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ABSTRACT

For structural assessment and optimal design of thick-section high-strength
steels in applications under harsh service conditions, it is essential to under-
stand the cleavage fracture micromechanisms. In this study, we assess the
effects of through-thickness microstructure of an 80-mm-thick quenched and
tempered S690 high-strength steel, notch orientation, and crack tip constraint in
cleavage nucleation and propagation via sub-sized crack tip opening displace-
ment (CTOD) testing at —100 °C. The notch was placed parallel and perpen-
dicular to the rolling direction, and the crack tip constraint was analysed by
varying the a/W ratio: 0.5, 0.25, and 0.1. The notch orientation does not play a
role, and the material is considered isotropic in-plane. Nb-rich inclusions were
observed to act as the weak microstructural link in the steel, triggering fracture
in specimens with the lowest CTOD values. While shallow-cracked specimens
from the top section present larger critical CTOD values than deep-cracked ones
due to stress relief ahead of the crack tip, the constraint does not have a sig-
nificant influence in the middle due to the very detrimental microstructure in
the presence of Nb-rich inclusions. Some specimens show areas of intergranular
fracture due to the combined effect of C, Cr, Mn, Ni, and P segregation along
with precipitation of Nb-rich inclusions clusters on the grain boundaries. Sev-
eral crack deflections at high-angle grain boundaries were observed where the
neighbouring sub-structure has different Bain axes.
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Introduction

Cleavage fracture, as the most dangerous form of
fracture, raises concern in structural components
under harsh operating conditions. Although high-
performance materials with an optimal combination
of strength and toughness, such as high-strength
steels (HSSs), are often selected for structural appli-
cations, severe operating conditions can make them
susceptible to brittle fracture [1-3]. For example,
thick-section HSSs are applied in offshore structures,
including equipment necessary for installing green
energy farms and decommissioning old structures
that had been used for the exploitation of oil and gas.
In such applications, the service environments
account for the presence of high stresses and the
potential of very low temperatures. As body-centred
cubic (BCC) HSSs are known to transition from
ductile to brittle when the temperature is reduced or
high strain rates are applied, the potential for catas-
trophic cleavage fracture exists. Cleavage is the gov-
erning micromechanism in the ductile-to-brittle
transition region and the lower shelf [4]. Hence, for
integrity assessment and optimal material design of
these structures, including modelling approaches, the
investigation of cleavage initiation and propagation
micromechanisms of thick-section HSSs is required.
The influence of microstructural factors on cleavage
fracture toughness and micromechanisms has been
investigated in the literature [5-10]. However, there
are still some knowledge gaps to be filled.

First, from the microstructural point of view, thick-
section HSSs display complex and multiphase
microstructures with a significant degree of inho-
mogeneity through the thickness (e.g. grain size,
inclusions, and phase fractions) [5, 11, 12]. Conse-
quently, a considerable scatter of mechanical and
fracture properties is observed along the thickness
[5, 6, 12, 13], resulting in great consequences for
accurate structural integrity evaluation and definition
of structural design specifications. To assess cleavage
fracture for such steel plates, many experimental
studies found in the literature use Charpy testing,
which has limitations regarding specimen plastic
constraint-blunt notch instead of a sharp crack-strain
rate-dynamic loading instead of quasi-static loading—
and specimen size and size-dependent property-rel-
atively small, not representing metallurgical struc-
tural variations and material true property [5, 12, 13].
Another limitation of these studies is that they are
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mostly focused on modified or experimental steels
that are not used in industrial practice. Thus, they do
not necessarily have the actual heterogeneous
microstructures observed in operating structural
components [12, 13]. Moreover, they lack sufficiently
detailed material characterisation to allow for an
accurate and comprehensive analysis of cleavage
fracture [5, 6, 12, 14]. Hence, these studies do not
provide a representative understanding of the
involved fracture micromechanisms, crack initiation
and propagation, in structures. For instance, Pal-
laspuro et al. [13] carried out a similar study where a
comprehensive and statistical microstructural char-
acterisation is provided. However, the steel is
experimental, where material from different positions
is separately hot-rolled and heat-treated, resulting in
a different microstructure and mechanical and frac-
ture properties representative of real commercial
steels. Liu, Zhang and Li, and Wang et al. [5, 12] also
investigated the scatter of properties through the
thickness of thick-section steels connecting it with
microstructural features. These studies were carried
out in steels that are not commercial but are subjected
to similar industrial processing routes. However, the
authors do not provide sufficient statistical
microstructural information for the assessment of
various microstructures features on the onset and
propagation of cleavage cracks. Moreover, fracture is
evaluated in terms of impact toughness via Charpy
tests.

Studies related to micromechanism-driven mod-
elling of cleavage fracture share this knowledge gap.
In a multi-barrier theory, cleavage fracture of ferritic
steels is regarded as the result of the successive
occurrence of three microscale events: nucleation of a
slip-induced crack at a brittle second-phase particle
(i.e. carbides in steels) or inclusion; propagation of
the microcrack across the particle/matrix interface
under the local stress state; and propagation of the
grain-sized crack to neighbouring grains across the
grain boundary under the local stress state [15-18].
Hence, the use of a multi-barrier theory requires an
understanding of the relationship between represen-
tative and statistical microstructure, local properties,
and failure micromechanisms. Bimodal methods in
cleavage simulations of steels have modelled macro-
scopic microstructural inhomogeneities at the mil-
limetre scale [19, 20]. However, microstructural
inhomogeneities below the millimetre scale have not
yet been considered.
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Second, from the experimental perspective, frac-
ture toughness testing and assessment are standard-
ised, e.g. [21, 22]. However, there are some variables
in the fracture toughness testing that may have a
significant effect on the resulting toughness values.
For instance, research has shown that the orientation
of the notch may affect the toughness, reflecting an
anisotropic behaviour of the material and indicating
the most critical crack orientation in the structure
[7, 23]. The crack tip constraint and its effect on
fracture toughness are also extensively studied in the
literature [8, 9, 24-26]. The crack tip constraint is
related to the stresses at the crack tip. In standard
fracture assessments, deep-cracked specimens
(0.45 < a/W < 0.55, where a is the nominal crack
length and W is the specimen width) are used to
restrict the plastic zone near the crack tip, resulting in
very small plastic zones compared to the specimen
dimensions. Hence, a high degree of stress triaxiality
(constraint) in the crack tip is ensured. This proce-
dure follows a conservative approach and measures a
lower-bound value for the material’s fracture tough-
ness. However, structural components may contain
initial surface (shallow) cracks originating from
welding and corrosion processes. In this case, when
the material is loaded, the plastic deformation at the
crack tip may expand to the nearest free surface,
relaxing the stresses at the crack tip and reducing the
constraint. Consequently, shallow-cracked specimens
are likely to have higher fracture toughness than
deep-cracked specimens [9, 10, 26, 27]. Sorem, Dodds,
and Rolfe [10] reported that shallow-cracked speci-
mens (a/W = 0.15) of a low-strength structural steel
have critical CTOD values: 2.5 times higher than
deep-cracked specimens (a/W = 0.5) within the lower
transition region. Also, the crack tip constraint was
observed to affect the toughness-temperature rela-
tionship, which is important for BCC steels [26, 27].
As stresses ahead of the crack tip are relieved with
the loss of constraint in the shallow-cracked speci-
mens, larger far-field stresses need to be reached for
brittle fracture to occur and cleavage is delayed in
relation to the deep-cracked specimens. A difference
of 20 °C in the transition temperature between deep-
and shallow-notched specimens for a low-strength
structural steel was observed by Sorem, Dodds, and
Rolfe [26]. Thus, standard procedures may be con-
sidered too conservative for actual structures with
shallow cracks, and the material fracture behaviour
with shallow defects is worth investigating for a
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realistic practical fracture integrity assessment. As
discussed, extensive research has been done to
address the impact of crack depth and plastic con-
straint on fracture toughness. Nevertheless, the
influence of the material microstructure on the plastic
constraint effect in HSSs still needs to be investigated.

Therefore, the effects of through-thickness
microstructural inhomogeneity on cleavage fracture
toughness are comprehensively investigated to
identify the microstructural features governing
cleavage fracture in HSSs. Bertolo et al. [11] exten-
sively and statistically characterised the through-
thickness microstructure of the steel studied herein.
In the present work, the cleavage fracture toughness
of the investigated high-strength steel is assessed via
three-point bend crack tip opening displacement
(CTOD) tests on a commercially available 80 mm
thick S690QL HSS plate at —100 °C, to evaluate the
material on the lower shelf. Three macroscopic vari-
ables were considered in the CTOD tests for further
examination: (1) crack orientation with respect to the
rolling direction to analyse whether the material
presents anisotropic behaviour, (2) crack depth to
understand the constraint effects on toughness in the
present material /microstructure under study, and (3)
through-thickness position to understand through-
thickness homogeneity. Afterwards, fracture surfaces
and their transversal planes were analysed, provid-
ing an extensive statistical analysis of cleavage initi-
ation sites, showing the direct effect of different
initiation sites on fracture toughness and the prefer-
ential propagation paths. The outcome of this
research along with the work carried out in [11]
represents a unique data set that relates the micro-
and macro-scales relevant for understanding cleav-
age fracture in HSSs and modelling it using the multi-
barrier theory.

Material and methods
Material

The investigated materials were taken from the top
quarter (further referred to as top) and middle
thickness sections of a commercially available
80-mm-thick quenched and tempered (S690QL
according to EN 10025-6 [28]) high-strength steel
plate. The chemical composition of these sections,
measured by X-ray fluorescence (XRF) and LECO

@ Springer
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Table 1 Chemical composition of S690QL at two through-thickness locations

wt (%) Fe C Si Al Mo Other

Top Bal 0.170 &+ 0.001 0.290 £ 0.022 0.070 £ 0.005 0.300 £ 0.007 Mn, Ni, Cr, Nb, P, N, S, B
Middle Bal 0.160 & 0.001 0.30 £ 0.03 0.080 &+ 0.011 0.29 £+ 0.02

combustion analysis, is given in Table 1. The ele- mixture of oxides, carbides, and nitrides (e.g. (Mg,
mental content of this steel is in accordance with the Ca, Al, Ti)(O, N) and (Nb, Ti)(N, C)). Nb-rich cubic
standard EN 10025-6, including for the ones under inclusions are often observed distributed as clusters
“other” (max wt% of Mn =1.7, Ni=4.0, Cr =1.5, and associated with defects (e.g. cracks in the inclu-
Nb=0.06, P=002 N=0.015 S=001 and sions themselves and voids in the interface inclu-

B = 0.005) [28]. The tensile and micro-Vickers hard- sion/matrix). These inclusions were quantified, and
ness properties for the top and middle sections at their sizes were measured. It was observed that big-
room temperature and —100 °C are presented in ger—spherical and cubic-inclusions are presented in a
Table 2. The material was measured to have an iso- larger area fraction in the central part of the steel
tropic in-plane behaviour. plate than on the outer surface [11]. A distinct hard-

An in-depth microstructural characterisation of  ness gradient is observed through the plate’s thick-
both thickness positions was performed and is dis- ness. The top section shows higher hardness than the
cussed in detail in [11]. Figure 1 exemplifies the middle section. However, a hardness maximum,
microstructure and inclusions found in the through- comparable to the value in the top section, right in the
thickness of the S690QL high-strength steel. Table 3 centre of the plate is observed. This is related to the
summarises the main microstructural characteristics. area fraction of martensite and PAG sizes. The top
The through-thickness microstructural matrix of the section, as well as the segregation bands, has a larger
HSS plate under study is a mixture of tempered area fraction of martensite and smaller PAG sizes
(between 600 and 650 °C for a few minutes) micro- than the middle section outside the segregation

constituents ferrite (F), bainite (TB), and martensite bands, resulting in higher hardness. Moreover, the
(TM). Additionally, centreline segregation bands (SB) segregation bands also present clusters of brittle

were observed in the mid-thickness section, with inclusions which explains their nanohardness being
different phase fractions of the middle section out- up to 2.4 times higher than in the surrounding areas
side SB. Based on the grain average image quality in the middle section.

(GAIQ) analysis, the phase fraction of F, TB, and TM
is: 6%, 68%, and 22% (top); 15%, 76%, and 7% (middle Methods

section outside SB); and 0.2%, 86% and 14% (middle

section inside SB). Prior austenite grains (PAG) are ~ Characterisation of fracture properties
larger in the middle section than in the top section,
except for the segregation bands where PAG are
smaller within the middle and comparable to the
grains in the top section. In general, the top and
middle sections display spherical and cubic inclu-
sions with complex chemical compositions with a

Three-point bending tests using sub-sized single
edge-notched bending (SENB) specimens from the
top and middle sections were carried out similar to
the ISO 12135 standard [21] at —100 °C and a defor-
mation rate of 2 mm/s using a 350 kN MTS 858

Table 2 Tensile and Micro-Vickers hardness properties of the top and middle sections at —100 °C and room temperature (RT)

Thickness position Yield strength (MPa) Tensile strength (MPa) Micro-vickers hardness (HV3)
RT —100 °C RT —100 °C RT

Top 811 £ 4 974 £ 13 931 £4 1078 £ 14 280 £ 5

Middle 739 £+ 11 895 £+ 12 861 + 12 1013 + 13 272 + 11

@ Springer
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RD

Figure 1 SEM  micrographs of the (a) tempered
microconstituents, ferrite, bainite, and martensite, and b (Mg,
Al, Ca)(O, S) and ¢ (Nb, Ti)(C) inclusions that constitute the
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through-thickness microstructure of the S690QL steel. Defects
associated with inclusions and the interface inclusion/matrix are
indicated by the white arrows (Partially included in [29]).

Table 3 Summary of microstructural quantitative characteristics for the S690QL high-strength steel under study reported in [11]

Thickness Average PAG size Inclusions
position (Intercept) (um) 3 B )
Shape Range Area fraction Fraction Fraction of clustered
(um) (%) inclusions (%)
Top 192 + 1.4 Oxide- 1-5 5x107%+£3 x 107 88+ 1 -
circular
Nb-cubic ~ 1-7 7x1077+£4x107° 12+£1 47
Middle Outside  23.5 + 2.3  Oxide- 1-5 Tx10*+3x10* 76+6 -
SB circular
Inside 19.1 £ 2.6 Nb-cubic 1-12 2x 1074 +£3%x107° 2446 74
SB

SB segregation bands

servo-hydraulic test rig. First of all, a thermocouple is
spot welded to the specimen to monitor the temper-
ature during cooling and testing. Next, the specimen
is cooled down by immersion in liquid nitrogen until,
approximately —196 °C (liquid nitrogen’s boiling
temperature). The temperature difference between
the minimum cooling temperature and the test tem-
perature is to allow for thermal soaking and to ensure
there is enough time to mount the specimen in the
set-up. Subsequently, the specimen is placed on the
machine, touching a thermal insulation material
placed next to the rollers (at a larger height) of the

three-point bending set-up. The aim is to avoid the
specimen to touch the metallic rollers before that test
and avoid the fast heat exchange. Finally, a pre-load
is applied to make contact between rollers-specimen
and when the specimen reaches —100 °C, the test is
performed. This test temperature (—100 °C) is much
lower than the temperatures experienced in offshore
and maritime applications as the aim is to perform
tests in the cleavage fracture regime. Although the
studied S690QL steel fully satisfies the design
requirements for offshore and maritime applications,

@ Springer
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it may exhibit weaknesses under these more severe
test conditions which impact its performance.

Different experimental conditions were taken into
account regarding crack orientation, T-L (parallel to
the rolling direction) and L-T (perpendicular to the
rolling direction), and crack depth (a/W), 0.5, 0.25 and
0.1 to vary the crack tip constraint from high to low
conditions (Fig. 2). Specimens with a/W = 0.5 will be
referred to as high-constraint; a/W = 0.25 will be
referred to as mid-constraint; a/W = 0.1 will be
referred to as low-constraint. Details on the speci-
men’s dimensions and conditions are given in Fig. 2.
The dashed grey semi-circles represent the three-
point bending rollers.

The CTOD results for shallow notches, a/W = 0.1
and 0.25, were calculated according to the ISO 12135
standard [21]. CTOD fracture toughness tests are
based on the plastic hinge model. For the shallow-
cracked specimens, the plastic hinge point location in
the unnotched ligament ahead of the crack tip can be
shifted due to the smaller a/W ratio than in the con-
ventional deep-cracked specimens. Some studies
reported a significantly lower value of the rotational
factor (r,) for the shallow-cracked specimens com-
pared to the 0.4 used in the standards for deep-
cracked specimens [21]. For instance, it was estimated
at 0.2 for a/W = 0.1 [30, 31]. Hence, it is essential to
determine the r, values for shallow-cracked speci-
mens for an accurate fracture toughness measure-
ment of structures having surface defects. The values
of r, for a/W of 0.1 and 0.25 were determined through
finite element analyses by [32]. The shallow-cracked
specimens were modelled in three dimensions with

ND

A

Top quarter J
Middle

T-L

Figure 2 Schematic illustration showing how SENB specimens
were extracted from the steel plate in terms of thickness position
and notch orientation to the RD, and SENB specimen’s

@ Springer

appropriate boundary conditions reproducing the
experimental set-up. For a/W of 0.1, the total initial
crack length used was 2 mm, which includes a 0.6-
mm-long notch and a 1.4-mm-long pre-fatigued
crack. For a/W of 0.25, the total initial crack length
used was 5 mm, which includes a 3.5-mm-long notch
and a 1.5-mm-long pre-fatigued crack. The crack tip
was modelled with an initial blunted opening with a
radius of 0.005 mm. The finite element models were
loaded by a displacement ramp imposed on the
loading point through a rigid roller. The plastic
rotational factor, 7, is calculated from its relationship
with CTOD and crack mouth opening displacement
(CMOD):

(W —a)V,

5p7rp(W—u)+u )
where 0, is the plastic CTOD component and V), is
the plastic CMOD measured from the finite element
model. As results of the finite element analyses, r,
values were calculated as 0.24 and 0.31 for a/W of 0.1
and 0.25, respectively. The failure probability of a
specimen was calculated as a rank probability:

(i—0.3)

Failure probability = (NT04)

(2)

where i is the rank number in terms of CTOD and
N is the total number of experiments.

Characterisation of fracture surface and profile

SENB fractured surfaces were investigated to study
the fracture micromechanisms (e.g. crack initiation

B=10 mm
3 =
92 mm E
£
o
«
ls :
80 mm

dimensions. The dashed grey semicircles represent the three-
point bending rollers. ND is the normal direction, RD is and rolling
direction, and TD is the transverse direction (Adapted from [11]).
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and propagation). First, the direct examination of
fracture surfaces via scanning electron microscopy
(SEM) equipped with electron dispersive spec-
troscopy (EDS) provided information on the mode of
failure and identification of initiation sites. Second, to
identify the cleavage micromechanisms involved in
the crack propagation process of the S690QT high-
strength steel, the transverse section of the fractured
surface of SENB specimens (hatched area in Fig. 3b)
tested at —100 °C was analysed by SEM and electron
backscattered diffraction (EBSD). Specimens from the
top and middle sections with the notch oriented
parallel to the rolling direction (T-L) and with the
lowest CTOD wvalues (0.02 mm and 0.01 mm,
respectively) were selected for this investigation to
study the worst-case scenario. The preparation of the
transverse section of the fractured surfaces was done
according to the following steps:

1. The distance from the external surface (edge) of
the CTOD specimen and the initiation site was
measured;

2. The CTOD specimen was mounted in conductive
resin to ensure a final flat and well-polished
sample where the external cross-section surface
of the specimen was the one exposed for metal-
lographic preparation and subsequent analysis;

3. The mounted sample was ground using P80 SiC
grinding paper to reduce the sample thickness at
a distance mentioned in step 1 (Fig. 3a). Thus, the
fracture profile to be analysed would be close to
the initiation site and, consequently, represent an
area tested under a triaxial stress state (hatched
area in Fig. 3b). The surface was further ground
with SiC sanding papers of P180, P320, P800, and
P1200. Subsequently, samples were polished with
3 um and 1 um diamond solution for 25 min per
step followed by OPS polishing with 0.25 um for

(b) ND

Figure 3 Schematics of the T-L sample preparation for
fractographic profile investigation showing (a) the sample’s
distance ground to analyse the crack propagation path in an area
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1 h. The appearance of the cross-section of the
fracture surface is shown in Fig. 3c.

4. The sample was then removed from the resin to

avoid drift during the EBSD scans. The analysed
areas in the transversal section of the fractured
surfaces were located close to the pre-crack tip,
where initiation sites were usually located, and
where the crack has propagated without consid-
erably changing its path and has also deflected
significantly. Then, it is possible to identify
microstructural characteristics that have a weak
and strong influence on the crack propagation
under triaxial stress state.

EBSD data were acquired on a Thermo-
Fisher Helios™ UXe G4 PFIB scanning electron
microscope equipped with a Field Emission Gun
(FEG-SEM) using 20 kV accelerating voltage, 3.2 nA
current, tilt angle 70 °C, and step size 0.1 um using
Team™ software and post-processed with EDAX-
TSL-OIM AnalysisTM software. The initial post-pro-
cessing step was the data clean-up. First, grain fit
standardisation with a grain tolerance angle of 5° and
a minimum grain size of 4 pixels was applied con-
sidering that grains contain multiple pixel rows.
Secondly, the neighbour orientation correlation pro-
cedure with a grain tolerance angle of 5° and a min-
imum confidence index of 0.1 was used. Lastly,
neighbour phase correlation with a minimum confi-
dence index of 0.1 was applied. Afterwards, the final
grain definition was done with a tolerance angle of 5°
and a minimum size of 4 pixels.

In order to further investigate the regions of the
middle section that fractured in an intergranular
manner and inspect whether the alloying segregation
at the grain boundary is playing a role, a preliminary
chemical composition line scan analysis was carried
out via Scanning Auger Microprobe (SAM). A PHI-

(c)

fractured in triaxial stress state, b an illustration of the specimen’s
plane which was metallographically prepared, and ¢ the polished
fracture profile.

@ Springer
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650 SAM, equipped with a cylindrical mirror analy-
ser (CMA) and operated with an energy resolution
AEJE of 0.6%, was used. An electron beam of 5 kV
and 150 nA at an angle of incidence of 30° with
respect to the sample surface normal was applied. At
these experimental conditions, the lateral resolution
was approximately 0.3-0.4 um, and the low pressure
in the main chamber was about 7 x 107® Pa. Each
line scan, consisting of 256 scan points for the ele-
ments C, Mn, Cr, Mo, P, Ni and Si, was made through
intergranular facets of the specimen, crossing the
grain boundaries. These elements were selected for
this analysis, as they were identified to be enriched in
the segregation bands or for being frequently repor-
ted in the literature as the main elements responsible
for grain boundary embrittlement in steels, such as P
including the case of temper embrittlement in the
references [11, 33-35].

Results and discussion

Three variables were analysed in the CTOD tests:
thickness position, notch orientation, and crack tip
constraint. SENB specimens were extracted from the
top and middle sections of the S690QL steel plate and
the notches were machined in T-L and L-T orienta-
tions. Initially, two notch depths were considered to
investigate the constraint (crack depth) effects: a/
W =05 and 0.1. These different notch depths
allowed the analysis of high- and low-constraint
conditions, respectively. Figure 4 presents the failure
probability as a function of CTOD for the top and
middle sections, in T-L and L-T orientations and a/
W = 0.5 and 0.1. Note that sub-sized SENB specimens
were proven to be suitable only for cleavage-con-
trolled fractured specimens, meaning that valid
CTOD values should be below 0.2 mm [36]. Hence,
specimens with CTOD values greater than 0.2 mm,

Figure 4 Rank failure 1

°
probability versus CTOD of 09 —mt ®
the experimental fracture tests gg‘f R .
at —100 °C, top and middle ] 0-6 C e

. ] L 3]
sections, T-L and L-T 2_0.5
. . L
orientations, and a/W = 0.5 g o4 w R
and 0.1. 503 '@
Y02 o
o ®
01 g
0
0 0.05 0.1
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presenting extensive plastic deformation, as con-
firmed by visual inspection, were disregarded in the
following discussions made in this study.

Effect of notch orientation and constraint

As can be seen in Fig. 4, most of the top, low-con-
straint specimens, in both notch orientations, present
CTOD values higher than 0.2 mm and show mixed-
mode fracture characteristics. These specimens rep-
resent more than 50% of the tested specimens in this
condition. Thus, the a/W ratio of 0.1 does not provide
representative CTOD results for further discussion of
cleavage fracture in the top section. However, the
effect of notch orientation can be investigated for the
high-constraint and low-constraint middle speci-
mens. Moreover, no significant difference in the
CTOD values between T-L and L-T orientations was
observed either for the top or middle. This behaviour
is expected since the S690QL plate does not have a
preferential crystallographic orientation—texture—
through the thickness [11]. Therefore, the material is
considered isotropic in-plane.

As many of the low-constraint tests were not valid
and, therefore, not included in the analysis (most of
the specimens in the top position with an a/W ratio of
0.1 present critical CTOD values greater than
0.2 mm), a mid-constraint (a/W = 0.25) condition was
included in the test matrix. As the notch orientation
does not play a role, the CTOD results (Fig. 4) for T-L
and L-T orientations were added up for the high-
and low-constraint conditions (a/W = 0.5 and 0.1),
and mid-constraint specimens (a/W = 0.25) were only
tested in T-L orientation.

Figure 5a shows the failure probability as a func-
tion of CTOD for the top and middle sections and a/
W = 0.5, 0.25, and 0.1. Figure 5b shows the relation-
ship between the average CTOD values and the a/W
ratio for the top and middle sections. On the one
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hand, a considerable increase in CTOD values with
the crack depth reduction is seen for the top section,
primarily for the a/W = 0.1 condition. On the other
hand, the a/W influence on CTOD is minor for the
middle section, even for a/W = 0.1.

In general, the lower the a/W ratio, the larger the
CTOD [10, 26, 27]. This correlation is associated with
the specimen’s plastic zone and the resultant stress
state ahead of the crack tip when varying the crack
depth. Sorem, Dodds, and Rolfe [10, 26] performed
studies comparing the behaviour of shallow- and
deep-cracked CTOD specimens of A36 steel. The
authors observed that, when the material is in a lin-
ear-elastic regime (e.g. the lower shelf of the ductile—-
brittle transition curve, where the material failure is
controlled by cleavage), shallow and deep-cracked
specimens present the same stress ahead of the crack
tip for the same CTOD value. In other words, fracture
toughness is independent of a/W values. On the other
hand, in the elastic—plastic regime, at the same CTOD
level, stresses vary ahead of the crack tip for shallow-
and deep-cracked specimens. Furthermore, they [10]
observed that when a CTOD specimen with af
W =0.05 or 0.1 is loaded, the plastic zone ahead of
the crack tip interacts with the nearest free surface
before a plastic hinge forms, which would cause the
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specimen to be invalid. For the investigated level of
loading, the authors observed that at a/W = 0.15, the
formation of a plastic hinge coincides with the
interaction of the plastic zone with the nearest spec-
imen’s free surface. At a/W = 0.2, the plastic hinge
developed long before the plastic zone interacted
with the free surface. Finally, at a/W = 0.5, the plastic
zone was limited to a small region ahead of the crack
tip without expanding to the free surface. Hence, for
the A36 steel, the boundary between shallow and
deep cracks was found to be around a/W = 0.15.
However, this number may vary with the loading,
specimen size, and material hardening behaviour.
For instance, materials that have a considerable strain
hardening may have larger a/W transition values as
the hardening expands the plastic zone to the free
surface [26]. Hence, although the shallow- and deep-
cracked specimens are submitted to the same loading
conditions and, consequently, would present similar
stress levels ahead of the crack tip, the expanded
plastic zone in shallow-cracked specimens relieves
the stress, reducing the triaxiality, and also the con-
straint. Then, shallow-cracked specimens need to be
deformed further to reach the critical stress for fail-
ure, leading to a larger CTOD [26]. This resultant
larger strains experienced by the low-constraint
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specimens before fracture may involve the crack tip
blunting [26].

To simulate the stress distribution near the crack
tip (Fig. 6) for a/W = 0.5, 0.25, and 0.1, a finite element
analysis (FEA) is performed in Abaqus 2017. The
specimen is modelled as a 3D deformable solid with
20-noded hexahedral elements. The supports and
load roller are modelled as frictionless rigid surfaces.
The initial pre-fatigued crack tip is modelled as a
finite notch that is 0.005 mm in radius with the
smallest element having the  dimensions
0.001 x 0.005 x 0.067 mm>. A full Newton-Raphson
algorithm is used to solve the geometric and material
nonlinearity in an implicit method. The stress—strain
relationship of the steel is characterised by Ludwik’s
law, defined with the flow stress (o) and the effective
plastic strain (¢,) as:

o = gy + Ke," (3)

where gy is yield strength and K and #n;, are material
parameters fitted from tensile tests.

The experimental tensile true stress—strain curves
and the fitting curves with Eq. 3 for the top and
middle sections (tensile test curves are plotted until
the maximum stress) are presented in our previous
work [32]. Figure 6 displays the normal stress dis-
tribution in front of the crack tip for the top and
middle sections and the three tested a/W, 0.5, 0.25,
and 0.1. The figure corresponds to CTOD = 0.05 mm
for all the cases. It can be seen that, for both top and
middle sections, a smaller 4/W ratio implies a lower
normal stress ahead of the crack. This explains the
very different CTOD values between high- and low-
constraint conditions observed for the top section at -
100 °C. However, for the middle section, such a dif-
ference is not observed. Moreover, the normal stress

Figure 6 Normal stress (o) 3100
at the specimens’ mid-plane 5600
and distance x mm from the

crack tip (undeformed 2700

configuration). .

2300

a11 (MPa)

2100
1900
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in the top section is higher than in the middle section
for the same a/W ratio due to the difference in yield
strength. However, the middle section still exhibits
lower fracture toughness than the top section.

The weak dependence of the fracture toughness on
the a/W ratio in the middle section relative to the top
may be explained by the ductile-to-brittle transition
behaviour. First, for shallow-cracked specimens, the
material experiences fracture at a different tempera-
ture relative to the reference temperature (T;) because
constraint is known to affect the ductile-brittle tran-
sition temperature [27]. Shallow-cracked specimens
need more deformation to reach the local fracture
stress to fail, resulting in a larger CTOD. It means that
the transition for low-constraint specimens occurs at
a lower temperature than for high-constraint speci-
mens [27]. Hence, at the same test temperature, the
material under different constraints may be tested in
different regimes of the ductile-to-brittle transition
curve. Second, for each thickness section, T, was
calculated based on the master curve method using
the ASTM E1921 [37]. For the top and middle sec-
tions, Ty is =101 °C and —41 °C, respectively. It means
that, at the test temperature (-100 °C), the fracture
behaviour of the top section is being assessed near T,
and closer to the ductile-to-brittle transition. On the
other hand, for the middle section, the test tempera-
ture (=100 °C) is 60 °C further from T,. Therefore, the
toughness of the middle section is assessed near or at
the lower shelf due to its embrittled microstructure,
as discussed in [11]. In this case, even with the shift of
the ductile-brittle transition curve for the shallow-
cracked specimens, the middle section remains at the
lower transition part of the ductile-brittle transition
curve, where less plasticity is involved. The top sec-
tion, in turn, is nearer the upper part of the transition.

Top Middle

- a/W=0.5
- a/W=0.25
-A- a/W=0.1

x/CTOD
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Hence, the fracture toughness differences between a/
W = 0.5and 0.1 in the middle section are smaller than
for the top section.

The different behaviour between the top and
middle sections in low-constraint conditions may be
explained by fracture surface analysis. The fracture
surface of low-constraint specimens shows that dif-
ferent damage characteristics for top and middle
samples may occur even having the same initiation
site type, an Nb-rich inclusion. Figure 7a shows that
for the top section, the fatigue pre-crack is followed
by a stretch zone—characteristic of plastic deformation
as a consequence of crack tip blunting—and a flat
transgranular cleavage surface (mixed-mode fracture
usually observed in the ductile-to-brittle transition
region of the ductile-brittle curve, but still represents
a cleavage-controlled fracture). As previously
explained, the lack of constraint causes the material
to experience larger deformation to compensate for
stress relief. Then, the crack blunts before reaching
the critical stress to failure, resulting in a stretch zone
just after the pre-fatigue crack tip and before the

Figure 7 SEM micrographs of fracture surfaces of low-constraint
specimens (a/W = 0.1) tested at —100 °C from (a) top, with a
critical CTOD of 0.12 mm showing a fatigue pre-crack, stretch
zone, and cleavage area, and b middle, with a critical CTOD of
0.02 mm showing a fatigue pre-crack and cleavage area.
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cleavage surface. For the same constraint condition,
the fracture surface of middle specimens either does
not show any or presents only a small stretch zone
compared to the top, as shown in Fig. 7b, reflecting
the limited crack tip plasticity resultant from the
detrimentally brittle microstructure. The presence of
the stretch zone and its width may be related to the
type of initiation site and its distance far from the pre-
crack tip.

Microstructural factors controlling cleavage
crack initiation

Figure 8b shows the average CTOD and the standard
deviation from the average for all analysed constraint
conditions. The distinct difference in fracture tough-
ness between the top and middle sections is notable,
where the top shows the highest CTOD values. The
adverse microstructure of the middle section in thick-
section steel plates in terms of fracture behaviour was
already pointed out before [5, 6, 12, 14, 29], including
for the high-strength steel investigated in this study
[11]. According to Bertolo et al. [11], the unfavourable
microstructure of the middle section compared to the
top section of the 80-mm-thick quenched and tem-
pered S690QL steel plate includes “larger prior
austenite grain sizes, larger sizes and area fraction of
inclusions, the presence of defects associated with the
circular and cubic inclusions and with their interface
with the matrix, clusters of cubic inclusions that may
also be distributed along the PAG boundaries, and
the long interfaces with the largest hardness gradi-
ents”. To investigate which microstructural features
are involved in the cleavage initiation responsible for
the difference in fracture behaviour, the CTOD frac-
ture surfaces were analysed by SEM based on the
river lines that lead to the initiation site.

Fracture surfaces of 32 single edge-notched bend-
ing (SENB) specimens tested at —100 °C including
high- and low-constraint conditions (2/W = 0.5 and
0.1, respectively), and T-L and L-T orientations
extracted from the top and middle sections of the
plate were investigated. In 63% of all surfaces, it was
possible to identify microstructural features trigger-
ing the fracture. In the other 37% of samples, it was
not possible to identify the initiation site because
fracture surfaces did not show clear river lines or the
river lines did not converge.

Figure 8a shows the number fraction of each type
of initiation site that was observed in the top and
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Figure 8 Summary of the fracture surface analysis and CTOD
tests showing the (a) number fraction of each type of initiation
sites that were observed in specimens from the top and middle
section, with no distinction between T-L and L-T, and high- and

middle section, with no distinction between notch
orientation and constraint. For the top section, initi-
ation sites were identified for 11 fracture surfaces, 9
from high-constraint and 2 from low-constraint
samples. The (Mg, Al, Ca)(O, S) inclusions, which in
some cases also include traces of Ti, B, C, and N, are
the most common initiation sites, being present in
73% of the identified cases (7 high-constraint and 1
low-constraint). The remaining 27% of the specimens
had their fracture process triggered by Nb-rich
inclusions (2 high-constraint and 1 low-constraint).
Within the 27%, more than 2/3 presented the lowest
CTOD values of their categories (constraint and ori-
entation conditions) showing a more detrimental
effect of Nb-rich than of oxide inclusions, as shown in
Fig. 8b. Hence, cleavage initiation from Nb-rich
inclusions represents the worst-case scenario. Note
that the points without a scatter bar refer to initiation
sites observed in only one specimen. Figure 9 shows
an example of a fracture surface where an (Mg, Al,
Ti)(O, C, N) inclusion was observed to be a cleavage
initiation site in a high-constraint, top quarter, L-T
specimen.

In specimens extracted from the middle section of
the plate, initiation sites were identified for 9 fracture
surfaces, 3 from high-constraint and 6 from low-
constraint. The Nb-rich inclusions were observed to
be responsible for triggering the fracture process in
78% of the identified cases (3 high-constraint and 4
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low-constraint specimens and b the CTOD values for high- and
low-constraint specimens (represented in orange and black colours,
respectively) varying the type of initiation site. The points without
a scatter bar refer to initiation sites observed in only one specimen.

low-constraint), even though oxides are the majority,
76% (Table 3). This is likely to be mainly attributed to
the larger sizes and clustering of Nb-rich inclusions.
These inclusions were found in the initiation site both
single and distributed as clusters. Additionally, oxi-
des were observed in 22% of the identified initiation
sites (2 low-constraint) which had the highest CTOD
values within their categories (constraint and orien-
tation condition). Figure 10 shows an example of a
fracture surface of a low-constraint, middle, T-L
specimen where an Nb-inclusion can be recognised
as a cleavage initiator.

The detrimental effect of Nb-rich inclusions can be
explained by the microstructural observations
reported by Bertolo et al. for this S690QL steel [11].
First, compared to the oxide inclusions, Nb-rich
inclusions tend to be larger and distributed in clus-
ters. When distributed as clusters, Nb-rich inclusions
may be considered as a single larger inclusion due to
their proximity, through which the cluster represents
an easy propagation path. As both inclusion types
were observed acting as crack initiators, it indicates
that the initial crack length in the fracture process is
the size of these inclusions. According to Griffith’s
theory [38], the larger the crack, the lower the fracture
stress. Hence, Nb-rich inclusions represent the
weakest microstructural link for fracture. Lastly,
cubic-shaped inclusions, as a result of their sharp
edges, present larger residual stresses in the interface
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Figure 9 SEM micrographs showing (a) river lines and a white
arrow indicating the cleavage initiation site in high-constraint, top,
LT specimen fractured at —100 °C with CTOD equal to 0.01 mm

20 pym

Figure 10 SEM micrographs and EDS mapping showing (a) river
lines and a white arrow indicating the cleavage initiation site in
low-constraint, middle, T-L specimen fractured at —100 °C with
CTOD equal to 0.015 mm and b an Nb-rich inclusion (indicated

with the steel matrix originated from the steel pro-
cessing and act as stress concentrators, raising stress
more effectively than circular inclusions [39]. Along
with the intrinsic detrimental effect of Nb-rich
inclusions, the pre-existence of cracks in the

and b an (Mg, ALTi)(O, C, N) inclusion (indicated by the red
arrow) as a likely initiation site.

by the red arrow) located in the cleavage initiation site ¢ and
d EDS mapping of Fig. 10b showing Fe and Nb maps,
respectively, for the matrix and Nb-rich inclusion.

inclusions themselves and in the interface inclu-
sion/matrix, most often for the Nb-rich inclusions,
may also explain the lower fracture toughness in the
middle section. Nucleation in a hard particle and the
unstable crack propagation across the particle/matrix
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interface and the matrix are the steps of cleavage
fracture [3]. However, the existing crack associated
with these inclusions may serve as a Griffith crack.
Hence, the crack propagation into the matrix is the
only likely remaining stage in the fracture process in
the middle section, while in the top section, both
nucleation and propagation are necessary for fracture
to occur.

Microstructural factors affecting cleavage
crack propagation

In general, cleavage crack propagation mode is
transgranular and is governed by crystallographic
microstructural characteristics [3, 40-42]. For
instance, the cleavage crack path is affected by high-
angle grain boundaries (e.g. prior austenite, packet,
and block boundaries) and cracks preferentially
propagate through planes with the lowest surface
energy, {001} and {011} [42]. According to Morris [40],
in cleavage fracture, the laths inside a block share the
same cleavage plane and cleavage as a unit. This is
expected as lath boundaries are low-angle grain
boundaries and, therefore, not able to deflect the
crack. Therefore, laths are ineffective in deflecting or
hindering a cleavage crack and are not the focus of
this work. Furthermore, the complex crystallographic
structure of lath martensite and lath bainite is
observed to influence the local changes in the crack
path [40, 41, 43]. Hence, the transverse section of
CTOD fracture surfaces was analysed by EBSD to
investigate the correlation between crack propagation
path and microstructural crystallographic features,
and, therefore, establish the mechanism of failure of
the S690QL high-strength steel. Figures 11 and 12
show the inverse pole figures (IPF), kernel average
misorientation (KAM) maps of the fracture surface
profile, and individual prior austenite grains
involved in the propagation process for the speci-
mens extracted from the top and middle thickness
position in T-L orientation, respectively.

It can be seen that the cleavage crack propagation
micromechanism is transgranular, where the crack
propagates through the prior austenite grains. Along
the propagation path, it is clear that the IPF presents
dense zones of poorly indexed points. As a disloca-
tion-pileup-driven process, cleavage is preceded by
microplasticity [3]. Hence, the poorly indexed points
might be associated with plastic deformation during
the fracture process. The KAM, obtained via EBSD
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data, is a measure of the average misorientation angle
between a central point and all points at the
perimeter (its neighbours) and it has been reported to
be dependent on the geometrically necessary dislo-
cations (GND) density [44]. Consequently, it is fre-
quently used as a measure of plastic deformation.
Figures 11b and 12b are KAM maps for the 3™
neighbour. By comparing the IPF and KAM maps
(Figs. 11a with b and 12a with b), it can be seen that
the KAM areas with maximum misorientation (red)
match with the IPF areas with poor indexation. Thus,
plastic deformation is involved in the cleavage frac-
ture process leading to a significant density of dis-
locations and, consequently, to a poor indexation of
points in EBSD maps in the subsurface of the fracture
plane. Nevertheless, these specific areas do not pro-
vide accurate and reliable data for analysis of the
propagation micromechanism and, consequently, are
not considered in further discussion.

The 3D crystal lattice cubes in Figs. 11a and 12a
indicate the crystal orientations of the grain sub-
structures directly below the fracture surface. Green,
red and blue circles are used to, respectively, high-
light when {100}, {110} and {310} plane traces under
the fracture surface are aligned parallel (tolerance
misorientation of 10°) to the fracture plane. For
almost the entire analysed length (around 95%) of the
fracture surface, the cleavage crack propagates
through the {100} and {110} planes in the top and
middle sections, where both families of planes have a
similar contribution. Less than 10% of the cleavage
planes seem to be aligned to the {310} planes, also
observed to be involved in the cleavage process of
other bcc steel [45]. Hence, the most favourable
cleavage planes in the S690QL steel under study are
the {110} and {001} planes.

The contribution of crystallographic grain struc-
tures in crack propagation is also acknowledged in
the literature [40, 41, 46]. However, there is no con-
sensus on cleavage crack propagation mechanisms
across PAG in tempered lath martensite and lath
bainite. Ideally, in lath microstructures, individual
PAG are divided into four distinguishable packets
that share the same planes of the parent austenite. In
other words, they have the same Kurdjumov—Sachs
(K-S) variant (according to Bertolo et al. [11], this steel
has a K-S crystallographic relation to the parent
austenite). Each packet is composed of three blocks of
different Bain variants [40]. Hence, Bain (Figs. 11 and
12c and e) and K-S (Figs. 11 and 12d and f) variant
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Figure 11 Fractographic profile of a CTOD specimen extracted
from the top, high-constraint, T-L presented as (a) Inverse Pole
Figure, b Kernel Average Misorientation map, ¢ and d are an
individual PAG located at the left-hand side of a, e and f an
individual PAG located at the right-hand side of (a). The colours in

maps were generated for individual PAG grains of
top and middle sections, where different colours
correspond to different Bain or K-S groups. In gen-
eral, it can be seen that the PAG grains follow the
previously explained ideal hierarchical lath structure:
each PAG has four packets and each of them has
three Bain variants. In the cases where there are not
four packets, it can be the case that another packet is
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(c) and (e) represent different Bain variants, while the colours in
(d) and (f) represent the different K-S variants). Thin black lines
are high-angle (> 15°) grain boundaries and the thick black
contour in (a) is the PAG boundary.

part of the other half of the fracture surface. When the
packet does not contain three Bain variants, it might
be that the packet is relatively small.

In both top and middle thickness positions, the
crack is observed to significantly deflect from its path
in PAG, packets, and block boundaries mostly where
the neighbouring sub-structure has a different Bain
axis. However, in a few boundaries with different
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Figure 12 Fractographic profile of a CTOD specimen extracted
from the middle, high-constraint, T-L presented as (a) Inverse
Pole Figure, b Kernel Average Misorientation map, ¢ and d are an
individual PAG located at the left-hand side of a, e and f an
individual PAG located at the right-hand side of (a). The colours in

Bain axis of the middle section, only slight deflections
were observed. This could be attributed to the
thickness of the Bain area, as also observed by Wang
et al. [41]. It is also important to mention that some
areas could not be analysed as only a small remaining
part of the other specimen’s half was present not
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(c) and (e) represent different Bain variants, while the colours in
(d) and (f) represent the different K-S variants). Thin black lines
are high-angle (> 15°) grain boundaries, and the thick black
contour in (a) is the PAG boundary.

leading to a clear and reliable conclusion. Thus, the
investigation of the transverse section of the fracture
surfaces shows that despite the differences/classifi-
cation of sub-structures into PAG, packets, and block
boundaries, the Bain zone is the effective crystallo-
graphic microstructural characteristic in deflecting
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the cleavage crack. This is in agreement with what
was found for heat affected zones of an offshore
engineering steel tested by Charpy [41].

Although one of the characteristics of cleavage
fracture is the transgranular mode, 36% of the stud-
ied fracture surfaces presented zones of intergranular
fracture. The intergranular fracture was observed
locally in some samples, while in others these regions
extended over a significant part of the fracture sur-
face. Figure 13 shows SEM micrographs of a fracture
surface with extensive intergranular fracture and
EDS maps along this area. It should be noted that this
extensive intergranular fracture region does not start
from the initiation site, which is shown in the insert
image 1 of Fig. 13. Hence, the intergranular fracture
is mainly affecting the propagation micromechanism.
In image 1, it is possible to observe the presence of
cleavage facets and Nb-rich inclusions, responsible
for triggering fracture. Ahead of this area, in image 2,
the region of intergranular fracture begins, which
resembles a corridor-like path composed of smooth
facets that are arranged in a straight line, in the
presence of Nb-rich inclusions. From this area, it is
possible to observe the presence of several Nb-rich
inclusions decorating the grain boundaries which are
directly related to the grain boundary embrittlement
and lead to unexpected intergranular fracture.

Like in the specimen analysed in Fig. 13, some
other samples showed characteristics of intergranular
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fracture where Nb-rich inclusions were not present or
distributed throughout the region along PAG
boundaries. It means that, in some regions, the
intergranular fracture was not associated with these
particles. Therefore, it may be that there is an addi-
tional microstructural contribution to the grain
boundary embrittlement in the central part of the
plate, such as the segregation of alloying elements.
For several years, researchers have been studying
the effect of alloying segregation in the boundaries of
PAG. Many authors report that, along with the
inclusions and precipitates, the segregation of ele-
ments along the PAG boundaries can reduce the
boundary cohesion, embrittling them and, conse-
quently, making them prone to intergranular fracture
[33, 47]. This segregation can take place during cast-
ing, which gives rise to segregation bands in the
centre of steel plates. Elements such as Mo, C, Mn, Cr,
Si, Ni were observed to segregate in the middle sec-
tion of the S690QL steel studied herein, and their
content was quantified by EPMA [11]. P is acknowl-
edged as a significant embrittling element in steel,
especially if Si and Mn, which are often responsible
for reducing the cohesion of grain boundaries, are
present in high content [35, 48, 49]. Unfortunately, the
degree of segregation of P in the segregation bands
cannot be analysed by EPMA due to the low P con-
centration in the S690QL steel (0.009 wt%), as the
EPMA detection limit is equal to 0.1 wt%. However,

Figure 13 SEM micrographs of the fracture surface in a low-
constraint, middle, T-L specimen fractured at —100 °C with
CTOD equal to 0.03 mm showing (a) river lines indicating the
cleavage initiation site and a linear zone of intergranular fracture
(inside the dashed rectangle) and b higher-magnification image of

the area highlighted by the white rectangle in (a). SEM images and
Nb EDS maps numbered from 1 to 8 show, in greater
magnification, areas of (a) and (b) such as the cleavage
initiation site and areas along the line of intergranular fracture
where Nb-rich inclusions were observed.
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the segregation of P should not be ruled out. Mn and
Si were also observed to segregate in the bands of the
middle section and are highly likely elements
responsible for embrittling the PAG boundaries.
Thus, for a more precise and detailed understanding
of the grain boundary embrittlement due to the
alloying segregation, Auger Electron Spectroscopy
analyses (AES) are required. AES is the most used
technique in the study of element segregation in the
grain boundaries on fracture surfaces [50, 51].
Figure 14 shows an SEM micrograph of a large
region, including areas 3, 4, 5, and 6 of Fig. 13, that
fractured in an intergranular manner in a CTOD
specimen from the middle section. The location of
Nb-rich inclusions in these areas is also shown. The
line scan results via AES are presented in Fig. 15. An
intergranular fracture surface is known for its shiny
and flat surface, and straight edges of the grain (grain
boundaries). As prior austenite grains have different
orientations, the facets aligned in different angles to
the normal direction make the grain boundaries dis-
tinguishable from the SEM image and they can be
located along the Auger line scan. The great majority

J Mater Sci (2022) 57:20033-20055

of the peaks of all elements are located in the prior
austenite grain boundaries present in the intergran-
ular areas. Hence, these boundaries are enriched with
C, Cr, Mn, Mo, Si, P, and Ni. However, the elemental
spectrum shows that part of the line scans that cross
transgranular areas also shows peaks of the previ-
ously mentioned elements. This observation suggests
that the degree of grain boundary segregation may be
not sufficient in certain areas to individually cause
grain boundary embrittlement and lead the crack to
propagate through the grain boundaries. These areas
are probably located in the segregation bands due to
the presence of the main segregated elements
according to the EPMA analysis [11]. One possible
explanation for this behaviour is a competition
between elements that increase the grain boundary
cohesion, such as C, and elements that reduce the
grain boundary cohesion, such as Mn, and P [33, 52].
Therefore, the presence of Nb-rich inclusions deco-
rating the PAG boundaries is a necessary condition to
sufficiently weaken the grain boundaries for the
intergranular fracture to occur in areas where the

Figure 14 SEM micrographs showing the line scans, La and Lb, measured by SAM as well as the locations of Nb-rich inclusions along

this selected intergranular fracture area.
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Figure 15 Elemental spectrum results from the scanning auger microprobe line scan analysis for (a) line a and (b) line b identified in

Fig. 14.

grain boundaries are not sufficiently weakened by
the elemental segregation.

Conclusions

The studied thick-section S690QL high-strength steel
presents through-thickness microstructural varia-
tions. In general, larger size and area fraction of
inclusions as well as larger PAG sizes are found in
the middle section compared to the top. Additionally,
Nb-rich cubic inclusions, observed in higher densities
in the middle section, are often distributed as clusters
and may be found decorating the PAG boundaries.
These inclusions are associated with defects such as
cracks in the inclusions themselves and voids at the
inclusion/matrix interface. Hence, to identify the
weak microstructural links, an investigation on the
microstructural contribution to cleavage fracture ini-
tiation and propagation micromechanisms has been
carried out on thick-section high-strength S690QL
steel. Furthermore, the effect of notch orientation,

through-thickness location, and crack tip constraint
on fracture toughness was analysed. The following
key conclusions can be drawn from this study:

1. Large Nb-rich inclusions, some of which are
distributed as clusters, act as weak microstruc-
tural links in the studied S690QL high-strength
steel. For the middle section, Nb-rich inclusions
are found to initiate fracture in 78% of specimens
and are responsible for the worse cleavage
fracture performance. For the top section,
(Mg,ALCa)(O,S) inclusions trigger fracture in
73% of the specimens and the rest is attributed
to Nb-rich inclusions. In both top and middle
sections, the highest CTOD values were associ-
ated with fracture process initiated by oxide
inclusions, while the lowest CTOD values were
mainly found to be related to the fracture process
initiated from Nb-rich inclusions. This confirms
the detrimental effect of the Nb-rich particles.

2. The pre-existing cracks in the Nb-rich inclusions
themselves and/or in their interface with the

@ Springer
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matrix may serve as Griffith cracks. In this case,
the crack propagation from the inclusion into the
matrix is the dominant fracture step in the middle
section, also contributing to lower fracture
toughness.

3. Very detrimental microstructural features are
observed to influence the material’s fracture
response to plastic constraint, also affecting the
fracture micromechanisms. Contrary to the
expected increase in fracture toughness with the
reduction of plastic constraint (lower a/W) as
observed for the top section, the CTOD values of
shallow-cracked specimens extracted from the
middle section remained very low. Due to the
significant detrimental effect of Nb-rich inclu-
sions, Ty is —41 °C for the middle and —101 °C
for the top. In other words, the middle section is
near or at the lower shelf area of the ductile-
brittle transition, while the top section is around
the transition region. In this case, less plasticity is
involved in fracture process of the middle section
and the influence of the constraint in the fracture
toughness is much lower than for the top
section. Hence, in embrittled microstructures,
where plasticity is limited, the low constraint at
the crack tip has no considerable contribution to
fracture toughness.

4. Although fracture is predominantly transgranu-
lar, 36% of specimens showed areas of intergran-
ular fracture affecting the cleavage crack
propagation. PAG boundaries in intergranularly
fractured areas were found to be enriched with
elements such as C, Cr, Mn, Ni, and P. However,
these elements were also measured in the trans-
granular areas located around the intergranular
ones. This may suggest that, in areas where the
elemental segregation at PAG boundaries is not
sufficient to embrittle the grain boundaries, the
presence of Nb-rich inclusions decorating the
PAG boundaries is a necessary and most likely a
sufficient condition to weaken the grain bound-
aries, leading to intergranular fracture.

5. Fractographic profile investigation showed that
the transgranular fracture for the material under
study occurred in the most favourable cleavage
planes {001} and {110}. It was also observed that
some plastic deformation took place in the cleav-
age fracture process, resulting in poor indexation
of points in the EBSD maps due to the consider-
able dislocation density. These areas could not be
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properly analysed as they do not provide accu-
rate data. The crack was observed to be signifi-
cantly deflected at high-angle grain boundaries,
prior austenite grain, packet, and block bound-
aries, mostly where the neighbouring sub-struc-
ture presents a different Bain axis.

This work provides new knowledge on the effect of
microstructural and experimental factors on fracture
toughness and cleavage micromechanisms in a thick-
section quenched and tempered 5690 high-strength
steel. The results obtained in this study will con-
tribute to modelling predictions and control of
structural failure as well as provide insights on
microstructural design optimisation of thick-section
steels assuring structural reliability to cleavage frac-
ture. Future work will be focused on investigating the
simulated coarse grained and intercritically reheated
coarse grained heat affected zones in this S690QL
high-strength steel. This work is aimed at gaining
fundamental understanding of the most detrimental
cleavage micromechanisms in welded structures.
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