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Abstract

Slow displacement rate tensile tests were carried out to investigate the effect of hydrogen
embrittlement (HE) on notched tensile strength (NTS) and fracture characteristics of aged
T-200 maraging steel. Hydrogen diffusivity, permeation flux and apparent hydrogen solu-
bility were determined by an electrochemical permeation method, and correlated with
the HE susceptibility and microstructures of the specimens. The results indicated that all
aged specimens were susceptible to HE in the saturated H,S solution, to different degrees.
The susceptibility in the decreasing order of severity was observed to be under-aged, peak-
aged, and over-aged conditions. The main trend was that the specimen with the highest
diffusivity and permeation flux of hydrogen had the greatest NTS loss. Reverted austenite,
if present in the microstructure, acted as irreversible traps for hydrogen and hence,
improved the HE resistance. At similar strength and hydrogen solubility level, the more
reverted austenite the less susceptibility to HE of specimens was resulted. The detailed
microstructures of distinct specimens and their performances in hydrogen-containing envi-
ronments are discussed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

It is known that sulfide stress cracking is a typical form of hydrogen embrit-
tlement (HE) and can induce severe embrittlement in structural steels [1-4]. The
presence of hydrogen in steels reduces the grain boundary cohesive strength [5]
and fracture stress [6,7]. Meanwhile, a reduction in fracture toughness [8] and in-
creased fatigue crack growth rate of steels [9-12] are reported due to HE. It is
generally accepted that the resistance to HE of steels can be related to the frac-
ture separation process, which in turn is dependent on the microstructure, crack-
tip stress intensity and hydrogen concentration around the crack tip [13]. The
diffusion of hydrogen atoms is not only along the concentration gradient but also
towards the location with high hydrostatic stresses [14-16]. Moreover, hydrogen
has the tendency to accumulate and embrittle the elastic—plastic boundary of
high strength steels [16], and it becomes more aggressive at increased stress
concentration as in the presence of a notch [6]. Notched tensile strength (NTS)
in hydrogen is reported to decrease significantly with increasing notch severity
[17].

Maraging steels with the desirable qualities of high strength, high toughness and
good formability have been widely utilized in military and aerospace applications.
Maraging steels can be generally divided into three grades according to their yield
strength levels, e.g. 200, 250, and 300ksi. The 200 ksi maraging steel is used primarily
for demanding the utmost toughness/ductility circumstance [18]. In case of 18Ni co-
balt-free maraging steels, titanium is used as one of the primary strengthening ele-
ment to replace cobalt. The high strength of Ti-strengthened maraging steels is
due to the precipitation of a fine dispersion of intermetallic particles in martensite.
After solution heat treatment, the heavily dislocated martensite can be hardened
by a single step aging treatment. Refined Ni;Ti, or more exactly (NiFe);(TiMo),
intermetallic precipitates are coherent with the matrix in the under-aged condition
and lose their coherency as the aging temperature increases [19]. Reverted austenite
in the lamellar form appears in the over-aged condition and becomes more extensive
with increasing aging temperature [19-21]. In addition, the presence of reverted
austenite might alter the strength and toughness of the alloy considerably
[20,22,23]. In previous studies, the HE susceptibility of two ultra-high strength steels
in the saturated H,S solution was correlated to permeation properties and micro-
structures of the steels [24,25].

The purpose of this investigation was to study HE susceptibility of T-200 marag-
ing steel aged at different temperatures using slow displacement rate tensile tests. The
loss of NTS in the saturated H,S solution as compared to the NTS in air was used to
index the HE susceptibility of specimens. Electrochemical permeation was performed
to study hydrogen permeation behavior and the results were correlated to the micro-
structures and NTS losses of specimens.
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2. Material and experimental procedures

The T-200 maraging steel used in this investigation was purchased from Teledyne
Vasco in the plate form with a nominal thickness of 3.4mm. The chemical compo-
sition of the alloy in weight percent was 18.84Ni, 2.85Mo, 0.8Ti, 0.021C, 0.075Si,
0.023Mn, 0.005P, 0.003S, and balance Fe. The alloy was solution-treated in an inert
environment at 816°C (1500°F) for 1h and then air-cooled to room temperature.
Aging treatments were then performed at 427°C (800°F), 482°C (900°F) and
538°C (1000 °F) for 4h; based on aging temperature, the specimens were designated
as H800 (under-aged), H900 (peak-aged), and H1000 (over-aged) specimens, respec-
tively. The hardness of the specimens changed marginally with aging treatment.
Hardness of H900 specimen (Hrc 45.3) was slightly higher as compared with the
HB800 specimen (Hgrc 43.7) or the H1000 specimen (Hgrc 42.6). It was obvious that
T-200 specimens aged at the temperature range of 8001000 °F would have a similar
strength, even through they consisted of distinct microstructures.

The dimensions of notched tensile specimens utilized in this study are shown in
Fig. 1. Double-edge notch specimen, having a notch radius of about 100 um, was
made by an electrode-discharge wire cutter. Notched tensile specimens were tested
in a saturated H,S solution at constant displacement rates (crosshead speeds) of
0.0075 or 0.0015mm/min. The saturated H,S solution was prepared according to
the NACE standard (TM-01-77-86). The results presented were an average of at least
three specimens for each testing condition. The susceptibility to HE was expressed as
the percentage loss in NTS between H,S and air environment as given below:

NTS (in air) — NTS (in H,S)
NTS (in air)

NTS loss (%) =

Electrochemical permeation technique originally developed by Devanathan and
Stachurski [26] was employed to determine the hydrogen permeation of specimens.
The specimen after grinding and polishing, was electroplated with Pd of 0.2 um thick
on hydrogen exit side. The exposed surface area (1cm?) of the specimen (0.25mm
thick) acted as working electrode. The cathodic (hydrogen entry) side was galv-
ano-statically polarized and charged with a constant current density of 20mA/cm?
in an electrolyte consisting of 0.1 N NaOH added with 20mg As,Os/l to enhance
hydrogen adsorption. The anodic (hydrogen exit) side was held at a constant
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Fig. 1. Configuration of the notched tensile specimen used in the experiment.
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potential of +200mV with reference to saturated calomel electrode (SCE) in 0.1 N
NaOH at room temperature. Solutions on both sides of the cell were deoxygenated
by continuous purging of N, bubbles. The potentiostatic current gave a direct meas-
urement of the hydrogen flow rate, and hydrogen permeation transients were
recorded on a strip chart recorder. The effective hydrogen diffusivity (D.g), permea-
tion flux (Jo. L, where J, is the steady state flux of hydrogen and L is the specimen
thickness), and the apparent hydrogen solubility (C,p,) were determined according
to the equations described in a previous study [24]. Replicate permeation experi-
ments were performed and the presented results were the average of three tests for
each type of specimens under identical conditions.

Tensile-fractured specimens were examined by a Hitachi S4100 scanning electron
microscope (SEM), with emphasis on the crack initiation sites and regions showing
changes in fracture appearance. In addition, thin foil specimens were prepared by a
standard jet-polisher for the examination under a JEOL-2000EX transmission elec-
tron microscope (TEM).

3. Results
3.1. Microstructural observations

TEM micrographs of H800, H900, and H1000 specimens are shown in Fig. 2. The
microstructures of the under-aged (H800) specimens consisted of ultra-fine precipi-
tates (barely visible in the photograph) in the martensite matrix with a high disloca-
tion density (Fig. 2(a)), in which the absence of reverted austenite is also noticed. In
the case of the peak-aged (H900) specimens, a homogeneous distribution of fine pre-
cipitates in the matrix and the existence of reverted austenite (indicated by arrows)
mainly at martensite interlath boundaries can be seen in Fig. 2(b). It appeared that
the precipitates become coarsened with increasing aging temperature and/or time.
Fig. 2(c) exhibits the presence of more reverted austenite (indicated by arrows) to-
gether with coarse Ni;Ti incoherent precipitates in the martensite matrix of the
over-aged (H1000) specimens. It was noticed that distinct microstructures associated
with specimens aged at different temperatures could affect the HE and hydrogen per-
meation behavior of the material significantly.

3.2. Notched tensile test

The NTS values of aged T-200 specimens tested in air and saturated H,S solution
at two displacement rates are shown in Fig. 3. In air, the H900 specimen had a
slightly higher NTS than that of H800 and H1000 specimens, but the difference
among them was insignificant. However, in case of specimens tested in the saturated
H,S solution at a displacement rate of 0.0075 mm/min, the effect of HE on NTS be-
came quite obvious as reflected by the reduction in NTS. The index of HE suscepti-
bility in the decreasing order of severity was H800, H900, and H1000 specimens,
which corresponded to NTS losses of 49%, 32%, and 19%, respectively. Similar trend
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Fig. 2. TEM micrographs of (a) H800, (b) H900, and (c) H1000 specimens. Reverted austenite is indicated
by arrows.

in HE susceptibility index was observed for specimens tested at 0.0015 mm/min dis-
placement rates with the exception a higher NTS loss for a given specimen. In gas-
eous hydrogen, T-200 specimens in the peak-aged and over-aged conditions are
resistant to HE, while under-aged specimens are susceptible to HE [27]. In this study,
peak-aged and over-aged specimens were susceptible to HE in the saturated H,S
solution but at different degrees. The results indicated that the saturated H,S solu-
tion was more aggressive than gaseous hydrogen to embrittle the T-200 maraging
steel.
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Fig. 3. Notched tensile strength (NTS) of aged specimens tested in air and saturated H,S solution. Note
that the percentage within parentheses indicates the NTS loss in saturated H,S solution.

Fig. 4 shows the tensile load vs. displacement curves for notched specimens tested
in the saturated H,S solution at two displacement rates. They also revealed that the
decrease in displacement rates i.e. prolonged interaction time between the specimen
and hydrogen, would result in a marked decrease in NTS for all specimens. On the
other hand, the total displacement, which represented the localized deformation
prior to fracture, could also be used as an indication of the relative HE susceptibility
of specimens. At lower displacement rate, higher susceptibility to HE and lower total
displacement of specimens would be expected. The total displacement for notch spec-
imens at the displacement rate of 0.0075 mm/min was observed to be 1.12, 1.45, and
1.65mm for H800, H900, and H1000 specimens, respectively. Reducing the displace-
ment rate to 0.0015 mm/min, the total displacement for each specimen was lowered
further (0.61, 0.84, and 1.03mm for H800, H900, and H1000 specimens, respec-
tively), thus illustrating the increased HE susceptibility at a lower displacement rate.

3.3. Hydrogen permeation

Table 1 lists the permeation results including effective hydrogen diffusivity (Deg),
permeation flux (J..L), and apparent hydrogen solubility (C,pp,) of various speci-
mens. The data indicated that the effective diffusivity and permeation flux of hydro-
gen decreased with increasing the aging temperature of specimens. The high
diffusivity and permeation flux of hydrogen could also be related to the high suscep-
tibility to HE as revealed by the great NTS loss in H,S for H800 specimen. Apparent
hydrogen solubility was similar for H800, H900, and H1000 specimens, implying
that the amount of hydrogen trapped in these specimens was more or less similar
for all three aging treatments. In fact, the C,, is dependent on the amount and nat-
ure of trapping sites—both irreversible and reversible traps in the specimen. For
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Fig. 4. Tensile load vs. displacement curves for specimens tested in the saturated H,S solution at the
displacement rate of (a) 0.0075 and (b) 0.0015 mm/min.

Table 1
Permeation results of T-200 maraging steel specimens aged at various temperatures

H800 H900 H1000
Doy (m?/s) 2.92x 10712 2.55% 10712 1.97x 10712
JooL (molH/sm) 3.48x 10710 270 x 1071° 2.23x1071°
Capp (mol H/m?) 119 106 113

example, reverted austenite (irreversible trap) is considered to be a strong (good)
trap, which would decrease HE susceptibility of the material. Consequently, more
the reverted austenite, the less the specimen would be susceptible to HE—a case that
would be expected to be in H1000 specimens.

3.4. Fracture morphology

Fig. 5(a) is a typical fractograph of aged T-200 maraging steel specimen after
notched tensile test in air, in which two symmetrical triangular-shaped areas of flat
fracture surrounded by slant fracture can be seen. H800, H900, and H1000 speci-
mens exhibited nearly the same flat fracture and had a dimple fracture within the flat
fracture region. In contrast, only flat fracture was found for the same specimens
tested in the saturated H,S solution as displayed in Fig. 5(b). Flat fracture repre-
sented the region under higher constraint and as a result, the specimen fractured
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Fig. 5. Typical macrographs of the aged specimens after notched tensile tests in (a) air and (b) a saturated
H,S solution at a displacement rate of 0.0075 mm/min.

in plain strain condition during tensile loading. Also, the region of flat fracture was
affected most by hydrogen and often associated with a change in fracture modes if
any. The extent of brittle fracture could also be linked to the HE susceptibility of
the material, which increased with decreasing the aging temperature of specimens.

SEM fractographs of specimens tested in the saturated H,S solution under vari-
ous conditions are present in Fig. 6. Intergranular (IG) fracture was observed at the
corners of all the specimens regardless of the displacement rate. However, the inter-
granular fracture was more predominant for the specimens tested at a lower displace-
ment rate (Fig. 6(a)). Moreover, the extent of intergranular fracture varied among
the aged specimens, being the largest for the H800 specimen and the smallest for
the H1000 specimen. In the region ahead of the notch root, quasi-cleavage (QC) frac-
ture was found for H900 and H1000 specimens at a displacement rate of 0.0075 mm/
min (Fig. 6(b)), but not for the H800 specimen, which indicated intergranular frac-
ture (IG). Lowering the displacement rate to 0.0015 mm/min, the region of IG frac-
ture (Fig. 6(c)) increased in all specimens. Furthermore, the change in fracture modes
from IG to QC prior to the final (dimple) rupture (Fig. 6(d)) for all specimens was
noted.

4. Discussion

It has been reported that hydrogen permeation properties can be related to the
material microstructures [28-30]. Xu et al. [29] reported that dislocations are the
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Fig. 6. SEM fractographs of notched tensile specimens tested in saturated H,S solution: (a) macrograph
showing one corner of the H900 specimen under 0.0015 mm/min displacement rate, (b) QC fracture at the
notch front of H900 and HI1000 specimens tested at a displacement rate of 0.0075mm/min, (c)
predominantly IG fracture for all specimens tested at 0.0015 mm/min and (d) the change in fracture modes
from IG to QC prior to the final rupture (dimple fracture, indicated by D).

dominant trapping sites for hydrogen in a low carbon martensite. 18Ni maraging
steel in the peaked-aged condition contains three types of trapping sites [31]: (1)
intermetallic precipitates, Ni3Ti and NizMo, appear to be reversible traps; (2) mar-
tensite boundaries are possibly quasi-irreversible traps; (3) TiC/Ti(CN) particles are
thought to be irreversible traps. Dislocations usually are regarded as the reversible
trapping sites. In the present work, the dislocations in the material decreased, but
the amount of incoherent particles and reverted austenite increased with increasing
the aging temperature. As a result, the number of irreversible trapping sites appeared
to increase at the expense of reversible trapping sites with the increase in aging tem-
perature. As the strength levels for the different aged specimens were alike, one could
expect similar plastic zone size and critical hydrogen concentration ahead of the
notch tip for these specimens. Therefore, the HE susceptibility of the aged specimens
could be related to the inherent microstructures and hydrogen permeation behavior
of their respective conditions.

Even at the same strength level, the value of C,, itself might not correlate well to
NTS losses of various specimens in the saturated H,S solution unless the nature of
hydrogen traps, e.g. irreversible and reversible traps, could be identified. Apparently,
the amount of irreversible hydrogen traps (reverted austenite) was the highest
in H1000, whereas H800 specimens consisted of the greatest reversible traps (dis-
locations) among the specimens. For simplicity, the C,,, of all the specimens
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(106-119mol H/m?) could be considered roughly the same. The foregoing discussion
could best be illustrated by comparing H800 and H1000 specimens that had essen-
tially similar tensile strength but with different microstructures and NTS losses.
Pressoure and Bernstein [32] reported that irreversible traps would help in delaying
the onset of hydrogen-induced cracking. Pound [31] on the contrary, reported that
HE susceptibility of materials is found to increase with increasing the irreversible
trapping constant which was related to the density of irreversible traps in the mate-
rial. The results of the present study confirmed that a strong hydrogen trap such as
reverted austenite is beneficial to resist HE and were in agreement with Pressoure
and Bernstein’s work [32,33].

As shown in Fig. 3, the H800 specimen had the highest susceptibility to HE
among aged specimens being tested. The higher diffusivity and permeation flux of
under-aged specimens (Table 1) implied rapid and sufficient supply of hydrogen
atoms to the strained area ahead of notch tip. In addition to this, the large amount
of hydrogen trapped in reversible sites might also migrate to the strained region dur-
ing slow displacement rate tests, leading to a great NTS loss for under-aged speci-
mens. On the other hand, strong trapping of reverted austenite in the H1000
specimen could impede the hydrogen diffusion to the strained region. Consequently,
the hydrogen concentration within the plastic zone around the notch tip reduced and
led to a lower HE susceptibility. This was consistent with the observation on the
over-aged specimen that had the lowest Dqy and the highest amount of irreversible
traps among the specimens being evaluated. Additionally, the existence of ductile
austenite in the matrix might blunt the crack tip, causing an enlarged plastic zone
and a reduced HE susceptibility of specimens. In the H900 specimen, the amount
of reverted austenite was less compared to H1000 specimen. Hence, the peak-aged
specimen was more susceptible to HE than the over-aged specimen. It was concluded
that reverted austenite having the tendency to absorb hydrogen at interfaces or
within itself could enhance the HE resistance of the material.

Fractographic examinations of the embrittled specimens revealed the presence of
intergranular fracture at the corners of the specimens. It was reasonable to assume
that more hydrogen atoms were supplied to corners than to the notch front (two-
dimensional vs. one-dimensional supply of hydrogen), resulting in a more severe
embrittlement (intergranular fracture) of the specimen. It was expected the increase
in crack growth rates occurred as the crack grew into the interior of specimens, in
particular, at the final stage of fracture. Fractographs also suggested the change in
fracture modes from the exterior to the interior, e.g. intergranular fracture, quasi-
cleavage, and final dimple rupture (Fig. 6(d)). The extent of intergranular fracture
became larger as the displacement rate decreased. It is known that diffusion of
hydrogen is faster along grain boundaries than the matrix at room temperature.
At a reduced displacement rate, the accumulation and diffusion of hydrogen into
the microstructure was significant along grain boundaries, resulting in intergranular
separations under straining. In contrast, the short-time interaction of hydrogen with
materials caused a reduced damage at grain boundaries under high deformation rate.
Consequently, quasi-cleavage fracture was observed in the embrittled area, particu-
larly in the region experiencing a faster subcritical crack growth. More work on the
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correlation between hydrogen diffusion and deformation rate is required to verify the
change in fracture mode of maraging steels in hydrogen-containing environments.

5. Conclusions

1. T-200 maraging steel was quite susceptible to sulfide stress cracking. The rank of
HE susceptibility in the decreasing order was H800 (under-aged), H900 (peak-
aged), and H1000 (over-aged) specimens. These specimens had nearly the same
strength but with distinct microstructures and hydrogen permeation behavior.
The more reverted austenite (irreversible hydrogen trap) in the specimen, the less
HE susceptibility. Decreasing the displacement rate of the test would result in a
marked NTS loss for all specimens.

2. The hydrogen diffusivity and permeation flux decreased with increasing aging
temperature. The specimen with the highest diffusivity and permeation flux of
hydrogen had the greatest NTS loss. The high diffusivity and permeation flux rep-
resented the rapid and sufficient supply of hydrogen atoms to the strained area
ahead of notch tip, leading to an obvious loss of NTS for the under-aged speci-
men. On the other hand, strong trapping of reverted austenite in the over-aged
specimen impeded hydrogen diffusion to the strained region, and resulting in a
low NTS loss.

3. The extent of intergranular fracture increased with decreasing the displacement
rate due to enhanced hydrogen/material interaction. This implied that hydrogen
tended to diffuse and trap along grain boundaries, resulting in an intergranular
separation of specimens under straining. In contrast, a short interaction time asso-
ciated with a high deformation rate reduced the influence of HE at grain bound-
aries. Consequently, quasi-cleavage was observed in the embrittled area,
particularly in the region experiencing a fast subcritical crack growth.
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