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Abstract: Ti-6A1-4V (TC4) alloy is widely used in the field of marine and aviation, and its severe service environment is easy

to induce hydrogen embrittlement (HE) which can cause the degradation of mechanical properties and a sudden catastrophic

fracture for the material. To investigate the HE behavior and mechanisms, mechanical properties of the TC4 alloy after

different electrochemical hydrogen charging (EHC) time were measured by small punch test (SPT) first. Then, hydrogen

distribution and the phase transition of the TC4 alloy with different EHC time were discussed by the atomic force microscopy
(AFM) and X-ray diffraction (XRD) techniques. The strength and elongation obtained from SPT fitting data show obvious

deterioration with the increase of EHC time while the macroscopic fracture morphology of the TC4 alloy exhibits a

transformation from ductile mode to brittle mode. At the same time, the generation of hydride after EHC is proved a main

contributor to the HE of the TC4 alloy. The results in this paper provide an effective and convenient method to assess the HE

behavior of TC4 alloy in service.
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TC4 alloy is one of the most widely used titanium alloy
in marine and nuclear industries, such as in devices of sea
water desalination, sea water cooler and nuclear waste dis-
posal. The devices are usually exposed to hydrogen envi-
ronments, which often degrade the mechanical properties of
TC4 alloy due to the action of hydrogen atoms!"), that is, the
so-called hydrogen embrittlement (HE). The HE behavior
of TC4 alloy seriously affects the safe use and service life
of the devices, so it attracts many researchers attention to
ensure the safe operation of the devices'. Admittedly, lots
of methods have been proposed to detect the effect of HE
on metal materials in recent years, such as Charpy impact
test!™, fracture toughness testt”), slow strain rate tensile
test™. Although these methods are verified to be effective
for evaluating the HE degree, all of them are not suitable to
evaluate the HE behavior of in-service device due to the
destructive sampling method. Therefore, there is no effec-
tive technique or method to solve the problem of nonde-
structive sampling and reliable HE evaluation for in-service
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device until the emergence of small punch test (SPT) tech-
nology. The SPT technology was developed in the early
1980 s with the aim of estimating the level of deterioration

19 1n recent

due to irradiation in nuclear vessel steels
years, this technology has been used to evaluate HE behav-
ior of different metals by relating the SPT test data with
slow strain rate tensile test data!'''®. For example, Garcia
et al''”! studied the effect of HE on the tensile properties of
three chromium molybdenum steels (base metal, welding
line, heat treated welding line) by SPT method, and the re-
sults were correlated with those obtained by conventional
standard tensile specimens which proved that SPT can be
used to detect the degradation of steel properties caused by
hydrogen. Yang et al'® investigated the HE properties of
high strength steel for car use adopting the SPT technique,
too. According to experimental results, the maximum load
of stress-displacement curve decreases with the increase of
hydrogen charging time. Besides, with the elongation of
hydrogen time, the quantity of dimple become less which
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illustrates HE is the main reason that causes this kind of
19 200 To sum up, they proved that SPT
method is a feasible technique to evaluate the HE behavior

phenomenon

of metal materials in hydrogen environment. However,
there are few reports which focus on HE behavior of TC4
alloy obtained by SPT technique and the study about impact
of hydrogen distribution and phase transition in TC4 alloy
on the hydrogen behavior is rare, which limits the investi-
gation of HE mechanisms of TC4 alloy. Therefore, detect-
ing the HE behavior of TC4 alloy in service by the SPT
technology has drawn forth the attention of our research
group. To inspect the HE behaviors and mechanisms of the
TC4 alloy, electrochemical hydrogen charging (EHC) with
different charging time were carried out first for the TC4
alloy to simulate the service time of the alloy in hydrogen
environment, and then the mechanical properties of the TC4
alloy after different EHC time were measured by SPT in
this paper. Subsequently, hydrogen distribution and the
phase transition in the TC4 alloy were characterized by
atomic force microscopy (AFM) and X-ray diffraction
(XRD) methods, respectively, and the impact of hydrogen
distribution and the phase transition on the HE behavior of
the TC4 alloy was discussed. Finally, the microcosmic HE
mechanism of the TC4 alloy was predicted in basis of our
experimental results. Clearly, the scheme in this paper pro-
vides a feasible evaluation method for HE behavior of
in-service metal materials in the hydrogen environment.

1 Experiment

The initial sample is the rolled plate of TC4 alloy with
300 mmx150 mmx3 mm size which were first cut into @210
mmX 3 mm cylinders by laser cutting. Then these cylinders
were cut into @ 10 mmx0.6 mm circular slices by
STX-202A diamond wire cutting machine, after which the
surfaces of these circular slices were polished with 1000#.
1500#, 2000 # water sandpaper step by step until the de-
sired 0.5 mm thickness was achieved. Afterwards the sur-
faces of these circular slices were further polished with 0.5
um Al O; suspension liquid to make it smooth and cleaned
with anhydrous C,H4O prior to drying in the oven at last.

The as-prepared circular slice samples with diameter of
10 mm and thickness of 0.5 mm were used during the EHC
and the samples were marked as A, B, C, D in accordance
with the EHC time 0, 2, 8, 16 h, respectively. Before EHC
at room temperature, a wire was adhered to the
un-hydrogen charging surface of the circular slices samples,
and then it was encapsulated with plastic clay to isolate this
un-hydrogen charging surface. The EHC device, including a
Keithley 2400 precision constant current power supply and
an electrobath, which set the sample as the cathode, the
platinum as the anode and a 1 mol/L sulfuric acid aqueous
solution was used as the electrolytic solution with a current
density of 100 mA/cm”. During the process of EHC, oxygen

was generated on the anode surface, and hydrogen was gen-
erated on the surface of the TC4 alloy (cathode). Thiourea in
the proportion of 2 g/L was added into the electrolyte as a
hydrogen poisoning agent to inhibit the recombination of
hydrogen atoms into H, on the sample surface thereby al-
lowing more hydrogen to enter the TC4 alloy, greatly in-
creasing the hydrogen concentration in the sample ',

SPT was carried out immediately on an Instron elec-
tro-hydraulic servo tension with small punch clamp that is
designed according to GB/T 29459.1-2012, GB/T
29459.2-2012 (test method of small punch of metal materials
in service for pressure equipment), as shown in Fig.1, after
the completion of EHC. In order to improve corrosion resis-
tance, 18Cr-9Ni coating for hydrogen resistance coating on
small punch clamp was processed. During the SPT process,
considering EHC is an external hydrogenation method which
results in the environmental HE of the alloy, and the hydro-
gen sensitivity of the alloy decreases with the increase of
displacement speed, a slower displacement speed of 0.05
mm/min was selected to more fully demonstrate the experi-
mental results. Until the circular slices sample was punctured
by the small punch rod which meant the termination of SPT,
a load-displacement curve could be recorded from the control
computer.

XRD observations were carried out before and after the
EHC treatment to reveal the effect of EHC time on the com-
position of TC4 alloy and make sure if there was hydride
generated. Meanwhile, the change of its composition after
different EHC treatment time was observed. In addition,
fracture morphologies of the TC4 samples with different
EHC time were observed by scanning electron microscopy
(SEM Quanta 250*) after the SPT and the surface topogra-
phy image of the TC4 alloy before EHC was measured by
Atomic Force Microscope (AFM, Dimension Icon). In the
end, Kelvin Probe Force Microscope (KPFM, Dimension
Icon) was used to investigate the hydrogen distribution and
phase change in the TC4 samples according to the change of
the surface work function.

S
O

Fig.1 Small punch clamp
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2 Results and Discussion

2.1 Composition and microstructure

The main components and the XRD pattern of the TC4
alloy before EHC are illustrated in Table 1 and Fig.2, re-
spectively. Metallographic figure, AFM surface topography
image of the original TC4 sample are shown in Fig.3. As
shown in Fig.2, the X-ray diffraction pattern for the original
TC4 sample has ten broad peaks but only two broad peaks
represent S phase which illustrates the content of § phase is
far lower that of a phase according to the RIR method (the
area of the diffraction peak corresponds to the content of
the components and presents a direct proportion relation-
)[22]. Similarly, the microstructure of the original TC4
sample shown in Fig.3a also reveal that the original TC4 is

ship

composed of a large proportion of equiaxed grains of «
phase and a very few nigrescent f phase, which is in
agreement with the results of XRD measurement. Besides,
the proportion of o phase and S phase observed by metal-
lograph figure are around 80% and 20%, respectively,
which is consistent with the results observed by AFM sur-
face topography image shown in Fig.3b.
2.2 Mechanical properties

To obtain the mechanical properties through SPT
load-displacement curve, a numerical fitting method should
be adopted by the low-strain rate tensile test. Therefore, the
fitting equations need to be determined first. To describe the
fitting method, the typical plot of the load-displacement
curve obtained by SPT test of a ductile metallic alloy with
different deformation zones is illustrated in Fig.4. From Fig.4,
zone | corresponds to the elastic bending of the sample,
along with the indentation produced on its surface by the
contact of the head of the punch. Zone II describes the pro-
gressive extension of plastic bending to the entire sample.

Table 1 Composition of original TC4 alloy (wt%)

Ti Al \ Fe C N H O
Bal. 55 40 030 0.10 0.05 0.015 0.015

* a-Ti
« B-Ti

Intensity/a.u.

*

* * .
* *
—l Tll. A

0 20 40 60 80 100
20/°)

Fig.2 XRD pattern of original TC4 sample

o phase AN
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Fig.3 Phase distribution of original TC4 sample: (a) OM image
and (b) AFM surface topography image

From a certain moment onward, plastic bending leads to a
membrane regime (general plastic deformation), which pre-
dominates in most of the curve, and this stage corresponds to
Zone III. On approaching the maximum load, the slope of the
curve starts to decrease as failure occurs (necking or internal
cracking), and the deformation of the sample is in zone 1V,
where first necking and then a visible crack were finally
generated, leading to a decrease in load until total failure of
the sample'™!,

Based on the deformation behavior in SPT test, the yield
strength (o) and the load (P,) that correspond to the divi-
sion point of zones I and II have a linear relationship, so oy,
can be calculated by dividing P, by the square of the initial
thickness (d) of the sample. Here we considered that the

08 12

0.0 0.4
Displacement/mm

Fig.4 Typical SPT load-displacement curve of the different de-

formation zones with identification
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crossing point of two tangents defined in the elastic regime
(zone 1) and the plastic regime (zone II) was the yield point

[24]

of the sample ", and the yield strength of the SPT sample

could be expressed as following through linear fitting **':

P,
o, =0.4422 (1)
d

Similarly, to analyze the relationship between the maxi-
mum load of the SPT curve (P,) and the ultimate strength
(ou), the linear fitting expressions was also employed in this

c, =0.065P—m2+268.81 (2)
d

At the same time, the elongation (4) of the sample in SPT
test was also estimated by fitting the displacement (u,,,,) at
the maximum load and tensile elongation of the same sam-
ple, so a linear fitting equation was given as follows "

A=(0.14375u,, /d —0.2205) x 100% 3)

The values of Py, Py, d,, for the TC4 samples with dif-
ferent EHC time obtained from the load-displacement
curves are shown in Fig.5, and the fitted values of yield
strength oy, ultimate strength o, and elongation 4 of the
TC4 samples with different EHC time were calculated
based on the equations (1), (2), (3) and listed in Table 2.
From Fig.5 and Table 2, the predicted values of the oy, oy
and 4 of the sample after EHC treatment have a significant
reduction compared with those of the non-hydrogenated
sample. Obviously, the yield strength (oy,) reduced by about
11.4%, 21.2%, 39.9% corresponding to the samples hydro-
genated for 2 h, 8 h, 16 h, the same trend of elongation (4)
was observed for the same EHC time, which indicates that
the charging time has a significant effect on the mechanical
properties of the TC4 alloy and the TC4 sample exhibits an
obvious HE behavior.

To further investigate the HE behavior of the TC4 alloy

after EHC, the HE sensitivity of the TC4 alloy was discussed.

According to Eq.(4), the sensitivity of hydrogen embrittle-
ment Iyga) can be obtained according to the change of
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Fig.5 Load-displacement curves of TC4 samples with different
EHC time

Table 2 Predicted value of TC4 samples with different EHC

time through fitting SPT load-displacement curve

Time/h 0 2 8 16

oys/MPa 503.1728  445.8896 396.3856 302.9744

ow/MPa 551.43 527.51 466.41 394.39
Al% 11.313 10.056 9.4275 7.542

elongation (4) before and after EHC treatment. 4, is the
elongation of non-hydrogen charged sample, 4 is the elon-
gation of hydrogen charged sample. Fig.6 shows the change
curve of Iyg after different EHC time. It can be found that
the Iyg(a)of TC4 sample has a noticeable improvement from
11.11% to 33.33% with the increase of EHC time, which
means that a greater ductile loss is associated with greater
susceptibility to hydrogen embrittlement.

AOA—_AX 100% (4)

0

I HE(A) —
2.3 Hydrogen embrittlement mechanism

As mentioned above, the hydrogenated TC4 sample exhib-
its an obvious HE sensitivity. Fig.7 shows the SPT fracture
morphologies of the TC4 sample after EHC of 2, 8 and 16 h.
For comparison, fracture morphologies of the
non-hydrogenated sample are given in Fig.7, too. Fig.7a, 7c,
7e, 7g are the overall fracture morphologies of the TC4 sam-
ple with different EHC time after SPT. Clearly, the fracture
changes from ring shape in non-hydrogenated sample to her-
ringbone shape in hydrogenated sample with the increase of
the EHC time, which indicates that deformation of the TC4
alloy transforms from ductile pattern to brittle pattern after
EHC treatment. Moreover, Fig.7b, 7d, 7f and 7h show the
locally magnified fracture morphologies of the non-hydrogen
ated and hydrogenated TC4 samples with different EHC time.
Obviously, unevenly distributed dimples are dominantin im-
age of the non-hydrogenated sample (Fig.7b) while the dim-
ples seem to be torn and brittle fracture pattern is presented in
the hydrogenated samples (Fig.7d, 7f, 7h). Meanwhile, the

3333
=
< 16.67
m
Nm
{111
2 8 16
EHC Time/h

Fig.6  Iug) of the TC4 samples with different EHC time after
SPT
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brittle fracture characteristics of the hydrogenated TC4 alloy
become more obvious with the increase of EHC time and a
typical fluvial pattern that is a cleavage fault is exhibited in
Fig.7f and 7h, which indicates that introduction of hydrogen
during the EHC process induces a degradation of plastic de-
formation of the hydrogenated TC4 alloy; this also can be
verified by the mechanical behaviors mentioned in section
2.2.

To inspect the impact of hydrogen on the plastic defor-
mation of the TC4 alloy after introduction of hydrogen

during EHC process, KPFM and XRD techniques were used
to investigate the hydrogen distribution and phase transition
in the samples with different EHC time. The KPFM images
of the sample without EHC treatment and with 2, 8, 16 h
EHC treatment at room temperature are shown in Fig.8.

Clearly, the potential range of selected area has an obvious
change after EHC treatment with different EHC time™*”"l,
In general, the f phase with body centered cubic (bcc)
structure is more sensitive to HE than a phase with
close-packed hexagonal (hcp) structure. The diffusion rate
of hydrogen in f phase was much higher than that in «
phase®?. It is worth noting that although the potential range
increases on both two phases, the f phase always shows
higher potential that illustrates the entered hydrogen in TC4
is more concentrated in § phase, which also can be verified
by the previous study **!. Therefore, it can be inferred that
hydrogen first permeates into  phase, and precipitates at
the interface of the two phases with the increase of the
concentration of hydrogen. Meanwhile, it can be seen from
the Table 3 that the potential range increases gradually

Fig.7 Overall and local fracture SEM images of the non-hydro-
genated sample (a, b) and hydrogenated sample with EHC
time of 2 h (¢, d), 8 h (e, ), and 16 h (g, h)

Fig.8 KPFM and metallographic images of TC4 alloy without hy-
drogenated (a, b) and hydrogenated of 2 h (c, d), 8 h (e, f) and
16 h (g, h)
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with the increase of EHC time, and there is not a significant
change of potential range in the sample after EHC for 8 and
16 h which means the hydrogen captured by reversible hy-
drogen trap in TC4 is limited. When the hydrogen captured
by reversible hydrogen trap reaches saturation, the potential
range will reach a balance point. However, the surface po-
tential range in the TC4 alloy after longer EHC time in
Fig.8h is much larger than that in the original sample as
shown in Fig.8a, which suggests that hydride that is new
phase may be generated after EHC treatment and this hy-
dride cannot decompose at room temperature.

In order to investigate the effect of phase structure
change after EHC on the hydrogen embrittlement mecha-
nism in the TC4 alloy, the XRD patterns of the TC4 sample
experienced EHC treatment at room temperature are shown
in Fig.9. There were y-TiH and §-TiH2 hydride generated
after EHC treatment when compared to the corresponding
pattern of the original TC4 sample shown in Fig.2. At the
same time, there is an obvious reduction in f-Ti content,
which suggests the hydride maybe grows preferentially in
p-Ti. In other words, combining the XRD patterns and met-
allographic images, hydride originates from the interface
between a-Ti and S-Ti and grows up in B-Ti, which results
in the reduction of f-Ti content and accumulation of the
hydride in the interphase between a-Ti and f-Ti. The gen-
eration of the hydride can be confirmed by the KPFM im-
age, for example, Fig.8c. Clearly, compared with the
un-hydrogen charged sample, higher surface potential in-
duced by hydride in the interphase between a-Ti and S -Ti
can be observed in EHC sample due to the covalent bond in
the hydride. Just because of the existence of the hydride as
the crack source, TC4 alloy exhibits deteriorated mechani-
cal properties after EHC treatment. Meanwhile, with the

Table 3 Potential range of TC4 alloy hydrogenated with

different time

Time/h 0 2 8 16
Potential range/V -0.8~1  -3~2 -4~2 -7~3
. H-Tin ¢ 7.TiH

3

& ot . 16h

2

% —— il N 8h
2h

. wl |

0 20 40 60 8 100 120
20/(°)

Fig.9 XRD patterns of the TC4 alloy experienced 2, 8, 16 h EHC

treatment

increase of EHC time, the free hydrogen that does not react
with Ti will promote the crack growth caused by hydride
under the SPT, which further leads to the deterioration of
the TC4 sample, so the TC4 alloy exhibits a significant HE
sensitivity with the increasing EHC time.

3 Conclusions

1) Hydrogen-induced degradation of mechanical proper-
ties occurs in TC4 alloy due to EHC treatment, and the TC4
alloy exhibits a severe HE sensitivity with the increase of
EHC time.

2) Generation of the hydride during the EHC process,
which originates from the interface between a phase and S
phase and grows up in f phase, is a main contributor to the
HE behavior of the TC4 alloy.

3) The SPT technique combined with KPFM method is a
feasible way to assess the HE behavior and mechanism of
the TC4 alloy in service.
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