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Fracture tests in sour solution of an API X65 steel for J-R curves determination were per-
formed at different displacement rates. The results indicated a strong dependence of J-R
curves on the displacement rate. At low displacement rates the J-R curves were affected
by subcritical crack growth. Above a certain displacement rate, incubation time prior to
subcritical crack growth was observed, being the experimental J-R curves not affected by
this mechanism. A procedure to evaluate the contribution or not of subcritical crack growth
to J-R curves of carbon steels in aggressive environments, verified for that specific steel-
environment combination, is being proposed.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The growing demand of oil and gas industry, where exploration and production occur in deeper and more complex reser-
voirs, require a continue interest for developing materials with higher corrosion resistance and mechanical properties, espe-
cially for subsea equipment applications. The built wells in these reservoirs present a variety of technical challenges, and the
most important one is related to sour environments, which may compromise the materials properties and consequently the
equipment integrity [1,2].

Since pipeline steels are commonly employed in sour environments, their fracture characterization under aggressive con-
ditions is very important for structural integrity control. The use of high strength low alloy steels with high fracture tough-
ness, due to thermo-mechanical controlled manufacturing process [3], allows to manufacture thinner wall thickness pipes.
However, these materials can suffer a severe degradation on fracture toughness when operating under aggressive
environments.

Fracture behavior of carbon steels in sour environments has been studied by many authors [4–7]. Some researchers stud-
ied the effect of H2S on the mechanical properties of a C-Mn pipeline steel. Some works [4] showed reductions of approxi-
mately 30% in the slope of J-R curves of a carbon steel immersed in sour environment compared to test results in air. Other
researchers studied the hydrogen embrittlement effect on J-R curves of a high strength low alloy steel [5,6], tested in air with
a load-line displacement rate of 30 mm/h, and at synthetic seawater with hydrogen charging, using a displacement rate of
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Nomenclature

Apl plastic area under load versus load-line displacement curve
a(i) crack size at the i acquisition data calculated by DCPD
a0 original crack size
ap physical crack size
aPD final crack size estimated by DCPD
B specimen thickness
b0 remaining ligament size prior to stable crack extension
C-L specimen orientation in the pipe, where C (circumferential) is the direction perpendicular to the crack plane, and

L (longitudinal) is the direction of crack front movement
E modulus of elasticity in tension
EAC environmentally assisted cracking
J J-Integral
L-C specimen orientation in the pipe, where L (longitudinal) is the direction perpendicular to the crack plane, and C

(circumferential) is the direction of crack front movement
OD outside diameter
P load
Pi initiation load
Pth threshold load
SE(B) single edge bend specimen
U0 initial potential drop measurement
U potential drop measurement
v load-line displacement
vf final load-line displacement
W specimen width
WT wall thickness
y half of potential gage span
Da crack extension
Dap physical crack extension
DaPD crack extension estimated by DCPD
g plastic factor
rU ultimate tensile strength
rYS 0.2% offset yield strength
BL blunting line
DCPD direct current potential drop
Q&T quenched and tempered
SEM scanning electron microscopy
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0.1 lm/h. Results showed a considerable J-R curves drop when the steel was immersed in a corrosive environment. The
authors associated this strength loss to the low displacement rate that led to longer period exposure and hence to higher
hydrogen embrittlement effect [5–7].

This work focuses on the experimental J-R curves evaluation of an API X65 Q&T steel immersed in a sour environment.
The crack growth was monitored by Direct Current Potential Drop (DCPD), which does not require a complex instrumenta-
tion, and has proven suitable for fracture testing in corrosive environments, with care to ensure that the applied current does
not influence the electrochemistry and the crack growth rate [8,9].

Preliminary experimental tests on blunt notched SE(B) specimens in air and in the sour environment were carried out for
adjusting DCPD parameters. No substantial differences between potential drop data obtained from both environments were
found. This main result indicates the applicability of the DCPD technique in this specific aggressive environment without
interference on the results. Those tests also showed an unexpected crack nucleation and propagation in blunt notch speci-
mens (Fig. 1) when loaded at low load-line displacement rates (4.0 � 10�5 mm/s). This unexpected behavior indicated that
the combination of material embrittlement and low displacement rates could lead to the possible coexistence of stable and
subcritical crack growth mechanisms in monotonic fracture tests, where specimens with fatigue precracks are used.

To investigate this issue, fracture tests were carried out on precracked SE(B) specimens immersed in a sour environment
at different load-line displacement rates. At this point, the main objective was to evaluate the existence of both stable and
subcritical crack growth mechanism during monotonic fracture tests. A second objective was to study the possibility to sep-
arate the contribution of each crack growth mechanism. Finally, if these two mechanisms coexist and are separable, it will be



Fig. 1. Fracture surface of blunt notch specimen after testing. Nominal displacement rate of 4.0 � 10�5 mm/s.
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possible to propose a methodology for fracture toughness characterization of this steel when immersed in such specific
aggressive environment by J-R curves avoiding the subcritical crack growth contribution.
2. Experimental

2.1. Material

Fracture tests were performed on the base metal of a 508 mm (20 in.) nominal OD � 28.575 mm (1.125 in.) WT UOE API
X65 Q&T steel pipe. Table 1 presents the chemical composition of the steel. The mechanical properties, obtained through
round standard specimens according to ASTM E8 [10], in both longitudinal and transverse directions, are summarized in
Table 2. The optical micrograph of the material, in the transverse orientation, is presented in Fig. 2, where can be observed
a morphology featuring fine grains distribution of a microstructure consisting predominantly of ferrite.

2.2. Fracture tests

Monotonic fracture tests were carried out at different load-line displacement rates on single edge bend (SE(B)) B � 2B
specimens (nominal B = 24 mm and a/W � 0.5) notched in L-C orientation [11,12]. The orientation of the specimens on
the pipe can be seen in Fig. 3. Preliminary tests in air and in the specific environment indicated no significant differences
in J-R curves between specimens removed from L-C and C-L orientations. As a result, the L-C orientation was chosen due
to easier test specimen machining.

The specimens were fatigue precracked in air and then immersed in a sour environment that simulates seawater solution
[13] saturated with a gas mixture of 25% concentrated H2S balanced with CO2, pH approximately 5, at room temperature and
atmospheric pressure. Prior to loading, the specimens were soaked into the test solution for 48 h for the complete saturation
of solution. Then, the specimens were monotonically loaded at different constant load-line displacement rates up to a given
final load-line displacement (vf). After that, the displacement was kept on hold for at least 8 h. Initially, the main objective of
maintaining the displacement on hold for a certain time was to analyze the crack behavior under constant displacement.
Considering this, in the first tests the hold period was long (� 50 h). After some tests it was realized that such long hold times
were not necessary anymore. Thus, the hold period was redefined to be between 8 and 12 h based on the laboratory and
workers schedule. All the loading sequence, including the hold time, was made with the specimens immersed in the aggres-
sive solution.

Specimens were tested in an Instron 3382 electromechanical testing machine, with a ± 100 kN load cell. In all cases load,
actuator displacement, time and DCPD values were digitally recorded. The experimental setup is presented in Fig. 4, which
shows the SE(B) specimen already immersed in the aggressive solution, including the plugged DCPD wires.

2.3. Crack growth measurement

As mentioned, the crack length was monitored by DCPD method, which provides continuous crack size measurements
during the tests. In this technique, a constant direct current passes through the specimen and the change in the electric resis-
Table 1
Chemical composition of the studied X65 pipeline steel (% weight).

C Si Mn P S Cu Ni Cr Mo Al Fe

0.059 0.336 1.500 0.019 <0.01 0.042 0.0026 0.106 0.018 0.061 Balance



Table 2
Tensile properties of the studied material.

Direction rYS (MPa) rU (MPa)

Longitudinal 477.3 538.6
Transversal 523.9 547.0

Fig. 2. Microstructure of the tested material showing a fine ferritic microstructure. Etched with 2% Nital solution.

Fig. 3. Schematic representation of SE(B) specimen in L-C orientation.
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tance across the remaining ligament is measured. As crack propagates, the remaining ligament diminishes, less area is avail-
able for the current flow and the effective resistance increases. As a result, the electric potential drop between the crack faces
increases [14,15]. This change in potential drop can be then related to crack length through analytical relationships [14,16].
The Johnson’s equation (Eq. (1)) is one of the most known and widely used equation to convert the potential drop measure-
ment into crack size [14,15,17–19].
a ¼ 2W
p

cos�1 coshðpy=2WÞ
cosh U

U0

� �
cosh�1 coshðpy=2WÞ

cosðpa0=2WÞ

h in o ð1Þ
The DCPD method offers several advantages in monitoring crack extension during J-R curve tests, which include contin-
uous record of crack size; reduction of time test execution (since it does not require unloading compliance measurements),
and the possibility to be used at extreme displacement rates and temperatures [14,15]. However, this method presents some



Fig. 4. Test device showing (a) the specimen positioned in the three-point bending device without test solution, with the plugged DCPD wires, and (b) the
specimen immersed in the aggressive environment ready to be tested.
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limitations that need to be considered. One limitation refers to the plastic deformation of the ligament that occurs during
monotonic loading. This effect, that was also observed during the calibration tests on blunt notch specimens tested in air,
amplifies the potential drop signal and could consequently overestimate the crack length [20–22]. This limitation can be
solved through corrections by plasticity. On the other hand, when used in electrolytes, care need to be taken to evaluate pos-
sible current diverts in the solution which can affect the DCPD values [8,9]. The previous experimental calibration tests in air
and in the specific corrosive environment showed that this problem was not present. Finally, some limitations are related to
difficulty to distinguish apparent crack growth due to blunting from the stable crack growth in the DCPD records
[15,17,19,22].

In this work, the current input and voltage measurement wires were mechanically fastened in the SE(B) specimens
through pins. To protect the integrity of electric contact points wires/specimen, an epoxy anticorrosive coating was applied.
An Agilent E3633A power supply was used to provide direct current input of 18 A during the tests, and an Agilent 3458A
multimeter, with maximum sensitivity of 10 nV, connected to a computer was used to acquire the potential drop data during
the tests. The current input was set at 18 A to have a good signal to noise ratio and to avoid thermoelectric effects in the
specimen.

2.4. J-R curves evaluation

J-Integral values at each acquisition point corresponding to v and P on the P-v records were calculated as:
JðiÞ ¼ JelðiÞ þ JplðiÞ ¼
K2

IðiÞ
E

þ gAplðiÞ
BðW � aðiÞÞ ; ð2Þ
where g = 1.9 for SE(B) specimen, since load-line displacement records were used [11].
The crack length at each load point was obtained by DCPD records, according to Eq. (1). The initial and final crack lengths

were optically measured after cryogenic fracture of specimen remaining ligament. In some cases, post-fatigue was used to
clearly define the final crack length.

3. Results and discussion

3.1. P-v records

Table 3 summarizes the main test parameters for each specimen. The tests were carried out under different nominal dis-
placement rates, and at the final load-line displacement (vf) the samples were kept on hold for a given time. The nominal
displacement rates refer to the values used during the testing machine set up. However, since nominal displacement values
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Fig. 5. P-v records of all specimens at different displacement rates, including the record of the sample tested in air.

Table 3
Final displacement and displacement rates for the tested specimens.

Specimen ID Environment a0/W vf (mm) Nominal displacement rate (mm/s) Actual displacement rate (mm/s)

BM-S-001 Sour* 0.55 2.6 1.0 � 10�5 0.9 � 10�5

BM-S-008 Sour* 0.53 2.2 8.0 � 10�5 5.9 � 10�5

BM-S-028 Sour* 0.53 7.4 28.0 � 10�5 25.7 � 10�5

BM-S-056 Sour* 0.50 7.1 56.0 � 10�5 49.3 � 10�5

BM-A-833 Air 0.51 11.9 833.0 � 10�5 801.0 � 10�5

* Sour: seawater solution saturated with 25% H2S, balanced CO2, pH approximately 5, at room temperature and atmospheric pressure.
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contained spurious components due to the lack of machine stiffness, the actual (average) displacements rates, obtained by
the quotient of final load-line displacement (vf) and the duration of monotonic loading, were consequently lower, as shown
in Table 3. Fig. 5 shows load vs. load-line displacement (P-v) records of all specimens. For comparison purpose, the P-v record
of one specimen tested in air (red1 line) was also included in the Figure. As can be seen there is a tendency of reduction of the
maximum load as the displacement rate reduces, even for specimens having similar a0/W ratios.

As stated in the literature [23], sometimes DCPD method estimates final crack lengths having differences to the physical
ones (approximately 5% in this case, as shown in Table 4). Considering this, the final crack lengths estimated through poten-
tial drop were linearly corrected with the aim to force those values to match the physical ones [16,23].
3.2. P-t and a-t records

Fig. 6 presents experimental P-t and DCPD-t records of a SE(B) specimen tested in the specific sour solution. There are
three typical regions. In region A, during monotonic loading, there is an increase in the DCPD values, which corresponds
to crack growth, as usual in monotonic loading tests. The region C corresponds to the unloading condition (zero load), where
DCPD values remain constant and no crack growth is expected, because no crack driving force is applied. Finally, the region B
corresponds, in this case, to a constant displacement condition. There are three possible behaviors of load and DCPD signals
in the region B:

(1) applied load and DCPD values remain constant;
(2) applied load decreases and DCPD values increase immediately after hold; or
(3) applied load and DCPD values remain constant for a certain time (defined as incubation time), followed by decreasing

in applied load and increasing in DCPD values.

By definition, constant DCPD values indicate no crack growth. For this geometry under constant displacement condition
increasing DCPD values and decreasing loads are associated to subcritical crack growth by stress corrosion cracking [24].
From the point of view of crack growth mechanisms, the combined behavior of applied load and DCPD values in region B
is very important. As already mentioned, the incubation period was associated to constant DCPD values in region B.
1 For interpretation of color in Fig. 5, the reader is referred to the web version of this article.
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Table 4
Original and physical crack sizes, and final crack sizes estimated by DCPD.

Specimen ID a0 (mm) ap (mm) aPD (mm) ap–aPD (%)

BM-S-001 26.48 38.23 36.49 4.55
BM-S-008 25.42 31.98 30.18 5.63
BM-S-028 25.23 36.64 34.80 5.02
BM-S-056 23.95 27.03 26.91 0.44
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Figs. 7–10 show the P-t and a-t records of all specimens. Focusing on a-t records, from Fig. 7 it is possible to see that for
specimen BM-S-001, when vf was kept on hold at the end of monotonic test, crack continued to growth without increasing in
driving force, which is a clear evidence of subcritical crack growth without incubation time (situation 2 in region B of Fig. 6).
The curves in Figs. 8 and 9 correspond to specimens BM-S-008 and BM-S-028, respectively. In these two tests, it is also pos-
sible to see crack growth at constant displacement, but in these cases incubation time was present prior the beginning of
subcritical crack growth (situation 3 in region B of Fig. 6). Finally, for sample BM-S-056, tested with nominal displacement
rate of 56.0 � 10�5 mm/s and kept on hold at vf = 7.1 mm (see Fig. 10), no evidence of subcritical crack growth was observed
(situation 1 in region B of Fig. 6).

Focusing on the P-t records shown in Figs. 7–10, it is possible to see that load behavior during hold period for all spec-
imens is coherent with discussion above. Immediately after hold there was a load relaxation and then its stabilization. After
that, load fell continuously due to subcritical crack growth. That load drop after relaxation occurred only in the cases where
subcritical crack growth was present (with or without incubation time). This P-t curve behavior is well known and it is typ-
ical of subcritical growth existence when specimens are loaded under constant displacement. In the ASTM F1624 standard
[25], that load drop is used as a criterion for the definition of the load at which crack growth initiates. Hydrogen embrittle-
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Fig. 7. P-t and a-t records of specimen BM-S-001.



0 2 4 6 8 10 12 14 16 18 20
0

10

20

30

40

50

60

70

P
a

 Hold time
         (constant vf)

P 
(k

N
)

t (h)

BM-S-008

Incubation time

24

26

28

30

32

34

36

38

40

a 
(m

m
)

Fig. 8. P-t and a-t records of specimen BM-S-008.
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Fig. 9. P-t and a-t records of specimen BM-S-028.
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Fig. 10. P-t and a-t records of specimen BM-S-056.
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ment threshold of steels is measured by incremental step loading through this method (type A and C records shown in
Fig. 11).

Table 5 presents total test duration, monotonic test duration, crack extension during monotonic loading, incubation time,
and physical crack extension measured after cryogenic fracture and/or post-fatigue. As said, specimen BM-S-001 did not



Fig. 11. Profiles of load drop for definition of crack initiation load (Pi) and threshold load (Pth), in the Incremental Step Loading Technique [25]. Profiles of
type A and C are indicative of subcritical crack growth. Adapted from [25].

Table 5
Testing times and crack extensions for all specimens.

Specimen ID Total test duration (h) Monotonic test duration (h) Monotonic DaPD (mm) Incubation time (h) Total Dap (mm)

BM-S-001 133.33 83.33 11.04 0.00 11.75
BM-S-008 19.09 10.41 5.14 1.67 6.56
BM-S-028 20.71 8.00 8.95 4.48 11.41
BM-S-056 15.00 4.00 3.01 >11.00 3.08
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show incubation time. On the other hand, the large crack growth on this specimen that can be seen in Fig. 12a corroborates
the evidence of subcritical crack growth during monotonic loading. For specimen BM-S-056, the time on hold cannot be con-
sidered as incubation time, since subcritical crack growth was not observed, as seen from crack extension values at the end of
monotonic loading and at the end of test (Table 5). For the other nominal displacement rates tested (8.0 � 10�5 mm/s and
28.0 � 10�5 mm/s), which presented incubation time before beginning of subcritical crack growth, the results suggested that
these mechanisms can be separated. At these nominal displacement rates the crack extension seemed to be stable during the
 (a) 

 (b) 

 (c) 

Fatigue precrack

Stable+ subcritical
crack growth

Fatigue precrack

Stablecrack 
growth? Subcritical

crack growth?

Stablecrack growth?

Subcritical
crack growth?

Fatigue precrack

Fig. 12. Fracture surfaces: (a) specimen BM-S-001 (no incubation time); (b) specimen BM-S-008 (8.68 h on hold and approximately 1.7 h of incubation
time); (c) specimen BM-S-028 (12.71 h on hold and approximately 4.5 h of incubation time).



Fig. 13. SEM analysis of fracture surface of specimen BM-S-008, indicating supposed regions of stable crack growth (a) and subcritical crack growth (b).
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monotonic part of the test, and after the incubation period, the crack growth was only by a subcritical mechanism (without
increasing in driving force).
3.3. Fractures surfaces and crack path

Stereographic microscope observations of fracture surface of specimens BM-S-008 and BM-S-028 (Fig. 12b and c, respec-
tively) revealed different regions, that could be associated to stable and/or subcritical crack growth regimes. SEM observa-
tions of these regions, as can be seen in Fig. 13, did not show any conclusive difference. To elucidate the crack propagation
mechanism (intergranular or transgranular) in these regions, SEM analysis was performed in the perpendicular plane to the
fracture surface in the center of the specimen (Fig. 14). As can be seen, the grain size is very small, which makes it more
difficult to analyze, but in region of supposed stable crack growth the crack propagation is transgranular, whereas in the sup-
posed subcritical crack growth region the mechanism seems to be intergranular. More analysis need to be done for elucidat-
ing this point.
3.4. J-R curves

Experimental J-R curves were evaluated according to ASTM E1820 standard [11]. Fig. 15 presents all the experimental J-
Da pairs, the qualified pairs for J-R curve fitting, and the fitted curves of tested specimens. In air this steel behaves as very
tough material, with J-Da pairs following the blunting line. In the specific sour environment the material resistance to crack
growth was highly reduced. The results also showed an expected behavior in this environment where lower load-line dis-
placement rates led to lower J-R curves. As mentioned previously, and according to literature [5–7], when the material is
Fig. 14. SEM analysis at transversal section of crack surface of specimen BM-S-028, showing crack propagation mechanisms at supposed regions of stable
crack growth (a), and subcritical crack growth (b).
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tested under low displacement rates, the exposure time to aggressive environment is longer, and this affects the material
resistance to crack growth. The results corroborated the expected J-R curve dependency on the displacement rate.

According to P-t and a-t records, the occurrence of subcritical crack growth without incubation time for test carried out at
a very low nominal displacement rate (1.0 � 10�5 mm/s) indicates that the mechanisms of stable and subcritical crack
growth coexist and may interact during the test. Otherwise, for the other nominal displacement rates tested in this work,
the subcritical crack growth was only detectable after an incubation period, which may indicate the possibility to dissociate
both mechanisms. Thus, it is possible that under certain displacement rates the material will feature a ‘‘true” J-R curve, which
is not affected by subcritical crack growth mechanism. According to the results of this work, the nominal displacement rate
that should be used to characterize this material in that environment seems to be near 8.0 � 10�5 mm/s, since it presented
the smaller incubation time, indicating that there was only stable crack extension along the region A of the test.

As a proposal, for J-R curves experimental assessment and fracture toughness values of a given steel in a specific aggres-
sive environment the experimental procedure shall consider performing the monotonic test under displacement control, and
at the end of monotonic loading (region A of Fig. 6) keep displacement on hold for some time while crack length is contin-
uously monitored (region B of Fig. 6). If crack continues to growth at that constant displacement without incubation time,
the evaluated J-R curve is influenced by subcritical crack growth. On the other hand, if an incubation time is present, the
evaluated J-R curve seems to have only the contribution of stable crack growth. Repeating this loading profile for different
displacement rates, an appropriate one to evaluate J-R curves without contribution of subcritical crack growth could be
defined.
4. Conclusions

Results showed that this sour environment reduced the material resistance to crack growth. This behavior was strongly
affected by displacement rate. As it decreased, J-R curves were lower, and material fracture toughness dropped.

When tested at the lowest nominal displacement rate (1.0 � 10�5 mm/s) the experimental J-R curve had contribution of
subcritical crack growth. For nominal displacements rates of 8.0 � 10�5 mm/s and above, there was no evidence of subcrit-
ical crack growth during the tests. Although more research need to be done, the mechanism of stable and/or subcritical crack
growth seems to be separable. As can be inferred, certain experimental displacement rate would separate the occurrence of
both or just one mechanism.

To evaluate the contribution or not of subcritical crack growth on J-R curves of carbon steels when immersed in a specific
aggressive environment, it is proposed that, at the end of the monotonic part of the test, the final displacement vf be kept on
hold for a certain time, and the crack length being continuously monitored. In the absence of crack growth at constant dis-
placement and/or in the presence of an incubation time before this crack growth, the evaluated J-R curve can be considered
free of subcritical crack growth contribution.
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