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Abstract This work proposes a quantitative relation-
ship between the resistance of hot-rolled steels to brittle
cleavage fracture and typical microstructural features,
such as microtexture. More specifically, two hot-rolled
ferritic pipeline steelswere studied using impact tough-
ness and specific quasistatic tensile tests. In dropweight
tear tests, both steels exhibited brittle out-of-plane frac-
ture by delamination and by so-called “abnormal” slant
fracture, here denoted as “brittle tilted fracture” (BTF).
Their sensitivity to cleavage cracking was thoroughly
determined in the fully brittle temperature range using
round notched bars, according to the local approach to
fracture, taking anisotropic plastic flow into account.
Despite limited anisotropy in global texture and grain
morphology, a strong anisotropy in critical cleavage
fracture stress was evidenced for the two steels, and
related through a Griffith-inspired approach to the size
distribution of clusters of unfavorably oriented fer-
rite grains (so-called “potential cleavage facets”). It
was quantitatively demonstrated that the occurrence
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of BTF, as well as the sensitivity to delamination by
cleavage fracture, is primarily related to an intrinsically
high sensitivity of the corresponding planes to cleavage
crack propagation across potential cleavage facets.
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List of symbols

BTF Brittle tilted fracture
RD Rolling direction of the steel plate
TD Transverse direction of the steel

plate
ND Normal direction of the steel plate
θ -Plane Plane tilted by 40◦ aroundRDwith

respect to the rolling plane, along
which BTF propagates

θ -Direction Normal to the θ -plane
Anti-θ -plane Plane tilted by 40◦ aroundTDwith

respect to the rolling plane
Anti-θ -direction Normal to the anti-θ -plane
PCF Potential cleavage facet, estimated

from microtexture analyses
PCFd

ef f _s Effective PCF size normal to the
given loading direction d and rel-
ative to given steel S

αa,b Misorientation angle between 〈001〉
directions of grain a and adjacent
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grain b that are closest to the load-
ing direction

αc Critical value of αa,b used in the
determination of PCFs

βa,b Misorientation angle between adja-
cent grains a and b

βc Critical value of βa,b used in the
determination of PCFs

σ d
c_s Critical cleavage fracture stress

estimated fromnotched tensile tests
along loading direction d of steel
S

σ d
G_s Critical cleavage fracture stress

estimated from theGriffith-inspired
approach along loadingdirectiond
of steel S

a Exponent coefficient used for the
calculation of σ eq

σ dev Modified deviator of the stress ten-
sor σ

σ eq Equivalent stress of the stress ten-
sor σ

ωi Minimum angle between the load-
ing direction and a 〈001〉 direction
of grain i

ωc Critical value of ωi used in the
determination of PCFs

ci Coefficients of the tensor used for
the calculation of σ dev

R0, H, Q, b Hardening parameters of the Voce
equation

σa , σb, T0 Parameters of the R0 versus tem-
perature dependence equation

1 Introduction

To take into account the global, increasing natural gas
demand during the past decades, the gas pressure inside
linepipes has been increased through the use of higher
strength pipeline steels. Still, adequate toughness at
low temperatures is required to avoid long brittle crack
propagation. In the linepipe industry, the Battelle drop
weight tear test (BDWTT) is commonly used as test
method to assess the risk of long running brittle cracks
as a reliable alternative to full-size burst tests like the
West Jefferson test (Wilkowski et al. 1980; Cosham
et al. 2009). In the BDWTT test, a three-point-bending
notched specimen with the same thickness as the pipe

wall is impacted by a mass with a velocity of around
6.5m/s. The ductile to brittle transition temperature is
defined as the temperature at which the brittle area
fraction, as measured by visual estimation after frac-
ture reaches 15% of the total fracture area (ANSI/API
1996). BDWTT specimens have their long direction
along the hoop direction such that the crack propa-
gation direction is parallel to the axis of the pipe, as
it is the direction of the maximum principal stress in
service conditions. In case of so-called UOE-formed
or High-Frequency Induction manufactured pipes, the
hoop direction corresponds to the transverse direction
of the skelp, while the pipe axial direction is parallel to
the rolling direction.

Original research leading to the definition of the
BDWTT in the 1970s established a good correlation
between BDWTT and Charpy test results for the steel
grades produced at that time by normalizing treatment.
Unfortunately, this correlation is partly lost for steels
obtained bymore recent production techniques, such as
thermo-mechanical controlled processing (TMCP). On
the one hand, there is a difference in the assessment of
impact toughness, namely, based on absorbed energy
in the case of Charpy tests, and on fracture surface
appearance for the BDWTT. Yet, this difference does
not impede the correlation for normalized steels. On the
other hand, in high strengthTMCPsteels, brittle cracks,
non-perpendicular to the loading direction, have been
reported within the ductile to brittle transition domain.
Many of these brittle cracks occur by delamination
along the rolling plane, especially in Charpy speci-
mens (e.g. Baldi and Buzzichelli 1978; Bourell 1983;
Mintz and Morrison 2007; Punch et al. 2012; Joo et al.
2012; Gervasyev et al. 2016b). However, especially in
BDWTT specimens, the brittle crack may propagate
along planes tilted by 40◦ around the main crack prop-
agation direction (Hara et al. 2006, 2008; Fujishiro and
Hara 2011) as schematically reported in Fig. 1. It is
sometimes called “abnormal fracture” (Hwang et al.
2004; Yang et al. 2008), as well as “inverse fracture”
(Hong et al. 2011; Sung et al. 2012). In the following,
this phenomenon is more generally called “brittle tilted
fracture” (BTF); the BTF plane (containing the rolling
direction) will be referred to as the θ-plane, and the nor-
mal to that plane will be referred to as the θ-direction.

Brittle tilted fracture, which occurs within the duc-
tile to brittle transition range, is clearly detrimental for
the fracture resistance of pipeline steels, as it reduces
the percentage of shear area and even the fracture
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Fig. 1 Schematic view of a
broken half of a BDWTT
specimen, showing the
orientation of θ-plane and
θ-direction, as well as the
occurrence of BTF after
some propagation of a flat
ductile crack. A
delamination crack is also
represented

energy (Hara et al. 2006)measured fromBDWTTspec-
imens. Only Hara et al. (2006) observed the occur-
rence of BTF in a Charpy specimen, yet with little
detail. One plausible reason why BTF generally does
not occur in Charpy specimens is that the ligament
(8mm, to be compared to 71mm for BDWTT speci-
mens), thus the crack propagation distance, is not long
enough for BTF to occur. As a result, BTF is currently
interpreted as a mechanical phenomenon related to the
work hardenability of the steel (Hwang et al. 2004;
Yang et al. 2008; Sung et al. 2012). The possible effects
of microstructure-induced anisotropic cleavage frac-
ture resistance (Hara et al. 2006, 2008) on theBTF phe-

nomenon have not been addressed yet. More generally,
the anisotropy in critical cleavage fracture stress has
mainly been assessed from Charpy tests using strong
assumptions formechanical analysis (plane strain load-
ing, isotropic von Mises yield criterion) (Baldi and
Buzzichelli 1978; Bourell 1983; Sun and Boyd 2000).
Such assumptions might not apply to TMCP steels, as
their strong anisotropic plastic flow requiresmore accu-
rate analysis ofmechanical tests. One of the aims of this
work is to more accurately determine the anisotropy in
critical cleavage fracture stress in this steel family.

The cleavage fracture resistance of steels has already
been related to their microstructure. Cleavage cracks
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may initiate from non-metallic inclusions (e.g. Rosen-
field et al. 1983; McRobie and Knott 1985), coarse car-
bides (Bowen et al. 1986; McRobie and Knott 1985)
or martensite-austenite constituents (Lambert-Perlade
et al. 2004; Di Shino and Guarnaschelli 2010). They
propagate along {001} planes of the bcc crystal struc-
ture of ferrite (or bainitic ferrite) (see e.g. Gervasyev
et al. 2016b for the case of an X80 pipeline steel) until a
high angle grain boundary is encountered (Bouyne et al.
1998;Gourgues et al. 2000). The distance between such
boundaries is considered the unit cleavage crack path.
In bainitic steels, it relates to their particular microtex-
ture inherited from decomposition of austenite (Brozzo
et al. 1977; Bouyne et al. 1998; Gourgues et al. 2000).

In hot-rolled ferritic steels, the relationship between
the ferrite grains and the unit cleavage crack path is
less clear. The average texture anisotropy has been
used to derive microstructural criteria based on frac-
tions of grains that exhibit a {001} plane perpendicu-
lar to a given loading direction, within a certain tol-
erance angle (Bourell 1983; Kotrechko et al. 2004;
León García et al. 2007; Sanchez Mouriño et al. 2010;
Joo et al. 2012; Zong et al. 2013). For instance, the
strong effect of the {001}〈110〉 rotated cube compo-
nent on the sensitivity to brittle delamination has been
underlined for a long time (e.g. Bourell 1983; Zong
et al. 2013; Gervasyev et al. 2013, 2016b), but not on
a grain-by-grain basis. The so-called ‘cleavage mor-
phology clustering’ approach (Gervasyev et al. 2013,
2016a) combined average information obtained from
electron backscatter diffraction (EBSD) on grain size
and morphology (determined irrespectively of their
crystal orientation) together with the intensity of the
rotated cube texture component (determined irrespec-
tively of the size and morphology of individual grains).
In TMCP steels, the competition between brittle delam-
ination andBTFcouldbe related to the relative intensity
and spatial distribution of {100} crystal planes paral-
lel to the rolling plane and to θ-planes, respectively
(Baldi and Buzzichelli 1978; Hara et al. 2006, 2008).
However, no correlation has been reported yet with the
actual morphology and size of cleavage facets of the
fracture surfaces. In order to relate the resistance of fer-
ritic steels to cleavage cracking to their microstructure
and local texture at the grain scale, the local concept
of ‘potential cleavage facets’ (PCFs), i.e., clusters of
grains sharing {001} planes closely oriented to each
other and perpendicular to a given loading direction,
has been briefly presented (Tankoua et al. 2014a, b) and

is assessed inmore detail in this work. Another recently
reported determination of these regions, the so-called
‘cube grain clusters’ (Ghosh et al. 2016a, b) will also
be discussed.

The present work aims at determining the respective
contributions of plastic flowanisotropy andmicrostruc-
tural anisotropy to the BTF and delamination phenom-
ena in BDWTT, and, more generally, at setting up a
methodology to quantitatively link the cleavage frac-
ture resistance of ferritic steels to their microtexture
(instead of their gross texture). According to the local
approach to brittle fracture, mechanical analysis of the
experimental tests was carried out to estimate the local
stress state at the experimentally observed fracture ini-
tiation sites. To this aim, static tests on notched tensile
bars were chosen in order to avoid contact and dynamic
loading issues in the numerical analysis, which are
encountered in bending impact tests. A critical cleav-
age fracture stress was estimated for various loading
directions: in-plane RD and TD directions commonly
used in impact and tensile tests, as well as the normal
to the plate (ND) (sensitivity to delamination by brit-
tle cleavage cracking) and the θ-direction (sensitivity
to BTF). To determine the stress at the crack initia-
tion site, the mechanical tests were analysed by means
of finite element calculations, taking into account the
anisotropic constitutive behaviour. On the other hand,
the anisotropy in microtexture along the corresponding
planes was also quantified using the PCF concept and
compared to that in cleavage cracking resistance.

2 Materials and experimental procedures

2.1 Materials

Two hot-rolled, ferritic-bainitic API 5L grade X70
steels were selected for the study. Their thickness was
19.5mm for Steel A and 23mm for Steel B. The micro-
texture and cleavage sensitivity of Steel A have already
been reported elsewhere (Tankoua et al. 2014a, b), yet
without a quantitative link between them. In the present
work, these results are further analysed together with
new results obtained for Steel B.

The chemical composition of both steels is reported
in Table 1. Their typical microstructure (Fig. 2) was
composed of fine ferritic grains of 1–5μm in size.
Larger entities (some of them being arrowed in Fig. 2),
resembling larger grains with internal subboundaries
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Table 1 Chemical composition (wt%) of Steels A and B

C Mn Si P Ni + Cr + Mo Al Ti + Nb Cu S

Steel A 0.047 1.2 0.24 0.013 0.64 0.02 0.083 0.31 0.0025

Steel B 0.031 1.7 0.21 0.013 0.40 0.05 0.138 0.28 0.0018

10 µm(a) 10 µm(b)

ND

RD

ND

RD

Fig. 2 Scanning electron micrographs of a Steel A and b Steel B (secondary electron images, nital etching). Some elongated large
entities are indicated with white arrows

and irregular in shape,were also found. Theywere up to
30μm in size for Steel A and somewhat finer for Steel
B. They appeared slightly elongated along RD. Except
for these larger entities, no significant anisotropy in
grain size or aspect ratio was evidenced from micro-
graphs taken from the (RD, TD), (RD, ND) and (TD,
ND) planes, respectively.

The non-metallic inclusions of the two steels were
mainly small, equiaxed aluminium- and magnesium-
rich oxides, sometimes combined with calcium-
containing sulphides, with an average size lower than
2μm and an area fraction of about 0.025%. None of
these inclusions was ever found at any cleavage initia-
tion site in the present work, so they were not consid-
ered to play a major role in the fracture process. Unlike
in higher carbon steels (e.g. Ghosh et al. 2016a, b), nei-
ther a hard secondary phase nor clusters of coarse car-
bides, that could have dominated cleavage crack ini-
tiation, were found. In contrast with other low-carbon
pipeline steels of higher strength (e.g. Joo et al. 2012),
no pronounced microstructural banding was observed.

The Vickers hardness (300g load, 10 s dwell time)
was 210 ± 10 and 220 ± 10 for Steels A and B, respec-
tively, with no significant gradient across the plate
thickness. Their average texture, determined using X-

ray diffraction at mid-thickness along the (RD, TD)
plane, was typical of high strength, hot-rolled steels,
with a slight {001}〈11̄0〉 rotated cube component and a
partial {111}γ -fibre, with an intensity less than, respec-
tively, 5 times and 3 times that of a random texture in a
ϕ2 = 45◦ view of the orientation distribution function.

2.2 Impact testing

Battelle drop weight tear tests were performed on
pressed notch specimens taken along TDwith the crack
propagating along RD (TD–RD geometry), according
to API 5L3 standard (ANSI/API 1996). Full thickness
specimens were used for Steel A (19.5mm). For Steel
B, the plate thicknesswas reduced fromboth sides from
23 to 19mm, as described in API 5L. These tests were
done on instrumented BDWTT equipment, with a ham-
mer of 985 kg and a drop height of 2.19m.Themaximal
energy provided by the hammerwas 21 kJ and the ham-
mer speed at the impactwas 6.5ms−1. Specimenswere
cooled down to various temperatures between 0 and
− 100 ◦C by immersion into a specific liquid mixture
for temperatures above− 70 ◦C and in a climate cham-
ber for temperatures below − 70 ◦C. The anisotropy in
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impact behaviour, and in particular, in the sensitivity to
BTF, was addressed by testing a few specimens of Steel
B taken along RDwith the crack propagating along TD
(RD–TD geometry) after slight flattening by four-point
bending because of the curvature of the hot-rolled coil.
The load versus displacement curve, impact energy and
shear area ratio were determined for each test to assess
the ductile-to-brittle transition behaviour of both steels.

2.3 Tensile testing

The sensitivity to cleavage cracking was investigated
by using tests on round notched tensile bars, referred
to as NT specimens hereafter. The specimen geometry
was optimised by finite element calculations (Tankoua
2015) to ensure that (1) they could be cut along any
direction of the coil, including ND and the θ-direction,
(2) the plastic zone developed from the notched region
would never reach the specimen ends, and (3) a sig-
nificant stress triaxiality could be achieved in order to
trigger cleavage cracking in a region containing at least
several of the larger entities determined by microstruc-
tural analysis (Fig. 2). In this way it was not required to
weld elongation pieces to notched specimens to exam-
ine the sensitivity to cleavage cracking perpendicular
to ND (i.e., in the delamination plane) as done in Baldi
and Buzzichelli (1978) and Gervasyev et al. (2016b).
A maximal diameter of 5mm, a minimal diameter of
2.6mm and a U-notch radius of 0.4mm were used,
except for Steel A specimens cut along RD and TD,
for which a notch radius of 0.6mm was used.

The tensile tests on NT specimens were performed
on a 250kN servohydraulic Instron 8500 machine. The
notch geometry of every specimen was measured by
using a shape projector (accuracy of 10μm). Before
starting every test, the minimal diameter of the speci-
men was measured and the knives of the radial exten-
someter were fixed to measure the diameter reduction
along ND at the minimal section for tests along RD
and TD. For tests along ND, the diameter reduction
was measured along TD; for tests along the θ-direction
the diameter reduction was measured along RD. The
location of the knives was validated after comparing
the diameter measured by the extensometer and the one
obtained from the shape projector equipment. At least
two specimens were tested per condition. The effective
stress was calculated as the load divided by the initial
value of theminimal section and the diameter reduction

was normalized by the initial diameter of the minimal
section.

Isothermal tensile tests were performed with a pre-
scribed load line displacement rate of 5× 10−3 mms−1.
The test temperature was set to− 196 ◦C by immersion
in liquid nitrogen. As specimens of Steel A tested along
ND exhibited an unusual fracture mode that was out of
the scope of the present study, similar tests were also
performed along that direction at − 100 ◦C (for which
only flat cleavage fracture occurred) by using a cli-
mate chamber. The fracture surfaces were observed by
scanning electron microscopy (SEM) to investigate the
fracture mode and to locate cleavage initiation sites.

The plastic flow behaviour of Steels A and B was
also determined from uniaxial tensile (UT) tests on
smooth specimens. For the tests along RD and TD,
specimens with a gauge diameter of 4mm and a gauge
length of 36mm were used, while specimens with a
gauge diameter of 2.6mm and a gauge length of 5mm
were used for the tests along ND and θ-direction. A
longitudinal extensometer of respectively 10 and 5mm
in gauge length was used to monitor elongation. The
test temperature was set up as for the NT specimens.
An elongation rate of 10−3 s−1 was prescribed. The
anisotropy in plastic behaviour was extracted from (1)
the stress-strain curves and (2) the Lankford coeffi-
cients, which were determined from post mortemmea-
surements on the fracture surfaces. Suchmeasurements
assume that cleavage fracture itself did not signifi-
cantly modify the geometry of that particular plane of
the specimen, which appears to be reasonable in the
present case of fully flat cleavage fracture. More pre-
cisely, the Lankford coefficients were defined as the
ratio of the lower reduction in diameter to the higher
one. As the shape of the fracture surfaces appeared
elliptic, the considered directions were perpendicular
to each other. The spatial orientation of the considered
diameters was recorded with respect to the (RD, TD,
ND) frame to allow comparison between experimental
results and prediction from the numerical model (see
Sect. 3.2.1).

2.4 Microstructural quantification of the sensitivity to
cleavage cracking

Particular attention was paid to the spatial and size dis-
tribution of grains that exhibited a {100} plane almost
perpendicular to a given loading axis,more specifically,
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to the anisotropy in size distribution and total fraction
of PCFs. They were quantitatively studied by EBSD
mapping along planes, respectively, perpendicular to
the ND, θ, RD, and TD directions. As BDWTTs were
also carried out on RD–TD specimens, the possibility
of BTF for that specimen orientation, with the same
geometry as for the conventional TD–RD specimens,
was also considered. The corresponding plane, tilted
by 40◦ around TD with respect to the (RD, TD) plane,
as well as its normal are denoted, respectively, as the
anti-θ-plane and the anti-θ-direction hereafter.

In order to accurately characterise fine ferrite grains
while limiting sampling effects due to long-range spa-
tial variations in microtexture, EBSD analysis was car-
ried out over a large field (1mm × 0.5mm) result-
ing from the merging of eight neighbouring maps
(250μm × 250μm), to obtain statistically relevant
results, covering at least one hundred of larger enti-
ties. A fine step size (0.5μm, i.e. 10 times lower than
the average grain size) was used to catch every detail
of the matrix microstructure. This analysis was done in
a field emission gun (FEG) scanning electron micro-
scope (under magnification ×350) using the follow-
ing EBSD setup parameters: high voltage 30 kV, tilt
angle 70◦, working distance 17mm. More than 99.8%
of points were reliably indexed. A grain dilation clean-
up procedure was applied with a grain tolerance angle
of 5◦ and a minimum grain size of 5 pixels.

To determine the maximum deviation angle allow-
ing continuous propagation of cleavage microcracks,
quantitative fractographywas performed on aNT spec-
imen exhibiting large cleavage facets at the crack ini-
tiation site. First, images of the first cleavage facets
were taken with SEM at high magnification, at tilt
angles of− 6◦, 0◦, and+ 6◦. From these three images, a
3D reconstruction of the zone of interest was obtained
(by the so-called “stereological pairs” method) using
the MeX software. Then, local misorientations of the
fracture surface were determined both within the first
cleavage facet (continuous crack propagation shown by
some continuity in cleavage rivers) and between that
facet and its neighbours (i.e. involving arrest of that
first cleavage microcrack). The tilt and twist compo-
nents were calculated from the actual local orientation
of the fracture surfaces, by assuming a fictitious bound-
ary parallel to the specimen axis. Thus, the particular
values of tilt and twist angles should be considered
approximate.

3 Results

3.1 Impact toughness behaviour

Figure 3 shows theductile-to-brittle transitionbehaviour
for both steels, described both in terms of the shear area
percentage and fracture energy. When considering the
50% shear area percentage obtained for the usual (TD–
RD) specimens, the transition temperaturewas− 60 ◦C
for both steels.No obvious difference in fracture energy
or shear area percentage was noticed between the two
steels. On the other hand, despite the limited number
of tested specimens, Steel B showed a slightly lower
shear area percentage transition temperature (− 70 ◦C)
for (RD–TD) specimens than for (TD–RD) specimens.

The different shapes of load versus displacement
curves are schematically represented in Fig. 4a. Careful
examination of all fracture surfaces allowed relating the
various parts of these curves to the crack propagation
modes observed in the fractured specimens.

By increasing the test temperature, the following
fracture modes were observed at the macroscopic scale
in TD–RD oriented specimens (Fig. 4a):

(1) Brittle fracture initiated from the notch root, then
propagated along the entire ligament, without shear
lips. This was only the case for two specimens of
Steel A (T = − 100 ◦C).

(2) Brittle fracture initiated from the notch root, then
propagated along the entire ligament, together with
shear lips (− 100 ◦C < T < − 60 ◦C).

(3) Brittle fracture initiated from the notch root turned
into BTF. BTF is followed by ductile slant fracture
(− 60 ◦C < T < 0 ◦C).

(4) Brittle fracture initiated from the notch root, then
turned into ductile slant fracture along the rest of
the ligament (− 60 ◦C < T < 0 ◦C).

(5) Ductile slant fracture initiated from the notch root
after some flat ductile crack propagation. It was
followed byBTFwhich propagated along the entire
ligament (− 60 ◦C < T < 0 ◦C).

(6) Ductile slant fracture initiated from the notch root
after triangular ductile crack propagation. It was
followed by BTF which turned into a final ductile
slant fracture (− 60 ◦C < T < 0 ◦C).

(7) Full ductile slant fracture occurred (T > 0 ◦C).

According to the API 5L3 standard (ANSI/API
1996), a BDWTT test is only valid if the broken spec-
imen exhibits brittle crack initiation at the notch root,
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Fig. 3 Ductile-to-brittle transition curves of a Steel A and b Steel B in both shear area and fracture energy. Solid (resp. broken) lines
have been added to facilitate visualisation for TD–RD (resp. RD–TD) orientations

Fig. 4 a Schematic load
versus displacement curves
from instrumented
BDWTTs, associated to
typical fracture modes
(optical macrographs).
TD–RD specimens, the
notch is on the left. D
ductile, SL shear lips, FC
flat cleavage, BTF brittle
tilted fracture. b Detailed
view of BTF in a TD–RD
specimen of Steel B tested
at − 30 ◦C: cleavage
fracture along
macroscopically tilted
planes, linked by ductile
slant fracture ligaments
(white arrows)
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which turns into ductile slant fracture, unless the entire
fracture surface is either brittle or ductile. This was not
the case in the present work, because ductile crack ini-
tiation or BTF occurred inmany cases. Indeed, with the
high ductility of modern pipeline steels, brittle fracture
initiation at the notch is more difficult. The use of a
machined notch (chevron) or of a pre-cracked notch
has been proposed in literature (Hwang et al. 2004) but
was not adopted here as it is not accepted in all stan-
dards (EN 2013).

Brittle tilted fracture was observed for temperatures
lower than − 30 ◦C for Steel A and − 20 ◦C for Steel
B (TD–RD) specimens, respectively. Within the prop-
agation region of BTF, entities similar to macroscopic
rivers were observed (see e.g. Fig. 4, case 5). These
macroscopic rivers were more pronounced far from the
initiation site. SEM observations of the fracture sur-
face were performed after tilting the specimen by 40◦
around RD, so that the BTF surface became perpendic-
ular to the incident electron beam. A stair-shaped frac-
ture mode was observed around macroscopic rivers,
i.e., cleavage fractured θ-planes were linked to each
other by ductile slant regions (Fig. 4b). This suggests
that BTF propagates along more than one θ-plane at a
time.

Brittle tilted fracture, aswell as flat cleavage fracture
led to a drop in load (cases 3–6 in Fig. 4a). The larger
the area of BTF on the fracture surface, the more pro-
nounced the drop in load. Consequently, BTF reduced
the impact fracture energy. The occurrence of delam-
ination was not associated to any abrupt drop in load.
Nevertheless, it might accelerate the decrease in load
during ductile crack propagation, since it introduces
damage within the specimen. In Steel A (but rarely in
Steel B), a brittle delamination crack was observed in

some instances to rotate toward the plane perpendic-
ular to the main loading direction. The occurrence of
this so-called delamination rotation was not obviously
noticeable on the load versus displacement curves, per-
haps because it happened rather close to the back of
the specimen. Delamination rotation brings additional
brittle fracture area that is taken into account for the
shear area calculation. As such, the sensitivity to (brit-
tle) delamination cracking should not be ruled out from
the assessment of impact toughness of this steel family.

In RD–TD oriented specimens, within the ductile-
to-brittle transition region, brittle out-of-plane cracking
was identified as delamination, which rotated to join
either the main loading plane, or the θ-plane (which
was here parallel to the loading direction). No BTF,
i.e., no brittle cracking along the anti-θ planes, was
observed for this specimen orientation.

3.2 Tensile behaviour

3.2.1 Uniaxial tensile behaviour

Theanisotropy in strengthwasveryweak for both steels
under uniaxial tension (Fig. 5), although the steels
exhibited a yield point when tested along certain direc-
tions only. A low level of work hardening was noticed
whatever the loading direction. On the other hand, a
Lankford coefficient from 0.7 ± 0.05 to 0.85 ± 0.05
was determined from fracture surfaces of specimens
tested at − 196 ◦C, for which necking was not pro-
nounced. As a result, anisotropic plastic flow had to be
taken into account in the constitutive model of Steels A
and B for accurate determination of cleavage fracture
initiation conditions.

Fig. 5 Uniaxial tensile
curves at − 196 ◦C:
experimental results and
model predictions for a
Steel A and b Steel B
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Fig. 6 Effective stress
versus diameter reduction
curves of NT specimens
tested at − 196 ◦C (unless
otherwise stated) for a Steel
A and b Steel B. (*)
modified NT geometry
(notch radius 0.6mm
instead of 0.4mm). c, d
Fracture initiation site of
NT specimens of c Steel A
tested along ND at − 100 ◦C
and d Steel B tested along
ND at − 196 ◦C Reduction of diameter (-)

Ef
fe

ct
iv

e 
st

re
ss

 (M
Pa

) 1600

1400

1200

1000

800
0 0.05 0.10 0.15 0.20

ND (-100°C)

θ

TD (*)
RD (*)

Experiment
Model

Steel A

(a)

Reduction of diameter (-)

Ef
fe

ct
iv

e 
st

re
ss

 (M
Pa

) 1600

1400

1200

1000

800
0 0.02 0.04 0.06 0.08 0.10

NDθ

RD,TD

RD θ

TD

Steel B
Experiment
Model

(b)

(c) (d)

3.2.2 Tensile behaviour of notched specimens

The effective stress versus diameter reduction curves
(Fig. 6) showed very low reduction in diameter at frac-
ture (except for Steel A tested along ND at − 100 ◦C).
In all specimens, brittle, flat cleavage fracture was
found and the location of the cleavage initiation site,
determined by SEM,was far from the notch root. Along
ND, fracture initiated from a 60-μm-large facet in Steel
A (Fig. 6c), and from a 25-μm-large facet in Steel
B (Fig. 6d). Unlike, for example, in Gervasyev et al.
(2016b), no particle was found at the cleavage ini-
tiation site on unetched fracture surfaces. This was
confirmed by examination of specimens tested at vari-
ous temperatures in another part of this research work
(Tankoua 2015). In specimens loaded along TD, cleav-
age initiated close to a delamination microcrack for
the two steels. In specimens loaded along RD, along
ND and along the θ-direction, neither delamination
nor inclusion were found at the fracture initiation site,
although delamination microcracks were found else-
where in Steel A specimens tested along RD (but not
in those tested along TD).

3.3 Determination of critical cleavage fracture
stresses

3.3.1 Modelling the tensile tests on NT specimens

Constitutive equations used to represent the plastic
flow behaviour of Steels A and B had to account for
the low stress anisotropy and for the significant strain
anisotropy evidenced by Lankford coefficients far from
1. Although it is the most popular anisotropic model,
the yield criterion proposed by Hill (1950) is not suited
to this case. Therefore, the one proposed by Barlat et al.
(1991)was selected. In thismodel,withσ the stress ten-
sor and p the equivalent plastic strain, the yield surface
is defined as:

f (σ , p) = σ eq − R(p) (1)

The equivalent stress, σ eq , is expressed as follows:

σ eq = 1

2

(∣∣∣σ dev
1 − σ dev

2

∣∣∣
a +

∣∣∣σ dev
2 − σ dev

3

∣∣∣
a +

∣∣∣σ dev
3 − σ dev

1

∣∣∣
a)1/a

(2)

In this equation, σ dev
1 ≥ σ dev

2 ≥ σ dev
3 are the eigen-

values (i.e., principal values) of the modified stress
deviator, σ dev, obtained as a linear function of the stress
tensor, as follows:
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σ dev = S : σ , with

S =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

c2+c3
3 − c3

3 − c2
3 0 0 0

− c3
3

c1+c3
3 − c1

3 0 0 0

− c2
3 − c1

3
c1+c2

3 0 0 0
0 0 0 c4 0 0
0 0 0 0 c5 0
0 0 0 0 0 c6

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

(in Voigt notations) (3)

The isotropic hardening, R(p), was described using
a yield stress, R0, a linear contribution (involving
parameter H ) and an exponential Voce-type term
(involving parameters Q and b):

R(p) = R0 + Hp + Q(1 − exp(−bp)) (4)

In this model, the eleven constitutive parameters to
be identified are: R0, H , b, Q, a, and c1−6. Uniaxial
tensile tests were modelled using a single volume ele-
ment. Tests on NT specimens were modelled by using
the finite element method and the Z-set in-house soft-
ware (Besson and Foerch 1997). From a parametric
numerical study reported elsewhere (Tankoua 2015),
three-dimensional meshes made of quadratic, eight-
node elements with reduced integration were used.
One-eighth of the specimen was modelled, together
with the usual symmetry conditions and a prescribed
uniform axial displacement at the specimen end, along
the loading axis. A mesh size of 400μm was found
fine enough for the load versus displacement (or diam-
eter reduction) curves predicted by the model to be
independent of meshing. It was thus used in the itera-
tive procedure to optimise the set of constitutive model
parameters. For the determination of the critical cleav-
age fracture stresses, following another mesh conver-
gence study (Tankoua 2015), a single calculation using
a finer mesh (15μm in size close to the specimen
centre) was carried out. A Newton–Raphson global
scheme was used, together with an implicit integration
method and finite strain formalism for the constitutive
behaviour, based on the use of a local objective frame
as proposed in Besson et al. (2009). Observer invariant
stress and strain rate measures were defined by trans-
port of the Cauchy stress and strain rate into the coro-
tational frame characterised by a rotation Q (function
of both space coordinates and time). An experimen-
tal database larger than that reported here (Tankoua
et al. 2014a; Tankoua 2015), including tests at var-
ious temperatures between − 196 ◦C and room tem-
perature, was used to identify model parameters from

tests on smooth and NT specimens, including infor-
mation on strain anisotropy. The dependence of R0 on
the test temperature followed an exponential function
of absolute temperature, R0 = σa + σb exp(−T/T0),
T being the test temperature (in Kelvin) and σa , σb,
T0 being material parameters, with an accuracy bet-
ter than 10 MPa (Tankoua 2015). The values of σa ,
σb, and T0 for Steel A (resp. Steel B) were 478MPa
(540MPa), 1036 MPa (1020MPa) and 76.9K (71.4K),
respectively. The strain hardening behaviour was found
to be independent of temperature for temperatures up to
− 100 ◦C, so that hardening parameters were adjusted
at − 100 ◦C (Tankoua 2015). Parameters describing
flow anisotropy were adjusted at room temperature, for
which a larger database was available, and validated
using the ratio between minimal and maximal reduc-
tions in diameter as measured on smooth specimens
fractured at − 196 ◦C. More details can be found in
(Tankoua 2015). No remarkable variation in the notch
radius was observed between the various specimens,
but there was a little variation in the minimal diame-
ter value between 2.55 and 2.63mm depending on the
specimen, so that the actual geometry of every notch
was modelled in the numerical simulation on an indi-
vidual basis.

The optimised sets of parameters identified for both
steels are reported in Table 2. As both steels showed
similar plastic flow properties, the values of their con-
stitutive parameters are close to each other. Figures 5
and 6, as well as Table 3 show good agreement between
experimental values and model predictions, with an
average difference of 5% in strength and a fairly good
estimate of Lankford coefficients, even if the strain
anisotropy was underestimated by the best set of model
parameters. These results allowed estimation of the
critical cleavage fracture stresses from the finite ele-
ment analysis of the tests on NT specimens.

3.3.2 Derivation of critical cleavage fracture stresses

For any loading direction, d, and for any of the two
steels, S (S = Steel A or Steel B), the critical cleavage
fracture stress along that direction, σ d

c_S , was estimated
from the corresponding tests on NT specimens loaded
along direction d. Two tests per direction were used.
Numerical calculations were stopped at the diameter
reduction measured at the onset of brittle fracture; σ d

c_S
was then determined as the axial stress at the location
of the experimentally observed cleavage initiation site.
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Table 2 Constitutive model parameters identified for Steel A and Steel B at liquid nitrogen temperature. For Steel A at − 100 ◦C,
R0 = 587MPa

R0 (MPa) H (MPa) Q (MPa) b a c1 c2 c3 c4 c5 c6

Steel A 859 430 220 17 12 1.038 1.057 0.952 1.041 1.034 1.032

Steel B 887 682 180 26 12 1.028 1.034 0.982 0.999 1.032 1.062

Table 3 Comparison between experimentally measured and predicted Lankford coefficients (measured using the same directions) for
both steels and various orientations of the uniaxial tensile stress

Steel/loading direction +definition
of Lankford ratio

RD εTD/εND TD εRD/εND ND εTD/εRD θ-direction
εRD/εperpendicular

A

Experiment (Not available) 0.73 0.80 0.77

Model 0.70 1.01 0.87

B

Experiment 0.71 0.83 0.86 0.80

Model 0.81 0.83 1.02 0.89

An uncertainty of ± 50MPa on σ d
c_s was estimated

for this determination, owing to both the uncertainty
related to the constitutive model and the maximal vari-
ation in axial stress over a distance of 100μm around
the crack initiation site. Since this value of 100μmwas
larger than twice the average size of both ferrite grains
(see Fig. 2) and of PCFs (as will be shown below),
the characteristic distance of at least two times the
grain size, requested by the so-called Ritchie–Knott–
Rice local approach to fracture (Ritchie et al. 1973),
was fulfilled. In some cases, because of the presence of
delamination cracks that act as stress concentrators, the
actual local cleavage fracture stresses are supposed to
be higher than those determined by applying the present
delamination-free modelling approach to these partic-
ular specimens. As a consequence, only a lower bound
of σRD

c_A, σ
TD
c_A, and σ TD

c_B could be determined, by con-
sidering the higher axial stress within the specimen (at
the centre), but not considering the mechanical influ-
ence of the (already present) delamination crack. In the
absence of delamination, the two tests per condition
yielded critical cleavage fracture stress values close to
each other. The values of σ d

c_S are reported in Table 4.
Except for Steel A tested along ND (i.e. fractured

along the (RD, TD) plane), all values of σ d
c_s are higher

than 2000MPa, showing good resistance to cleavage
cracking. By comparing the values of σND

c_B and σθ
c_B ,

Steel B appears more sensitive to cleavage cracking

along the θ-plane than along the rolling plane. Steel A
seems very sensitive to cleavage along the rolling plane
but the value of σND

c_A was determined from a material
elongated (in average) by at least 30% (corresponding
to a diameter reduction of 0.15), whereas all other NT
specimens fractured with a diameter reduction lower
than 0.07. In both steels, the cleavage fracture resis-
tance for d = RD and d = TD was higher than that for
d = ND and d = θ-direction. This could explain why
in BDWTT specimens tested along TD, BTF strongly
competes with flat cleavage fracture in the ductile-to-
brittle transition temperature range.

3.4 Microtexture quantification

3.4.1 Setting up the microtexture quantification
method

To link the anisotropy in sensitivity to cleavage crack-
ing with the steel microtexture, EBSD maps were used
to quantify the PCF area fraction and size distribution.
To set up the quantificationmethod, the (RD, TD) plane
of Steel A was chosen because of its rather heteroge-
neous microstructure containing large entities resem-
bling clusters of slightly misoriented grains (Fig. 2)
together with rather large facets at the origin of cleav-
age fracture along that plane. A 1mm × 0.5mmEBSD

123



Quantification and microstructural origin of the anisotropic nature of the sensitivity 155

Table 4 Quantification of microtexture (PCF area fraction, effective PCF size) and estimates of the critical cleavage fracture stress
(σ d

c_s from FE analysis and σ d
G_s from the Griffith-inspired approach of Eq. 5) along different planes of Steels A and B

Plane perpendicular to loading direction d (RD, TD) θ Anti-θ (TD, ND) (RD, ND)

Steel A

PCF area fraction 26.7% 12.7% 5.8% 5.2% 7.8%

Effective PCF size, PCFd
ef f _A (μm) 18.1 12.3 10.6 10.2 11.1

Critical cleavage fracture stress from FE analysis, σ d
c_A (MPa) 1800 (*) 2200 (No test) > 2200 > 2200

Critical cleavage fracture stress from Griffith-inspired model, σ d
G_A (MPa) 1440 2130 (No test) 2510 2330

Steel B

PCF area fraction 13.4% 20.2% 6.0% 8.9% 5.9%

Effective PCF size, PCFd
ef f _B (μm) 11.6 12.7 9.7 10.7 10.3

Critical cleavage fracture stress from FE analysis, σ d
c_B (MPa) 2200 2000 (No test) 2400 2500

Critical cleavage fracture stress from Griffith-inspired model, σ d
G_B (MPa) 2240 2000 (No test) 2410 2500

(*) test at − 100 ◦C with significant reduction of area at fracture (around 0.15)

RD

ND

TD ωb ωa 
αa,b 

Grain a Grain b 

ND
ND

Fig. 7 Definition of deviation angles for the quantification of PCFs

map was used to calibrate the microstructural quantifi-
cation method.

As illustrated in Fig. 7, only the grains having
a {001} plane normal, i.e. a 〈001〉 direction, “suffi-
ciently” close to the loading direction (i.e., misoriented
by an angle, ωi , lower than a critical angle, ωc) were
considered to possibly belong to (hereafter, to be “eli-
gible to”) a PCF. In fracture surfaces, the first cleavage
facet was sometimes clearly not perpendicular to the
loading direction, so that the value of ωc had to be set
rather far from 0◦. This could stem from the fact that at
the grain scale, the direction of the localmaximumprin-

cipal stress is not necessarily close to the macroscopic
tensile axis. The following values ofωc were tested: 5◦,
10◦, 15◦, 20◦, and 25◦, respectively. As expected, the
area fraction covered by PCFs increases with ωc (see
inlet in Fig. 8). Moreover, from the curves in Fig. 8,
increasing the value of ωc increased the area fraction
of larger PCFs and, more generally, of all PCFs, includ-
ing smaller ones. By using ωc < 15◦ one would miss
the larger facets (> 60μm in size), that were actually
observed at cleavage initiation sites. Furthermore, for
ωc > 15◦, the difference in area of larger PCFs is less
affected by a further increase inωc, if one considers the
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area fractions normalised by the total area of PCFs, i.e.,
the actual shape of the size distribution (Fig. 8). For
ωc = 20◦, the regions covered with PCFs correlated
well, both in location and in size, to the ones occu-
pied by larger entities in the microstructure (Fig. 2),
as already pointed out by Schofield et al. (1974), yet
with no local crystal orientation analysis. The present
results indicate that these entities possess a {001} plane
close to the (RD, TD) plane and that they could favour
cleavage fracture along the (RD, TD) plane of Steel
A. As a first-order approximation, the value of ωc was
thus set to 20◦ in the following, i.e., only grains having
a {100} plane misoriented by less than 20◦ from the
investigated plane were considered as eligible to PCFs.

As stated above, the unit crack path for cleavage
fracture is the PCF, and not the individual grain. A
PCF is thus a region across which a {001} cleavage
crack may propagate readily from one grain to the next
one, as long as {001} planes are not “too strongly”
misoriented between the two considered grains. For
two neighbouring grains (here, a and b) to belong to the
same PCF, (1) their individual values of ωi should be
lower thanωc and (2) the misorientation angle between
the involved {001} planes, αa,b (Fig. 7), should not
exceed a critical value, αc.

To get a first insight of the value of αc, devia-
tion angles between cleavage facets were analysed by
quantitative fractography as reported in Tankoua et al.
(2014a). A full cleavage fracture surface that presented
a large cleavage facet at the initiation site, with no
delamination microcrack, was selected for this anal-
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Fig. 9 Quantitative fractography of the cleavage initiation site
of a NT specimen of Steel A tested at− 100 ◦C along ND (delin-
eated by the dashed line in the inset micrograph): microcrack
propagation (full diamonds) versus arrest (full squares) as a func-
tion of estimated local tilt and twist components of the deviation.
Microcrack propagation is schematizedwithwhite arrows in pure
tilt and pure twist configurations close to the vertical and to the
horizontal axis, respectively. The criteria formulated by Stec and
Faleskog (2009), after Gell and Smith (1967), Qiao and Argon
(2003) and Stec and Faleskog (2009), and adjusted to the present
data are reported with open symbols and dotted, dashed and con-
tinuous lines, respectively

ysis, namely, a NT specimen of Steel A tested along
ND (inlet in Fig. 9). This first facet was defined as the
region containing the crack initiation site, within which
a cleavage crack propagated with no strong discontinu-
ity in river pattern and without any ductile tearing of
ligaments. The boundary of this facet was delimited
by ductile ligaments, separating that facet frommisori-
ented regions where both the fracture surface and the
river pattern were oriented in a significantly different
way than in that first facet. Crack propagation was sup-
posed to occur readily along the first facet, and to have
been hindered at the facet boundary. The local normal
direction to the cleavage crack plane was determined in
a number of points from the 3D-reconstructed fracture
surface.

The conditions of cleavage microcrack propagation
versus microcrack arrest were determined as follows,
with details reported in the “Appendix”. Let us con-
sider a cleavage crack propagating along given plane,
as facet 1 with normal n1 and attempting to propagate
across an adjacent crystal (cleavage plane with normal
n2), as illustrated in Fig. 14 in the “Appendix”. Two
extreme situations could be encountered, according to
the relative orientations ofn1, ofn2, andof the local tan-
gent to the boundary of the first facet, b. If both cleav-
age facet planes contain direction b, i.e., b//n1 × n2,
the cleavage crack propagating along facet 1 could tilt
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toward the cleavage plane of facet 2, without leaving
any unbroken material behind it. This is schematically
represented as a “pure tilt deviation” close to the “tilt
angle” axis in Fig. 9. If b⊥n1 × n2, continuous prop-
agation of a single cleavage crack across the entire
boundary segment of orientation b is not possible. This
“pure twist” case is illustrated close to the “twist angle”
axis in Fig. 9. To further propagate, the crack has to
restart from several locations at the boundary and to
leave unbroken ligaments. In the present work, the tilt
and twist components of the deviation between neigh-
bouring facets were calculated with in-house software
(Andrieu 2013). The values determined within this first
cleavage facet give an indication of the deviation angles
which could not stop cleavage microcrack propaga-
tion along that facet. The values determined across
the cleavage facet boundary indicate which deviation
angles could strongly hinder or even locally stop cleav-
age crack propagation. The results are plotted in Fig. 9.

As already denoted in Gell and Smith 1967, Qiao
and Argon 2003, Andrieu 2013, and Pineau 2015,
for a given misorientation angle, a twist misorienta-
tion appears as a more efficient barrier to cleavage
crack propagation than a tilt misorientation, because
the microcrack has to propagate from one or several
points (vs. from the whole boundary in a tilt configu-
ration). Consequently, crack propagation across a twist
boundary through a so-called “break-through window”
(Lu et al. 2011) locally creates ligaments that have then
to be broken, by brittle grain boundary failure in the
fully brittle range (Gell and Smith 1967) and, in the
ductile-to-brittle transition, by grain boundary shear-
ing (Lu et al. 2010). A tilt angle of up to 20◦ does not
hinder crack propagation; this observation is in agree-
mentwith previous findings on bainiticmicrostructures
(see e.g. Gourgues et al. 2000; Lambert-Perlade et al.
2004). For mixed (tilt + twist) misorientations, a twist
angle as low as 10◦ appeared to be sufficiently high to
arrest the first cleavage microcrack (corresponding tilt
angles being yet also high for these particular measure-
ments).

Experimental measurements were further compared
in Fig. 9with predictions from existingmodels, derived
fromexperiments onFe–3Si alloys. Thefirstmodelwas
proposed by Gell and Smith (1967) and based on the
energy release rate from crack propagation into the sec-
ond grain. The secondmodelwas proposed byQiao and
Argon (2003) and based on the work required to cre-
ate additional, tilted cleavage fracture surfaces and to

fracture the grain boundaries by a traction-separation
phenomenon. The third model was proposed by Stec
and Faleskog (2009) based on finite element compu-
tational analysis of crack propagation across a grain
boundary that was represented by cohesive elements.
For these three models, the formulation by Stec and
Faleskog (2009) was adopted and the ratio between
the critical grain size for given tilt and twist angles to
that for zero-misorientation was adjusted to 1.13, 1.30,
and 1.215 for the Gell–Smith, the Qiao–Argon, and
the Stec–Faleskog models, respectively. The hypothe-
ses underlying thesemodels donot take into account the
elastic-plastic anisotropy of individual grains that may
greatly affect the values of local stress intensity factors.
In addition, the amount of experimental data was low,
especially for high-twist, low-tilt boundaries. Never-
theless, the qualitative agreement between experimen-
tal measurements and the shape of predicted curves
appeared very satisfactory.

In the present work, and based on this preliminary
analysis, a critical misorientation angle between {001}
planes, αc, not higher than 20◦ was considered a suit-
able criterion for the definition of potential cleavage
facets, since cleavage propagationmight not be stopped
for deviation angles lower than that value.

Any accurate determination of αc would involve
a large number of measurements of deviation angles
between individual cleavage facets, here considered as
{001} planes. EBSD data processing procedures have
recently been reported to automatically extract values
of αa,b from EBSD maps (Ghosh et al. 2016a, b) but
were not available in the present case. As only a limited
amount of data was provided by quantitative fractogra-
phy, the value ofαc could not be accurately determined.
A simpler, readily-available estimate, well-suited to
analyse large data sets, was chosen instead. The mis-
orientation angle βa,b between neighbouring grains a
and b (and not between their {001} planes, see Fig. 7),
was used. It was thought to be correlated to the misori-
entation between cleavage planes. As a consequence,
the critical value used for βa,b to define a PCF, βc, was
considered as a first, simplified estimate for the defi-
nition of PCFs, to be used to compare microtextures
along various planes of the plate.

To derive a value of βc, the boundaries of PCFs
determined with various values of βc were compared to
those oflarger entities (Fig. 2). The best agreement was
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Fig. 10 Microtexture quantification of the sensitivity to {001}
cleavage cracking of Steel A by EBSD mapping of PCFs (black
regions) along a (RD, TD) planes; b θ-planes; c anti-θ-planes;

d (TD, ND) planes; e (RD, ND) planes. f Size distribution of
PCFs (ωc = 20◦, βc = 10◦); the area fraction is normalised by
the total investigated area (not only that of PCFs)

obtained for βc = 10◦ so that this value was adopted
for the microtexture analysis.

The values of ωc = 20◦ and βc = 10◦ were then
assumed to also be relevant for Steel B and for the
other investigated planes since (1) the microstructures
of both steels were similar to each other and (2) from
fracture surface observations, the physical mechanisms
of cleavage fracture appeared to be the same.

3.4.2 Quantification of the microstructural anisotropy
relevant to cleavage fracture

The spatial and size distribution of PCFs obtained from
the planes of interest in Steels A and B are shown in
Figs. 10 and 11, respectively. The average fraction of
PCFs is indicated in Table 4. Even if themorphology of
individual grainswas almost isotropic and thegross tex-
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ture was not highly pronounced, the strong microtex-
ture anisotropy of Steel Awas clearly evidenced. Large
PCFs were found in the (RD, TD) plane (Fig. 10a);
from individual orientation measurements, these large
PCF belonged to the slight rotated cube texture com-
ponent in that steel. In the θ-plane, PCFs were smaller
and elongated along RD (Fig. 10b). In the other planes
(Fig. 10c–e), PCFs were even smaller and equiaxed.
In particular, the θ-plane and anti-θ-plane strongly dif-
fered in the spatial and size distribution of PCFs. The
spatial distribution of PCFs in the (RD, TD) plane
appeared very heterogeneous, even over typical dis-
tances up to 500μm. Consequently, sampling effects
still might have affected the quantification of microtex-
ture in that plane.

The anisotropy in microtexture of Steel B differed
from that of Steel A. The θ-plane exhibited a high area
fraction and number density of PCFs, homogeneously
distributed in the plane (Fig. 11b). The (RD, TD) plane
contained smaller PCFs (Fig. 11a), that appear to be
less homogeneously distributed than along the θ-plane.
The other three planes showed much smaller PCFs
(Fig. 11c–e).

For both steels, individual PCFs in the (RD,ND) and
θ-planes appeared somewhat elongated along RD. This
suggests that the thermomechanical rollingprocess also
introduced a local anisotropy in microtexture, in addi-
tion to the anisotropy at the larger scale evidenced from
EBSD maps.

4 Discussion

4.1 Origin of brittle tilted fracture during BDWTT

The analysis of BTF during BDWTT of hot-rolled
steels should take a number of physical phenomena
into account, namely, any anisotropy in plastic flow
that could affect the stress normal to the θ-plane, any
anisotropy in microtexture that could affect the sensi-
tivity to brittle cleavage fracture along θ-planes, as well
as dynamic loading effects associated to wave propa-
gation.

The rather low anisotropy in flow stress, as well as
the fact that BDWTT specimens tested along RD–TD
never exhibited BTF, tend to show that BTF is rather
due to a microstructural anisotropy than to a purely
mechanical phenomenon. In a companion study of the
same steels, fracture toughness tests evidenced BTF for

TD–RD compact tension specimens (Tankoua 2015).
As such, the contribution of dynamic loading is not a
first-order phenomenon. On the other hand, the micro-
texture of both steels exhibited a small size and rather
low area fraction of PCFs in the anti-θ plane of both
Steels A and B, compared to that in both the θ-plane,
the rolling plane and the plane of flat cleavage frac-
ture (i.e., the RD, ND plane for TD–RD impact test
specimens). As a consequence, BTF in these specimens
seems mainly due to the anisotropy in microtexture of
both steels, rather than to the anisotropy in mechanical
properties or to any dynamic loading effect intrinsic to
impact tests.

In many instances, BTF in BDWTT specimens was
accompanied by delamination cracks that could be
attributed to the rather high sensitivity of the (RD, TD)
plane of both steels to cleavage fracture, also associ-
ated to the size distribution and area fraction of PCFs
along those planes (Figs. 10a, 11a). To further investi-
gate the role of delamination in triggering BTF, a few
additional BDWTT tests were carried out along TD
for Steel B to get better understanding of the compe-
tition between brittle fracture mechanisms along dif-
ferent planes in a given specimen. In these tests, crack
propagationwas interrupted using a ballisticmethod by
providing a total energy lower than the energy required
for complete fracture. Since the height of the hammer
above the specimen was fixed, the impact energy was
reduced by decreasing the weight of the hammer from
985 kg down to 430 kg. Three specimens were tested
at − 60 ◦C, which was the fracture appearance transi-
tion temperature (50% shear area) of Steel B. After the
tests, two of these unbroken specimens were heated
for 1h at 300 ◦C to obtain colour tinting of the fracture
surface. Non-destructive evaluations (NDE) with ultra-
sonic waves and magnetic-particle inspection allowed
for locating macroscopic cracks inside the specimens.
Compact tension specimens were then machined from
the three BDWTT specimens embedding the detected
cracks, and finally broken at room temperature with a
load ratio of 0.1 and a frequency of 40 Hz, so that the
fatigue crack could be easily distinguished from the
cracks generated during the BDWTT.

The tinted zone corresponded to ductile slant and
contained delamination cracks (Fig. 12). About 10mm
ahead of the ductile slant, one delamination crack at
mid thickness could be observed. This delamination
crack did not appear from fatigue post-cracking, since
according to observations carried out in the present
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Fig. 11 Microtexture quantification of the sensitivity to {001}
cleavage cracking of Steel B by EBSD mapping of PCFs (black
regions) along a (RD, TD) planes; b θ-planes; c anti-θ-planes;

d (TD, ND) planes; e (RD, ND) planes. f Size distribution of
PCFs (ωc = 20◦, βc = 10◦); the area fraction is normalised by
the total investigated area (not only that of PCFs)

work, delamination never appeared at room temper-
ature. This delamination crack most probably formed
during the BDWTT test itself, well ahead of the ductile
crack and before the appearance of BTF. As such, BTF
should not be considered as an isolated phenomenon,
but in close interaction with delamination cracking.
This was confirmed by the fact that even in NT speci-
mens, delamination was frequently observed at the ori-

gin of brittle cleavage fracture, especially for specimens
tested along the θ-direction at temperatures higher than
− 196 ◦C (Tankoua 2015). In summary, BTF may be
attributed to the high sensitivity of the θ-plane to cleav-
age fracture, and also possibly to the sensitivity of the
investigated steels to delamination, both phenomena
being due to their anisotropic microtexture induced by
their particular hot rolling processing route.
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Fig. 12 Macroscopic views of compact tension specimens
machined after interrupted BDWTT (Steel B, − 60 ◦C), then
fatigue fractured at room temperature. The dashed lines delin-
eate the boundary of the tint etched regions; delamination cracks
ahead of the tint etched regions are indicated by arrows

4.2 Quantitative link between microtexture and
sensitivity to cleavage fracture

In order to quantify the link between anisotropy in
microtexture and anisotropy in sensitivity to cleavage
cracking, a Griffith-inspired approach was tentatively
applied to compare the values of σ d

c_s to those derived
from the PCF size distribution. A simple, deterministic
approach was chosen instead of a probabilistic fracture
model such as e.g. that of Beremin (1983), in order
to limit the extent of the experimental database nec-
essary to identify the model parameters. An effective
crack size, related to an effective PCF size normal to
given loading direction d of Steel S (S = Steel A or
Steel B), PCFd

ef f _s , had thus to be determined. From
fracture surface observations at crack initiation sites,
larger facets were more detrimental than smaller ones.
The value of PCFd

ef f _s should thus take the tail of
the size distribution into account. On the other hand,
even if large-scale EBSD maps were used, sampling
effects cannot be ruled out from experimental PCF size
distributions. Consequently, any criterion based on the
few larger PCFs (e.g. in the RD, TD plane of Steel A)
might induce significant uncertainty on the values of
PCFd

ef f _s . A simpler, more robust criterion was thus
adopted. First, the threshold value to select the so-called

“tail” of the size distribution was set to 8μm, i.e., close
to the maximum in the PCF size histograms (steepest
part of curves in Figs. 10f, 11f). In fact, a difference
of less than 10% in PCFd

ef f _s was observed by tak-
ing threshold values in the range 8–12μm. Then, the
average area of all PCFs belonging to the tail was cal-
culated, and its equivalent circle diameter was taken
as an estimate of PCFd

ef f _s . As shown in Table 4 and

Fig. 8, the values of PCFd
ef f _s were much lower than

the size of the first cleavage facet, so that they should
only be used in a comparative way.

In classicalmodels using the local approach to cleav-
age fracture, the critical cleavage stress was inversely
proportional to the square root of the size of the first
microcrack (Griffith-inspired criterion). In our case,
this size was tentatively chosen as PCFd

ef f _s . The
critical cleavage fracture stress estimated from the
Griffith-inspired approach, σ d

G_S , was then estimated
using the best fit of parameters C and D of the fol-
lowing equation 5, i.e., a linear fit of the σ d

G_S versus

(PCFd
ef f _S)

−0.5 data points:

σ d
G_S = C + D(PCFd

ef f _S)
−0.5 (5)

Note that in contrast to the original Griffith model,
a constant C is introduced here, so that no effective
surface energy could be readily calculated using the
value of parameter D.

Only data points associated to reliable critical cleav-
age stress values obtained under similar testing condi-
tions (no delamination at initiation site, testing temper-
ature − 196 ◦C) were taken into account in the calibra-
tion of C and D parameters. Therefore, critical cleav-
age stresses associated to directions ND, RD and TD
for Steel A and TD for Steel B were not used to cal-
ibrate the parameters of Eq. (5). The values of C and
D were respectively adjusted to (− 1790MPa), and to
13,740MPaμm0.5. Rather good agreement (maximum
discrepancy of 75MPa) was obtained between that fit
and the values used to identify parameters C and D.
Using the same equation, the values of σ d

G_S estimated

from effective PCF sizes, PCFd
ef f _s were then com-

pared to the ones actually estimated from mechanical
analysis of the NT tests, σ d

c_S , for all available plane
orientations (Table 4 and Fig. 13). The critical cleav-
age stress estimated along ND for Steel A, σND

G_A, is
considerably lower than σND

c_A . The fact that σND
c_A was

obtained after large strains at − 100 ◦C might play a
role in this discrepancy. The uncertainty related to the
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stresses determined at liquid nitrogen temperature, usingFEanal-
ysis of tensile tests on notched specimens, with those estimated
from quantitative analysis of the microtexture using the concept
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mated, due to the presence of delamination cracks at the origin
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evaluation of PCFd
ef f _s and to any statistical effects

resulting from sampling of PCFs might still affect the
correlation shown in Fig. 13.

One must notice that the concept of PCF is neither
related to the microstructure at the size of individual
grains, nor to the macroscopic (average) texture, but
to the distribution of clusters of unfavourably oriented
grains, i.e., to the microtexture itself. In the present
case, the strongly anisotropic microtexture at the scale
of clusters of grains, inherited from the TMCP pro-
cess governed anisotropy both in plastic flow and in
sensitivity to brittle cleavage cracking. To the authors’
knowledge, the simple model set up in this study is
the first attempt to quantitatively relate the anisotropic
sensitivity to cleavage fracture to the microtexture and
plastic flow anisotropy induced by hot rolling in this
grade of pipeline steels.

4.3 Linking critical cleavage fracture stresses to the
occurrence of BTF during impact testing

Tensile tests on crack-freeNTspecimens enableddeter-
mination of critical stresses triggering unstable cleav-
age fracture from a single cleavage facet, as a function
of the loading direction. The obtained values depend
on the population of PCFs within the considered plane.
During loading of the BDWTT specimens, BTF will

occur once crack propagation has already started by
delamination or prior ductile slant, as shown by inter-
rupted tests (Sect. 4.1). Obviously, the stress state at
the crack front of a BDWTT specimen strongly differs
from that in a crack-free NT specimen. Nevertheless,
in both cases, BTF will only occur if the local opening
stress applied to the θ-plane reaches a critical value.
The NT specimen methodology allowed investigating
the link between that critical value and the microstruc-
ture. The same applies for the occurrence of brittle
cleavage delamination in front of a ductile propagating
crack in BDWTT specimens. The more sensitive the
microstructure to cleavage fracture along those planes
(as determined using NT specimens), the more sensi-
tive the BDWTT specimens to unstable out-of-plane
cleavage fracture.

The origin of BTF both involves the microtex-
ture and the mechanical loading. The microtexture is
responsible for the anisotropy in critical cleavage stress
and of the intrinsic sensitivity to cleavage fracture of the
θ-plane, at least in an undeformed state. The mechan-
ical loading induces a local opening stress across the
θ-plane, which could be affected by the presence of
delamination or flat cracks. The local opening stress
across the θ-plane evolves during the loading, and BTF
is triggered once it reaches a critical value, namely, the
cleavage fracture stress of that plane. BTF seems to be
mainly controlled by microtexture anisotropy, because
BDWTT specimens tested along RD did not exhibit
BTF. For these specimens, due to the low anisotropy in
strength, the loading conditions are similar to those of
tests along TD. The main difference is that the BTF
plane is no longer the θ-plane but the anti-θ-plane
which appears less sensitive to cleavage fracture (low
area fraction and size of PCFs). In a Charpy specimen,
despite the occurrence of delamination, the short length
of the ligament might not allow the critical local stress
for BTF to be reached at the tip of the delamination or
ductile crack.

In the present work, the anisotropy in cleavage frac-
ture sensitivity was investigated in the fully brittle
fracture domain, with fracture occurring after a small
amount of strain. The only exception was for Steel A
tested along ND at − 100 ◦C, for which the fracture
occurred in a largely strained material (see Fig. 6a) and
the cleavage fracture stress took an unusually low value
(1800MPa, see Table 4). At the onset of BTF, the pres-
ence of a delamination or of a flat crack considerably
changed the strain state close to the crack tip, i.e., at the
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BTF crack initiation site. The effect of high amounts
of plastic strain (as prescribed e.g. at the tip of a prop-
agating crack) on the sensitivity to cleavage fracture is
currently under investigation in the steels considered
during the present work.

5 Conclusions

In the present work, a quantitative link was established
for the first time between the critical cleavage frac-
ture stresses, determined along various directions of
two hot-rolled pipeline steels by mechanical analysis
taking anisotropic plastic flow into account, and the
anisotropy in microtexture characterised using EBSD
through the concept of potential cleavage facets. The
following conclusions could be drawn.

• Brittle tilted fracture occurred in Battelle-type
impact specimens in the ductile-to-brittle transition
range. It was mainly due to an intrinsic anisotropy
in the sensitivity to cleavage cracking along the con-
sidered plane, rather than to plastic flow anisotropy
or to effects induced by dynamic loading condi-
tions; the ligament of Charpy ISO-V specimens is
long enough for delamination to occur, but too short
for brittle tilted fracture to be triggered during crack
propagation.

• The anisotropy in critical cleavage fracture stress
determined in the brittle temperature range from
round notched specimens was as high as 25% in
the considered steels; a methodology specific to
low-thickness plates was successfully developed to
obtain this result.

• The high sensitivity to brittle fracture along the
rolling plane is linked to a high density of large
clusters of crystals that are likely candidates for
cleavage facets; a methodology has been set up to
readily quantify the size and spatial distribution of
these so-called “potential cleavage facets”.

• AGriffith-inspired approach allowed a quantitative
link between the anisotropic critical cleavage frac-
ture stress (at − 196 ◦C) and the anisotropic effec-
tive size of potential cleavage facets.

• Tight microtexture control during thermal-
mechanical controlled processing, at the scale of
several ferrite grains, appears as a key point to con-
trol the sensitivity of hot-rolled pipeline steels to
brittle tilted fracture during impact testing.
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Appendix: Determination of the tilt and twist com-
ponents of a cleavage crack deviation to cross a
cleavage facet boundary

Let us consider a first facetwith normaln1 that has been
created by a cleavage crack. The local orientation of
the facet boundary is b. Let us consider that the closest
possible crack propagation plane in the adjacent grain
has normal n2. In the general case, b is neither parallel
(pure tilt) nor perpendicular (pure twist) to the cross-
product n1 × n2. The situation is illustrated in Fig. 14.
The orientation of facets 1 and 2 is schematized on
both sides of the facet boundary, to better illustrate the
calculation procedure.

Let p = n1 × b be the direction belonging to facet
1 and perpendicular to boundary b. The tilt compo-
nent is calculated in the auxiliary plane Ptilt, containing
both p and n1 (its normal is direction b). It is the angle
between the so-called ti direction (belonging to both
Ptilt and cleavage facet 2: ti = n2 × b) and direction p.
Mathematically, it is expressed as follows:

tilt_component = cos−1
(

(n2 × b) · (n1 × b)
|n2 × b| · |n1 × b|

)
(6)

The twist component is calculated in the auxiliary
plane Ptwist, containing both b and n1 (its normal is
direction p). Let tw be the direction common to both
plane Ptwist and facet 2, i.e., tw = p×n2, which can be
rewritten as tw = (n1×b)×n2. The twist component is
the angle between tw and direction b, mathematically
expressed as:

twist_component = cos−1
(

((n1 × b) × n2) · b
|(n1 × b) × n2| · |b|

)

(7)

The values of tilt and twist components measured
from quantitative fractography data are reported in
Fig. 9 of the main text.
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Fig. 14 Determination of
the tilt and twist
components of a cleavage
crack deviation in the
general case, using the
normal to each of the
cleavage facets (n1 and n2)
and the local orientation of
the boundary of the first
facet, b. For clarity, both
cleavage facet planes have
been represented in full
colour in the grain they
belong to, and as hatched
regions on the other side of
the boundary
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