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Abstract: The microstructures of Ti6Al4V alloy after hydrogenation were investigated by optical microscopy(OM), X-ray
diffraction(XRD) and transmission electron microscopy(TEM). The influence of hydrogenation on the hardness of a and S phases
was analysed by microhardness testing. The influence of hydrogenation on alloying elements diffusion was studied by electron probe
microanalysis(EPMA). The microstructural observation reveals that hydride 6 (FCC structure) as well as large number of dislocations
precipitate in the specimens with 0.278% and 0.514% hydrogen, and a lot of twins are found in the specimen with 0.514% hydrogen,
simultaneously. The result of microhardness testing shows that the hardness of a and f phases increases synchronously with the
increase of hydrogen and the hardness increment of £ is larger than that of a. According to analysis of EPMA, the diffusion ability of
alloy elements Al and V increases after hydrogenation. It is considered that hydrogen solution strengthening and V element diffusion
are the main factors causing the hardness of a phase increase with the increase of hydrogen, and the formation of ¢ hydrides, lattice
defects, hydrogen solution strengthening and Al element diffusion jointly cause the hardness of # phase increase with the increasing

hydrogen.
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1 Introduction

High hydrogen content can remarkably degrade the
mechanical properties of most engineering materials
[1-2]. Furthermore, even relatively low concentration of
hydrogen can lead to material failure if hydrogen is
trapped
concentrations exceed a critical value[3—5]. However, in
the 1950s, ZWIKCHER and SCHLEICHER found that
the addition of proper quantity of hydrogen in cast ingots
of titanium alloys could strongly enhance the plasticity
and then improve the hot
considerably[6—7]. In the 1970s, scholars in former
Soviet Union began to investigate the influences of
hydrogen on processability of titanium alloys, and the

around  structural defects and local

working  properties

conception of thermo hydrogen treatment(THT) was
given then[8]. THT, or the use of hydrogen as a
temporary alloying element, can strongly modify the

microstructures and enhance the mechanical properties
of titanium alloys[9—11].

Ti6Al4V is one of the most widely used titanium
alloys in the aerospace industry[12]. The study on the
influences of hydrogenation on the microstructures of
Ti6Al4V alloy currently received much attention[13—14].
However, the influence of hydrogenation on
microhardness especially on elements diffusion has been
less investigated extensively. The objective of this work
is to research the influences of hydrogenation on the
microstructures and microhardness of Ti6Al4V alloy,
with discussion on the influence mechanisms of
hydrogenation on microhardness.

2 Experimental
The material used in this investigation was a

Ti6Al4V alloy consisting of a and S phases. Prior to
hydrogenation, 10 mm X 15 mm X2 mm specimens were
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cut from Ti6Al4V plates, and the specimens were
hydrogenated at 750 ‘C for 1 h followed by air-cooling
to room temperature. Specimens with various contents of
hydrogen in the range of 0—0.5 % (mass fraction) were
obtained by controlling the hydrogen pressure. The
actual hydrogen content in the
determined by weighing the specimens before and after

specimens was

hydrogenation.

The microstructures of the specimens were
investigated by optical microscopy(OM) using
OLYMPUS GX51 microscope. The phase constituents
were measured by X-ray diffraction(XRD) using Cu K,
radiation at 40 kV and 40 mA. Disc samples with a
diameter of 3 mm were used for TEM studies. The TEM
samples were prepared by electropolishing in an
electrolyte of 6% HCLO4+34% C,HyOH+60% CH;OH
(volume fraction), and the operating conditions were —35
to =40 °C, 50-55 V and 30-35 mA. TEM observations
were carried out on a TECNAL G2 20 microscope
operated at 200 kV. The microhardness was tested on an
FM-700 microhardness tester with dwelling force 0.1 N
and dwelling time 10 s. The composition of various
phases in the alloys was determined by EPMA-1600
electron probe microanalyser(EPMA) with a beam
diameter of 1 um and a voltage of 15 kV, and the
characteristic radiations used were Ti K,, Al K,and V L,.
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3 Results and discussion

3.1 Microstructural observation and analysis

The microstructures of Ti6Al4V alloy with different
hydrogen contents are shown in Fig.1. It can be seen that
the specimen without hydrogen shows a rolled a+f dual
phase structure, with an average prior-o grain size of 14
um and an area fraction of 81% (Fig.1(a)). After 0.107%
hydrogen is charged in the alloy, the microstructure
changes unconspicuously (Fig.1(b)). The microstructures
of the specimens with 0.278% and 0.514% hydrogen
have two regions (Figs.1(c) and (d)), one is white, which
indicates a phase, and the other is alternate with black
and white phases, which indicate § phase (black) as well
as hydride 0 (black) and a phase after eutectoid reaction
Pu—ato.

The XRD patterns of Ti6Al4V alloy hydrogenated
at 750 ‘C with different hydrogen contents are shown in
Fig.2. The XRD pattern indicates that the specimen
without hydrogen contains primary a phase and a small
quantity of f phase. After hydrogenation, the XRD
patterns change obviously. The relative intensities of S
phase diffraction peaks increase gradually with the
increase of hydrogen, which shows that the phase
transformation a— f happens when hydrogenated at 750

: ;JJ/: " b
'g?’&‘?}i‘ﬂzo um|

-1

Fig.1 Microstructures of Ti6Al4V alloy hydrogenated at 750 C: (a) 0.0% H; (b) 0.107% H; (c) 0.278% H; (d) 0.514% H
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Fig.2 XRD patterns of Ti6Al4V alloy hydrogenated at 750°C:
(a) 0.0% H; (b) 0.107% H; (c) 0.278% H; (d) 0.514% H

‘C, then leading to the reduction of a and the increase of
B. The peaks of a” appear in the specimens with 0.107%,
0.278% and 0.514% hydrogen, and the J peaks appear in
the specimens with 0.278% and 0.514% hydrogen. The
results indicate that the martensitic phase transformation
p—a" and the eutectoid reaction fy—o+0 happen when
hydrogenated at 750 C for 1 h followed by air-cooling
to room temperature. Additionally, the § peaks move to
lower angles gradually with the increase of hydrogen.
According to the results of HUNG et al[15], the radius of
hydrogen atom is only 0.046 nm, which inclines to
occupy the tetrahedral interstitial sites in titanium alloy.
phase is a body-centered cubic(BCC) lattice which
consists of 12 tetrahedral interstices and 6 octahedron
interstices, and hydrogen has high solubility in S phase.
After hydrogenation, hydrogen atoms occupy the
interstitial sites of £ unit cell and thus expand the lattice
spacing, which leads to the reduction of Bragg
diffraction angle. Contrastively, there are only 4
tetrahedral interstices and 2 octahedron interstices in a
(close-packed hexagonal, HCP) lattice, and the solubility
of hydrogen in a phase is far less than that in # phase. So
hydrogen has little influence on the lattice of a phase,
and the o peaks change unconspicuously with the
increase of hydrogen.

The TEM micrographs of Ti6Al4V alloy with
0.278% and 0.514% hydrogen are shown in Fig.3 and
Fig.4, respectively. It can be seen that hydrides J as well
as large number of dislocations appear in the specimens
with 0.278% and 0.514% hydrogen. As it is shown,
hydride 6 and eutectoid o are all lamellar which
distribute alternatively, and the lamellar hydrides are
approximately parallel. It can be presumed that hydride ¢
and eutectoid a nucleate on each other’s surface and then
grow up when the eutectoid reaction fy—a+d happens,
and then the lamellar hydride 0 and eutectoid a form

alternatively with the beneficiation and leanness of
hydrogen content in the fy till all the fy is exhausted.
The corresponding selected-area electron diffraction
(SAED) patterns suggest FCC structure for the hydride ¢
with [110] zone axis (Fig.4(b)). The chemical formula of
0 hydride is TiH,, where the values of x are in the range
of 1.50—1.94, and the hydride ¢ has a CaF, type structure
with titanium atoms on a face centered cubic(FCC)
lattice and hydrogen atoms randomly occupying
tetrahedral interstitial sites[16]. Fig.4(c) shows a TEM
micrograph of f matrix and ¢ phase in the specimen with
0.514% hydrogen. The corresponding SAED pattern is
shown in Fig.4(d), from which the orientation
relationship between S and ¢ could be directly identified
as: [120]4//[011]5,(200) 4 //(025)5. In addition, a lot of
twins in f phase are found in the specimen with 0.514%
hydrogen (Fig.4(f)).

Fig.3 TEM micrographs of Ti6Al4V alloy with 0.278%
hydrogen: (a) Hydride d; (b) Dislocations

3.2 Microhardness testing

Since the content of f phase is relatively low, it is
difficult to test its hardness directly. The hardness values
of a phase were tested only in the specimens with 0.0%
and 0.107% hydrogen. The microhardness values of
Ti6Al4V alloy with different hydrogen contents are
shown in Table 1. It can be seen that the hardness values
of a and p phases increase synchronously with the
increase of hydrogen. Moreover, the hardness value of S
is higher than that of a at the same hydrogen content. In
addition, when the hydrogen content is less than 0.278%,
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Fig.4 TEM micrographs of Ti6Al4V alloy with 0.514% hydrogen: (a) Hydride J; (b) Corresponding SAED pattern of ¢ phase; (c)
Matrix and ¢ phase; (d) SAED pattern of # and 0 phases; (e) Dislocations; (f) Twins in § phase

Table 1 Microhardness values of « and 8 phases

Hydrogen Hardness of Hardness of
content/% a phase (HV) f phase (HV)
0 308.2 -
0.107 3115 -
0.278 314.7 362.6
0.384 339.1 436.3
0.514 345.8 442.6

the hardness values of a phase increase slightly, and
when the hydrogen content is between 0.278% and
0.514%, the hardness values of o phase increase faster
with the increase of hydrogen, but the increment is
obviously less than that of f phase (the hardness
increment value of o phase is HV 31.1 and that of S

phase is HV 80).

3.3 Discussion

Usually, o phase can be seen as a hard phase in
Ti6Al4V alloy, whose hardness is higher than that of S
phase[17]. But, the hardness of £ phase is higher than
that of a phase after hydrogenation in the present work.
For better understanding the influence mechanisms of
hydrogenation on o and f phases hardness, the micro-
area components of Ti6Al4V alloy with different
hydrogen contents were determined by EPMA (Table 2).
As it is shown, after hydrogenation at 750 °C, the
content of V in o phase increases evidently with the
increase of hydrogen, while the contents of Ti and Al
change unconspicuously. The content of Ti in § phase has
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little change, too, but the contents of Al and V change
remarkably, and the content of Al increases evidently
with the increase of hydrogen while the content of V
decreases observably after hydrogenation.

Decohesion theory[18] suggests that hydrogen
exists in the form of H" in metals. After being added into
metal, hydrogen can enhance the repulsive force of metal
ion and weaken the linkage action among atoms. And the
diffusion coefficients of alloy elements will increase,
which is a manifestation that self-diffusion ability of
metal atoms and diffusion ability of solute atoms
enhance synchronously after hydrogenation. The
diffusion coefficients of Al and V in a and f phases are
shown in Table 3[19]. As shown in Table 3, the diffusion
coefficient of Al increases in both a and § phases, and
the increment of diffusion coefficient of V in a phase is
obviously larger than that in f phase. Combining with
the results of EPMA (Table 2), when hydrogenated at
750 °‘C, the content of V increases with the increase of
hydrogen, which is a manifestation that the hydrogen
added into a phase can increase the diffusion coefficient
of V and then enhance its diffusion ability. And the
hydrogen added into f phase has remarkable influence
on Al, which causes the content of Al increase with the
increase of hydrogen. The changes after element diffusion
will cause main alloying elements Al and V redistribute
in a and f phases and then influence the hardness values.

According to the results analysed above, the
microhardness change after hydrogenation in Ti6Al4V
alloys is attributed to following reasons.

3.3.1 Reasons of a hardness increasing

1) There will be small quantities of hydrogen

entered the sites after

interstitial of a phase

hydrogenation, although the solubility of hydrogen in «
phase is relatively low. And then interstitial solid solution
is formed, which functions as solution strengthening and
causes a phase hardness increase with the increase of
hydrogen.

2) The diffusion ability of V in o phase is enhanced
after hydrogenation, and the increase of V in a phase is
another important factor leading to o hardness increasing
with the increase of hydrogen.

3.3.2 Reasons of f§ hardness increasing

1) The eutectoid reaction fy—a+d is caused after
hydrogenation, and then a new phase ¢ is formed.
Because the specific volume of ¢ is different from that of
J matrix, stress fields are generated when o0 precipitates
from f matrix, and then the distortion of lattices is
caused, which leads to the appearance of large number of
dislocations around 6.

2) Martensitic phase transformation f—a" happens
when hydrogenated at 750 ‘C followed by air-cooling to
room temperature. During the martensitic phase
transformation, lattice defects, such as dislocations and
twins, are caused and then retained in f phase.

3) After hydrogenation, a large number of hydrogen
atoms enter the interstitial sites of § phase and function
as solution strengthening.

4) The diffusion ability of Al in f phase is enhanced
after hydrogenation, and the content of Al increases with
the increasing of hydrogen.

These four factors above jointly cause f hardness
increase with the increasing of hydrogen.

The influence mechanisms of hydrogenation on the
microhardness of Ti6Al4V alloy is shown in Fig.5.

Table 2 Micro-area components of Ti6A14V alloy(mass fraction, %)

A phase S phase
H content/% - )
Ti Al A% Ti Al A%
0.0 90.764 6.593 2.643 89.260 4.201 6.539
0.1 90.899 6.429 2.672 88.388 4.906 6.706
0.3 90.539 6.643 2.818 91.008 6.501 2.491
04 89.791 5.175 5.034 90.515 6.818 2.667
0.5 89.056 5.614 5.330 88.944 7.143 3913

Table 3 Diffusion coefficients of Al and V in o and f§ phases[19]

Diffusion coefficient/(10"%cm®s™)

Diffusion matrix ~ Hydrogen content/% Diffusion . Diffusion time/10%s T T
temperature/'C Dy Dy,

0.005 3.447 2.30 14

a 0.260 800 3.492 21.0 150

0.390 3.456 87.0 53

0.005 3.142 39.0 150

B 0.150 900 3.142 410 170

0.430 2.301 250 240
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Fig.5 Influence mechanisms of hydrogenation on micro-
hardness of Ti6AI4V alloy

4 Conclusions

1) Lamellar hydrides with FCC structure as well as
large number of dislocations exist in the specimens with
0.278% and 0.514% hydrogen. Simultaneously, a lot of
twins are found in specimen with 0.514% hydrogen.

2) The hardness value of § is higher than that of « at
the same hydrogen content. The hardness values of a and
p increase synchronously with the increase of hydrogen,
and the hardness increment of f is obviously larger than
that of a.

3) It is considered that hydrogen solution
strengthening and V element diffusion are the main
factors causing a hardness increase with the increase of
hydrogen, and the formation of J hydrides, lattice defects,
hydrogen solution strengthening and Al alloying element
diffusion jointly cause S hardness increase with the
increase of hydrogen.
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