Engineering Fracture Mechanics 252 (2021) 107842

Contents lists available at ScienceDirect

Engineering Fracture Mechanics

- -
ELSEVIER journal homepage: www.elsevier.com/locate/engfracmech

Check for

Side-grooved Charpy impact testing: Assessment of splitting and s
fracture properties of high-toughness plate steels

F. Di Gioacchino® ", E. Lucon ", E.B. Mitchell ?, K.D. Clarke ?, D.K. Matlock

@ ASPPRC, Department of Metallurgical and Materials Engineering, Colorado School of Mines, 1500 Illinois St., Golden, CO, USA
Y Advanced Chemicals and Materials Division, National Institute for Standards and Technology (NIST), 325 Broadway, Boulder, CO, USA

ARTICLE INFO ABSTRACT
Keywords: The fracture properties and susceptibility to crack-divider delamination (or splitting) of three
Delamination commercially produced high-toughness X70 pipeline steels are evaluated with Charpy impact test

Fracture toughness
Impact testing
Pipeline steels
Side grooves

samples modified to incorporate side grooves. Temperature-dependent impact data are compared
with standard Charpy V-notch (CVN) and drop weight tear test data (DWTT). It is shown that the
modified geometry prevents the accumulation of plastic deformation at upper shelf energy
temperatures and improves the accuracy of impact properties measurements. It also promotes
splitting, mirroring the splitting behavior assessed with DWTT samples. To demonstrate the ef-
fects of splitting on fracture characteristics and impact energies, steels with similar tensile
properties but different splitting susceptibilities are considered. Splitting severity is maximum
close to the ductile-brittle transition temperature. However, the effect of splitting on impact
energy is minimum at such temperature, as this type of delamination increases energy absorption
at lower temperatures and decreases it by a similar extent at higher temperatures. This finding is
discussed by examination of force-displacement curves from the instrumented impact tests.

1. Introduction

The high costs of full-scale pipeline burst tests have incentivized the use of laboratory impact testing methods, most notably the
drop-weight tear test (DWTT) and the Charpy V-notch (CVN) test, to assess the suitability of plate steels for pipeline manufacture.
These impact test methods have been successfully employed to evaluate dynamic crack arrestability in low-grade plate steels [1].
However, limitations in the applicability of both DWTT and CVN methods have recently emerged, following the development of high-
toughness plate steels with refined microstructures produced by thermomechanical controlled processing (TMCP). DWTT results on
these steels at transitional temperatures often exhibit high variability in absorbed energies and mixed-mode (brittle/ductile) fracture
surfaces, referred to as abnormal fracture, that leads to invalid tests according to API standards [2,3]. In CVN testing at high tem-
peratures, the combination of high fracture toughness and the weakening of stress triaxiality associated with the reduced thickness of
the standard CVN sample geometry often causes extensive plastic deformation, limited cracking before the test piece exits the anvil,
and overestimation of crack arrestability [4].

In an effort to utilize small-scale samples for testing high toughness steels, as summarized in Table 1 several investigators have
employed side grooves in standard and sub-sized CVN samples to induce stress states that approximate plane strain conditions [4-21].
For each citation, tabulated information includes details of the sample geometry, a brief description of the focus of the study, the steel
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Nomenclature

a,b, ¢, d Fitting parameters of the hyperbolic tangent function

E Absorbed energy

Sr Splitting ratio

T Testing temperature

API American Petroleum Institute

ASTM  American Society for Testing and Materials
CVN Charpy V-notch

CVN-mod Modified Charpy V-notch

DBTT Ductile-to-brittle transition temperature
DWTT  Drop weight tear testing

EDM Electric discharge machining

HTR One half of the transition region
L,S, T Longitudinal, short transverse, and transverse directions
MA Martensite-austenite

TMCP  Thermomechanical controlled processing
USE Upper shelf energy

X70-13.5 13.5 mm thick X70 plate material
X70-15.5 15.5 mm thick X70 plate material
X70-22 22 mm thick X70 plate material

alloy or alloys investigated, and any special imposed test conditions (e.g. deformation rate). These studies focused primarily on
assessing transition temperatures, controlling crack geometry, evaluating crack initiation energies, or direct fracture toughness
measurements on small samples. In comparison to standard CVN tests, several investigations showed that the presence of the side
grooves caused upper shelf energy (USE) to decrease [7,10,11,14,15] and ductile-to-brittle transition temperature (DBTT) to increase
[14,15]. These observations were attributed to the increase in stress triaxiality resulting from the lateral constraint imposed by the side
grooves.

The increase of through-thickness tensile stresses in side-grooved samples may be expected to promote delamination on prefer-
ential fracture planes, i.e. planes with lowered resistance to fracture, that are oriented parallel to the rolling plane. Recent studies on
fracture in pipeline steels [24-26] have shown that the susceptibility to delamination is an important material characteristic that must
be assessed when considering the suitability of the newer high-toughness plate steels for pipeline applications. For example, Pysh-
mintsev et al. [25] performed full-scale burst tests on pipe sections produced from four X80 commercial steels, all of which met API 5L
specifications for CVN and DWTT [27]. One steel exhibited extensive, unstable ductile crack growth and the presence of multiple
fissures parallel to the plate surface, while ductile fracture in the other three steels was associated with normal shear fracture leading to
crack arrest within a finite distance. These results highlight the importance of developing a laboratory test that focuses on toughness-
related properties to assess the susceptibility of plate steels to delamination during ductile fracture.

Preferential fracture planes in plate steels may arise from variations in hot rolling schedules [28] due to a variety of causes
including: compositional and microstructural banding [28-32], the development of crystallographic texture that includes alignment of
{100} cleavage planes in bands parallel to the rolling plane in the {100} (110) texture [10,33-37], clustering of cube-oriented grains
[38], grain boundary inclusions [39,40], and concentrations of high-angle grain boundaries [41]. The presence of preferential fracture
planes leads to variations in fracture response that depend on crack growth direction, and thus sample orientations must be carefully
selected to assess the fracture response of interest. As shown schematically in Fig. 1(a), sample orientations in this manuscript are
referenced to the conventionally accepted system [42] where the following coordinate system is used for plate steels to identify sample
orientations and crack growth directions: L = longitudinal (parallel to rolling direction); T = transverse (parallel to the rolling plane
and perpendicular to L), and S = short transverse (perpendicular to the rolling plane, and thus perpendicular to L). In CVN samples
with length parallel to L and crack growth oriented in the through-thickness, i.e. short transverse, direction, S, (sample orientation
referred to as L-S), as illustrated in Fig. 1(b), delamination leads to crack growth out of the primary fracture plane, forcing the crack to
reinitiate in the detached layers. This leads to crack growth known as “crack-arrester delamination” [43] and material response
referred to as “delamination toughening” [44], which has been widely exploited to improve the performance of ceramics [45] and
metals, including steels [46-51]. In contrast, samples machined with an L-T orientation led to fissures that propagated perpendicular to
the main crack to create “crack-divider delamination” or “splitting”, as shown schematically in Fig. 1(c).

Characterization of splitting in plate steels is an important aspect in the assessment of pipeline performance, as this type of
delamination mirrors that observed in full-scale pipeline burst tests [35]. However, the effects of splitting on the impact properties of
plate steels measured on samples oriented to promote crack-divider type fracture are less evident than for crack-arrester conditions
[52]. Reductions in ductile-to-brittle transition temperatures (DBTT) in crack divider (L-T) samples have been observed [39] and
attributed to the development of plane stress states and localized plastic deformation in individual layers, resulting in decreases of
DBTT analogous to shifts observed for the Charpy impact testing of samples with decreasing thickness [39]. By contrast, other studies
have observed an increase in transition temperatures with splitting [53,54]. Furthermore, the specific effects of splitting on ductile



Table 1

Summary of experimental studies that have utilized side-grooved standard or sub-sized CVN samples to assess fracture properties of steels. Sample dimensions (all shown in mm) tabulated include: width,
or distance between notched face and opposite face (W); thickness, or dimension perpendicular to the width and parallel to the notch (B); length, or largest dimension perpendicular to the notch (L); and
side groove depth for each side (see Note 1 for comments on historical dimension designations).

Year Material (Compositions ~ Purpose B w L Side groove Side groove geometry/ Notch Type Ref.
in wt pct) depth machining
1970 0.18C,0.8 Mn, 0.04Si Modifying crack front geometry for slow-bend crack opening 10 10 55 0.5.0.75,0r  Not specified CVN [5]
displacement (COD) tests 1.0
12 10 55 1
Assessing modifications to CVN stress state via notch acuity and side 12 10 55 1
1975 “Hyplus 29" Plate steel grooves gon crack nucleation and corresponding effect on tZughness 14 10 55 2 Machined with Charpy V- CVN or slit with
Parts I 0.17C, 0.29Si, 1.54Mn, . . . . . . [14,15]
&Il 01V Evaluating effect of strain rates using slow bend testing of CVN notch broaching tool 0.15 radius
samples on toughness parameters, lateral expansion, COD
1978 & SAE-516-70 Steel Determining fracture toughness from side grooved CVN samples in 10 10 55 1 1 mm radius or CVN or with [16,18]
1982 0.29C, 0.92Mn, 0.21Si slow three-point bending and impact testing 1 mm V-notch fatigue precrack
Determining transition temperatures; compared standard CVN data to
fatigue precracked and side-grooved samples
1980 SA533B-1 Steel Determining fracture toughness from side grooved CVN samples with  10-15 10 55 Upto25 0.25 mm radius with 45° CVN with fatigue [17]
0.23C, 1.55Mn, 0.24Si a single impact test V-notch precrack
SA302B Steel
0.23C, 1.47Mn, 0.26Si
1989 & ASTM A508 For sample removal from nuclear reactors, comparing standard ASTM ~ 4.83 4.83 127 0.49 Notch and side groove CVN [19,20]
1990 various heat treatments CVN samples with sub-sized; measured fracture toughness radius = 0.25 mm
Determining shift in transition temperatures with sample geometry;
utilized both slow bend and impact
1992 & A508CL3-A Determining the relationship between critical side-groove depth and 10 10 55 Upto3 V-notch CVN or with [6,21]
1994 0.14C, 1.29Mn, 0.27Si fracture toughness fatigue precrack
A508CL3-B
0.20C, 1.29Mn, 0.2Si
BHW35
0-14C, 1.32Mn, 0.34Si
Year Material (Compositions Purpose w D L Side groove Side groove Notch Type Ref.
in wt pet) depth geometry/ machining
2000 ASTM A533B Class 1 Summarizing multiple different tests; side-grooved tests used to measure 3 4 27 03 Not specified 60° V-notch, 1 mm deep [71
steel % of shear transition temperature shift
2007 Nodular cast iron GJS- Validating 2D finite element analysis to model side-grooved CVN testing 10 10 55 1 Not specified CVN with fatigue [8]
400 precrack
L Determining fracture toughness and critical tearing modulus using Note 1055 1 . .
2013 X80 pipe-line steel e . o 2 EDM slits EDM slit [4]
special “constraint-modified” CVN sample
10 10 55 1
2015 & Steel 45 Using side grooves to produce uniform crack front to assist in 10 10 55 2 Same as CVN [9,13]
2019  ferrite-pearlite determining crack initiation energies from instrumented impact tests Charpy V-notch
structural steel Evaluating fracture morphology to assess contributions of shear lips to
measured impact properties
2016 & X70 pipe-line steel Proposing a test for use with conventional (low-capacity) Charpy 12 10 55 1 EDM slits CVN [10,11]
2018 equipment to assess splitting susceptibility
2018 T200 (18Ni, 3Mo Evaluating standard and sub-sized geometries to obtain direct fracture 10 10 55 1 EDM slits CVN; EDM slit; Fatigue [12]

maraging steel)
and X65 pipe-line steel

mechanics data in instrumented impact tests

precrack; saw cut

Note 1: Until the 2010 version of ISO 148:1 [22], the distance between the notched fact and the opposite face of the specimen was designated “height” (h), and the dimension perpendicular to the height
that is aligned with the notch was designated “width” (w). In versions of ASTM E23 [23] up to 2012, the first dimension was termed “width” (W) and the second one was termed “thickness” (T).

Note 2: “Constraint modified” sample contains additional material (approximately 6 mm wide, 9 mm deep, and 20 mm long) integrally machined with and centered on each side of the sample, aligned with
the surface containing the primary notch.
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Fig. 1. Schematic drawings showing: (a) preferential fracture planes in a rolled plate along with the longitudinal (L), transverse (T) and short
transverse (S) coordinate system used to identify CVN sample orientations; (b) CVN L-S orientation leading to crack-arrester delamination; and (c)
CVN L-T orientation leading to crack-divider delamination or splitting.

fracture response at higher temperatures is still unclear [32,52]. For example, changing the orientation of the test pieces from T-L to L-
T has been found to either increase or decrease impact energies and splitting at upper-shelf energy (USE) temperatures [39,50,55-58].
However, varying the sample orientation with respect to the rolling direction of a textured plate does not alter the splitting suscep-
tibility of microstructurally—sensitive preferential fracture planes. For these textured plates, the degree of splitting therefore depends
solely on the intensity of through-thickness tensile stresses, which may vary with the direction of impact with respect to the
orientation-dependent yielding and strain hardening behavior of the material [32].

Recently, the side-grooved geometry adopted by Al-Jabr et al. [10,11] has been shown to enhance splitting of commercial X70 plate
steels in comparison to results on standard CVN samples. In the present study, quantitative methods are used to assess the same
modified geometry, here referred to as CVN-mod, as a suitable method to assess splitting and evaluate fracture properties of high
toughness pipeline steels. Data are obtained for three X70 plate steels and used to provide direct comparisons with standard CVN and
DWTT test results obtained previously for the same materials [59]. As two of the three X70 steels have similar tensile properties but
significantly different splitting susceptibility, CVN-mod tests for these materials are separately compared to characterize the effect of
splitting on impact energy at different testing temperatures.

2. Materials

Three commercial high-toughness X70 plates of 13.5, 15.5 and 22 mm thickness for which DWTT and CVN data are available [59]
were selected for analysis. The nominal chemical compositions of the plate steels are given in Table 2. Details on the proprietary TMCP
histories for each steel were unavailable. Fig. 2 shows light optical micrographs viewed in the transverse direction of the three steels
taken at the quarter-depth positions in the plate cross sections [60]. The 13.5 mm and 15.5 mm thick plates in Fig. 2(a) and 2(b)
exhibited fine polygonal ferrite microstructures. As detailed elsewhere, the microstructures included elongated grains close to the plate
surfaces and nearly equiaxed grains along the centerlines [59]. The 13.5 mm thick plate also exhibited pearlite colonies that increased
in number towards the centerline region of the plate. Fig. 2(c) shows that the 22 mm thick plate displayed a banded, ferrite/bainite
microstructure with martensite-austenite (MA) constituents at the centerline [59,60]. However, while not quantified, based on the
metallographic observations the amount of retained austenite was low, at a level interpreted to provide insignificant strengthening due
to transformation to martensite during deformation.

Table 3 reports yield strength, ultimate tensile strength, and elongation at fracture values from quasi-static, room temperature
testing of 5.6 mm thick tensile samples machined at centerline depth along the rolling (0°), diagonal (45°), and transverse (90°) di-
rections [60]. Values determined for the 13.5 mm and 15.5 mm thick plates differ by less than 8%. This difference was found to be
independent of the in-plane direction of loading so that the two plate materials displayed similar plastic anisotropy. Tensile strengths
for the 22 mm thick plate material were lower than the corresponding values for the other two steels, and may reflect the effects of the

Table 2
Chemical Composition of the X70 Pipeline Steels in wt % (NR Indicates Not Reported) [60]
Plate thickness (mm) C Mn Si Cr Al Ni S P Ti+Nb+V
22 0.040 1.62 0.23 0.16 0.03 NR 0.004 0.013 <0.06
15.5 0.050 1.51 0.20 0.14 0.03 0.01 0.002 0.005 <0.09
13.5 0.052 1.57 0.21 0.12 0.04 0.02 0.003 0.010 <0.10
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Fig. 2. Light optical micrographs taken at the quarter-depth positions in the plate cross sections of the experimental steel viewed in the transverse
direction: (a) X70-13.5, (b) X70-15.5, and (c) X70-22 (2% nital etch).

Table 3
Tensile Properties of the Three Plate Materials Along the Rolling (RD), Diagonal (D), and Transverse Direction (TD) [60]
Plate thickness (mm) Orientation YS(MPa) UTS(MPa) YS/UTS Elongation at fracture
13.5 RD 555 637 0.87 0.24
D 532 626 0.85 0.26
TD 596 676 0.88 0.23
15.5 RD 521 629 0.83 0.27
D 525 609 0.86 0.30
TD 549 635 0.87 0.26
22 RD 470 619 0.76 0.23
D 444 582 0.76 0.24
TD 446 592 0.75 0.24

slightly larger ferrite grain size evident in Fig. 2.
3. Methods

CVN-mod samples in L-T orientation with the geometry shown in Fig. 3 were machined from the undeformed end-sections of the L-
T oriented DWTT samples and centered on the mid-line of the plate thickness as for the CVN samples tested by Mitchell et al. [59]. The
L-T orientation was selected for the CVN-mod samples to mirror splitting observed in full-scale pipeline burst tests [23]. The sample
thickness was 12 mm and 1 mm deep side grooves were introduced by electrical discharge machining (EDM), resulting in a final
fracture area (80 mm?) equivalent to that for a standard CVN sample. The primary V-notch conformed to the standard 2 mm deep
ASTM geometry [23]. Fig. 4 presents a photomontage of a single CVN-mod sample to show the side groove geometry as viewed from
the bottom, side, and top of the sample. The side-grooves were obtained utilizing the finest EDM wire available, which produced ~0.2
mm wide grooves with a ~0.1 mm notch radius.

Test data over the temperature range of —180 °C to 100 °C were obtained on a high-capacity 953 J test machine equipped with an
instrumented striker with 8 mm radius of the striking edge. The same machine was utilized without instrumentation for the CVN
testing by Mitchell et al. [59]. One CVN-mod specimen and sometimes two CVN specimens per temperature were tested, as emphasis

l{ }
T FH ™. Side Grooves
12 Alil |;,radius=0.1
L \/

Y Dimensions in mm

‘ITO_ V-notch % <« Q _/,/) —T_
L radius = 0.25->) i
< 275 > N <— 10—

Fig. 3. Geometry of the side-grooved modified Charpy V-notch (CVN-mod) sample, all dimensions in mm [10,11]. Side-groove tolerances: length to
edge angle 90° + 2°, alignment with the V-notch + 0.025 mm, depth + 0.025 mm, and root radius + 0.025 mm.
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Bottom

Fig. 4. Photomontage of a CVN-mod sample showing the bottom, side, and top views of the side groove notch introduced by EDM.

was put on representing the material impact behavior through a relatively wide range of testing temperatures.

As the presence of splits may affect calculations based on measurements of lateral expansion and shear fracture percentage [59],
quantities of interest can be derived from fitting the absorbed energy (E, as provided by the machine encoder) versus temperature (T)
data points using appropriate nonlinear functions [61]. Here, we adopt the most commonly used hyperbolic tangent function [62],

T —
E = a+ btanh (TC> 6]

which is center-symmetric with respect to the point of coordinates (c,a). Parameters a and ¢ thus determine the position of the center of
symmetry, and parameters b and d modulate the shape of the curve with b acting along the impact energy axis and d along the
temperature axis, as shown using arbitrary values in the example plot in Fig. 5. The parameter ¢ can therefore be used to define the
DBTT as the temperature that corresponds to the average between upper and lower shelf energies. Similarly, the sum a +b gives the
USE, and 2d can be taken as the width, in degrees Celsius, of the transition region.

In its given form, Eq. (1) can yield negative values of absorbed energy at low temperatures. To prevent this, the curve could be
forced to a fictitious data point with temperature lower than the lowest testing temperature. In the present study, positive values were
instead ensured by imposing a constraint inequality on the values of parameters a and b such that:

a—-b>0 (2)

If the condition in Eq. (2) is met, the fit is equivalent to the unconstrained one obtained using Eq. (1) alone. Otherwise, an optimum
fit of positive energy is calculated that would give E = 0 at an imaginary T = —oco and thus a = b.

The advanced capability of the Python library for non-linear least square minimization (Imfit) [63,64] was used for fitting the
experimental data. This analysis also provided individual standard deviations of the four parameters in Egs. (1) and (2), which were
here used to assess the accuracy of quoted values for USE, DBTT, and width of the transition region. The Python code has been
uploaded onto an open science framework (OSF) public repository [65].

3.1. Assessment of splitting in CVN and CVN-mod samples

Several different approaches have been utilized to quantify the extent of splitting observed on fracture surfaces. In early studies of
delamination of plate steels, the degree of splitting was estimated by counting the number of splits present on the fracture surface [66].
More recently, the sum of the split lengths has been proposed as a more suitable measure [67]. However, such a measure is insensitive
to the lateral dimension (i.e. opening) of a split, which can be assumed to be an indicator of its depth. In the present study, the areas of
split marks on fracture surfaces were measured to simultaneously account for the split lengths and average split openings.

Grayscale (8-bit) images of the fracture surfaces were acquired at the same spatial resolution and lighting conditions, making sure
images were not under- or overexposed. The fracture surfaces were cropped to create new images that were then analyzed separately
using the Python scikit-image library for image processing [68], as illustrated in Fig. 6. As for curve fitting, the Python code for the

350
300 1
2501
200 1
150 1
100

50 A

E )

Fig. 5. Geometrical interpretation of the four parameters of the hyperbolic tangent function in Egs. (1) and (2). The values of the four parameters
were arbitrarily chosen for illustrative purposes.
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image processing procedure described below has been uploaded onto the public OSF repository [65].

In delaminated samples, the splits appear darker than the surrounding regions so thresholding low pixel intensities of fracture
surface images would produce split marks. In the image analysis procedure incorporated here, a suitable threshold value was identified
as the minimum pixel intensity in a sufficiently large area that were manually selected within the (macroscopically) flat fracture
surface of a sample tested at lower shelf energy temperatures, Fig. 6(a). The threshold was then automatically applied to the remaining
images, as illustrated in Fig. 6(b) and 6(c). Hence, unwanted features, such as marks left by dark regions between detached halves of
broken samples, were manually removed, Fig. 6(d). Automated hole filling and size filtering was then applied to remove the smallest
point-like features, Fig. 6(e). The degree of splitting was finally calculated as the splitting ratio S, in percentage, between the total area
of the identified split marks Agy;; and the image size Ao

Asplilx

S, =100 x —— 3)
Am/ul

4. Results

Evaluation of the CVN-mod testing method and the effects of splitting on impact energies are presented in separate sections. Both
the CVN and CVN-mod samples of the three X70 plate steels, as well as the respective datasets, are hereafter referred to as X70-13.5,
X70-15.5 and X70-22.

4.1. Comparison between CVN-mod and standard CVN tests

Impact energy as a function of test temperature results for the CVN [60] and CVN-mod samples along with the functional fits for the
three steels are shown in Fig. 7. The vertical lines and shaded gray areas identify the DBTTs based on the average energy definition in
Section 3 and their standard deviations (widths of gray bands), respectively. As evident in the same figure, the CVN-mod data align
significantly better to the functional fit than for the corresponding standard CVN sample data for each of the three steels.

Table 4 summarizes the values and standard deviations of the fitting parameters, and the corresponding values of USEs, DBTTs, and
temperature ranges associated with the transition from ductile to brittle behavior. The standard deviations for all CVN-mod data are
significantly lower than the corresponding values for standard CVN data, demonstrating that the CVN-mod data provided a more
accurate evaluation of the impact properties of interest. As shown in Table 4, the USEs for the X70-13.5 and X70-15.5 steels decrease
respectively from about 394 and 426 J for the standard CVN samples to about 214 and 232 J for the CVN-mod samples. These values
correspond to equivalent USE reductions of about 46% for both the X70-15.5 and X70-13.5 steels, consistent with these two steels
having similar tensile properties at room temperature. A smaller USE reduction of about 37% is obtained for the X70-22 steel, although
significant standard deviations of about + 43 J (+18%) of a and b calculated for the CVN fit increase the uncertainties in the mea-
surement of such reduction for this steel. CVN-mod testing increases the transition region width (2d) by about 26% for X70-13.5 steel
and 16% for X70-15.5 steel, and the DBTTs for these steels by 5 °C and 20 °C, respectively.

Figs. 8, 9, and 10 show light optical fractographs of standard CVN and CVN-mod samples for the X70-13.5, X70-15.5, and X70-22
steels, respectively. Also shown below each fractograph is the corresponding identification of the splits by the image analysis pro-
cedure described above. The fractured samples exhibited three characteristics during testing: (1) complete separation in two parts; (2)
essentially complete fracture with two parts connected by a remaining ligament; and (3) incomplete fracture and extensive plastic
deformation. As in previous studies of high-toughness plate steels [4], the latter characteristic was observed for the standard CVN tests
at USE temperatures (i.e. —40 °C and higher). In contrast, the CVN-mod samples fully broke at the highest testing temperatures,

Bl

! I
i Summed pixel area !

1 of splits / total area !
! ]

Min. pixel intensity of split-free brittle fracture surface

Fig. 6. Main steps in the imaging processing procedure used to assess the degree of splitting in CVN and CVN-mod specimens using CVN-mod X70-
13.5 sample tested at —196 and —75 °C as examples. (a) A sufficiently large area of a brittle fracture surface is used to calculate the threshold value,
(b) and (c) cropping, (d) application of pixel intensity threshold, (e¢) manual removal of horizontal features and automated cleaning methods to
remove point-like features.
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Fig. 7. Absorbed energy vs. temperature data points and curve fits obtained for the standard CVN and CVN-mod geometries for the (a) X70-13.5
steel, (b) X70-15.5 steel, and (c) X70-22 samples. Vertical lines and gray areas respectively indicate the value and plus/minus the standard deviation

of DBTTs.

Table 4

Fit Parameters and Standard Deviations of the Constrained Hyperbolic Function in Equations (1) and (2) for the Investigated Materials. HTR Stands

for one Half of the Transition Region.

Material Geometry a+ o, ) b+op ) ¢ + 6. (DBTT, °C) d + o4 (HTR, °C) a + b (USE, J)

X70-13.5 CVN 197 + 24 =a -93+8 36 + 17 394
CVN-mod 107 £ 6 “ -89 +6 46 +12 214

X70-15.5 CVN 213 +£18 —100 + 4 19+9 426
CVN-mod 116 £ 6 “ -80+3 24+6 232

X70-22 CVN 242 + 43 “ -104 £ 13 42 + 29 484
CVN-mod 151 +9 “ -93+5 38+8 302
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Fig. 8. Light optical fractographs of (a) CVN and (b) CVN-mod specimens of X70-13.5 steel, and outputs of the image processing procedure for split
identification. The horizontal dimension of each image equals 10 mm; the notch locations and sample orientations are the same as shown in Fig. 1
(c); and for samples which did not completely fracture, the photographed area is smaller and reflects the projected image viewed by the camera.

showing reduced lateral expansion that is indicative of higher stress triaxiality. For both geometries, some samples which exhibited
splitting at intermediate temperatures exited the anvil with the final ligament intact (i.e. characteristic (2)). The light optical frac-
tographs for these samples are thus projections of the fracture surfaces on the plane of view and appear in Figs. 8, 9 and 10 as images
slightly smaller than those obtained for samples which completely failed at the lower temperatures. However, evaluation of the ratio S,
was not affected, as both area terms (i.e. Agyis and Ayq) in Eq. (3) were reduced by the same fraction.

Splitting is detected in all three materials in the transition temperature range. For the X70-22 steel, in particular, splitting is not
detected in the CVN fracture surfaces but found in the CVN-mod fracture surfaces of samples tested between —100 and —75 °C.
Splitting over a wider range of temperatures, including room temperature, is observed for the CVN-mod fracture surfaces of the X70-
15.5 and X70-13.5 steels.

Fig. 8 shows that large central splits occurred in the X70-13.5 steel for both the CVN and CVN-mod samples. The occurrence of
these splits was attributed to the presence of a distinct pearlite band at the plate centerline [59]. These central splits in the CVN-mod
samples tested at —75 and —40 °C are present at the notch root, suggesting that splits initiate prior to the propagation of the main
crack. In contrast, the splits in the CVN-mod fracture surfaces for X70-15.5 steel (Fig. 9) appear more evenly distributed, even when
compared with the CVN fracture surfaces for the same material.

Values of splitting ratio, S, in Eq. 3 are plotted as a function of temperature in Fig. 11(a), 11(b), and 11(c) for the X70-13.5, X70-
15.5, and X70-22 steels, respectively. The dashed (CVN) and solid (CVN-mod) lines represent linearly interpolated values. For each
steel, the variation of the degree of splitting with temperature approximates a right-skewed bell-shaped curve with the maxima at
temperatures close to the DBTTs (values for both CVN and CVN-mod data are also indicated in the figures). For the X70-15.5 steel, a
spike in the degree of splitting is observed at —80 °C, which can be associated with the branching of the splits highlighted using black
arrows in Fig. 9. Split branching was also observed for the X70-13.5 sample tested at —100 °C, as shown in Fig. 8. In the X70-13.5 steel,
however, branching was accompanied by the loss of the most prominent central splits so that the overall severity of splitting decreased.

The quantified splitting measurements for the three steels were directly compared on a single plot in Fig. 12(a), which shows that
splitting is most intense in the X70-13.5 steel at all temperatures for which delamination is observed. The degree of splitting is instead
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Fig. 9. Light optical images of fractured (a) CVN and (b) CVN-mod specimens of X70-15.5 steel, and outputs of the image processing procedure for
split identification. The horizontal dimension of each image equals 10 mm,; the notch locations and sample orientations are the same as shown in
Fig. 1(c). For samples which did not completely fracture, the photographed area is smaller and reflects the projected image viewed by the camera.

similar for X70-15.5 steel and X70-22 steel, although distributed differently among testing temperatures as described above.
4.2. Comparison between relative splitting susceptibilities in CVN-mod test and DWTT

In Mitchell et al. [59], standard pressed notch DWTT specimens were machined in accordance with API RP-5L3 [27] from the three
steel plates investigated here. DWTT temperatures were chosen iteratively by first establishing upper and lower shelf temperatures,
and by then choosing two transitional test temperatures to characterize the transition region. DBTTs were calculated as the temper-
ature corresponding to 85% shear area (DBTTgs), and the degree of splitting was based on a “separation index” measure defined as the
ratio between the sum of the length of all splits and the inspected area.

The distinct nature of DWTT and the still unclear effects of abnormal fracture on DWTT results of high—toughness steels, which have
been described above and observed for the three steels in Mitchell et al. [59], limit direct comparisons with the CVN-mod results
presented here. However, agreement may be expected between the differences in splitting severity obtained by the two testing
methods, as the CVN-mod test is designed to mimic the highly constrained conditions of full-thickness DWTT samples.

Data for areas in the central portions of the plates on DWTT samples machined in the L-T orientation were selected for analysis and
replotted as separation index versus test temperature in Fig. 12(b). The results based on the DWTT samples were obtained for tem-
peratures below —20 °C and exhibit many of the same characteristics shown by the data for the CVN-mod results shown in Fig. 12(a)
for corresponding test temperatures. Specifically, the splitting susceptibility for the X70-13.5 is highest at any testing temperature,
independent of test technique. Furthermore, both figures show that at low temperatures the splitting susceptibility of the X70-22 steel
is slightly greater than for the X70-15.5 steel. Even though the temperature ranges differ slightly between Fig. 12(a) and 12(b), the
comparison between the two figures suggests that CVN-mod data provide the similar assessment of relative splitting susceptibilities
between steels as observed for DWTT data.
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Fig. 10. Light optical images of fractured (a) CVN and (b) CVN-mod specimens of X70-22 steel, and outputs of the image processing procedure for
split identification. The horizontal dimension of each image equals 10 mm; the notch locations and sample orientations are the same as shown in
Fig. 1(c); and for samples which did not completely fracture, the photographed area is smaller and reflects the projected image viewed by
the camera.

4.3. Comparison between CVN-mod tests of X70 Ferrite/Pearlite steels

CVN-mod impact energies as a function of temperature for the X70-15.5 and X70-13.5 steels in Fig. 7(a) and 7(b) are replotted
together in Fig. 13(a). In comparison to the impact toughness for the X70-15.5 steel, measured energies for the X70-13.5 steel are
lower above —76 °C and higher below this temperature. An additional point highlighted in Fig. 13(a) by the data encircled by the
dashed line and identified as exhibiting split branching is that the only data points above the hyperbolic tangent curves are those
belonging to samples that show split branching.

To facilitate characterization of the effect of splitting on impact energies, the difference between CVN-mod energy values of the
curve fits for X70-13.5 and X70-15.5 steels were calculated and correlated with the difference between the piecewise linear curves of
the corresponding splitting ratio (S;) in Fig. 12(a), following the removal of the two data points affected by split branching. The results
are plotted in Fig. 13(b) using solid and dashed lines, respectively. A maximum negative difference in impact energy (-38 J) is obtained
between —76 °C and USE temperatures, and a maximum positive difference (42 J) is reached below -76 °C. Splitting is thus found to
increase energy absorption at low temperatures and decrease the corresponding values by a similar extent at higher temperatures. The
difference in energies is therefore minimum close to the DBTTs despite the corresponding difference in splitting being highest at such
temperatures. The primary effect of splitting on impact energies is thus to expand the temperature range associated with the ductile-to-
brittle transition, consistent numerically with the fitting parameter d of the X70-13.5 steel being higher than the one calculated for
X70-15.5 steel (see bold values in Table 4).

5. Discussion
In the present study, CVN-mod test data exhibit significantly reduced deviation from the hyperbolic tangent fit as compared to

standard CVN data. The reduced scatter observed for all three steels can be attributed to the side grooves limiting the high variability of
impact energy that may be associated with stochastic topology of shear lips [69]. The ability of the CVN-mod test to improve the

11
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Fig. 11. Effect of test temperature on the degree of splitting calculated as percentage of area of the split marks over each fracture surface from the
splitting maps shown in Figs. 8, 9 and 10: (a) X70-13.5 steel, (b) X70-15.5 steel, and (c) X70-22 steel.

accuracy of impact property measurements has a practical advantage to reduce the number of impact tests required to compare
performance between plate steels. Moreover, the CVN-mod geometry increases stress triaxiality conditions akin to those experienced
by the central section of full-thickness plates, consistent with the CVN-mod tests here yielding differences in splitting susceptibilities
between the investigated materials that agree qualitatively with the differences observed in previous DWTT tests [59].

By modulating through-thickness stress triaxiality, the depth and width of the side-grooves have been shown elsewhere to affect
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Fig. 12. (a) Temperature dependence of the degree of splitting for the CVN-mod tested X70-13.5, X70-15.5, and X70-22 steels. (b) Temperature
dependence of the “separation index” used in Mitchell et al. [59] for the DWTT samples machined in L-T orientation.
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Fig. 13. (a) Absorbed energy vs. temperature data points and curve fits for the CVN-mod tests of the X70-13.5 and X70-15.5 samples in Fig. 7(a)
and 7(b). Vertical lines indicate DBTTs, whereas horizontal arrows highlight the size of the transition region given as 2d; and (b) the difference
between fitted tanh curves of X70-13.5 and X70-15.5 tests compared with the corresponding difference between interpolated splitting degrees in
Fig. 12(a) (data for samples which exhibited split branching were excluded).

crack initiation location along the notch root and the shape of the crack front [5]. Increasing the acuity of side grooves beyond a critical
value would eventually result in crack initiation at the intersection of the V-notch and the side grooves [5]. Therefore, material-
dependent side-grooved geometries [21,70] for the CVN-mod testing of high-toughness steels may exist that are optimized to
induce near-uniform crack initiation and significant stress triaxiality below the V-notch. This specific modification of side-groove
geometry will be subject of future work using finite element analysis.

In addition to reducing scatter, the CVN-mod geometry has been shown to promote splitting and split branching. This observation
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confirms that the additional constraint due to the presence of the side-grooves enhances the magnitude of the induced tensile stresses
perpendicular to fracture sensitive microstructural regions in L-T samples machined from hot-rolled plates.

Consistent with results from previous studies [32,71,72], the presence of a pearlite-rich centerline in plate steels has been found to
promote splitting, as demonstrated by the formation of a prominent central split in the fracture surfaces of the X70-13.5 CVN and CVN-
mod samples. The central split nevertheless disappeared at the lowest testing temperature within the transition region to be replaced
by smaller but more numerous splits with branching features that resemble the macroscopic branching of cracks in brittle materials.
This phenomenon suggests that the formation of the severe central split in the X70-13.5 steel, and therefore the cause of the relatively
high splitting susceptibility of its pearlite-rich microstructure, are associated with damage due to plastic strain accumulation and
incompatibility between microstructural components [73], such as that imagined to arise between clusters of cube-oriented grains in
Ghosh et al. [38]. Similarly, the ferrite/bainite X70-22 steel appeared less susceptible to splitting than the ferrite/pearlite X70-13.5 and
X70-15.5 steels possibly because of more uniform plastic strains at the microstructural length scale. Mapping of plastic deformation at
grain-scale [74] and submicron spatial resolutions [75-77] would be however required to provide experimental evidence of plastic
incompatibility leading to splitting.

The comparison shown in Fig. 13 between steels of similar tensile properties but different splitting susceptibilities exposed a dual,
temperate-dependent effect of splitting on impact energies that is least intense at temperatures close to the DBTT where splitting
severity is greatest. The origins of this effect can be found in force-displacement data obtained in instrumented impact tests. With the
cross-over temperature of —76 °C in Fig. 13(b) as a reference, Fig. 14(a) compares force-displacement data for the two steels at a
temperature (-100 °C) below the cross-over temperature, and Fig. 14(b) compares data at -40 °C, a temperature above the cross-over.

As shown in the fractographs in Figs. 8 and 9, at —100 °C, splitting was extensive in the X70-13.5 steel and almost absent in the X70-
15.5 steel, and Fig. 14(a) reflects these differences. The force-displacement curve for the X70-15.5 steel shows an abrupt force drop
associated with the onset of unstable crack growth [78], a behavior characteristic of brittle fracture at low temperatures. In contrast,
the continuous force-displacement curve for the X70-13.5 sample is characteristic of plastic deformation associated with ductile
fracture, a consequence of splitting which relaxes the local (tensile) stresses and promotes localized plasticity. Thus, splitting increases
the absorbed energy at low temperatures. At temperatures above the cross-over temperature where plasticity dominates fracture in
both materials, the data obtained at —40 °C in Fig. 14(b) show that there is less resistance to crack growth (i.e. lower force-
—displacement curve) in the X70-13.5 sample which exhibited extensive splitting. Thus, splitting decreases the absorbed energy at high
temperatures.

At a particular temperature in the range of transitional temperatures, the dual effect of splitting on impact energies must cancel out.
Fig. 15 shows the force-displacement curves obtained for the two steels at —75 °C, which is the testing temperature closest to the cross-
over temperature of —76 °C. At point A, both samples achieve similar maximum force. However, as observed in the fractograph for the
X70-13.5 steel, splitting initiates close to the notch root with a large central split and extensive secondary splits form with crack
growth. As a consequence of this splitting behavior, the forces required to maintain stable ductile fracture decrease to produce the
observed continuous decrease in the force-displacement curve. In contrast, for the X70-15.5 steel, which exhibits limited splitting,
initial growth of a ductile crack spanning the sample width requires higher forces with a gradual force decrease. The gradual force
decrease continues to point B, at which an abrupt force drop of 12 kN to point C is recorded, associated with an increment of rapid
unstable crack growth. Stable crack growth is recovered at point C where the rate of force decrease for the two steels match. At point D,
a second, smaller, force drop of 3 kN to point E is observed for the X70-15.5 test. For the X70-13.5 steel, energy absorption continues to
gradually decrease past point D so that relevant energy absorption continues until full fracture at point F. As similar areas are delimited
between the points ABC and points DEF, the two samples exhibit essentially the same total absorbed energies.

In contrast to CVN observations, CVN-mod testing has shown that X70-22 steel with a ferrite/bainite microstructure is susceptible
to splitting, although generally less so than the ferrite/pearlite steels. Having different mechanical properties, the absorbed energy for
the X70-22 steel has not been included in the comparison between CVN-mod data in Section 4.3, which was aimed at isolating the
effects of splitting on impact energies in two steels with similar mechanical properties. However, a striking similarity has been found
between the force—displacement curve obtained for the X70-22 steel at —100 °C and the one obtained for the X70-15.5 steel at —75 °C,
as shown in Fig. 16. This correspondence suggests that yield and ultimate tensile strengths for the X70-22 steel at room-temperature
may have increased with decreasing temperature to equal those of the X70-15.5 steel at —75 °C. This aspect alone, however, would not
explain the matching shape of the two curves. Interestingly, —100 °C is close to the DBTT of —95 °C for the X70-22 steel and the
temperature at which the degree of splitting of the X70-22 steel reached a maximum as in Fig. 12(a). Furthermore, the degree of
splitting at such a temperature is similar to that calculated for the X70-15.5 steel at —75 °C, as shown in the same figure. The coin-
cidental occurrence of the two materials having similar tensile properties as well as splitting susceptibilities at these temperatures may
thus explain the similarities of impact responses.

The dual effect of splitting on impact energies described above has been found to primarily expand the temperature range asso-
ciated with transition from ductile to brittle behavior, towards both lower and higher temperatures. The increase in the transition
temperature range reflects both the detrimental effect of lowering crack arrestability at high temperatures and the beneficial effect of
providing a gentler ductile-to-brittle transition at lower temperatures. This observation suggests that the performance of plate steels in
pipeline applications may be improved by reducing splitting susceptibility, if these steels show poor crack arrestability at service
temperatures, or by increasing splitting susceptibility, if these show an abrupt ductile-to-brittle transition so that enhanced low
temperature toughness is required.

14



F. Di Gioacchino et al. Engineering Fracture Mechanics 252 (2021) 107842

30
-100°C
25 A
20
+~— X70-13.5
— (delaminated)
i 15
Q
2
o 10
w
5 E
0 p
-5 v T
0 5 10 15 20 25
Displacement (mm)
(a)
30
-40°C
25 A
20 X70-15.5
(least delaminated)
é 15
[}
o
o 10
w
5 X70-135 —~
(most delaminated)
0 g
-5 T
0 5 10 15 20 25
Displacement (mm)
(b)

Fig. 14. Force-displacement curves from instrumented CVN-mod tests on X70-15.5 and X70-13.5 steels at the transitional temperatures of (a)
—100 °C (i.e. below the DBTTs of both materials), and (b) —40 °C (i.e. above the DBTTs of both materials).
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Fig. 15. Force-displacement curves from instrumented CVN-mod tests on X70-15.5 and X70-13.5 steels at the transitional temperature of —75 °C (i.

e. close to the DBTTs of both materials and to the temperature of —76 °C at which the interpolated values of the absorbed energies in Fig. 11
(b) coincide).
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Fig. 16. Force-displacement curves from instrumented CVN-mod tests on X70-15.5 steel at —75 °C (i.e. close to its DBTTs of —80 °C) and of the X70-
22 steel at —100 °C (i.e. close to its DBTT of —93 °C).

6. Conclusions

A modified Charpy impact test (CVN-mod) which incorporate side grooves has been evaluated by comparison with the standard
CVN test. Two high-toughness X70 plate steels with a ferrite/pearlite microstructure and a third that exhibits a ferrite/bainite
microstructure have been investigated. Fitting of the data points with a constrained hyperbolic tangent function has been used to
quantify changes and measurement accuracy of USEs, DBTTs, and width of the transition regions. Consistent with the observations of
other side-grooved geometries, the CVN-mod test lowers the values of USE below the maximum capacity of conventional Charpy
equipment (300 J — 450 J), making testing of the new high-toughness plate steels available at more laboratories. Moreover, the
CVN-mod test decreases the variability of Charpy measurements, reducing the number of impact tests required to assess fracture
properties with sufficient accuracy. Although the CVN-mod geometry is not currently covered in ISO 148-1 [22] or ASTM E23 [23],
alternative specimen configurations are allowed in both test standards (Annex A3 and Table 2, respectively). The standard test pro-
cedure is generally applicable to CVN-mod specimens, without the need for significant modifications or adjustments.

The presence of side grooves has been shown to promote splitting, which has been quantified using a novel image analysis pro-
cedure that accounts for both the total split lengths as well as the degree of split opening on the fracture surface. Consistent with the
enhancement of stress triaxiality, the differences in splitting susceptibilities between the investigated materials agree qualitatively
with those observed in previous DWTT of full-thickness samples.

The direct comparison between two ferrite/pearlite steels that differed only with respect to the splitting susceptibility has made it
possible to isolate the effect of splitting on Charpy impact energies, which was also reflected in force-displacement curves at repre-
sentative temperatures. Splitting has been found to counteract unstable fracture at low temperatures and reduce crack growth
resistance at high temperatures. As the effects of these actions on impact energies were seen to cancel out at a transitional temperature
close to the DBTT, it has been shown that the primary consequence of splitting on impact properties is to extend the ductile-to-brittle
transition about such intermediate temperature.
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