Influence of Gaseous Environments on Rates of
Near-Threshold Fatigue Crack Propagation in NiCrMoV Steel
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The influence of hydrogen environment (448 kPa) on near-threshold fatigue crack propagation rates
was examined in a 779 MPa yield strength NiCrMoV steel at 93 °C. An automatically decreasing and
increasing stress intensity technique was employed to generate crack growth rates at three load ratios
(R = 0.1, 0.5, and 0.8). Results show that the crack propagation rates in hydrogen are slower than
those in air for levels of stress intensity range, AK, below about 12 MPaVm. The crack closure
concept does not explain the slower crack growth rates in hydrogen than in air. Near-threshold growth
rates appear to be controlled by the levels of residual moisture in the environments. In argon and air,
the fracture morphology is transgranular, while in H, the amount of intergranularity varies with AK
and achieves a maximum when the cyclic plastic zone is approximately equal to the prior austenite

grain size.

I. INTRODUCTION

MOST of the available fatigue crack propagation rate data
have been generated in the Paris region; consequently,
relatively little data are available on near-threshold crack
propagation. However, many machine components are often
subject to a low-stress and high-cycle fatigue condition, and
data regarding the rates of near-threshold crack growth are
of vital importance to assure the successful application of a
fracture mechanics methodology in fatigue life prediction.
Information in this region is also important is formulating a
broader view of the mechanisms of fatigue crack growth—
particularly for those aspects involving microstructural
and environmental effects.

The rate of near-threshold fatigue crack growth is more
affected by mean stress, microstructure, and environment
than crack propagation in the Paris region.' ' It has been
reported that load ratios (R = 0y,;,/0m.) influence the
near-threshold crack growth rate, da/dN, with increased
R being accompanied by an increase in da /dN ."* Grain size
strongly affected the near-threshold crack growth behavior
in steels, titanium, and aluminum alloys,>" while the crack
growth rates in the Paris region were hardly influenced. In
reference to the effects of environments on the rates of
threshold crack growth, there is little understanding and
contradictory results exist. Even though corrosive environ-
ments increase the Paris-region fatigue crack growth rates,
it is not necessarily true in the near-threshold region. Pre-
vious results™'' revealed that a water environment indeed
lessened, or had no effect on, threshold crack propagation
rates in steels, as compared to ambient air. Nevertheless,
with the elimination of the corrosive environments, near-
threshold crack propagation resistance was increased in
vacuum for steels and aluminum alloys.>”'>'* Further
experiments are necessary to understand the behavior of
near-threshold crack growth in corrosive environments.

In general, hydrogen environments increase the rates of
Paris-region fatigue crack propagation in steels. It has
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been proposed that hydrogen embrittlement is the reason
for promoting crack growth. However, relatively limited
work on near-threshold crack growth behavior has been
carried out in hydrogen environments.’>*! In this in-
vestigation, near-threshold fatigue crack propagation ex-
periments were conducted at 93 °C with an NiCrMoV steel
exposed to hydrogen, air, or argon. Crack growth rate data
at various load ratios were generated by using an auto-
matically decreasing AK technique. Possible mechanisms
for the influence of hydrogen on the rates of near-threshold
crack propagation are discussed. Previous crack growth rate
results developed for a NiMoV steel'® were used for com-
parison with the present NiCrMoV steel.

II. MATERIAL

All near-threshold fatigue crack growth rate testing was
conducted with a 779 MPa yield strength NiCrMoV rotor
steel (similar to ASTM A471) supplied as sections cut from
a large forging. The chemical composition of the steel in wt
pet is: 0.24C, 0.28Mn, 3.51Ni, 0.005P, 0.04S, 0.012Si,
1.64Cr, 0.11V, 0.39Mo, and balance Fe. The material was
austenitized at 843 °C and subsequently quenched and tem-
pered at approximately 590 °C for 40 hours. The mechanical
properties are listed in Table 1. This steel has a bainite
microstructure with a prior austenite grain size ranging from
10 to 43 pm.

HI. TEST METHOD

A WOL (wedge-open-loading) type compact tough-
ness specimen, 64.8 mm wide (W), 63 mm high, and
6.4 mm thick, was utilized to generate the threshold fatigue
crack growth rate data. Prior to testing, the specimens were

Table 1. Mechanical Properties of Ni-Cr-Mo-V Steel*

0.2 Pct Yield Ultimate Tensile Reduction in

Strength (MPa) Strength (MPa)  Area (Pct)
24 °C 93 °C 24 °C 24 °C
779 737 882 63

*From References 22 to 24
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precracked about 2.3 mm beyond the initial machined notch
in accordance with ASTM Standard E647.% The crack propa-
gation test was performed on an MTS closed loop, electro-
hydraulic fatigue machine using a sinusoidal waveform at a
frequency of 120 Hz.

The environments investigated were: (a) 448 kPa hy-
drogen gas (99.95 pct purity), (b) ambient air (relative
humidity = 30 to 40 pct, and (c) 448 kPa argon gas
(~ 99.95 pct purity). The hydrogen and argon gases (con-
tinuous flow) were contained in a stainless steel, O-ring
sealed chamber clamped to each side of the specimen. Prior
to the start of each test, hydrogen, or argon gas was flushed
through the chamber to remove residual impurities. Based
on the purity of the bottle gas and the experimental
procedure, the moisture contents in hydrogen and argon are
estimated to be less than 10 ppm. The specimens were heated
to a testing temperature of 93 °C by using resistive heating
tapes. A thermocouple installed in the proximity of the crack
was used to monitor the temperature.

The near-threshold fatigue crack growth rate data were
developed by using an automated technique. The MTS fa-
tigue machine was interfaced with a PDP-8-e computer. The
crack length was monitored utilizing the compliance tech-
nique. The computerized system allows the stress intensity
range, AK, to be continuously decreased (or increased) in
accordance with the following equation, as proposed by
Saxena, et al,*

AK = AK;exp [cla — ap)] m

where a is the crack length, AK|, and a, are the beginning
stress intensity range and crack length, respectively, and
¢ is a constant having a unit of reciprocal length.

Equation [1] provides a constant rate of change of plastic
zone size, thereby eliminating effects of test history which
may occur, for example, if step decreases in load are em-
ployed.”® The ¢ parameter controls the rate of decrease
(or increase) in the plastic zone size with respect to crack
length. The values of ¢ used in this investigation are
+ 0.098 mm™" which corresponds to a AK change of about
5 pet for crack extension of 0.5 mm. In each specimen, a
decreasing AK (c = —0.098 mm™") test was carried out to
develop the rates of near-threshold crack growth, and an
increasing AK test (c = +0.098 mm™') was then perform-
ed to acquire higher crack propagation rates. The expression
used to compute stress intensity range for the WOL speci-
men can be found in Reference 27.

The fatigue crack growth rate was calculated by a secant
method in which the crack length increment bridges the
adjacent first and third a vs N (loading cycle) data with AKX
corresponding to the midpoint in the increment. The thresh-
old stress intensity range, AK,;, is operationally defined as
the stress intensity range corresponding to a crack growth
rate of 1.0 X 1077 mm per cycle. This is accomplished by
fitting a least-squares line for the propagation rates ranging
from5 X 1077to5 X 107® mm per cycle, and AK,, is deter-
mined at 1.0 X 107" mm per cycle.

IV. EXPERIMENTAL RESULTS

A. Influence of R Values and Gaseous Environments

The rates of near-threshold crack propagation at three R
values are provided in Figures 1(a) and 1(b) for air and
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Fig. 1 —(a) The effect of R -ratio on crack growth rates in NiCrMoV steel
in air at 93 °C. (b) The effect of R -ratio on crack growth rates in NiCrMoV
steel in 448 kPa H, at 93 °C.

hydrogen environments, respectively. The effect of R on
fatigue crack growth rates becomes more pronounced as the
crack growth rate decreases. Increasing R values increases
the near-threshold crack propagation rates in both air and
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hydrogen for the NiCrMoV steel. The same results have
been noted earlier in other steels, ! 1415:26:2

The crack growth rate data at 93 °C in hydrogen and air
are compared in Figures 2(a) to 2(c). For all three R values,
the 448 kPa hydrogen gas decreases the near-threshold
crack propagation rate relative to that of ambient air. These
results are consistent with those in two relatively high-
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strength NiMoV and 300 M steels''®"” with yield strength
of 660 and 1700 MPaVm, respectively. Nevertheless, as
the value of AK exceeds approximately 12 MPaV/m in Fig-
ures 2(a) through 2(c), the fatigue crack growth rates in
hydrogen are accelerated and eventually become faster than
those in air. Similar results in this growth rate regime have
previously been observed in an NiMoV steel.'®*
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Fig. 2— (a) The effect of environment on crack growth rates in NiCrMoV
steel at 93 °C and R = 0.1. (b) The effect of environment on crack growth
rates in NiCrMoV steel at 93 °C and R = 0.5.(c) The effect of environ-
ment on crack growth rates in NiCtMoV steel at 93 °C and R = 0.8.
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Figure 3 illustrates the combined effects of hydrogen and
R values on AK,, at 93 °C in the NiCrMoV steel. When R
values decrease, the values of AK,, increase in both hydro-
gen and air environments. In the 448 kPa H, atmosphere,
AKy, is larger than that in air regardless of load ratios.
Interestingly, in air and at R = 0.1, the present value of
AK, is smaller than that of 7.0 MPaV/m in a 575 MPa yield
strength NiCrMoV steel tested at 23 °C.%°

Figure 4 demonstrates that at low AK values less than
about 12 MPaVm, the near-threshold crack propagation
rates in argon are comparable to those in hydrogen. Similar
results were noted in 2.25Cr-1Mo steels,” i.e., the rates
of threshold crack growth in hydrogen and helium are
nearly the same. At AK levels larger than approximately
12 MPaVm, the growth rates in hydrogen become increas-
ingly faster than those in argon (Figure 4). A comparison of
threshold crack propagation behavior in air and argon is
also shown in Figure 4. The rates of crack propagation in
argon are slower than those in air over the entire range of
AK examined.

B. Fracture Morphology

The fracture morphology is transgranular at the threshold
irrespective of R ratios and environments. As shown in
Figures 5(a) to 5(c), there is little difference among fracture
surfaces at the threshold in hydrogen, air, and argon envi-
ronments. The morphology of the fatigue crack growth sur-
faces in air and argon exhibits typical transgranular features
for the entire range of AK studied (Figures 5(a) and 5(c)).
In hydrogen gas, transgranular fracture was found at the
threshold AK levels. However, when the value of AK in-
creases, intergranular fracture starts to appear, approaches a
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Fig. 3—Comparison of AK,, in hydrogen and air environments
(NiCrMoV steel).
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maximum, and then decreases to completely transgranular
cracking (Figure 5(b)), as reported in other steels.'>'>* In
Figures 5(a) to 5(c), secondary cracking tends to increase
with an increase in AK.

The relationship between AK and intergranular fracture
observed in the 448 kPa hydrogen atmosphere is shown in
Figure 6. Interestingly, the largest perces/tge of inter-
granularity takes place at AK = 11.3 MPaVm, regardless
of the R value. Increasing the R ratio reduces the percentage
of intergranularity at a given value of AK . Similar findings
were also reported in other steels.'*'>*' Note that in Fig-
ure 6, the maximum intergranularity occurs at a AK value
of 11.3 MPaV/m, which is close to that (~12 MPaVm) for
the transition from where the crack growth rates in H, begin
to exceed those in air (Figures 2(a) and 2(b)).

C. Determination of Oxide Thickness at the Threshold

Auger analyses were performed to determine the thick-
ness of oxides on the fracture surfaces in air, hydrogen, and
argon environments at R = 0.5. The sputtering rate in the
Auger spectrometer was calibrated using profilometry on
steel surfaces after sputtering. The results are illustrated in
Figure 7 which plots the at. pcts of iron and oxygen vs the
average distance from the free surface into the oxide, d. The
thickness of the oxide is defined as the value of d at which
the iron and oxygen curves intersect.*® The electron beam
was scanned at TV-rates during the Auger analysis, and the
area covered on the specimen for the analysis was a square
of 400 wm?. Therefore, the measured oxide thickness rep-
resents an average thickness in the threshold area. It is
interesting to find that the thickness of the threshold oxide
layer in hydrogen and argon environments is about the same
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Fig. 5— (@) Fracture morphology in NiCtMoV steel at R = 0.5 in air (1) at the threshold, (2) AK = 8.9 MPaVm, (3) AK = 13.4 MPaV'm, and

4y AK = 19.2 MPaVm. Magnification 1770 times.

llA, in Figure 7. However, the oxide thickness in air is
about four times larger than that in hydrogen or argon.

V. DISCUSSION

A. Effects of Gaseous Environments

For the relatively higher strength NiCrMoV steel,
448 kPa hydrogen was found to decrease the crack propaga-
tion rates at the threshold levels (2 MPa\/£ = AK
< 12 MPaVm) as compared to the ambient air behavior at
93 °C (Figures 2(a) to 2(c)). The data on near-threshold
crack growth in the H, environment for this steel are not con-
sistent with Ritchie’s resuits for lower-strength 2.25Cr-1Mo
steels with yield strength less than ~ 600 MPa.'s'""* At low
R ratios (<0.5), the value of AK};, in 138 kPa hydrogen gas
is smaller than that in the air environment for 2.25Cr-1Mo

METALLURGICAL TRANSACTIONS A

steels. However, at a high R value of 0.7, there are com-
parable threshold crack propagation rates in hydrogen and
air. In high-strength 300 M steels'®" the near-threshold
crack growth rates were found to be slower in hydrogen than
in ambient air regardless of load ratios, which is in agree-
ment with the present results. Thus, the influence of hydro-
gen on near-threshold crack propagation rates in steels
appears to depend on strength level.”>"” At low R values,
lower-strength steels (< ~ 600 MPa) have lower AKj,
values and faster crack growth rates in hydrogen gas, relative
to ambient air, while in higher-strength steels the trend is
reversed, regardless of R values.

Ritchie!®!”" successfully employed the crack closure
concept to explain the increase of AK,, in ambient air re-
lative to hydrogen for lower strength 2.25Cr-1Mo steels. In
these studies, the near-threshold crack growth at low R
ratios resulted in a thicker oxide layer in air than in hydrogen
gas. Therefore, the oxide wedges the crack tip and increases
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Fig. 5—(b) Fracture morphology in NiCtMoV steel at R = 0.5 in H, (1) at the threshold, (2) AK = 7.8 MPaVm, (3) AK = 11.1 MPaVm, and

(4) AK = 20.1 MPaVm. Magnification 440 times.

the closure level more significantly in air than in hydrogen.
Consequently, the larger reduction in the effective stress
intensity range (AK = K —Kaosre) in air results in a
decrease in the near-threshold crack propagation rates,
compared to the hydrogen environment. As the value of R
increases, the effect of oxide-induced crack closure on
threshold crack growth is lessened. Consequently, at a high
R ratio of 0.7, values of AK, are comparable in air and
hydrogen environments.'®!""?

In the present study, closure stress was measured by the
unloading elastic compliance technique.’’ Using this tech-
nique, the unloading elastic displacement was subtracted
from the total displacement to reveal the closure point.>!' In
this investigation, crack closure was encountered only in
tests with R = 0.1. The value of AK /AK decreases as the
crack growth rate reaches the threshold in air and hydrogen
environments (Figure 8(a)). That is to say, when the fatigue

1638— VOLUME 13A, SEPTEMBER 1982

crack growth rate approaches the threshold level, the
proportion of crack closure during each loading cycle in-
creases. This is consistent with a theoretical model pro-
posed by Purushothaman and Tien.* Similarly, McEvily®
reported that as the fatigue crack moved toward the thresh-
old region, crack closure might become more significant.
In Figure 8(a), the crack closure stress intensity range
(= AK — AK,y) at the threshold occupies a large portion
(approximately 30 pct) of AK . Thus, crack closure plays an
important role in near-threshold crack growth behavior in
this steel. The crack closure levels in air and hydrogen
environments at a fixed value of AK are comparable in
Figure 8(a) even though a slightly larger value of AK.z/AK
was observed in air at low AK values. Hydrogen appears not
to significantly affect the crack closure phenomenon in near-
threshold crack propagation for NiCrMoV steel. As shown
in the plot of da /dN vs AK. (Figure 8(b)), the difference

METALLURGICAL TRANSACTIONS A
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Fig. 5—(c) Fracture morphology in NiCrMoV steel at R = 0.5 in argon (1) at the threshold, (2) AK = 10.0 MPa\/E, B)AK =173 MPa\/E, and
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Fig. 7— Auger analysis of oxide at the threshold.
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in the threshold crack growth rates in air and hydrogen
environments still exists. Thus, the crack closure concept
does not explain the influence of H, on the threshold crack
propagation behavior in NiCrMoV steel at the strength level
examined in this study.

Figure 8(c) shows the plot of da/dN vs AK ;atR = 0.1
and 0.8 in air and H,, respectively. Near the threshold, the
difference in da/dN due to the influence of R ratios is
greatly reduced; e.g., the air environment crack growth
rate data are essentially the same at R = 0.1 and 0.8
(Figure 8(c)). Thus, it appears that crack closure may be
responsible for the effect of R values on threshold crack
propagation in this steel. A similar finding was also reported
in two aluminum alloys.*

At low AK values (<12 MPaVm), the crack propaga-
tion rates in argon are comparable to those in hydrogen
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Fig. 8—(a) Crack closure in air and H,. (b) Effect of crack closure on
rates of near-threshold crack propagation in air and H,. (c) Effect of
crack closure on rates of near-threshold crack propagation in air and H,
at 2 R ratios.

(Figure 4). The near-threshold crack propagation rates are
slower in hydrogen than in laboratory air (Figures 2(a) to
2(c)). These results suggest that the threshold fatigue crack
propagation kinetics in NiCrMoV steel are controlled by the
residual moisture content in the gaseous environment. As
mentioned earlier, the moisture content in the hydrogen and
argon environments is less than 10 ppm. This is much lower
than the moisture content in laboratory air, which for 30 to
40 pct relative humidity, is equivalent to approximately
8000 to 9000 ppm. The moisture content in air is just below
that found to induce capillary condensation of water in
cracks grown in the Paris region for an Hll steel.” In the
current investigation of threshold crack growth, the lower
AK and correspondingly lower crack tip radius are likely to
cause liquid water to condense at the crack tip in the air
tests. Thus, the amount of water or water vapor in the
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gaseous environment seems to control the observed thresh-
old fatigue crack propagation behavior. This phenomenon is
presumably due to a hydrogen embrittlement mechanism,
the atomic hydrogen being generated from the H,QO-steel
surface reaction. At low AKX levels (12 MPa\/er), the
dissociation of water appears to be favored over that of
molecular hydrogen (Figures \3@) to 2(c)). However, at
higher AK levels (<12 MPaVm), the gaseous hydrogen
dissociation seems to be activated (Figures 2(a), 2(b),
and 4). The reason for this is not known. We suggest that
this transition AK level corresponds to the point where
adequate fresh surface is created to accommodate the pro-
duction of atomic hydrogen from the gaseous dissociation
reaction in addition to the H,O-steel reaction. Below this
transition level, the H,O-steel reaction occurs preferentially
and occupies all reaction sites (fresh surface).

The above interpretation is consistent with the results of
Auger spectroscopy, where it was found that the oxide layer
at the threshold was four times thicker in air than in hydro-
gen or argon (Figure 7). The thicker oxide layer in air is
related to the higher moisture level, as compared to the
hydrogen or argon environment.

It should be noted that in lower strength steels (less
than ~600 MPa) such as 2.25Cr-1Mo steels,'®'7"® the
mentioned capillary condensation of liquid water may still
be present during threshold crack growth in ambient air.
However, it was reported that in air and at low R ratios
(<0.5), the decreased material strength level promoted the
buildup of the oxide debris at the threshold due to larger
plasticity-induced crack closure (fretting oxidation) in lower
strength materials.***7** Furthermore, it is known that
decreasing material strength reduces the effect of hydrogen
embrittlement on fatigue crack propagation behavior. There-
fore, in lower strength steels at low R values, the presence
of oxide-induced crack closure in air prevails over hydrogen
embrittlement at the threshold levels, which results in a
larger value of AKy, in air than in drier environments such
as hydrogen or argon, as reported by Ritchie et al. """

B. Fracture Morphology in Hydrogen

Rice’s formula® for monotonic and cyclic plastic zone
sizes for a Mode I crack are as follows:

Monotonic plastic zone:

S == (&)2 2]

8\ g

Cyclic plastic zone:

A

T (AK)2 i3]

32
where o, is the yield strength. Table II lists the monotonic
and cyclic plastic zone sizes for K., and AK corresponding
to the maximum proportion of intergranularity. Inter-
estingly, the cyclic plastic zone size is on the order of the
prior austenite grain size (10 to 43 um) regardless of R
ratios. However, the monotonic plastic zone size for the
three values of R is approximately four to 80 times larger
than the prior austenite grain size (Table IT). Similar results
were also found in other steels,'*'3244! a5 jllustrated in
Table II. Therefore, in high strength low alloy steels ex-
posed to hydrogen, the intergranular morphology of fatigue
crack propagation seems to be controlled more by AK
than K ..

In Figure 1(b) in the H, environment, when the R ratio
increases, the near-threshold fatigue crack growth rate be-
comes faster at a given AKX value, as mentioned before.
Nevertheless, increasing R ratios lowers the proportion of
intergranularity (Figure 6). Therefore, a larger percentage of
intergranular failure in hydrogen gas does not guarantee a
faster crack propagation rate in NiCrMoV steel. Similarly,
it was found that there was little relationship between the
amount of intergranularity and the rate of crack growth for
other steels'>’>!'¢ in air and hydrogen environments.

o,

C. Fatigue Crack Growth Rate Data

The crack growth rate results in the increasing and
decreasing AK tests with positive and negative ¢ values, re-
spectively, overlap each other in a certain range of da/dN
vs AK; see Figures 1, 2, and 4. This overlap in results
clearly indicates the uniqueness of the da/dN value at a
fixed AK level. Such data also show that transient effects
due to load shedding in the decreasing AK test are elimi-
nated when loads are shed continuously and the rate of
change in plastic zone size is done slowly. These factors
might explain why previous results®® on an NiCrMoV steel
produced_significantly higher AK,, values (7 MPaVm vs
4 MPaVm) when AK was decreased by step loading at
uncontrolled rates of plastic zone change.

For purposes of engineering applications, the crack
growth rate data developed in this investigation were fitted
to the equation, da/dN = b(AK)™. The values of b and m
were computed for the near-threshold (approximately from

Table II. Values of AKX, K., and the Corresponding Plastic Zone Size at Which the Maximum
Intergranular Fracture Takes Place in H, for Various Steels

AK, Kinax. Monotonic Cyclic Plastic
Steel Temperature, °C R MPa Vm MPa Vm  Plastic Zone, um  Zone, pm  Grain Size, um

Ni-Cr-Mo-V 93 0.1 11.3 12.6 115 23 10 ~ 43
Ni-Cr-Mo-V 93 0.5 11.3 22.6 369 23 10 ~ 43
Ni-Cr-Mo-V 93 0.8 11.3 56.5 2307 23 10 ~ 43
Ni-Mo-V?*? 24 0.5 10.0 19.2 331 22 7 ~ 43
Ni-Mo-V** 93 0.1 10.0 11.1 140 27 7 ~ 43
Ni-Mo-V* 93 0.5 10.0 19.2 403 27 7 ~ 43
Ni-Mo-V** 93 0.8 10.0 51.4 2890 27 7 ~ 43
HP-9-4-20% 0 0.1 23.6 26.2 112 23 20

2Ni-Cr-Mo-V* 24 0.1 10.0 11.1 146 30 35
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5% 1077 to 5 X 107 mm per cycle) and Paris-region
(approximately from 107® to 107 mm per cycle) crack
growth. The values of m, b, and AKj; are listed in Tables 11
and IV. Note that the data on NiMoV steel are from
Reference 15. In an earlier paper, Niccolls** has found that
in the Paris-region crack propagation, there is a linear
relationship between m and log b for steels and aluminum
alloys, respectively. Furthermore, McCartney and Irving®
using a dimensional analysis verified Niccolls’ results. In
the present study, the transition from the Paris-region to
near-threshold crack growth occurs at a growth rate of
approximately 107 mm per cycle. The relationship between
m and log b for fatigue crack growth in NiCrMoV and
NiMoV steels is shown in Figures 9(a) and 9(b) for the Paris
and near-threshold regions, respectively. It is interesting to
note that there is a linear relationship between m and log b
in each region. The linearity between m and log b in the
Paris and near-threshold regions may provide a systematic
way to correlate the crack growth rate data in different
environments and to validate the experimental results.

10

Paris Region

lgb==1.14m=-4.79

=10 |

10 .
m—ll | |
10‘12 ] ! } 1 ! L 1 ! ]
0 1 2 3 4 5 6 17 8 9 10
m
(a)
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w0 -
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10-11 L _1
- -]
-13
10 " Llogb=~0.62m—~6.87 |
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i~ —
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Fig. 9—(a) The relationship between m and log b in the equation,
da/dN = b(AK)™, for NiMoV and NiCrMoV steels in Paris region.
(b) The relationship between m and log b in the equation, da/dN =
b(AK)™, for NiMoV and NiCrMoV steels in near-threshold region.
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In air and argon environments, the NiMoV and NiCrMoV
steels have comparable crack growth rates at R = 0.1,
0.5, and 0.8 (an example is shown in Figure 10(a)). How-
ever, in the hydrogen environment, the NiCrMoV steel has
slightly higher near-threshold rates of crack propagation
(Figures 10(b) through 10(d)). In the Paris region, the hydro-
gen environment crack growth rate is somewhat faster in the
NiMoV steel than in the NiCrMoV steel. This trend is es-
pecially obvious at the largest value of R, 0.8, as shown in
Figure 10(d). From the data by Clark and Ceschini,” it was
found that in the Paris region, the crack growth rates in the
NiMoV and NiCrMoV steels were nearly the same in air and
distilled water, but in 448 kPa H,, the fatigue crack propa-
gated faster in the NiMoV steel. The present results are
consistent with Clark and Ceschini’s data and serve to
emphasize the point that material and microstructural effects
are accentuated when environments are present to assist
fatigue crack propagation. It is worth mentioning that in
Figure 6, the much larger percentage of intergranular
fracture in NiCrMoV than NiMoV steels does not always
correspond to a larger rate of crack growth.

VI. SUMMARY AND CONCLUSIONS

1. Near-threshold fatigue crack growth rates and AKy, val-
ues in NiCrMoV steel are the same in the hydrogen and
argon environments. These rates are slower than those in
laboratory air. However, as AK and da /dN increase, the
rates in hydrogen become increasingly faster than those
in argon and eventually surpass the rates in air as well.
This transition in the hydrogen rates, occurring at a rela-
tively constant AK = 12 MPaV'm, is independent of R ,
thereby suggesting that it is controlled by cyclic defor-
mation at the crack tip rather than by monotonic defor-
mation or hydrostatic stress.

2. It is postulated that the above ordering of near-threshold
growth rates is associated with the level of residual mois-
ture in each environment which controls the supply of
atomic hydrogen necessary for embrittlement. It appears
that the dissociative adsorption of H,O at the crack tip is
favored over that of H, at low AKX values. Consequently,
the transition-AK, corresponding to an acceleration in
the hydrogen crack growth rates, is believed to occur
when cyclic deformations provide sufficient fresh surface
to accommodate dissociative adsorption of H, as well
as H,0 at the crack tip. Further systematic studies of
the dependence of this transition on gas purity, cyclic
frequency, and temperature would aid in clarifying
this mechanism.

3. In both air and hydrogen environments, fatigue crack
growth rates in NiCrMoV steel increase as R is in-
creased; this effect becomes increasingly pronounced as
the threshold is approached; consequently, AK,, is mark-
edly sensitive to R . The influence of R on near-threshold
growth rates is reduced considerably when data are repre-
sented in terms of the measured AK.y, thus suggesting
that crack closure significantly influences crack growth
in the near-threshold regime. Nevertheless, the depen-
dence of near-threshold growth rates on environment
could not be explained in terms of crack closure concepts
in this material.
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Fig. 10— (a) Comparison of crack growth rates in NiCrMoV and NiMoV steels in air at R = 0.5. (b) Comparison of crack growth rates in NiCtMoV and
NiMoV steels in H, at R = 0.1. (¢) Comparison of crack growth rates in NiCtMoV and NiMoV steels in H, at R = 0.5. (d) Comparison of crack growth
rates in NiCrMoV and NiMoV steels in H, at R = 0.8.
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Table III.  Fatigue Crack Growth Rate Parameters for NiMoV Steel***

Paris Region Near-Threshold Region AK.,

Environment  Temperature, °C R b* m* b* m* MPaVm
air** 24 0.5 1.57 x 10~° 3.63 2.41 x 107" 5.54 4.00
air 93 0.1 3.53 x 10™° 3.14 1.28 x 107" 12.0 4.54
air 93 0.5 1.17 x 107 2.80 3.63 x 107" 6.63 3.31
air 93 0.8 9.50 X 107° 3.00 1.55 x 107" 8.18 2.92
448 kPa H, 24 0.5 1.12 x 1074 5.38 1.08 X 107" 6.94 4.57
448 kPa H, 93 0.1 9.63 x 1072 5.29 2.03 X 1071 6.37 5.46
448 kPa H, 93 0.5 2.82 x 107" 5.97 4.59 x 107" 5.05 4.16
448 kPa H, 93 0.8 5.49 x 107" 5.09 1.49 x 107° 3.06 3.94
448 kPa Ar 93 0.5 9.54 x 107'° 3.49 2.06 x 107 4.58 3.86

a

*3—:, = b(AK)™, units of f—jﬁ and AK are mm per cycle and MPaVm, respectively.

**From Reference 18
***From Reference 15

Table IV. Fatigue Crack Growth Rate Parameters for NiCrMoV Steel at 93 °C

Paris Region Near-Threshold Region AKs
Environment R b* m* b* m* MPaVm
air 0.1 4.01 x 107° 3.12 3.96 x 107" 18.3 4.20
air 0.5 6.22 x 10°° 3.03 3.26 X 107" 8.72 3.27
air 0.8 1.44 x 1078 2.77 2.69 x 107" 7.72 2.90
* 448 kPa H, 0.1 3.99 x 107" 4.77 1.14 x 107" 4.34 4.77
448 kPa H, 0.5 5.50 x 107" 4.88 1.33 x 107° 4.72 4.07
448 kPa H, 0.8 1.97 x 107° 3.52 1.60 x 10"? 5.53 3.21
448 kPa Ar 0.5 8.69 x 107" 3.48 1.99 x 107" 6.07 4.07
*:11_11\1] = b(AK)™, units of 37‘\1] and AK are mm per cycle and MPaVm, respectively.
4. The opposite trend in near-threshold fatigue crack growth ACKNOWLEDGMENTS

rates which has been previously reported for lower
strength steels,'®!”1%20238 that is, faster rates in hydro-
gen than in air, appears to be associated with the relatively
high levels of plasticity-induced crack closure which oc-
curs in these lower strength materials. In higher strength
steels, such as that used in this study, lower levels of
plasticity-induced closure preclude the buildup of signifi-
cant oxides by the fretting oxidation mechanism. A sys-
tematic study of a single steel, heat treated to a range of
strength levels, is needed to confirm this view.

5. The fracture morphology at the threshold was trans-
granular for all R values and environments studied. This
morphology remained unaltered as AKX was increased in
the air and argon environments. However, in the hydro-
gen environment, increasing proportions of intergranu-
lar failure occurred as AK increased; intergranularity
reached a maximum of about 30 pct, then decreased to
near zero with further increases in AK. The maximum
intergranularity occurred when the cyclic plastic zone
was approximately equal to the prior austenite grain
size. Although these observations are interesting, the
intergranularity did not correspond to the maximum
environmentally-assisted crack growth rate.

6. In the air and argon environments, fatigue crack growth
rate properties in NiCtMoV and NiMoV steels were
identical. However, in the hydrogen environment, the
near-threshold growth rates in the NiCrMoV steel were
measurably faster than those in the NiMoV steel, espe-
cially at a high R ratio of 0.8.
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