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a b s t r a c t

In this study, notched tensile and fatigue crack growth tests in gaseous hydrogen were performed on PH
13-8 Mo stainless steel specimens at room temperature. These specimens were susceptible to hydrogen
embrittlement (HE), but at different degrees, depending on the aging conditions or the microstructures of
the alloys. In hydrogen, the accelerated fatigue crack growth rate (FCGR) usually accompanied a reduced
notched tensile strength (NTS) of the specimens, i.e., the faster the FCGR the lower the NTS. It was pro-
posed that the same fracture mechanism could be applied to these two different types of specimens,
regardless of the loading conditions. Rapid fatigue crack growth and high NTS loss were found in the
H800 (426 �C under-aged) and H900 (482 �C peak-aged) specimens. The HE susceptibility of the steel
was reduced by increasing the aging temperature above 593 �C, which was attributed to the increased
amount of austenite in the structure. Extensive quasi-cleavage fracture was observed for the specimens
that were deteriorated severely by HE.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

PH 13-8 Mo, a precipitation-hardening martensitic stainless
steel (SS), is often used as a structural material for critical applica-
tions where a combination of high strength and good corrosion
resistance is essential. With aging in the temperature range of
450–620 �C, the alloy achieves a high strength by the uniform pre-
cipitation of fine NiAl precipitates in irregular blocky units of lath
martensite [1,2]. The fine NiAl precipitates are found to resist
coarsening and maintain coherency with the matrix even when
over-aged at 620 �C for 4 h [1,3]. The segregation of Mo and Cr to
the precipitate/matrix interfaces is suggested to suppress the
coarsening of the NiAl precipitates [1]. Meanwhile, the reverted
austenite islands formed mainly at the lath boundaries lead to an
obvious drop in strength/hardness [3]. The strength and hardness
decrease, while the ductility and toughness increase, as the aging
temperature is raised in the cast PH 13-8 Mo steel [4,5].

The severity of hydrogen embrittlement (HE) in high strength
steels is known to be influenced by several factors such as hydro-
gen concentration, microstructures, strength level, stress state,
grain size and cold work, etc. As with all high strength steels, HE
affects the mechanical properties and fracture behavior of PH 13-
8 Mo steel [6–9], and the HE susceptibility decreases with increas-
ing aging temperature [7,10]. Sulfide stress corrosion cracking is a
manifestation of hydrogen embrittlement [11,12] and provides a
much severe condition as compared to cracking in gaseous hydro-
ll rights reserved.

y).
gen [13]. When aged at or above 620 �C, the resistance of the steel
to sulfide stress corrosion cracking is substantially improved, due
to the formation of considerable amounts of rather stable austenite
in the structure [7]. A comparison of steels of the same strength le-
vel reveals that the resistance to sulfide stress cracking is generally
in the descending order of PH 13-8, PH 17-4, PH 15-5, and 410 SS
[14]. This could be attributed to the greater amount of austenite in
the PH 13-8 Mo steel as compared to others.

The effect of hydrogen on crack growth that depends on the load-
ing status can be divided into two categories: static loading or cyclic
loading. A slow extension rate tensile test is often utilized to deter-
mine the deteriorated tensile properties of an alloy in hydrogen-
containing environments [12,15]. As a result, this test can be applied
to evaluate the relative HE susceptibility of different alloys. For
engineering applications, a high strength alloy may encounter the
problem of hydrogen-accelerated fatigue crack growth in service.
In the published literature, very few studies have been carried out
to evaluate the influence of hydrogen on deteriorating the mechan-
ical properties of PH 13-8 Mo steel. The purpose of this investigation
was to evaluate the hydrogen-accelerated fatigue crack growth of
aged PH 13-8 Mo specimens and to correlate this with their NTS
losses in gaseous hydrogen. The fracture appearances of various
specimens were examined by scanning electron microscopy
(SEM). A reduced HE susceptibility was also related to the beneficial
microstructures and the strength level of the respective specimens.

2. Materials and experimental procedures

The chemical composition (in weight percent) of the PH 13-8
Mo steel used in this investigation was 12.65 Cr, 8.57 Ni, 2.20
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Mo, 0.05 C, 0.07 Si, 0.05 Mn, 0.01 P, 0.004 S, 1.37 Al, and balance Fe.
The alloy with a thickness of 4.1 mm was solution-treated (ST) in
an inert environment at 930 �C (1700 F) for 40 min and then air-
cooled to room temperature; the resultant specimen was desig-
nated as the ST specimen. The aging treatments were then per-
formed at 427 �C (800 F), 482 �C (900 F), 538 �C (1000 F), 593 �C
(1100 F) and 649 �C (1200 F) for 4 h, and the associated specimens
were named as H800, H900, H1000, H1100 and H1200 specimens,
respectively.

Ordinary tensile tests of smooth specimens with a gauge length
of 25 mm were performed at room temperature in laboratory air
under a strain rate of 6.67 � 10�4 s�1, corresponding to a crosshead
speed of 1 mm per minute. Notched tensile and fatigue crack
growth tests were performed on distinct specimens at room tem-
perature in air and gaseous hydrogen (0.2 MPa). The dimensions
of the notched tensile and compact-tension (CT) specimens em-
ployed in this study are shown in Fig. 1. The double-edge notch
specimen, which was made by an electrode-discharge wire cutter,
had a notch angle of 60� and a notch radius of about 100 lm. The
influence of HE on the NTS and the FCGR was evaluated by install-
ing the specimen in a stainless steel chamber charging with gas-
eous hydrogen of 99.999% purity. Notched tensile tests were
conducted at a slow extension rate of 1.5 � 10�3 mm/min, and
the results were the average of at least three specimens for each
testing condition. The HE susceptibility can be expressed as the
Fig. 1. Schematic diagrams showing the configuration of the (a) notched tensile
specimens and (b) compact-tension (CT) specimens used in the experiment. Note
that the thickness of both specimens is 4.0 mm.
reduction of NTS, or the NTS loss after hydrogen-charging, as
follows:

NTS loss ð%Þ ¼ NTS ðin airÞ � NTS ðin H2Þ
NTS ðin airÞ :

Fatigue crack growth tests were performed on the CT specimens
in a computerized MTS system, with a loading frequency of 20 Hz
and a constant amplitude of sinusoidal waveform at a stress ratio
(R) of 0.1. The crack length was estimated on-line using a crack
opening displacement gage mounted at the specimen edge. The
compliance function provided by Saxena and Hudak [16] was used
to determine the crack length which was checked by a 30�micro-
scope. In the case of the specimens fatigued in hydrogen, the sym-
bol ‘H’ was attached to the designated specimens.

An X-ray diffraction (XRD) method was employed to determine
the amount of austenite in the specimens aged at different temper-
atures. The fracture appearances of assorted specimens were
examined by a Hitachi S4100 scanning electron microscope
(SEM) with the attention paid to the changes of fracture features.
Thin foil specimens were prepared by a standard jet-polisher and
then investigated with a 200 kV transmission electron microscope
(TEM).

3. Results

3.1. Hardness measurements and ordinary tensile test

Table 1 lists the hardness values and tensile properties of vari-
ous specimens used in the study. The hardness of the H900 (HRC

46) was higher than other specimens. Meanwhile, the H800 spec-
imen (HRC 38) was slightly harder than the H1100 (HRC 36). For the
over-aged specimen, e.g., the H1200 specimen, an obvious de-
crease in hardness to HRC 28 was resulted which was even softer
than the ST specimen (HRC 31). The results indicated that the ulti-
mate tensile strengths varied in the same manner as the hard-
nesses of the specimens, i.e., the higher the hardness, the greater
the ultimate tensile strength. In contrast, the reverse is true for
the ductility-hardness relationship, i.e., the higher the hardness
the lower the ductility. Note that the H800 (yield strength or YS,
1020 MPa) and H1100 (YS, 985 MPa) specimens had the yield
strength level around 1000 MPa, whereas the H1200 (YS,
708 MPa) and ST (YS, 650 MPa) specimens could be regarded as
having roughly the same yield strength level. The H1200 specimen
with a lower hardness but a higher yield strength than the ST spec-
imen could be attributed to the presence of fine precipitates to im-
pede dislocation motion more effectively during straining.

3.2. Microstructural observations

Fig. 2 contains TEM micrographs showing the microstructures
of variously aged specimens. The ST specimen consisted of lath
martensite with a high dislocation density and a small amount of
Table 1
Tensile properties of PH 13-8 Mo specimens heat-treated at various conditions.

Specimens ST H800 H900 H1000 H1100 H1200

UTS (MPa)a 1040 1225 1410 1360 1085 990
YS (MPa)b 650 1020 1305 1280 985 708
EL (%)c 15 13 11 11 17 21
Hardness (HRC)d 31 38 46 42 36 28

a Ultimate tensile strength.
b 0.2% offset yield strength.
c Elongation (Dl/l%).
d Rockwell hardness.



Fig. 2. TEM micrographs of the PH 13-8 Mo specimens: (a) dark field image of film-like austenite in the ST specimen; (b) ultra-fine NiAl precipitates in the H1000 specimen;
(c) bright field and (d) dark field images showing island-like austenite in the H1100 specimen.
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Fig. 3. The NTS values of PH 13-8 Mo specimens tested in air and hydrogen. Note
that the percentages within parentheses indicate the NTS loss in hydrogen.
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film-like retained austenite (Fig. 2(a)) at the lath boundaries. After
aging the PH 13-8 Mo steel in the temperature range from 426 to
538 �C, ultra-fine NiAl particles (Fig. 2(b)) as well as a small
amount of austenite film [1,3] were present mainly at the martens-
ite lath boundaries. The XRD results indicated that the ST specimen
contained very little retained austenite, less than 4%, which was
the detecting limit of the instrument. It was noted that only a slight
increase occurred in the austenite content for the specimens aged
in the temperature range of 426–538 �C. In contrast, a significant
increase in the austenite content was found for the specimens aged
at higher temperatures, e.g., 12% for the H1100 and 17% for the
H1200 specimens. Meanwhile, the change in the austenite mor-
phology from film-like to island-like could be seen in the speci-
mens aged at or above 593 �C (Fig. 2(c) and (d)). NiAl particles
are reported to resist coarsening and maintain perfect coherency
with the matrix even when over-aged at 620 �C for 4 h [1]. There-
fore, the existence of a substantial amount of austenite was
responsible for the remarkable decrease in the hardness of the
over-aged specimens.

3.3. Notched tensile test

The NTS values of various specimens tested in air and gaseous
hydrogen are given in Fig. 3. The NTS loss in hydrogen is often used
as an index to assess the HE susceptibility of a given specimen. The
H900 (peak-aged) specimen clearly had the highest NTS in air,
while the H1200 had the lowest NTS among the specimens. Both
ST and H1100 specimens had similar ultimate tensile strength in
air and also possessed an equivalent NTS in air. The NTS of the
H800 (under-aged) specimen was slightly lower than that of
the H1000 (over-aged) in air. In general, the trend of variation in
the NTS was in agreement with the specimen’s ultimate tensile
strength. In gaseous hydrogen, a deteriorated NTS was found for
all specimens but at different degrees. The NTS losses were lower
(more resistance to HE) for the ST, H1100 and H1200 specimens,
in contrast to the higher NTS losses (more susceptible to HE) of
the H800, H900 and H1000 specimens. Obviously, the specimens
aged at or above 593 �C, e.g., the H1100 and H1200 specimens,
showed a significant decrease in the HE susceptibility.

3.4. Fatigue crack growth test

The FCGR (da/dN) plotted against the stress intensity factor
range (DK) for a variety of specimens is shown in Fig. 4. Fig. 4(a)
reveals that the H800 and H900 specimens have similar fatigue
crack growth behavior in air, whereas the H1200 specimen obvi-
ously exhibits a lower FCGR than the other specimens. For nearly
the same level of yield strength (e.g., the ST and H1200, or the
H800 and H1100 specimens), the over-aged (H1200 and H1100)
specimens displayed lower FCGRs than the un-aged (ST) and
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Fig. 4. Fatigue crack growth behaviors of PH 13-8 Mo specimens tested at room
temperature in (a) laboratory air and (b) gaseous hydrogen.
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under-aged (H800) specimens in air. In a previous study, a coarse
austenite pool was found to be effective at impeding crack growth
in the over-aged maraging steel weld [17]. It was deduced that the
tough granular austenite in the over-aged specimens could resist
the planar slip of dislocation, resulting in a reduced FCGR.

Fig. 4(b) shows da/dN vs. DK curves of the specimens fatigued in
gaseous hydrogen, indicating the accelerated FCGRs of all speci-
mens as compared with the counterpart specimens tested in air.
It is evident that the hydrogen-accelerated crack growth was
accompanied by a very high Paris-law gradient for the H800 and
H900 specimens. These specimens had m values of about 3.75 in
air and 5.48 in hydrogen, indicating that they were highly suscep-
tible to hydrogen-accelerated fatigue crack growth. When aging at
temperatures above 593 �C, the FCGRs in hydrogen decreased with
an increase the aging temperature of the specimens. The H1200
specimen had the highest resistance to hydrogen-accelerated fati-
gue crack growth among the specimens tested. The difference in
FCGRs between specimens with the same yield strength strongly
suggests that the microstructures play an important role in affect-
ing the fatigue crack growth behavior of the alloy in hydrogen. It is
known that the trapping of hydrogen in the specimen, especially
with beneficial strong traps such as austenite in the steel, can de-
crease hydrogen diffusivity [18,19] and delay the accumulation of
hydrogen in the region ahead of the notch tip [19]. Thus, it was
anticipated that the sensitivity to hydrogen-accelerated crack
growth and hydrogen-induced cracking could be lower for the
over-aged specimens.

3.5. Fractographic examinations

The macroscopic fracture appearances of some specimens after
the fatigue and notched tensile tests are shown in Fig. 5. It is
known that the presence of notches or cracks produces a triaxial
stress state and is more likely to induce brittle fracture. The fatigue
specimen with a sharp crack was expected to show a higher crack-
ing susceptibility in hydrogen than the notched tensile specimen
with a relatively dull notch tip. Fig. 5(a) and (b) is typical fatigue
fracture appearances of the H1100 specimen tested in air and
hydrogen, respectively. The results demonstrate that the change
in testing environments seemed to have little influence on the
macro-fracture morphology of the CT specimens. However, a lot
of shiny spots decorating the fracture surface could be observed
for the specimens tested in hydrogen. These shiny spots on the
fracture surface were associated with the flat brittle fracture. In
the case of the notched tensile tests, the specimens having low
NTS losses in hydrogen exhibit large slant fracture regions accom-
panied with a noticeable thickness reduction as shown in Fig. 5(c).
This implies that the occurrence of notch-blunting during plastic
deformation helped to alleviate the effect of stress concentration,
and therefore reduced the likelihood of HE. On the other hand, a
significant change in the fracture appearance was found in the
specimens with remarkable NTS losses in hydrogen, as shown in
Fig. 5(d), in which an extensive region of flat fracture can be seen.

Fig. 6 contains SEM fractographs showing the tensile fracture
appearance of the specimens aged at various temperatures. The
fracture appearance of all smooth tensile specimens shows a
predominantly ductile dimple fracture (Fig. 6(a)). For the H900
specimen, the fracture surface consists of a small amount of
quasi-cleavage fracture mixed with fine dimples (Fig. 6(b)). In
the case of the notched tensile specimens tested in hydrogen, the
H800 and H900 specimens (Fig. 6(c) and (d)) display quasi-cleav-
age mixed with dimple fractures, but with more quasi-cleavage
in the latter. The trend is that the specimens with lower HE suscep-
tibilities exhibited more of the ductile dimple fracture on the frac-
ture surfaces. HE or hydrogen-assisted fatigue crack growth would
lead to an intergranular fracture mode of ultra-high strength steels
in a more severe environment [20–23], however, it was not the
case for PH 13-8 Mo steel in gaseous hydrogen; intergranular frac-
ture of the specimens was not observed.

Typical fatigue fracture morphologies of several specimens
tested in air or gaseous hydrogen are shown in Fig. 7. The fatigue
fracture appearance of all specimens tested in air revealed a typi-
cally transgranular fatigue fracture (Fig. 7(a)). However, the frac-
ture surface revealed the trace of lath martensite morphology
(Fig. 7(b)) for the specimens aged at or above 593 �C. For the spec-
imens tested in hydrogen, an extensive quasi-cleavage fracture
(Fig. 7(c)) was observed, instead of the transgranular fatigue. The
brittle fracture was evident for the specimens with increased
FCGRs tested in hydrogen. It is important to note that a decline
in the extent of quasi-cleavage in the H1200 specimen (Fig. 7(d))
demonstrated its improved resistance to hydrogen-accelerated fa-
tigue crack growth. The extensive brittle fracture of PH 13-8 Mo
steel was attributed to the deteriorating effect of HE, leading to in-
creased FCGRs and NTS losses in hydrogen.
4. Discussion

The diffusion of hydrogen occurs not only down the concentra-
tion gradient but also toward the location of high hydrostatic



Fig. 5. Macro-fracture appearance of (a) the H1100 fatigue specimen in air, (b) the H1100 fatigue specimen in H2, (c) the H1100 notched tensile specimen in H2 and (d) the
H800 notched tensile specimen in H2.

Fig. 6. SEM fractographs of: (a) the H1000 specimen, showing ductile dimple fracture after smooth tensile testing in air; (b) the H900 specimen, revealing a small amount of
quasi-cleavage fracture mixed with dimple fracture after smooth tensile testing in air; (c) the H800 specimen, showing mixed mode fracture after notched tensile testing in
H2; and (d) the H900 specimen, revealing a greater extent of quasi-cleavage fracture after notched tensile testing in H2.
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stresses [24–26]. Hydrogen transport to the strained region is as-
sisted predominantly by mobile dislocations [27]. High hydrogen
concentrations in the high strained region lead to cracking therein.
Additionally, high strength steel is generally associated with a
small plastic zone ahead of the crack tip; hence, a critical hydrogen
concentration can be reached promptly and can induce cracking
thereafter. The low hydrogen diffusivity of the specimens aged at
or above 593 �C, in addition to their reduced strength level, implies
that a high concentration of hydrogen is less likely to be attained
in the plastic zone in front of the crack tip, resulting in a decreased
sulfide stress cracking susceptibility (or HE) of the material
[10,20].



Fig. 7. SEM fatigue fractographs showing (a) the transgranular fatigue fracture of the ST specimen in air, (b) the transgranular fatigue, showing the trace of lath martensite
morphology, for the H1200 specimen in air, (c) the extensive quasi-cleavage fracture of the H900 specimen in H2, and (d) the reduced quasi-cleavage fracture of the H1200
specimen in H2.
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Fig. 8. Fatigue crack growth behaviors of AISI 630 specimens tested in air and
hydrogen.

Y.S. Ding et al. / Journal of Nuclear Materials 385 (2009) 538–544 543
In this work, the trend of the hydrogen-accelerated fatigue
crack growth of aged PH 13-8 Mo specimens was consistent with
the susceptibilities to gaseous HE evaluated by slow extension rate
tensile tests. The specimens with high NTS losses in hydrogen gen-
erally displayed rapid FCGRs. It was deduced that the same fracture
mechanism was operating in these two types of specimens, regard-
less of loading conditions. Generally, higher strengths resulted in
higher FCGRs and NTS losses of the material. The H800 and H900
specimens exhibit rapid FCGRs and high NTS losses in hydrogen,
which could be attributed to their high strength levels associated
with a high hydrogen concentration in the small plastic zone ahead
of the crack tip. Therefore, the strength level played a very impor-
tant role in affecting the HE susceptibility of the material. Further-
more, the difference in hydrogen-assisted cracking between
specimens at the same yield strength level was notable, as illus-
trated with the H800 and H1100 specimens or the ST and H1200
specimens. This was also related to the microstructures of the dif-
ferent specimens. For instance, an increased amount of reverted
austenite and relatively coarse precipitates in the over-aged spec-
imens are known to decrease the hydrogen diffusivity and the HE
susceptibility under static loading [10]. The retardation of hydro-
gen diffusion into the strained region, due to the presence of ben-
eficial strong traps such as austenite, could effectively reduce the
HE susceptibility of the alloy. This could also be extended to the
situation of hydrogen-accelerated fatigue crack growth of the CT
specimens. Besides, the existence of ductile austenite is beneficial
to the toughness of the material [4,5], thereby reduce the FCGR
of the over-aged specimens.

Structural steels are usually used in an over-aged condition
with a reduced strength in order to overcome the influence of HE
[28]. In general, high strength alloy steels in over-aged conditions
are more resistant to sulfide stress corrosion cracking and hydro-
gen embrittlement [17,21,22]. This seems to be applicable to the
PH 13-8 Mo steel. At the same strength level, over-aged (H1100
and H1200) specimens were more resistant to hydrogen-assisted
fatigue crack growth than under-aged (H800) or un-aged (ST) spec-
imens. The same tendency has been observed with AISI 630 precip-
itation-hardening stainless steel (17-4 PH). Fig. 8 displays the
results of FCGR vs. DK for AISI 630 specimens, in which the
H1150 (620 �C/4 h) specimen reveals a lower FCGR in hydrogen
than the solution-treated (ST) specimen. Note that the solution-
treated AISI 630 specimen had an ultimate tensile strength of
1135 MPa and a yield strength of 1009 MPa. For the same alloy
in the over-aged condition, e.g., the H1150 specimen, the ultimate
tensile and yield strengths were 1070 MPa and 990 MPa, respec-
tively.



544 Y.S. Ding et al. / Journal of Nuclear Materials 385 (2009) 538–544
5. Conclusions

1. Hydrogen-accelerated FCGRs and reduced NTSs were found at
various degrees for the aged PH 13-8 Mo specimens. In general,
higher FCGRs for the specimen in hydrogen were consistent
with the greater NTS losses. The specimens aged at 426 and
482 �C, with high strength levels, were affected the most by
HE. The influence of HE became less for specimens aged at or
above 593 �C.

2. For specimens at the same yield strength level, the over-aged
specimens had better resistance to fatigue crack growth than
the under-aged or un-aged specimens, despite of the testing
environments. The presence of ductile reverted austenite in
the over-aged specimens not only improved the toughness
but also acted as beneficial traps for hydrogen, resulting in a
reduced trend of hydrogen-accelerated crack growth and HE
susceptibility.

3. The fatigue fracture appearance of all specimens revealed trans-
granular fatigue fracture in air, whereas extensive quasi-cleav-
age was seen for the specimens in hydrogen. A similar fracture
mode was found for the fatigued specimens as the notched ten-
sile specimens with high NTS losses in hydrogen. It was proposed
that the same fracture mechanism could be applied to these two
different types of specimens, regardless of loading conditions.

4. Slow extension rate tensile tests of sharp notch specimens
could be considered as an alternative to evaluate qualitatively
the accelerated crack growth of fatigue specimens in gaseous
hydrogen or other more aggressive environments. If HE is a
major concern in practical applications, a proper heat treatment
to form beneficial hydrogen traps and tough microstructures
should be considered. This is also an important consideration
of high strength alloys in hydrogen storage applications.
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