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Abstract In this study, the effect of hydrogen on fatigue
strength of high strength steels in the very high cycle fatigue
regime was further discussed. It is found that the calculated
results of fatigue strength by modified Murakami’s expres-
sion are in good accordance with the experimental results in
+15% error band. The relationship between fatigue life (Ny)

and the ratio of granular-bright facet (GBF) to inclusion size

inc

(—V\;‘rm) for quenching and tempering (QT) specimens and

pre-charged specimens by soaking (SK) and cathodic (CD)
charging can be approximately expressed by @ =
% = 0.25N?'125; however, the value of % for specir?{ens
pre-charged by high-pressure thermal hydrogen charging is
obviously greater than that for QT specimens and pre-
charged specimens by SK and CD charging at an identical
Nr. The stress intensity factor range at the periphery of the
GBF, AKggr, was calculated in this work. It is found that the
value of AKggr is not a constant but approximately pro-
portional to (v/Aggr) 13 Besides it is also found that AKGgr

decreases with the increase of hydrogen content.

Introduction

For high strength steels, the fatigue crack generally initi-
ates from inner inclusion for specimens having a longer
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fatigue life (>1O7 cyc) [1-7], and there exists an area with
particular morphology beside the inclusion at the fracture
origin. The particular morphology looked optically dark
when observed by an optical microscope (OM) and it was
named the optically dark area (ODA) [2—4]. On the other
hand, a white-bright facet area was found in the vicinity of
inclusion at the fracture origin by scanning electron
microscopy (SEM) observation. This area revealed a very
rough and granular morphology in comparison with the
area in the fish-eye; therefore, it was named the granular-
bright facet (GBF) [5, 6]. Further, it was verified that the
size of GBF is the same as that of ODA. It was reported
that in the very high cycle fatigue (VHCF, >10" cyc)
regime more than 90% of fatigue life was attributed to the
creation of the ODA/GBF. It was pointed out that the
formation of the ODA/GBF during the long fatigue process
controls the internal fracture mode and ODA/GBF was
considered to play a crucial role in the failure mechanism
in the VHCF regime [2-4].

Although the formation mechanism of GBF (in this
article, we observed the fatigue crack origins by SEM,
hence the term GBF is adopted hereafter) is always being
investigated, it is still not quite clear until now [2-7].
Murakami considered that the formation of GBF was
related to hydrogen trapped by inclusion [2—4]. Hydrogen
trapped by inclusion was observed by secondary ion mass
spectroscopy (SIMS) [4] and high-resolution tritium auto-
radiography [8]. Hydrogen embrittlement (HE) is a long-
standing subject especially for ferrous alloys [9], it has
been studied for almost a century. Hydrogen damage,
delayed fracture, and stress corrosion etc. were widely
investigated by many researchers; nevertheless, the influ-
ence of hydrogen on fatigue properties of high strength
steels, particularly, the role of hydrogen in the VHCF
regime was not widely studied.
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In the present article, the influence of hydrogen on
fatigue properties of high strength steels was investigated
through pre-charging several high strength steels with
different hydrogen charging technologies, the emphasis
was placed on the characteristics of GBF.

Materials and experiments

Seven high strength steels (including four kinds of spring
steels: G50CrvV4, F50CrvV4, SUP12, and 60Si2CrV; three
kinds of bearing steels: GER, GVM, and G) were prepared
in the experiment, their chemical compositions (mass%)
are shown in Table 1, and their heat treatment procedures
(quenching and tempering, QT) are shown in Table 2. The
nominal chemical compositions of G50CrV4 and F50CrV4
are the same, however, the latter is clean steel and the
inclusion size is much smaller. GER and GVM were the
bearing steels with same nominal compositions, but GER
was treated by electroslag remelting (ER) and GVM was
treated by vacuum melting (VM). G was supposed to be as
a bearing steel, it was also treated by VM and the oxygen
content was reduced to 67 ppm, but during the deoxida-
tion process the carbon content was removed severely as
well. The microstructures of these steels were all tempered
martensite after QT. The dimension of fatigue specimens is
shown in Fig. 1, and the length of specimen’s shoulder, d,
depended on Young’s modulus and density, is about
10 mm. In order to decrease the influence of surface
roughness as much as possible, the surface on the mid-

Table 1 The chemical compositions of all steels (mass%)

Steel C Mn Si S P Cr V Al

F50Crv4/ 0.51 0.95 0.30 <0.015 <0.015 1.10 0.13 0.02
G50Crv4

M6x0. 75

R58.9

40 mm d

40+2d

A4
A

»
»

Fig. 1 Dimension of the fatigue sample used in very high cycle
fatigue testing

section of specimens was polished with grades 600, 800,
1000, 1200 abrasive papers consecutively after QT.

In order to investigate the influence of hydrogen on
fatigue properties, hydrogen is charged into some speci-
mens after QT. Charging technologies used in present work
include the cathodic (CD) charging, the soaking (SK), and
high-pressure thermal hydrogen charging (HPTHC). The
solution used for the CD charging was 3% NaCl + 3 g/L.
NH,4SCN aqueous solution, at different current densities for
6 h; the solution used for SK was a 20 mass% ammonium
thiocyanate solution (NH4SCN), at the charging tempera-
ture of 288 K for 24 or 48 h. After the CD charging, the
specimens were coated with cadmium to prevent hydrogen
desorption, and then the pre-charged specimens were
placed at ambient temperature for 12 h in order to
homogenize the hydrogen distribution in the specimens.
After SK, the specimens were placed at ambient tempera-
ture for 1.5 h. For specimens pre-charged by the CD
charging, the cadmium coating is removed before mea-
suring hydrogen content. The HPTHC facility used in this
work was set up by the Institute of Metal Research. In this
HPTHC experiment, the temperature was 573 K, the
hydrogen pressure was 10’ Pa (the purity of hydrogen was
99.999%), the time for hydrogen charging was 5 days.
Some F50CrV4 specimens were annealed at 653 K for 4 h

SUP12 0.53 0.69 149 0.007 0.011 0.74 - 0.039 . .
in a vacuum after QT in order to release the hydrogen
60Si2CrV 0.59 0.60 1.6 0.006 0.009 1.09 0.11 0.013 . .
) 033 040 0002 0008 149 — - trapped by inclusions. The total hydrogen content was
GER L ’ ’ ’ ’ ’ determined by the RH-404 Hydrogen Determinator (accu-
GVM 120-0.31°0.34 0011 0016 172 = - racy: 0.02 ppm). The symbols of all pre-charged and
G 0.24 077 045 0001 0012 12 - - uncharged specimens, the conditions of hydrogen charging
Tabled2 ’I“hef hslsla t‘ttrelal ‘tment Steels QT procedures Vickers hardness,
procedures or all Steels HV (kgf/mmz)
F50Crv4/G50Crv4 860 °C, 30 min + O.Q. + 440 °C, 1 h + A.C. 440/450
60Si2CrV 920 °C, 15 min 4+ 0.Q. + 430 °C, 30 min + W.C. 565
SUP12 845 °C, 30 min 4+ A.C. 4 845 °C, 30 min 4 O.Q. 600
+ 430 °C, 60 min + W.C.
GER/GVM 860 °C, 20 min + 0.Q. + 180 °C, 2 h + A.C. 708/703
G 860 °C, 10 min 4+ O0.Q. + 180 °C, 2 h + A.C. 414
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Table 3 The symbols and hydrogen charging conditions for fatigue test specimens

Steel Symbol of Charging Charging Experimental Hydrogen content Hydrogen content
specimens method time temperature of uncharged of pre-charged
specimens (ppm) specimens (ppm)
G50Crv4 G-QT Uncharged - - 0.66 -
G-SK1 Soaking 24 h 288 K 0.66 2.0
G-SK2 Soaking 48 h 288 K 0.66 3.0
F50Crv4 F-VA Uncharged - - 0.2 -
F-QT Uncharged - - 0.6 -
F-HPTHC HPTHC 5 days 573 K 0.6 2.5
60Si2CrV SCV-QT Uncharged - - 0.15 -
SCV-HPTHC HPTHC 5 days 573 K 0.15 3.0
SCV-CD1 Cathodic, 1 mA/cm? 6h Room temperature 0.15 3.2
SCV-CD2 Cathodic, 2 mA/cm? 6h Room temperature 0.15 10.0
SUP12 SUP-QT Uncharged - - 0.27 -
SUP-CD Cathodic, 0.6 mA/cm? 6h Room temperature 0.27 1.0
SUP-HPTHC HPTHC 5 days 573 K 0.27 2.0
GER GER Uncharged - - 0.4 -
GVM GVM Uncharged - - 0.4 -
G G Uncharged - - 0.28 -

VA vacuum annealing

for all steels and the hydrogen contents of uncharged and
pre-charged specimens are shown in Table 3.

The ultrasonic fatigue testing was conducted on a
Shimadzu USF-2000 testing system with a resonance
frequency of 20 kHz, resonance interval of 150 ms at a
load ratio of R = —1. All experiments were tested at
room temperature in air. The fatigue specimens were
cooled by compressive air during testing. The tensile
testing was conducted on an Instron 8801 machine, with
the tensile strain rate of 107°/s. All fracture surfaces
were observed by using the Quanta 600 scanning elec-
tron microscopy.

Experimental results
Tensile and fatigue experiments

The tensile properties for all specimens are shown in
Table 4. It can be easily found that the pre-charged speci-
mens show lower ultimate tensile strength and lower elon-
gation. Figure 2 shows the contrastive tensile curves of
some pre-charged and uncharged specimens, and we can
find that hydrogen charging reduces the elongation appar-
ently and ultimate tensile strength noticeably no matter what
charging method is applied; however, hydrogen charging
changes hardly the Young’s modulus. Figures 3 and 4 show
the tensile fractographs of some uncharged and pre-charged
specimens. On the fracture surface of uncharged specimen,

it shows a great many dimples (Figs. 3a, 4a), but after being
pre-charged the fracture surface becomes intergranular and
cleavage fracture (Figs. 3b, c, 4b—d).

In each fatigue test, at least 14 specimens were used to
determine the fatigue strength by staircase method. The
fatigue strengths of all specimens at 10° cyc were listed in
Table 4, and S—N curves were shown in Fig. 5 [10]. It is
obvious that hydrogen charging can reduce the fatigue
strength at 10° cyc significantly. Fatigue fractographs of all
specimens were observed by SEM. Almost all the speci-
mens were failed from inner defects. The internal crack
initiation sites were mostly inclusion clusters for F50CrvV4
steel [11] (see Fig. 6a, b), these clusters were composed of
small inclusions, and electron probe microelement analysis
(EPMA) revealed the constituents of these small inclusions
(MnS, carbide, and oxide). Each inclusion in the cluster is
very small, the size is about 2-3 pum, which is smaller than
the critical size for a single inclusion to initiate a fatigue
crack [12], however, the equivalent size of inclusion cluster
is greater than the critical size. The equivalent size of
inclusion cluster is about 6 pm by measuring clear frac-
tographs of some specimens. Except F50CrV4 steel, almost
all steels were failed from internal single inclusions.
The single inclusion was mainly Ca duplex inclusion
(Ca0-Al,03, Ca0-Al,05-MgO) (see Fig. 6¢c, d) or occa-
sionally TiN. It was observed by SEM that there was a
bright rough area beside the inclusion in specimens with
longer life, this was the granular-bright facet (GBF) area
[5, 6]. The inclusion size at the fracture origins was
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Table 4 The tensile properties and fatigue properties of all specimens

Steel Symbol of C; G Ultimate tensile Elongation Average inclusion Fatigue strength
specimens (ppm) (ppm) strength, a, (MPa) (%) size, v/Ajpe (1m) at 10° cyc

G50Crv4 G-QT 0 0.66 1,550 14.5 30.6 571
G-SK1 1.34 0.66 1,500 3.6 343 467
G-SK2 2.34 0.66 1,470 3 37.3 366

F50Crv4 F-VA 0 0.2 1,540 15 ~6" 713
F-QT 0 0.6 1,529 14 ~6" 703
F-HPTHC 0 2.5 1,488 13 ~6" 498

60Si2CrV SCV-QT 0 0.15 2,365 18 16.4 767
SCV-HPTHC 0 3.0 1,750 4 11.3 392
SCV-CD1 0.15 3.05 1,630 4.7 20.5 483
SCV-CD2 0.15 9.85 1,452 3.8 18.9 497

SUP12 SUP-QT 0 0.27 1,815 17 17.4 771
SUP-CD 0.73 0.27 1,800 10 18.0 628
SUP-HPTHC 0 2 1,847 8 14.1 413

GER GER 0 0.4 1,700 - 11.4 788

GVM GVM 0 0.4 1,785 - 23.3 746

G G 0 0.28 1,489 18 26.5 601

? The equivalent inclusion cluster size

Fig. 2 Tensile curves of some o 1600 [ (a)l « 1600
pre-charged and uncharged % 14 % 1400
specimens. a G50CrV4, & 00y &
b F50Crv4 9 1200 g 1200
= -
@ 1000 - ® 1000
g 2
£ 800t ca £ 800
@ —G-QT 9
lg 600 | G-SK1 £ 600
© 40| G-sk2 2 400
w w
200 + 4 200
0 . . . . . . . 0 S S
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
Engineering strain Engineering strain

Fig. 3 The tensile fractographs of G50CrV4 steels; a G-QT, b G-SK1, ¢ G-SK2

measured and the average inclusion size at fracture origins  and was listed in Table 4. Usually the nonmetallic inclu-
for each kind specimen (the equivalent cluster size is  sion at the fracture origin is considered to be the largest
measured for FS0CrV4 steels) was obtained by statistics  inclusion in the gauge section of a specimen [13] and the
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Fig. 4 Tensile fractographs of
60Si2CrV steel; a specimen
SCV-QT, b specimen SCV-
HPTHC, ¢ specimen SCV-CDI,
d specimen SCV-CD2

maximum inclusion size obtained by metallographic
observation is usually much smaller than the maximum
inclusion size measured on the fracture surface.

Discussion
The fatigue strength influenced by hydrogen

In our previous article [10], the fatigue strength expression
of Murakami was modified to Eq. 1 after considering the
influence of hydrogen.

1.56(HV + 120)
(\/Ainc)l/6

where C is hydrogen content, f{C) the hydrogen influence
factor, and f{C) < 1, ow™ the fatigue strength after consid-
ering hydrogen influence; HV Vickers hardness, in kgf/mm?;
and /Aj, the square root of projective area of inclusion, in
pum. In the previous article [10], we discussed the
classification of diffusible hydrogen (trapped by reversible
traps, such as dislocation, vacancy, crystal lattice) and non-
diffusible hydrogen (trapped by irreversible traps, such as
inclusion, void, etc.) through different hydrogen charging

ow* =f(C) (1)

methods. Hydrogen in specimens F-VA, F-QT, F-HPTHC,
SCV-QT, SCV-HPTHC, G-QT, SUP-QT, and SUP-HPTHC
can be mainly classified into non-diffusible hydrogen and
hydrogen being charged into specimens SCV-CD1, SCV-
CD2, G-SK1, G-SK2, and SUP-CD can be mainly classified
to diffusible hydrogen. The expression of f{C) for diffusible
hydrogen and non-diffusible hydrogen are respectively as
follows [10]:

f(C) = 0.6 + 0.4exp(—C?/4), (2)
1
f(ci) = 1—}—07.096}27 (3)

where C, is the diffusible hydrogen content (ppm), and C; is
the non-diffusible hydrogen content. The total hydrogen
content (Cy) was considered as the sum of diffusible
hydrogen content and non-diffusible hydrogen content,
Cy = C, + C;. The diffusible hydrogen content (C,) and
non-diffusible hydrogen content (C;) for each specimen are
listed in Table 4. In general, Vickers hardness of high
strength steels is less sensitive to hydrogen charging unless
geometric softening caused by voids and fissures at severe
charging conditions happened [14, 15]. Reference [10]
provided some HV values of pre-charged and uncharged
high strength steels in which it shows that the HV values are
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Fig. 5 S-N curves of all pre-charged and uncharged specimens; a G50CrV4 [10], b SUP12 [10], ¢ 60Si2CrV [10], d FS0CrV4, and e GCrl5

(including G, GVM, and GER)

not sensitive to hydrogen charging indeed. Therefore, in the
present article, Vickers hardness of pre-charged specimens
is considered to be the same as uncharged specimens, and
the HV of uncharged steels is listed in Table 2. For speci-
mens SCV-CD1, SCV-CD2, G-SK1, G-SK2, and SUP-CD,
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the influence of non-diffusible hydrogen can be ignored.
Substituting diffusible hydrogen content (C,) into Eq. 2 and
substituting Eq. 2 into Eq. 1, then the calculated fatigue
strengths—aow ca* will be obtained. In a similar way, the
calculated fatigue strengths for specimens F-VA, F-QT,
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Fig. 6 The fatigue fracture
origins observed by SEM:
a F-VA specimen, b F-QT
specimen [11], ¢ SCV-CDI1
specimen [10], and

d SUP-HPTHC specimen.
Fracture condition:

a g, = 725 MPa,

Ne =213 x 108
b g, = 725 MPa,
Ne =226 x 108
¢ g, = 525 MPa,
Ny = 1.39 x 10%
d g, = 450 MPa,
Ne=1.99 x 108

F-HPTHC, SCV-QT, SCV-HPTHC, G-QT, SUP-QT, and
SUP-HPTHC will be easily obtained. In the process of
calculating owa*, the average inclusion sizes or the
equivalent cluster sizes at the fatigue fracture origins in
Table 4 are used.

The calculated fatigue strengths—ow c* and the
experimental values—aow c,* were compared in Fig. 7 in
which ow ca* and ow exp* were normalized with (HV +
120). It is found that the calculated results were in good
accordance with the experimental values for these speci-
mens, which indicates the validity of Eqs. 1-3.

The relationship between fatigue life and the size
of GBF

It was pointed out that the formation of GBF during the
long fatigue process controls the internal fracture mode and
GBF was considered to play a crucial role in the failure
mechanism in the VHCF regime [2-7]. More than 90% of
fatigue life was attributed to the creation of the GBF.
However, the formation mechanism of GBF has not yet to
be elucidated very clearly. It was assumed by Murakami
that the GBF is made by cyclic fatigue stress and the

T T T T T T T T T T T T T T
165 O G-QT Y¢ suP-QT L7 7
| © GsKi * SUP-CD s
150 @ a-sk2 i’ b
% SUP-HPTHC .
[ O FVA s 1
1350 X GER P ]
| B FaQr R GVM - -7
S 1o0L W FHPTHC ¥ G PR - o
Q | v scv-ar ?7/ -
. SCV-HPTHC P .
> 105 Y Y
= | A scv-CD1 o) & g _ + 15% error
¥, 090f A scv-cD2 a - -
» 3 - -
) 7 4
z 075F A7 - -
s L .a L 7 oW carlHV+120)=0 vy o H(HV+120) |
0.60 | L7 e -
I 7 - 4
045+ -~ Phd u
L7 - - 4
0.30 L 2 . 1 . 1 . 1 . 1 . 1 . 1 . 1 .
030 045 060 075 090 1.05 120 135 150

o W,cal*/ (HV+120)

Fig. 7 The comparison of calculated fatigue strength with experi-
mental results

synergetic effect of hydrogen, which is trapped by the
inclusion at the fracture origin. And Murakami concluded
through experiments that hydrogen trapped by inclusion is
a crucial factor, which causes the VHCF failure of high
strength steels [3, 4].
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Generally the size of GBF increases with an increase in
fatigue life. Chapatti et al. [16] obtained the empirical rela-
tionship between fatigue life (Ny) and the ratio of GBF to

inclusion size (—“z\/ﬂ*{) through collecting some experimen-

tal results in references [5, 17-19]. The expression describ-

ing the relationship between Ny and V AGBF is as follows [16]:
VA R
GBF _ NGBF _ O.25N?'125, (4)
VAine Rinc

where \/Aggr and /A, are, respectively, the sizes of GBF
and inclusion defined by Murakami, and Rggp and R;, are,
respectively, the radii of GBF and inclusion. In this article,
the inclusion size is included in GBF size. These experi-
mental results collected by Chapetti are all from QT high
strength steels.

Equation 4 can be rewritten as:

R 8

Ny = 6.5 x 104< GBF) . (5)
inc

In this work, the relationship between N; and —VA‘?Bf for

QT specimens (F-QT, G-QT, SCV-QT, SUP-QT, G, GER,

6 T T T T
o I (a) o scv-ar .
N 5 e G-QT
@ st 5 o -
< e GVM ©
e e GER
9 4t = SUP-QT o i
©
L
o o
S 3
b 0.125
2 Rege /R, =0-25N, 0O -
© 0
- 2 .
@ o my
'—

18 T T T v
, ]
16 | (C) )/ 4
14t o FVA o/ .
o F-QT /7 E
120 e F-HPTHC ° ’ E

) o
025 /g T
10 RGBF”?mc_O OSN 4 ° 7
. ./

0.15
RGBF IR inc=0'25Ivf

0 1 1 1 1
10° 10° 10’ 10° 10°
Number of cycles to failure, N¢

The ratio of GBF size to equivalent cluster size

and GVM) is obtained according to the same way as
Chapetti. It is found that although the datum points in
Fig. 8a are rather scattered, Eq. 4 could be used to describe

the relationship between Ny and \/AG—BF for these specimens

approximately. As regards the pre-charged specimens,

Fig. 8b shows the relationship between Ny and fAG—” for

specimens SCV-CD1, SCV-CD2, SUP-CD, G-SK1, and
G-SK2. It is found that these datum points approximately
accord with Eq. 4 as well. Comparing Fig. 8a with b, we
might infer that hydrogen charged into specimens by SK
and CD charging does not influence the relationship
VAcsr
VAine

between N; and substantially. This phenomenon

demonstrates from another point of view that hydrogen
charged into steels by SK and CD charging is mainly
trapped by reversible traps, such as dislocations etc.; and
SK and CD charging do not substantially change the
hydrogen amount trapped by inclusions. Since hydrogen
trapped by inclusion is a crucial factor in the formation of
GBF; therefore, it can influence the GBF size at an
identical N;. It has been reported by Murakami that the
ratio of GBF to inclusion size at the identical Ny is smaller

45| -
" (b) e SCV-CD1
40 ® SCV-CD2 |
| e G-SKi1
o GSK2 .
8o e SUP-CD °

The ratio of GBF size to inc size

Number of cycles to failure, N¢

16 7
(d) o SUP-QT o
1al ® SUP-CD o o, ]
® SUP-HPTHC ,
/
12} , -
/
or R../R,. 008N°25 ‘e i
GBF c

The ratio of GBF size to inc size

10° 10° 10 10° 10°
Number of cycles to failure, N,

Fig. 8 The relationship between N; and the ratio of GBF to inclusion size. a QT specimens, b pre-charged specimens by the cathodic charging
and soaking method, ¢ F50CrV4 steel (F-VA, F-QT and F-HPTHC) and d SUPI2 steel (including SUP-QT, SUP-CD and SUP-HPTHC)
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in vacuum quenching (VQ) specimens (Cy = 0.07 ppm)
than in QT (Cyx = 0.8 ppm) specimens [20].

The relationship between N; and the ratio of GBF to
inclusion size for F50CrV4 steels (F-VA, F-QT, and
F-HPTHC) and SUP12 steels (SUP-QT, SUP-CD, and
SUP-HPTHC) is illustrated in Fig. 8c, d, respectively. The
inclusion size in F50CrV4 steels is so small that it is not
easy to be distinguished by SEM; thus, the equivalent
inclusion cluster size in Table 4 is used. In Fig. 8c, the
ratio of GBF to equivalent cluster size for F-VA and F-QT
specimens are rather close, the fitting expression of datum
points for specimens F-VA and F-QT is approximately in

accordance with Eq. 4, —V/:&\/G;—n}? = % = 0.25N?'15, here the

power of Ny is slightly increased form 0.125 to 0.15. On the
other hand, compared F-HPTHC with F-VA and F-QT
specimens, it is obvious that the ratio of GBF to equivalent
cluster size for FF-HPTHC specimens is much larger than
that of F-VA and F-QT specimens. In Fig. 8d, the fitting
expression of datum points for SUP-CD and SUP-QT
specimens is in accordance with Eq. 4. However, the ratio
of GBF to inclusion size for SUP-HPTHC specimens is
obviously larger than that of SUP-CD and SUP-QT spec-
imens at the identical N;. If we fit a curve for SUP-HPTHC

and F-HPTHC specimens in the form of Eq.4—
% = % =aNp, then the exponent—b is definitely
greater than 0.125, the approximate fitting expression for
SUP-HPTHC and F-HPTHC specimens is as follows:

VAcer _ Rapr
V Ainc Rinc

Equation 6 is rewritten as

R 4
Ny = 2.4 x 1o4< GBF) . (7)

inc

= 0.08NY*. (6)

We can find that hydrogen being charged into steels by
HPTHC obviously influences the GBF size compared with
uncharged specimens. This phenomenon may provide a
collateral evidence of the point of view again that hydrogen
charged into steels by HPTHC technology is trapped
mainly by inclusions [10].

As mentioned above, the GBF size in F-HPTHC and
SUP-HPTHC specimens were determined without much
difficulty; however, the GBF boundary cannot be distin-
guished clearly in the SCV-HPTHC specimens, therefore
the relationship between Ny and ‘/\/A%for specimens SCV-
HPTHC cannot be figured out.

The relationship between stress amplitude (o,) and
fatigue life (Ny) can be usually expressed by Basquin
equation

Oy = G;(ZNf)b (8)

o; is the fatigue strength coefficient, » the Basquin
exponent, and b < 0. After rearrangement of Eq. 4 and
substituting it into Eq. 8, then we obtained

1
R &
SBE _ 0.23 <ﬁ> . 9)

Because of b < 0, % will be reduced with the increase
of o,. Similar situation can be found for the pre-charged
specimens.

The stress intensity factor range at the periphery
of GBF—AKGgr

Based on the model of “effective projective area,”
Murakami [21] deduced the expression of AKggE:

AKGBF = O.SAO'\/ N\/AGBF, (10)

where AKggE is in MPa m'?, Ao the stress range (in MPa),

and \/Aggr the square root of the projected area of the GBF
area (in pm). In many references [5, 22, 23], AKggr was
calculated and it was considered that AKggr was almost a
constant for a certain kind of steels, and that AKggr was
independent of loading stress, the size of \/Aggr and the
number of cycles to failure. In this work, the value of
AKggr according to Eq. 10 was calculated for all speci-
mens except SCV-HPTHC specimens.

Figure 9 shows the relationship between the GBF size
(VAger) and the stress intensity factor range at the
periphery of the GBF, AKggF, for QT specimens. It can be
found that AKggr is not a constant and is not independent

of /Aggr but is approximately proportional to (\/AGBF)I/ 3
through the linear fitting. It seems that AKgpr decreases

_
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Fig. 9 The relationship between the GBF size—+/Aggr and the stress
intensity factor range at the periphery of GBF—AKggpr for QT
specimens
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with HV decreasing on the whole. In a recent article of our
group [24], we obtained an approximate relationship for
uncharged high strength steels as follows:

Kosr = 1.8 x 103 (HV + 1200\/Acsr |,

that is,

(11)

AKgsr = 3.6 x 103 (HV + 120)\/Ager - (12)

In this work, the relationship between \/Agpg and
AKggr approximately accords with the above expression.

Figure 10 shows the relationship between \/Agpr and
AKggr for specimens with different hydrogen contents. Like
Fig. 9, AKggr is approximately proportional to (v/Aggr)'/>
for each specimen. But it is interesting to note that AKggg
decreases with the increase of hydrogen content. This is to say
that hydrogen reduces the stress intensity factor range at the
periphery of GBF—AKGggr. AKggr actually can be consid-
ered as the stress intensity factor threshold for a small crack in
the vicinity of GBF area, then we can see that the threshold in

@ Springer

the vicinity of GBF decreases with the increase of hydrogen
content, namely hydrogen reduces the threshold for a small
crack to propagate at the periphery of the GBF. Therefore,
crack can propagate under a lower stress. This is may be one of
the reasons why pre-charged specimens can fail in a much
lower stress than non-charged specimens. From Figs. 9 and
10, we can find that AKggg could approximately be a constant
when +/Aggr is in a small range; so, AKggr Was usually
considered as a constant in many articles; however, it is found
that AKggr is not a constant but is approximately proportional
to (vAgsr)'? when more steels were investigated and
v/Aggr is in a large range (10-100 pm).

Conclusions

1. The modified Murakami’s fatigue strength expression
is validated to be effective for hydrogen pre-charged
and uncharged high strength steels.
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2. The ratio of GBF to inclusion size for pre-charged
specimens by HPTHC is greater than that for SK and
CD charging as well as uncharged specimens.

3. The stress intensity factor range at the periphery of
the GBF, AKggp, is approximately proportional to
(\/@)1/ 3. AKgpr decreases with the increase of
hydrogen content no matter which hydrogen charging
method is used.
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