
ww.sciencedirect.com

i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 5 ) 1e9

 

Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he

 

Hydrogen influence on fracture toughness of the
weld metal in super duplex stainless steel (UNS
S32750) welded with two different heat input
M.A. Lage, K.S. Assis, O.R. Mattos*

Laborat�orio de Ensaios N~ao Destrutivos, Corros~ao e Soldagem e LNDC, COPPE Universidade Federal do Rio de Janeiro

e UFRJ, Cx. Postal 68505, CEP 21945-970, Rio de Janeiro, RJ, Brazil
a r t i c l e i n f o

Article history:

Received 2 January 2015

Received in revised form

28 July 2015

Accepted 30 July 2015

Available online xxx

Keywords:

Toughness fracture

Super duplex stainless steel

Hydrogen
* Corresponding author. Tel.: þ55 21 2562 85
E-mail address: omattos@metalmat.ufrj.b

http://dx.doi.org/10.1016/j.ijhydene.2015.07.1
0360-3199/Copyright © 2015, Hydrogen Ener

Please cite this article in press as: Lage MA, e
steel (UNS S32750) welded with two differe
j.ijhydene.2015.07.150
a b s t r a c t

The super duplex stainless steels have a microstructure composed by two phases, ferrite

(a) and austenite (g). This dual microstructure improves simultaneously the mechanical

and corrosion resistance properties. However, the welding of these steels is often a critical

operation. The present work evaluated the fracture toughness through critical tip open

displacement (CTOD) tests of welded joints, with two different heat input, 1.1 kJ mm�1 and

2.0 kJ mm�1. The steel used was a super duplex stainless steel (UNS S32750) in presence of

hydrogen. The CTOD tests (according BS 7448-1 and BS 7448-2 standards) were performed

in air and under different times of hydrogenation. The procedure of hydrogenation has

been performed using cathodic potential of �1400 mVSCE by 96 and 360 h. The micro-

structural analysis allowed to determine relevant aspects (a/g balance, inter austenitic

spacing and g morphology) and to compare with CTOD results. The results showed strong

evidence that the reductions of CTOD values is related to differences in the g2 morphol-

ogies. Another important result was the high statistic dispersion in the measures of

austenitic spacing, according DNV RP F112-08, which implies in low reliability of using this

standard in presence of high anisotropy. The paper also aims to discuss and evaluate

which is the best approach to hydrogenated duplex stainless steels: linear elastic fracture

mechanics or elasto plastic fracture mechanics.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

The development of alloys with higher mechanical strength

and corrosion resistance has advanced considerably in recent

years due, mainly, to recent operational conditions imposed

by oil and gas industry. The new challenges involving the oil

and gas production in ultra-deep layers (for example pre-salt
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layer in Brazil), are related to the composition of the oil

crude containing different partial pressures of CO2 and H2S

and high concentrations of chloride, combined with quasi

static or dynamic loading. One grade of the stainless steels

that has good ratio between corrosion and mechanical resis-

tance and a relatively low cost, if compared to high nickel

alloys, are the super duplex stainless steels (SDSS). These

classes of stainless steels are FeeCreNi alloys containing
.
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elements Mo, W, Cu and N, for example [1e3]. These grades of

materials has a microstructure composed by two phases,

austenite (g e Face Centred Cubic, FCC) and ferrite (a e Body

Centred Cubic, BCC), in about 1:1 proportion.

Regarding the corrosion resistance of these steels, re-

searches have pointed critical aspects concerning the sus-

ceptibility to localized corrosion and stress corrosion cracking

in environments containing different partial pressures of CO2

and H2S ðPCO2=PH2SÞ. The increasing of both corrosion pro-

cesses is commonly related to microstructure changes as

consequence of heat treatments or welding procedures. Kio-

shy et al., 2012 [4], presented results showing the deleterious

impact of intermetallic phases on localized corrosion resis-

tance of a superduplex stainless steel UNS S32760. In that

work, the authors applied the double loop electrochemical

potentiodynamic reactivation (DL-EPR) technique, according

ISO 12732 standard [5], to correlate the increase in the sus-

ceptibility of localized corrosion with the presence of delete-

rious phases.

The qualification of welding procedure for this kind of

steel requires evaluation of the resistance to cracking

through tests according to ISO 7539-2 [6] and NACE MR 0175/

ISO 15156-3 [7]. These standard together covers stress corro-

sion tests in sour solution containing H2S. Chehuan et al.,

2014 [8], have used the procedure described in ISO 7539-2

standard to evaluate the influence of secondary austenite (g2)

on the stress sulphide cracking (SSC) of welded joints of super

duplex stainless steel (UNS S32750). It was verified that the

simple presence of g2 does not necessarily imply in loss of

corrosion resistance, its effect seems to be related to the

precipitation region in the matrix and temperature range in

which this phase forms.

However, tests according ISO 7539-2 and NACE MR 0175/

ISO 15156-3 do not provide information that can be used in

engineering of critical analysis to determine the remaining life

of a metallic component or structure. The results are used

only for qualitative rating due to a greater or lesser stress

corrosion cracking susceptibility. Thus, the development of

methodologies enabling to apply the elasticeplastic or elastic-

linear fracture mechanics theories in presence of quasi-static

or dynamic loading and corrosive environment become

indispensable for a quantitative analysis of the risk to failure.

Indeed, the evaluation of the BS 7448 parts 1 [9] and 2 [10], BS

ISO EN 15653 [11], ASTM E1290-07 [12] or ASTM E1820-08 [13]

standards for application in corrosive environment to obtain

a quantitative parameter (Critical Tip Open Displacement,

CTOD, or J Integral) become a technical alternative for reliable

analysis of loss of toughness on metallic materials.

Olden et al. [14] presented results about the diffusion co-

efficient of hydrogen in different microstructures. They found

values of 10�5 m2 s�1, 10�16 m2 s�1 and 10�15 m2 s�1 respec-

tively for ferrite, austenitic steels and super duplex stainless

steel, in charging conditions of 1 mA/cm2 in solution 0.1 M

NaOH. These differences in diffusion coefficient of hydrogen

show that in SDSS there is a great solubility to hydrogen (H0) in

austenite phase and a low solubility in ferrite phase. Conse-

quently, the accumulation of hydrogen depends of the ratio

between austenite and ferrite phase for this kind of steel and

this point is important to be considered to take into account

the hydrogen effect in dual phase steels.
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Turnbull et al. [15] studied the resistance to hydrogen-

assisted cracking of welded supermartensitic stainless steel

using a very slow strain rate test (nominally 10�8 s�1) under

cathodic protection conditions. The authors compared the

effect of strain rate and temperature. They concluded that in

presence of hydrogen, the strain rate is the main parameter

influencing the cracking. Based on Turnbull's results, in our

paper we will use a very low strain rate to test the different

welded joints.

Sieurim et al. [16] showed fracture toughness results of

base and weld metals at subzero temperatures. They used

J-integral calculations to full size three point bending samples.

The authors correlated the fracture toughness with Charpy

impact values and found a transition curve showing the in-

fluence of temperature in the fracture toughness.

On fracture mechanics in acid aggressive environment,

particularly concerning the hydrogen effect, there is not

systematic information about the limits values of fracture

toughness that could be used to predict the remaining life

or critical defect size in duplex or super duplex stainless

steel. Indeed, in acid media the more aggressive agent for

these steels is the hydrogen [17,18]. Bahrami et al. [19]

presented results related to influence of hydrogen content

and strain rates on fracture toughness of pipe and forged

parents materials. In general, the reduction of fracture

toughness were due presence of hydrogen after cathodic

charging and the deleterious effect was more pronounced

to displacement rate of 0.006 mm h�1. According the au-

thors, from this value of displacement rate the toughness

values do not changes significantly with displacement or

strain rate.

John Jy-An Wang et al. [20] showed results concerning

development a new methodology to assess the influence of

hydrogen through fracture toughness tests with a torsional

fixture to spiral notch torsion test (SNTT). The in situ tests

indicated that the exposure to H2 significantly reduces the

fracture toughness of a high strength steels. Yanfei Wang

et al. [21] presented a simple quantitative model to predict the

fracture toughness of steels in gaseous hydrogen. The model

is based on the assumption that fracture of a crack body occur

when the maximum principal stress ahead of crack tip rea-

ches the critical cohesive stress for crack initiation. Themodel

describes also the dependence of fracture toughness on

hydrogen pressure, temperature and yield strength of steels.

In both cases, the authors do not applied the methodologies

specifically on superduplex stainless steels.

The presentwork presents results of fracture toughness for

two welded joints using different heat inputs, in the presence

of hydrogen coming from cathodic protection with different

time of hydrogenation. The main purpose is to discuss a

coherent methodology to be used to assess the loss of fracture

toughness in welded joints of super duplex stainless steel

(UNS S32750).

 

Materials and methods

The SDSS used in this workwas a UNS S32750 obtained from a

pipe with outside diameter of 203.20 mm and thickness of

19.05 mm. The chemical composition (main elements) and 
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Fig. 1 e Dimensions of the bevel.

Table 2 e Chemical composition of filler metal.

Material % Cr % Ni % Mo % N

SFA 5.9 25.9.4 NL 25 9.5 4 0.25

Table 3 e Mechanical properties.

Sample sLE0,2 (MPa) sR (MPa)

CP1 749.74 926.55

CP2 753.82 925.05

CP3 728.14 918.94

Average 743.90 923.51

Standard derivation 13.80 4.03

Fig. 2 e Orientation of the crack plane in the samples.

According BS 7448-2 [10] this orientation is classified as NP.

Table 4 e Dimension of samples machined from welded joint

Heat input

Condition Air

Sample 1.1 e CP1 1.1 e CP2 1.1 e

B (mm) 15.02 15.02 15

W (mm) 30.09 30.09 30

e (mm) 13.08 13.12 13

Table 1 e Chemical composition of material.

Material UNS % wt

C Cr Ni Mo N Cu Mn S W Fe PREN

S32750 0.031 25.38 6.72 3.80 0.21 0.136 1.176 0.0005 0.020 Bal z41.4

i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 5 ) 1e9 3
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pitting resistance equivalent number (PREN) of the material

used is presented in Table 1.

The welding was performed in equipment orbital auto-

matic cold wire gas tungsten arc welding (Orbital-GTAW),

with bevel geometry according to Fig. 1. The chemical

composition of the filler metal used (mainly elements) it

shown in Table 2.

Tensile tests were performed in base metal samples to

obtain parameters to be used to calculate the CTODmaximum

load (dm). The results are exposed in Table 3.

Tests of fracture toughness were performed according BS

7448-1 [9] and BS 7448-2 [10] standards. The orientation of the

crack plane in relationwithwelded joint used is present in Fig.

2. The CTOD specimens were then submitted to fatigue pre-

crack, following the BS 7448 standard procedure, using an

Instron 8801 machine. After fatigue pre-crack, some samples

were submitted to hydrogenation.

After the welding, the samples were analyzed in the light

opticalmicroscope according to ASTME1245-03 [22] andASTM

E562-05 [23] to quantification of phases and DNV RP F112-08

[24] to determine the austenitic spacing. The procedure used

to prepare the samples was grinding from #320 mm to

#1500 mm followed by electrolytic polishing in solution 60 ml

perchloric acid þ940 ml ethanol, 3 V by 60 s. The attack was

performed in two steps: first step in oxalic acid 10%, 3 V by

12 s, and second step in NaOH 40%, 3 V by 20 s. This procedure

reveals in the first step the presence of chromiumnitrite (Cr2N

or CrN) and in the second step the localization of this nitrides

(intragranular or intergranular in the ferrite phase) and the

presence of intermetallic deleterious phases (s, c).

CTOD tests were done using samples in air and after hy-

drogenation by 96 and 360 h. The dimensions of samples by

heat input are shown in Tables 4 and 5. According BS 7448-1,

the specimens must be loaded with loading rates in the range

of 0.5 MPa m0.5 s�1 to 3.0 MPa m0.5 s�1(z15.82 N mm�3/2 s�1 to

94 N mm�3/2 s�1). Nevertheless, using these ranges it was not

possible to detect the effect of hydrogen in SDSS during pre-

liminary tests. It was necessary to use lower loading rate.

Three different displacement controls of hydraulic actuator in

the universal machines were used: 0.01 mm s�1, 0.002 mm s�1

and 0.001mm s�1. The results are exposed in Fig. 3. The rate of

0.001 mm s�1 is the lower displacement possible due to
with low heat input.

1.1 kJ/mm

Hydrogenation

CP3 1.1 e H1 1.1 e H2 1.1 e H3

.04 14.81 15.03 13.9

.12 30.03 29.88 27.6

.21 12.7 13.11 11.9
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Table 5 e Dimension of samples machined from welded joint with low heat input.

Heat input 2.0 kJ/mm

Condition Air Hydrogenation

Sample 2.0 - CP1 2.0 - CP2 2.0 - CP3 2.0 - H1 2.0 - H2 2.0 - H3

B (mm) 14.05 15.23 15.29 13.78 13.86 13.94

W (mm) 28.05 29.9 30.13 27.89 27.92 27.95

e (mm) 13.39 13.52 13.51 11.96 12.08 12.05

Fig. 3 e Tests for three different displacement control of the

machine.

Fig. 4 e Samples after coating.
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limitation of flow in servo valve of the machine. The value of

loading rate selected for these tests was 0.897 N mm�3/2 s�1

(0.01mmmin�1). The samples to be charged by hydrogenwere

coated with a non-conductive layer, as can be seen in Fig. 4,

getting exposed only the area of notch. The solution used was

3.5% NaCl and the potential applied was �1400mVSCE (around

�1000 mV of overpotential from the open circuit potential),

simulating an excessive cathodic protection, whichmay occur

in subsea application. The initial pH, before application of the

cathodic protection, remained between 5.9 and 6.2 and after

96 h to �1400 mVSCE between 5.4 and 5.8.
Table 6 e Principal welding parameter used in the
samples welded with low heat input.

Layer Im (A) Vm (V) Vs (mm/s) H (kJ/mm)

Root 90 9.5 0.78 1.1

Hot pass 110 9.5 0.95

Filling 150 9.3 1.27

Finishing 150 9.3 1.27

Please cite this article in press as: Lage MA, et al., Hydrogen influence
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Results and discussion

The main parameters for each welded joint were monitored

during the welding and used to calculate the heat inputs. The

average values are shown in Tables 6 and 7. The results of the

metallographic analysis, quantification of phases and

austenitic spacing are presented in Fig. 5, Table 8 and Fig. 6,

respectively.

It is possible to observe aftermetallographic analysis (Fig. 5

and Table 8) a great anisotropy in terms of distribution and

morphologies in both samples. Large amounts of austenite

Widmanstatten and secondary austenite (g2) were observed.

These results are related to re-heating promoted by subse-

quent welding passes. It was not observed the presence of

deleterious phases and consequently, it is possible to assert

that the predominant mechanism to decomposition of ferrite

phase in g2 was the reaction a / CrN/Cr2N þ g2. Another

important point observed in this analysis was the dispersion

found in austenitic spacing, resulting in a relative accuracy

higher than the minimum specified by the standard DNV RP

F112 08 [23], which is 10%. Another important point about

austenitic spacing is that the values found to relative accuracy

decrease with the increase of heat input and consequently,

with the reduction of reheating. This fact may indicate that

this parameter is not appropriate to be used in cases of high

microstructural anisotropy, as in welding joints.

Table 9 and Fig. 7 show the CTOD (d) tests results. However,

before discussion about CTOD results, a brief approach will be

presented about significance of the stable growth cracking

propagation (Da) and the methodology used to identify and

obtain this parameter. For identification and measurement of

Da, firstly is performed a thermal procedure on fracture sur-

face designated by heat tint. This procedure consists of

heating the samples to 500 �C by 30 min, followed by air

cooling. This procedure allows the cracks (fatigue and Da) to

acquire different colors. After that, the same methodology

used to measure the cracking fatigue was used to measure Da.

Fig. 8 shows the images before and after heat tint and the

methodology used to determine the length of the cracking

fatigue (d) and Da.
Table 7 e Principal welding parameter used in the
samples welded with high heat input.

Layer Im (A) Vm (V) Vs (mm/s) H (kJ/mm)

Root 110 9.5 0.52 2.0

Hot pass 120 9.5 0.57

Filling 170 9.0 0.77

Finishing 170 9.0 0.77

on fracture toughness of the weldmetal in super duplex stainless
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Fig. 5 e Metallographic analysis. Examples of distribution and morphologies of phases found. (a) and (c) sample 1.1 kJ/mm

and (b) and (d) 2.0 kJ/mm.

Table 8 e Percentage of phases according ASTM E1245-03
[17] to 95% of confidence interval (95% CI).

1.1 kJ/mm 2.0 kJ/mm

Sample % g % a Sample % g % a

Average 42.04 57.96 Average 42.35 57.65

95% CI 1.77 1.77 95% CI 0.32 0.32

Fig. 6 e Austenitic spacing results according DNV RP F112-

08 [19].
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In tests performed in air Da is related to a phenomena

called pop-in, which corresponds to the appearance of a brittle

crack and will be better discussed during the text. In the

presence of pop-in during the test, a graphic instability (abrupt

drop in loading) during the CTOD test is observed (Fig. 9).

Although predicted in the literature, this phenomenon was

not seen in the tests performed in the samples used in the

present paper. Indeed, as seen in Fig. 10, the results of d tests

do not present such instability and Da occurs due to brittle

stable growth crack propagation. From these results is

possible to note that even without pop-in, there was a sig-

nificant reduction in CTOD value and stable growth cracking.

Moreover, brittle appearance was noted in all samples. The

evolution of the predominant fracture micromechanisms

found for all samples, as function of hydrogenation time, can

be seen in Fig. 11.

The d values obtained for samples 1.1 kJ mm�1 and

2.0 kJ mm�1 after hydrogenation must be classified as dm,

value of CTOD at the first attainment of a maximum force

plateau for fully plastic behavior. This fact is crucial because

from integrity analysis, the d values, together with stress

analysis, will be used to estimate the critical size defects to be

admitted in a practical situation. However, the value of critical

size defects obtained in presence of hydrogen can diminish

with time of hydrogenation. This fact can be observed in the

resistance curve presented in Fig. 12.  
on fracture toughness of the weldmetal in super duplex stainless
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Fig. 7 e CTOD results by heat input as function of the time hydrogenation.

Fig. 8 e Methodology for measures cracking of fatigue and SGPC. (a) after test, (b) after heat tint and (c) procedure to measure

the lengths of the cracks (in red cracks of fatigue and in blue stable growth cracks). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Table 9 e Results of the CTOD tests.

Condition Da (mm) d (mm)

1.1 kJ/mm Air e 0.820 ± 0.021

After 96 h of hydrogenation 0.268 ± 0.014 0.745 ± 0.061

After 15 days of hydrogenation 0.284 ± 0.003 0.079 ± 0.004

2.0 kJ/mm Air e 0.414 ± 0.052

After 96 h of hydrogenation 0.280 ± 0.005 0.333 ± 0.021

After 15 days of hydrogenation 0.539 ± 0.012 0.076 ± 0.011

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 5 ) 1e96
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Fig. 9 e Example of graphic instability representative of

pop-in.

Fig. 10 e Typical graphic aspect obtained during CTOD

tests.
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As seen, Fig. 12 shows a reduction on d and J integral when

the hydrogenation time increased, for both heat input used:

1.1 kJ mm�1 (from 0.820 mm ± 0.021e0.079 mm ± 0.004) and

2.0 kJ mm�1 (from 0.414 ± 0.052 to 0.076 ± 0.011). As conse-

quence, a substantial reduction in plasticity around the crit-

ical tip open displacement was observed. It means that the

hydrogen eliminates the plastic zone in front of the crack and

imposes a limit in the application of the elasticeplastic frac-

ture mechanical theory in the present situation. Indeed, for

tests in air, the plasticity of weld metal requires the applica-

tion of elasticeplastic fracture mechanical theory. Neverthe-

less, for different hydrogenation times, becomes questionable

the use of this theory due the drastic reduction of the plas-

ticity. A comparative procedure using de values of KIC

[MPa m0.5] and lower values of dm (in this case to dm values

obtained after 360 h of hydrogenation) could be used to better

explicit this situation. The procedure consists in analyze if

after 360 h of exposition the dm correspond to valid KIC value or

not. For this, a value of KQ [MPa m0.5], is obtained, the factor

2.5 � (KQ/sYS)
2 (KQ and sYS are the K value related with the
Please cite this article in press as: Lage MA, et al., Hydrogen influence
steel (UNS S32750) welded with two different heat input, Internatio
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maximum load value and yield stress, respectively) is calcu-

lated and if the factor is minor than crack length (a0), thick-

ness (B) and W-a0 then KQ ¼ KIC. Thus, would be possible to

evaluate from a determined length of crack, time of hydro-

genation and loading, if would be possible or not to take into

account the plasticity around of critical tip open displace-

ment. In addition, this procedure could be used as a criterion

to choice which fracture mechanic theory (linear-elastic or

elasticeplastic) is safer to be used within the integrity anal-

ysis. In Table 10 the values of KQ and dm are presented.

Considering the fact that after 96 h of hydrogenation the

values of dm are 0.745 mm and 0.333 mm to 1.1 kJ mm�1 and

2.1 kJ mm�1 respectively and the fracture mode were quasi-

cleavage for both samples, these results could establish a

threshold region of fracture toughness to operate in situation

of hydrogen embrittlement: 113.38 MPa m0.5 (Table 10). Below

this value the microstructure presents high susceptibility to

unstable crack propagation, which could lead to catastrophic

failure. These results are coherent with the ones obtained by

Brahami at al [19] that arrived practically to the same

conclusion for pipe and forged parents materials.

It seems thatevenafter 360hof exposition, theKQvaluesare

not the KIC values, but is clearly approaching to this valor. KQ

values about 45MPam0.5 the valuesof a0, B andW-a0 arehigher

than 2.5 � (KQ/sYS)
2 and would be characterized a total reduc-

tion of plasticity around of critical tip open displacement.

Moreover, taking into account that this material has a dual

phase structure (a with high diffusivity and g with high solu-

bility to hydrogen), the plastic deformation around the critical

tip open displacement can disappear for longer time of hy-

drogenationor lower loading rate.Consequently, it seemsmore

reasonable to use tests based on the linear-elastic fracture for

this kind of material. This point has already been, implicitly,

proposed by Ernst at all [25,26] for sour environments tests,

where the authors emphasized the importance in establishing

a maximum value of K [MPa m0.5] for which there is no crack

growth in a certain time of exposition in environment con-

taining H2S. Furthermore, the authors presented results

showing thenecessity toadjust a criterion todescribe theeffect

of hydrogen on fracture toughness. Indeed, when in the crack

tip opening stress exceeds a critical concentration of hydrogen

the cracks propagate, evenwith a small plasticity. The authors

pointed out that more effort is required to carry out a

comprehensive study of the parameters involving in the crack

propagation. Indeed, the tests used by the authors concern the

linear elastic fracturemechanics concepts. For the authors the

unique point to be considered in this case, in the presence of

hydrogen, is theminimum load to support the instable growth

crack. This aspect is totally in agreement with our paper.

 

Conclusions

The main conclusions of this work are the following:

i. The loading rate selected (0.897 N mm�3/2 s�1) was slow

enough to allowing hydrogen interaction with the pro-

cess of crystallographic shear at the critical aperture

area in the crack tip (d), reducing the CTOD values for

samples welded with 1.1 kJ/mm and with 2.0 kJ/mm; 
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Fig. 11 e Micromechanisms of fracture in stable grow crack region by sample. (a)e(b) 1.1 kJ/mm and (c)e(d) 2.0 kJ/mm

samples, respectively.

Fig. 12 e Reduction of toughness fracture and increase of

stable growth cracking with hydrogenation time.

Table 10 e Analysis of different criterions to assess toughness

Time of
exposition
[hours]

dm [mm]

1.1 kJ/mm 2.0 kJ/mm 1.1 kJ/m

0 0.820 0.414 136.0

96 0.745 0.333 113.3

360 0.079 0.076 70.5

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 5 ) 1e98
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ii. Hydrogen reduces the toughness fracture of the welded

joints of super duplex stainless steel, even for small

hydrogenation times. The results also showed that the

hydrogen acts in the region of stable crack growth.

iii. The austenitic spacing was not a reliable parameter to

evaluate the influence of microstructure on the sus-

ceptibility to hydrogen embrittlement. Indeed, even the

value showing a tendency to decrease with increasing

heat input, there was a wide dispersion of results

(reduction of the interval of confidence) associated with

high value of relative accuracy.

iv. The interpretation of the d values obtained in presence

of hydrogen must be reviewed. Aspects as time of hy-

drogenation, anisotropy microstructural and loading

rate are responsible by the reduction in fracture

toughness and decrease the critical size of defects.
fracture in hydrogenate environment.

KQ [MPa m0.5] KIC [MPa m0.5]

m 2.0 kJ/mm 1.1 kJ/mm 2.0 kJ/mm

6 100.99

8 72.97 KIC [MPa m0.5]

5 67.47
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