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Abstract: The effects of hydrogen trapping behavior of undissolved and temper-induced (Ti,Mo)C precipitates on the very high
cycle fatigue properties of quenched and tempered Cr-Mo steel were investigated. Results reveal that spherical undissolved
(Ti,Mo)C precipitates with a hydrogen desorption activation energy of 142.6 kJ/mol cannot trap hydrogen through electrochemical
charging; fine, temper-induced (Ti,Mo0)C precipitates are effective hydrogen trap sites. Hydrogen trapped by fine, temper-induced
(Ti,Mo)C precipitates with a desorption activation energy of 17.0 kJ/mol cannot diffuse out from the sample even if exposed to
atmosphere for 336 h, while it may desorb from the trap site under cyclic loading and then diffuse to the crack tip or stress
concentration field, resulting in a decrease in fatigue strength. Diffusible hydrogen trapped by dislocations and grain boundaries with
a desorption activation energy of 16.9 kJ/mol can rapidly diffuse to crack tip or stress concentration field and then reduce the
threshold value of stress intensity factor (SIF) of crack growth remarkably, resulting in a decrease of fatigue strength; this portion of
hydrogen can diffuse out from the sample after atmosphere exposure for 96 h; Considering that the hydrogen content in both
hydrogen trapping site is equivalent, the deleterious effect of hydrogen trapped by fine, temper-induced (Ti,Mo0)C precipitates on
fatigue strength is relatively smaller than that of the diffusible hydrogen trapped by dislocations and grain boundaries. Non-metallic

inclusions (Al,O3) with a hydrogen desorption activation energy of 70.9 kJ/mol also cannot trap hydrogen through electrochemical

charging.
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Quenched and tempered medium carbon Cr-Mo steels are
often used as critical structure components in many industries
due to their high strength, excellent plasticity and toughness!".
With the development of modern industries, materials are
required to have better performance, higher strength and better
fatigue resistance. In many industries, such as high speed train,
many structural components are subjected to fatigue loading
with a number of cycles higher than 107, which is known as
very high cycle fatigue (VHCF)"?. Researches on the VHCF
focus mainly on the nature and related mechanisms of the
characteristic region of crack initiation, because it consumes
more than 90%, even 99% of total fatigue life®!. This
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characteristic region was called as optical dark area (ODA) by

1], granular bright facet (GBF) by Shiozawa et
161

Murakami et a
al® fine granular area (FGA) by Sakai et a
surface area (RSA) by Ochi et al”. For convenience, GBF
was adopted in this research. Hydrogen embrittlement (HE) is
also one of the main failure modes of these high strength

, or rough

steels. HE is caused by diffusible hydrogen which can diffuse
easily in the lattice at room temperature and accumulate in the
stress concentration region. To reduce the HE susceptibility,
strong carbide-forming elements such as titanium have been
introduced into these high strength steels to form deep
hydrogen trapping sites to fix diffusible hydrogen'. In fact, it
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has been reported that titanium carbides can effectively trap
hydrogen and improve HE resistance of high strength steels
under the static loading with monotonic stress”''!. Tt is also
reported that fatigue crack growth rate is accelerated by
diffusible hydrogen!'”!
decrease considerably with the presence of diffusible
hydrogen!>'*. Murakami et al' pro- posed that the formation

of GBF might be caused by cyclic stress coupled with internal

, and fatigue life and fatigue strength

hydrogen trapped by inclusions. Thus, it is also expected that
strong carbides can also act as deep hydrogen trapping sites
under cyclic loading and then improve the fatigue properties
of high strength steels in the presence of hydrogen. Although
the influence of hydrogen trapped by carbides, such as
cementite "' and V-rich MC carbides "% on fatigue properties
have been studied, they have seldom been clarified, and the
effect of (Ti,Mo)C carbides on the VHCF properties of high
strength martensitic steels in the presence of hydrogen is
rarely reported.

In the present study, the effects of hydrogen trapping
behavior of undissolved and temper-induced (Ti,Mo)C preci-
pitates on the VHCF properties of quenched and tempered low
alloy Cr-Mo steel were investigated, and the deleterious effect
of hydrogen trapped by temper-induced (Ti,Mo)C precipitates
on the VHCF properties was confirmed.

1 Experiment

1.1 Materials and heat treatment

The material used was a commercial Cr-Mo low alloy steel
micro-alloyed with Ti. The as-received steel was hot rolled
into wire rod with a diameter of 12 mm and its chemical
composition is listed in Table 1. Round rods with suitable
length were machined from the as-received steel in the

longitudinal direction, austenitized at 880 °C for 15 min and
oil quenched, and then tempered at different temperatures for
2 h, followed by air cooling. To fully dissolve precipitates
during austenitizing, an austenitizing temperature of 1350 °C
was selected.
1.2 Microstructural characterization and Mechanical
evaluation

After heat treatment, standard tensile samples (®5 mm,
parallel length of 30 mm) were tested at room temperature
using a WE-300 machine according to Chinese national
standard GB/T 228.1-2010. According to the variations of
ultimate tensile strength with tempering temperature shown in
Fig.1, and the microstructures of the experimental steels, two
kinds of samples with a similar tensile strength of 1300 MPa
were selected and signified as 880-450 and 1350-550 samples,
where the numbers indicate the austenitizing temperature and
tempering temperature, respectively, to study the hydrogen
trapping behavior of titanium carbide and its effect on the
VHCEF properties of high strength steels. The metallographic
samples for scanning electron microscope (SEM, Hitachi
S-4300) observation were ground, mechanically polished and
etched in 4% nital solution for 10 s. Due to the strong
magnetism, carbon extraction replicas were used for HR-TEM
(JEM-2100F) observation and analyzed by energy dispersive
spectrometer (EDS) and selected area electron diffraction
(SAED). Carbon extraction replicas were prepared by plating
a carbon film with a thickness of 20~30 nm on the sample
surface etched with 4% nital after mechanical polishing. Then,
the carbon films were extracted with 4% nital and taken out
with a copper net. Chemical extraction phase analysis was
also used to analyze the precipitates according to ISO/
TS13762 standard.

Table 1 Chemical compositions of the experimental steel (wt%)

C Si Mn S Cr Mo Ti Fe
0.30 0.15 0.31 0.002 0.006 1.36 0.18 0.08 Bal.
1.3 Thermal desorption spectroscopy (TDS) analysis
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Fig.1 Variation of ultimate tensile strength with tempering temperature

Hydrogen was introduced into the materials by electro-
chemical charging using 0.1 mol/L NaOH aqueous solution at
room temperature. Cylindrical samples with a diameter of 5
mm and a length of 25 mm were charged for 72 h at a current
density of 1.2 mA/cm’. After hydrogen charging, parts of the
hydrogen charged specimens were exposed to atmosphere for
different time (12~336 h) to study the hydrogen trapping and
desorption behavior. TDS analysis was performed to deter-
mine the hydrogen contents and locations. The heating rate
was 100 K/h. The hydrogen desorption curves can be obtained
through fitting the residual hydrogen content vs atmosphere
exposure time curves. The hydrogen desorption activation
energy for the samples can be calculated according to the

Choo-Lee equation'”":
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dln(p/T?) _
o/T)
where E, is the hydrogen desorption activation energy (kJ/mol),
@ is the heating rate (K/h), T, is the peak temperature, and R is
the gas constant. If ¢ and T, are known, E, can be easily
calculated from the slope of a dln(p/T’)vs 1/T, plot. In
this study, heating rates of 100, 200, 300 and 400 K/h were
used to calculate the hydrogen desorption activation energy.

-E,/R ey

For simplicity, the hydrogen uncharged, hydrogen charged and
hydrogen charged and atmosphere exposed samples were
termed as HF, HC and HCAE samples, respectively.
1.4 Fatigue testing

Tension-compression fatigue tests with a load ratio of —1
were carried out on a Shimadzu USF-2000 ultrasonic fatigue
testing system in laboratory air at room temperature. The
resonance frequency was 20 kHz. Fatigue tests were
conducted up to 1x10° cycles and the fatigue strength was
figured out by the stress up and down method through at least
six pairs in order to improve the accuracy. During the tests,
compressive air was used to cool the specimens. An
intermittent loading (150 ms of pulse and 150 ms of pause)
was employed to further reduce the thermal effect. So the time
required to reach 1x10° cycles was 28 h. According to the
hydrogen desorption curves at room temperature described in
Section 1.3, this interval was acceptable to obtain the fatigue
strength up to 1x10° cycles before the specimens lose most of
hydrogen. Smooth hour-glass type specimen was used for
fatigue testing. The geometry and dimensions of the specimen
are shown in Fig.2. The length of the specimen’s shoulder was
calculated to be 10.46 mm, which is dependent on the Yong’s
modulus and density. After fatigue tests, the fracture surfaces
of all failed fatigue specimens were observed using SEM (FEI,
Quanta 650FEG), operated at 25 kV.

2 Results and Discussion

2.1 Microstructural characterization
The samples of 880-450 and 1350-550 exhibit a typical
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Fig.2 Dimensions of the specimen used in the VHCF testing

tempered martensitic microstructure, as shown in Fig.3a and
Fig.3b, respectively. The microstructure of 1350-550 is clearly
coarser than that of the 880-450 sample due to the higher
austenitizing temperature.

Chemical extraction phase analysis results (Table 2) show
that nearly all the titanium forms (Ti,Mo)C precipitates in the
as-received hot-rolled wire rod (880-Q means that the sample
is quenched at 880 °C). Small-angle scattering results show
that these (Ti,Mo)C particles are mainly in the range of 36~60
nm. According to the solid solubility product formula"*’;

Ig[Ti][C] = —&TOO +2.75 2
when the quenching temperature is 880 °C, the (Ti,Mo)C
particles formed during hot rolling will not dissolve in
austenite. Thus, no new (Ti,Mo)C particles will be precipitated
during the subsequent tempering process. These (Ti,Mo0)C
precipitates formed during hot rolling will be retained in the
880-450 sample. HR-TEM results (Fig.4) show that (Ti,Mo)C
particles with 40~60 nm in diameter are found in the 880-450
sample, which is consistent with the chemical extraction phase
analysis result. As shown in Fig.4a, the embedded figure
shows the SAED pattern of (Ti,Mo)C particles. When the
austenitizing temperature is 1350 °C, nearly all the (Ti,Mo)C
particles may re-dissolve in austenite, according to the solid
solubility product in Eq.(2). Fine (Ti,Mo0)C particles can
precipitate during tempering at 550 °C after 1350 °C austeni-
tizing, resulting in a secondary hardening platform around 550
°C, as can be seen in Fig.1. Wei et al'"”! found that 0.42C-0.30Ti

Fig.3 SEM images of samples: (a) 880-450 and (b) 1350-550
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Table 2 Element contents of the MC phase in the specimen (wt%)

Sample Ti Mo N C Total
As-received 0.078 0.027 0.0047 0.019 0.129
880-Q 0.076 0.024 0.0049 0.018 0.123
880-450 0.074 0.024 0.0048 0.017 0.120
1350-Q 0.034 0.003 0.0045 0.005 0.047
1350-550 0.055 0.024 0.0047 0.013 0.097

Element

C

o

Si

Ti

Cr
Fe
Cu
Mo

Fig4 HR-TEM images and SAED pattern of 880-450 sample
showing spherical undissolved (Ti,M0)C particles (a) and fine
temper-induced (Ti,Mo)C particles and EDS results (b)

steel also exhibited a secondary hardening peak at 550 °C
when quenched at 1350 °C. Fawakhry et al® also reported
that adding titanium can increase the tempering resistance in
the early stages of tempering and cause secondary hardening
at 550~600 °C. HR-TEM morphology of the fine tempered
(Ti,Mo)C particle is shown in Fig.4b, where the embedded
figure shows the EDS results of (Ti,Mo)C particles. The
chemical extraction phase analysis results (Table 2, 1350-Q
means that the sample is quenched at 1350 °C) also indicate
that fine particles are found in the 1350-550 sample, which
consists mainly of Ti, Mo, and C. Small angle scattering result
indicates that these newly precipitated (Ti,Mo)C particles are
mainly in the size range of 1~5 nm, which is consistent with

the HR-TEM result.
2.2 Hydrogen trapping and desorption behavior

TDS curves of the HF, HC and HCAE samples are shown in
Fig.5a and Fig.5b. Fig.5c and Fig.5d show the locally enlarged
views of TDS curves from 300 °C to 600 °C of HF and HC
samples. At a heating rate of 100 °C/h, for the uncharged
specimens, 880-450 specimens show two small hydrogen
desorption peaks at 363 °C (called peak 2) and 519 °C (called
peak 3). 1350-550 specimens only show peak 2 but no peak 3.
There is no significant difference for peak 2 and peak 3
between hydrogen charged and uncharged specimens.
Compared to the HF specimens, HC specimens show
additional hydrogen desorption peak at a lower temperature
(called peak 1). Clearly, electrochemical charging at room
temperature does not influence the two high-temperature
hydrogen desorption peaks (peak 2 and peak 3) but is directly
responsible for the appearance of the low-temperature peak
(peak 1). As shown in Fig.5a and Fig.5b, the height of peak 1
decreases with increasing the exposing time, indicating that
hydrogen content decreases with prolonging the exposing time.
As shown in Fig.6 and Table 3, nearly all the hydrogen has
already diffused out from the 880-450 samples after
atmosphere exposing for 96 h. However, there are still 1.85
pg/g hydrogen in the 1350-550 samples after atmosphere
exposing for 96 h, as shown in Fig.5b and Table 3, and
hydrogen content does not decrease significantly even after
exposure for 336 h, as shown in Fig.5b.

Many microstructures or defects may be hydrogen trapping
sites in the steel, such as grain boundaries, dislocations,
nonmetallic inclusions and carbides. Different trapping sites
can be determined by calculating the hydrogen desorption
activation energy, as described in Section 1.3. Plot of In(¢p/ sz )
vs 1/T, for determining the hydrogen desorption activation
energy of each peak observed in 880-450 sample is shown in
Fig.7a. As demonstrated in Fig.7a, the values of hydrogen
desorption activation energy corresponding to peak 1, peak 2,
and peak 3 obtained for pre-charged 880-450 steel are 16.9,
70.9 and 142.6 klJ/mol, respectively. From the hydrogen
desorption activation energy, the hydrogen introduced into
880-450 steel through electrochemical charging corresponding
to peak 1 should be the hydrogen trapped by dislocation and
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Fig.5 TDS curves of HF, HC and HCAE specimens of 880-450 (a) and 1350-550 (b); locally amplified TDS curves of HF and HC specimens of
880-450 (c) and 1350-550 (d) at 300~600 °C
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prior austenite grain boundaries®'?"; peak 2 should

correspond to the hydrogen trapped in the interface of

(231 peak3 observed

nonmetallic inclusions of Al,O; and matrix
in the 880-450 sample should correspond to the hydrogen
trapped by undissolved (Ti,Mo)C incoherent interface!*. Both
Hui'"® and Li et al®” reported that cathodic charging does not
change the hydrogen trapped by inclusions. Wei et al*® and
Turnbull®? reported that the energy barrier for hydrogen to
jump into incoherent TiC is too high at low temperatures so
incoherent TiC will not trap hydrogen through electrochemical
charging at room temperature. Hence, as shown in Fig.5c,
nonmetallic inclusions of Al,O; and the undissolved (Ti,Mo)C
interface cannot absorb hydrogen through electrochemical
hydrogen charging at room temperature.

When the austenitizing temperature is 1350 °C, nearly all
the undissolved (Ti,Mo)C is redissolved into austenite. Hence,

peak 3 disappears in 1350-550 samples. As previously stated,

Table 3 Hydrogen content for different samples under different conditions (ng/g)

Sample Uncharged 1.2 mA/cm?-72 h, exposure-0 h 1.2 mA/cm?-72 h, exposure-96 h
880-450 0.09 1.12 0.26
1350-550 0.06 297 1.85
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the microstructures of 880-450 and 1350-500 steels are
tempered martensite, and the essential differences between the
two steels are the undissolved and newly precipitated fine,
temper-induced (Ti,Mo)C particles.
charged and exposed to atmosphere for 96 h, reversible
hydrogen trapped by grain boundaries and dislocations in
880-450 samples will diffused out from the samples, while
there is still 1.85 pg/g hydrogen in the 1350-550 samples. This
strongly indicates that this part of hydrogen is trapped by

When hydrogen is

these fine, temper-induced (Ti,Mo0)C particles. As shown in
Fig.7b, the desorption activation energy of this part of
hydrogen is calculated to be 17.0 kJ/mol.
2.3 Fatigue properties

Fig.8 shows the S-N curves of all the experiment specimens.
The fatigue strength is listed in Table 4. It is clear that the HF
880-450 and 1350-550 samples have similar fatigue strength
and fatigue strength ratio o,/R,, due to the similar strength.

After hydrogen charging at the same current density,
approximately 1.12 and 2.97 pg/g total hydrogen are introduced
into 880-450 and 1350-550 specimens, respectively, and both
the fatigue strength and fatigue strength ratio of the two
samples decrease significantly, which is about 22% and 24%
for the 880-450 and 1350-550 samples, respectively. After
hydrogen charging and atmosphere exposing for 96 h,
approximately 1.12 pg/g reversible hydrogen trapped by
dislocations and grain boundaries diffuses out from the 1350-
550 specimen and 1.85 pg/g hydrogen trapped by fine,
temper-induced (Ti,Mo)C particles still exists in the speci-
mens and the fatigue strength and the fatigue strength ratio of
1350-550 specimens are recovered to a large extent. However,
the fatigue strength of HCAE 1350-550 specimen is still 7%
lower, approximately 44 MPa, than that of the HF 1350-550
specimen. Nearly all the hydrogen diffuses out from the
880-450 sample after exposing to atmosphere for 96 h, so the
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Fig.7 Plots of In(¢p/ sz ) vs 1/T, for determining the hydrogen trapping activation energy of 880-450 (a) and 1350-550 (b) steels
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Table 4 Summary of tensile strength and fatigue strength of the tested steels

Specimen Tensile strength, R,,/MPa Fatigue strength, ow/MPa Ow/Rm

HF 880-450 596 0.46
1308

HC 880-450 463 0.35

HF 1350-550 599 0.45

HC 1350-550 1320 455 0.34

HCAE 1350-550 555 0.42

fatigue strength should be fully recovered.
2.4 Fatigue fracture surface

All the fatigue fracture surface was analyzed by SEM.
Fatigue fracture initiation sites and inclusion types at fatigue
fracture origins are listed in Table 5. It seems that cracks are
more likely to occur at surface inclusions for HF 880-450 and
1350-550 specimens due to their higher percentage in all the
different initiation modes, which is 66.7% and 50% for
880-450 and 1350-550 HF specimens. However, after
hydrogen charging, the fatigue fracture initiation sites all
transform to internal inclusions for the HC 880-450 and
1350-550 specimen, indicating that fatigue fracture mode is
changed by hydrogen. After hydrogen charging and
atmosphere exposing for 96 h, fatigue fracture initiation sites
are still internal, with 50% internal inclusions and 50%
internal matrix, and no surface initiation sites are observed for
the HCAE 1350-550 specimens. The inclusions at fracture
origins are A,O;-MgO and Al,05-CaO or their composites.

Typical SEM micrographs of fatigue fracture surfaces with
different fatigue fracture initiation modes of 880-450 and
1350-550 specimens are shown in Fig.9 and Fig.10. It is
observed that there is a GBF feature in specimen with long life
(generally>10 cycles), although Hui et al"*"
that hydrogen charged specimens are more prone to form GBF

recently reported

feature even in the short life (10* and 10° cycles) regions.
2.5 Effect of hydrogen on GBF

As already mentioned in the introduction, GBF is the
characteristic region for VHCF. As shown in Table 6, the SIF

range of GBFs, AKgpr of the experimental steels with obvious
GBF feature before and after hydrogen charging can be

calculated by the Murakami’s formula®':

AK iy = 0.5A0, T Jarea 3)

where AKgpr is the SIF range of GBFs (MPa~m]/2); Ao, is the
applied stress amplitude (MPa); ./area,,. is the square root
of the projective area of GBFs (m). The traditional crack
growth threshold (AKy), a threshold SIF value below which
the existing crack will stop propagating, derived by

[32]

Weertman~~ is expressed as:

AK, ~2E /% ~3.289u/b )

where b is Burgers vector; x is shear modulus. For steels,
b=0.25 nm, u=81 GPa, so the calculated threshold value
AK, ~4.200 MPa-m'?, which is very close to the calculated
AKgpr values of HF 880-450 and HF 1350-550 samples, and
this is why the AKgpr is generally considered as the effective
SIF of crack to start propagate. From Weertman model, it is
seen that the threshold value only depends on the Burgers
vector and shear modulus of materials, so the calculated
AKgpr value of HF 880-450 and HF 1350-550 samples is
almost the same, irrelevant to different tempering treatments.
However, as shown in Table 6, after hydrogen charging, the
AKgpr of HC 880-450 and HC 1350-550 samples decreases
obviously. TDS results show that hydrogen trapped by inclu-
sion does not increase remarkably after hydrogen charging

Table 5 Summary of fatigue fracture initiation sites and inclusion types at fatigue fracture origins

Total number of

Number of fatigue specimens with different initiation modes

Specimen fatigue specimens . . . . 4 Inclusion types
Surface inclusion Internal inclusion Internal matrix
HF 880-450 6 4 2 0
HC 880-450 7 0 7 0
HF 1350-550 6 3 1 2 Al,05-MgO-CaO
HC 1350-550 6 0 6 0
HCAE 1350-550 8 0 4 4
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Fig.9 SEM morphologies of fatigue fracture surfaces of HF (a, b) and HC (c) 880-450 samples with different crack initiation

origins: (a) surface inclusion, 5,=590 MPa, Ny=1.236x10° cycles; (b) internal inclusion and its surrounding area (GBF),
0,=590 MPa, Ny=3.273x 107 cycles; (¢) internal inclusion and its surrounding area (GBF), 6,=470 MPa, N;y=5.983x 107

cycles

(Fig.5¢) so the detrimental influence of introduced hydrogen
on fatigue properties should be attributed to diffusible
hydrogen trapped by reversible trapping sites such as
dislocations and grain boundaries. These diffusible hydrogen
has a higher diffusion coefficient, and it is easy to accumulate
at the stress concentration area and the inclusion interface
under the cycle loading and decrease the threshold SIF values,
so the fatigue fracture may occur under a lower stress and the
fatigue fracture initiation sites transform to internal inclusions
after hydrogen charging. After hydrogen charging and
exposing to atmosphere for 96 h, nearly all the hydrogen has
diffused out from the 880-450 sample, so it is conceivable that
the VHCEF strength of 880-450 samples should also recover.

After exposing to atmosphere for 96 h, nearly all the
diffusible hydrogen, approximately 1.12 pg/g in the 1350-550
sample is diffused out from the sample and 1.85ng/g hydrogen
is still trapped by temper-induced (Ti,Mo)C. This portion of
hydrogen is uniformly distributed in the matrix with (Ti,Mo)C

precipitates and does not diffuse easily, as shown in Fig.5b
and Fig.6. Nakatani et al***¥
hydrogen with a hydrogen desorption activation energy higher
than 60 kJ/mol can desorb out from the deep trap site under

confirmed that the irreversible

cyclic loading, and the fatigue strength was decreased by the
desorbed irreversible hydrogen through TDS and hydrogen
microprint technique. In the present study, the desorption
activation energy of hydrogen trapped by temper-induced
(Ti,Mo0)C was calculated to be 17.0 kJ/mol (Fig.7b). As
Nakatani stated, cyclic deformation induces a desorption of
hydrogen from temper-induced (Ti,Mo)C; hydrogen desorbs
from the trap site then diffuses to the crack tip or stress
concentration field, resulting in a decrease in fatigue strength.
For the HF 1350-550 sample, both the internal inclusions
(Fig.10c) and internal matrix such as grain boundaries
(Fig.10b) can act as fatigue crack initiation sites, so the
desorbed hydrogen from temper-induced (Ti,Mo)C can diffuse
to inclusion interface or grain boundaries and decrease the
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\

mosphere éxposed

Fig.10 SEM morphologies of fatigue fracture surfaces of HF (a~c), HC (d) and HCAE (e, f) 1350-550 samples with different crack initiation
origins: (a) surface inclusion, g,= 610 MPa, N=2.101x10 cycles; (b) internal matrix, 6;=610 MPa, N; =1.49x10" cycles; (c) internal
inclusion and its surrounding area (GBF), 5,=590 MPa, N=1.088x10% cycles; (d) internal inclusion and its surrounding area (GBF),
0:=450 MPa, Ni=5.711x10 cycles; () internal matrix, o,=570 MPa, Ny=1.355x10’ cycles; (f) internal inclusion and its surrounding area
(GBF), 6,=550 MPa, Ni=1.382x10® cycles

threshold SIF values, and thus the fatigue fracture occurs compared to the diffusible hydrogen trapped by dislocations
under a lower stress. The deleterious effect of hydrogen and grain boundaries, considering that the hydrogen content in
trapped by temper-induced (Ti,Mo)C is relatively small the both hydrogen trapping site is equivalent.
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Table 6 Inclusion information for calculation of AKggy

Specimen varea,, /um varea ggr /um o./MPa Ni/x107 cycles AKger/MPa'm 12
27.98 62.85 610 0.4345 4.29
HF 880-450
25.42 58.84 590 3.273 4.01
21.48 60.14 470 5.983 3.23
HC 880-450
17.21 44.84 510 3.443 3.03
HF 1350-550 30.26 71.58 590 10.88 4.42
HC 1350-550 18.35 74.80 450 5.711 345
28.83 57.89 570 6.135 3.84
HCAE 1350-550
21.06 66.40 550 13.82 3.97

3 Conclusions

1) Hydrogen trapped by non-metallic inclusion with a
desorption activation energy of 70.9 kJ/mol will not increase
remarkably, so the deleterious effect of introduced hydrogen
through electrochemical charging on fatigue strength should
not be attributed to hydrogen trapped by non-metallic
inclusions.

2) Diffusible hydrogen trapped by dislocations and grain
boundaries with a desorption activation energy of 16.9 kJ/mol
can rapidly diffuse to crack tip or stress concentration field
and then reduce the threshold value of SIF of crack growth
remarkably, resulting in a decrease of fatigue strength.

3) Spherical undissolved (Ti,Mo0)C particles with a
desorption activation energy of 142.6 kJ/mol cannot trap
hydrogen through electrochemical charging. Hydrogen
trapped by fine, temper-induced (Ti,Mo)C precipitates with a
desorption activation energy of 17.0 kJ/mol can desorb from
the trap site under cyclic loading and then diffuse to the crack
tip or stress concentration field, resulting in a decrease in
fatigue strength. However, considering that the hydrogen
content in the both hydrogen trapping site is close, the delete-
rious effect of hydrogen trapped by fine, temper-induced (Ti,Mo)
precipitates is relatively smaller than that of the diffusible

hydrogen trapped by dislocations and grain boundaries.
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S & (Ti,Mo)C 4 tHHH B9 18 B SR BB 5 &) 9K 55 1 RE RO 5200

ek 2, f AR, RscE, Bkeroc?, b oEY, ERBR!
(1. IR BE FE40 BT, b 100081)
2. WHHERZF MkEERL, JE50 100084)

i OE: WU T ARERR] T H R (TLMOo)C T H A K20 B B4 o U 0 AH 0 (0 v SR 55 PE BB IS . 5 R BRJE AR (Ti,Mo)C
AT H AR ) S BT B4 142.6 KJ/mol, JXRI R U B B 7 FBAG 2 R S0 A R AN REL: A/ IEI Kk (T Mo)C #7 AR A s & B B,
LRI A AR T BB R 17.0 Kd/mol, XA AN BUR B D, ISR 336 h 5 ANREY HUHIRRE, MBI E AR ARG
I Ak g R B L 1) R b g S A B, TR — o R P BN P v R 5 L+ 7 BRIt S A A 3 4 A B AT A
16.9 k/mol, XA BURKEK, FHBCE 96 h ph Al A B R, RPN R IX o U AR08 I 1 L GO sy 4 rh Ak
L 0 MR 95 2440 R 1 3 5 TR T DA, Jo 4 S0 3 M v SR 5 A+ 2% R 38 7 4 Tl SR R 0 A o 2, B0/ P [ 2k (T, Mo)C
AT HHS ARG 3 10 S0 o 5 2 10 S A ) e /N T o Ak 0 T ™ SOl 0 o R 5 s P A T o Sl e e S e
WG AE R 70.9 kI/mol, IXFIRA AL B F AL P RFEARSHIRE.

KRR B e ANEDT: Al (TLMo)C

EZIA: Brmedh, Y, 1987 44z, {442, HWERIFS0 S Besr Wi, dbad 100081, HLifi: 010-62186791, E-mail: 2545835925@qq.com



