig. 6 XRD patterns of hydrogenated (a) and dehydrogenated
(b) TC21 alloy with 1.028% hydrogen

Fig. 7 Microstructure of dehydrogenated TC21 alloys with
1.028% hydrogen
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Fig. 8 Microstructure evolution of TC21 alloys during
hydrogenation and dehydrogenation

4 Conclusions

1) The microstructural evolution and phase
transformation of hydrogenated and dehydrogenated
TC21 alloys were investigated. After hydrogenation, the
microstructure of TC21 alloy changed evidently. The
contrasts of equiaxed a phase and transformed f phase
under optical microscope were reversed when hydrogen
content exceeded critical value (0.5%—0.6%). White a
phase shifted to dark phase, and lamellar structure in
dark structure was observed by SEM. o' martensite,
hydride and particles were determined by XRD, SEM
and TEM analyses.

2) Bulk of twin was observed. With the increase of
hydrogen content, the microhardness of hydrogenated
TC21 alloy decreased, reached a minimum value at
0.5%—0.6% H, and then increased slightly. The critical
hydrogen content of minimum hardness is consistent
with the fact that the contrast of equiaxed a phase and
transformed S phase changes.
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TC21 & MESME fFHIRHULE LR

0w ORARK?Z b, Fas’
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3. dbatmi A HEE TRERFR T, dbat 100024
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