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Abstract. This work addresses an experimental investigation on the cleavage fracture behavior of typical structural
steels using standard and non-standard PCVN configuration. The primary purpose of this study is to investigate the
effects of loading span on cleavage fracture toughness measurements using non-standard bend specimens. Fracture
toughness testing conducted on various PCVN geometries extracted from an A572 Grade 50 structural steel plate and
an A515 Grade 65 pressure vessel steel plate provides the cleavage fracture resistance data in terms of the J-integral
at cleavage instability, J.. The experimental results show a potential effect of loading span on Jc-values which can help
to mitigate the effects of constraint loss often observed in smaller fracture specimens. An exploratory application to
determine the reference temperature, To, derived from the Master Curve methodology also provides additional support
for using non-standard bend specimens in routine fracture applications.
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1. INTRODUCTION

Current defect assessment procedures of large engineering structures employ macroscopic measurements of
cleavage fracture toughness (such as the J-integral at cleavage instability, J., or the critical Crack Tip Opening
Displacement, CTOD) derived from laboratory testing of conventional fracture specimens with deep, through cracks
(a/W > 0,5). In particular, standard three-point bend specimens are routinely employed in toughness testing of ferritic
steels in the ductile-to-brittle transition (DBT) region. These toughness measures must satisfy parametric limits on the
crack-tip deformation relative to crack length, specimen thickness and remaining crack ligament such that high
constraint conditions, similar to those of small-scale yielding (SSY), are maintained over microstructurally significant
size scales at the crack-tip region. A recently developed procedure to characterize fracture toughness data over the DBT
region, often known as the Master Curve approach (Wallin, 1991; McCabe et al., 2005) and standardized in the form of
ASTM E1921-19 (2019), makes extensive use in practice of PCVN specimens to determine a reference temperature, To,
and the associated median fracture toughness, Kimea), applicable to a wide range of structural ferritic steels. However,
much previous research shows the potentially strong effects of specimen geometry and loading mode on Jc-values
measured over the DBT region for ferritic materials. A case of considerable interest is the utilization of small fracture
specimens to facilitate experimental measurements of fracture toughness data in commercial nuclear RPV surveillance
programs. In particular, three-point bend testing of precracked Charpy (PCVN) specimens becomes necessary when
severe limitations exist on material availability such as, for example, in nuclear irradiation embrittlement studies.
However, the measuring capacity of small test specimens (as defined by the maximum applied values of J given by Jmax
= (boys)/M where M represents a nondimensional deformation limit, b denotes the uncracked ligament length and ays
defines the yield stress) for fracture toughness prior to constraint loss may be insufficient for moderate strength pressure
vessel and structural steels. Once constraint loss occurs, the measured Jc-values increase markedly as the global plastic
deformation interacting with the local crack front fields relaxes the levels of stress triaxiality. Motivated by these
observations, this work addresses an experimental investigation on the cleavage fracture behavior of typical structural
steels using standard and non-standard PCVN configuration. The primary purpose of this study is to investigate the
effects of loading span on cleavage fracture toughness measurements using non-standard bend specimens. Fracture
toughness testing conducted on various PCVN geometries extracted from an A572 Grade 50 structural steel plate and an
Ab515 Grade 65 pressure vessel steel plate provides the cleavage fracture resistance data in terms of the J-integral at
cleavage instability, Jc. The experimental results show a potential effect of loading span on Jc-values which can help to
mitigate the effects of constraint loss often observed in smaller fracture specimens. An exploratory application to
determine the reference temperature, To, derived from the Master Curve methodology (which defines the dependence of
fracture toughness with temperature for the tested material) also provides additional support for using non-standard
bend specimens in routine fracture applications.



V. S. Barbosa and C. Ruggieri
Effects of Loading Span on Cleavage Fracture Toughness

2. DESCRIPTION OF CRACK-FRONT CONSTRAINT: THE J-Q APPROACH

The assessment of specimen geometry and loading mode (bending vs. tension) effects on fracture behavior for
structural steels in the ductile-to-brittle (DBT) transition has received considerable attention in recent years. To evaluate
the effects of specimen geometry in terms of loading span (with increased S/W ratios) on crack-tip constraint of bend
specimens and its implications on the cleavage fracture toughness values measured in the DBT region, the present study
adopts the J-Q methodology (1991; 1992) to characterize the crack front stress fields with increased specimen
deformation. For further details, the interested reader is referred to the work of Dodds et al. (1993) and Nevalainen and
Dodds (1995).

O’Dowd and Shih (OS) (1991; 1992) introduced an approximate two-parameter description for the elastic—plastic
crack tip fields based upon a triaxiality parameter more applicable under large scale yielding (LSY) conditions for
materials with elastic—plastic response described by a power hardening law given by e/ey < (o / o0)". Here, n denotes
the strain hardening exponent, oo and € are the reference (yield) stress and strain, respectively. Guided by detailed
numerical analyses employing a modified boundary layer (MBL) model, originally proposed by Rice (1967), OS
defined the difference field relative to a high triaxiality reference stress state in terms of a hydrostatic parameter in the
form of

0= (Uyy)FB - (Uyy )Ssy 1)

)

where the difference field described in terms of the opening (Mode 1) stresses, ayy, is conventionally evaluated at the
normalized crack-tip distance r = r/(J /ao) = 2 , which represents a microstructurally significant distance ahead of crack
tip related to the operative fracture mechanism. Here, it is readily understood that the dimensionless parameter Q
defines the quantity by which g in fracture specimens, (oij)rs, differ from the adopted high triaxiality reference SSY
solution, (oi)ssy. OS (1991; 1992), Dodds et al. (1991) and Cravero and Ruggieri (2005) have also shown that Q is
relatively independent of r in the range 1<  <5. Construction of J-Q trajectories for structural components and fracture
specimens then follows by evaluation of Eq. (1) at each stage of loading in the finite body. As will be shown in Section
4, construction of J-Q trajectories for the analyzed fracture specimens then follows by evaluation of Eg. (1) at each
stage of loading in the finite body. The research code Fractus2D (2011) is employed to compute the J-Q curves for each
fracture specimen shown in Section 4.

3. MATERIAL DESCRIPTION AND MECHANICAL PROPERTIES

The materials used in the fracture tests described next are a typical ASTM A515 Grade 65 pressure vessel steel with
294 MPa yield stress and 514 MPa tensile strength at room temperature (20 °C) and a high-strength-low alloy structural
steel ASTM A572 Grade 50 with 376 MPa yield stress and 555 MPa tensile strength at room temperature, both steels
supplied as a hot rolled plate. Table 1 lists the chemical compositions for the tested materials. It should be pointed out
that both ferritic steels contain a less amount of C than the maximum values specified in ASTM A515-17 (2017) and
ASTM A572-18 (2018) standards.

Table 1 - Chemical composition of steels ASTM A515 Grade 65 and ASTM A572 Grade 50 (% weight).

Steel . . .
(Grade) C Mn Si Nb \Y Ti Cr Ni Mo

A515 (65) 0.26 0.67 0.26 0.001 0.003 0.002 0.03 0.01 0.01
A572 (50) 0.15 1.46 0.27 0.037 0.005 0.031 0.02 0.02 0.01

Mechanical tensile tests conducted on standard tensile specimens with 12.5 mm diameter extracted from the
transverse plate direction provide the room temperature (T = 20 °C) stress—strain data. These test pieces were loaded in
a 250 KN MTS servo-hydraulic universal testing machine with an axial extensometer to measure the specimen
elongation according to ASTM E8/8M-16a (2016) requirements. Because fracture testing was conducted in the DBT
region (see further details next), additional tensile tests were also conducted at T = - 20 °C on subsize test specimens
with 6 mm diameter. Table 2 summarizes the tensile testing results for different test temperatures which evidence the
high hardening behavior of the ASTM A515 Grade 65 steel with ouis/oys ~1.7~1.8 and a moderate hardening behavior of
the ASTM A572 Grade 50 steel with ous/oys ~1.5. Other mechanical properties for these materials include Young’s
modulus, E = 210 GPa and Poisson’s ratio, v = 0.3. Fig. 1(a) provides the engineering stress—strain curve for the ASTM
Ab515 Grade 65 and ASTM A572 Grade 50 steel at room temperature and at T = -20 °C (average stress—strain response
using data from three standard test specimens).
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For reference, an improved estimate for the hardening exponent given by Annex F of APl 579 (2016) provides the
strain hardening exponents at the test temperatures (refer to Table 2) asn = 6.1 for T =20 °C and n = 6.6 for T =-20 °C
for the A516 steel and n = 8.0 at both temperatures for the A572 steel. It can be noted that these values are in accord
with the uniaxial tensile behavior displayed in Fig. 1(a) in which the tensile response at T = -20 °C for the tested ASTM
A516 Grade 65 steel shows a slightly higher hardening characteristic than at T = -20 °C for the tested ASTM A572
Grade 50 steel.

Table 2. Tensile properties of tested A515 Grade 65 and A572 Grade 50 steels, both at room temperature and at test
temperature corresponding to the transverse plate direction (oys and ous denote the yield stress and tensile strength).

Steel (Gl’ade) T (OC) Uys (MPa) Outs (MPa) Uys/Uuts n &t (%)
A515 (65) 20 294 514 18 6.1 24
-20 321 532 1.7 6.6 -
A572 (50) 20 376 555 15 8.0 14
-20 407 601 15 8.0 15
Cong (MPa) CVN Energy (J)
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Fig. 1. (2) Engineering stress-strain curve (average stress-strain response using data from three test specimens) for the
tested ASTM A515 Grade 65 and ASTM A572 Grade 50 steels at room temperature and at -20 °C. (b) Charpy-V impact
energy (T-L orientation) versus temperature for the tested A515 Gr 65 and A572 Gr 50 steel.

A series of Charpy Tests were performed at different temperatures on standard V notch (CVN) impact specimens
extracted in the TL plate orientation in order to aid for predicting a viable fracture toughness test temperature according
to the ASTM E1921 (2019) recommendation. These sets of specimens were tested in a 406 J (300 ftelbf) full-scale
Tinius-Olsen pendulum machine, following the requirements of ASTM E23-18 (2018) standard. The specimens were
tested at different temperatures whose temperatures ranges were defined between -66 and +80 °C. Fig. 1(b) shows the
measured toughness-temperature properties for both steels in terms of conventional Charpy V-notch impact energy (T-L
orientation). In this plot, the symbols represent the experimentally measured Charpy energy and the solid and dashed
lines define a hyperbolic tangent curve fitting whose procedure, originally developed by Oldfield (1979), was based on
the modified method proposed by Kirk et al. (2008) in the form

T - 20
A515 Gr65 _— o
EA545 6765 = 45 + 38 tanh( % ) CJ 2a)
T+5
EA572 675 = 56 + 50 tanh (7) °C,]J (2b)

where Ecyn denotes the Charpy V-notch energy expressed in J and T is the test temperature in degrees Celsius. Using
the above expressions, the Charpy transition temperatures corresponding to a 28 J energy yields approximately Teww® =
-6 °C and Tcw?® = -22 °C for the A515 and A572 steels, respectively.

To investigate the effects of increased span on fracture toughness values measured in the DBT region, a series of
toughness tests was carried out on standard and non-standard PCVN specimens in the T-L orientation. The fracture
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mechanics tests include plane-sided, precracked Charpy (PCVN) specimen with a/W = 0.5, B = 10 mm, W = 10 mm and
S = 4W and 8W. Here, a is the crack size, W denotes the specimen width, B represents the specimen thickness and S is
the specimen span. Further, to provide a baseline reference temperature, To, for the tested materials, fracture toughness
tests were also performed on conventional, plane-sided SE(B) specimens with a/W = 0.5, B = 2W wherein B = 30 mm
for A515 and B = 25 mm for A572 steel, and S = 4W loaded under 3-point bending.

4. EFFECTS OF INCREASED SPAN ON J-Q TRAJECTORIES

This section provides key results of the constraint variations characterized in terms of J-Q trajectories to assess the
potential effects of increased span on fracture behavior. To illustrate the effect of specimen span on the crack tip
constraint of the tested bend configurations, Fig. 2 shows the J-Q curves measured from extensive plane-strain finite
element analyses conducted for different strain hardening behavior. For further numerical details (e.g., finite element
models, material model and solution procedures), and a comprehensive account of the framework needed to determine J
and Q parameter, the interested reader is referred to the previous work of Barbosa and Ruggieri (2018). In all plots, Q is
defined by Eq. (1) at the normalized distance ahead of crack tip given by » = r/(J /o0) = 2 whereas J is normalized by
(boys) with b denoting the remaining crack ligament (W-a) (notice that we plot J/( bays ) vs. -Q to maintain positive
scales). The finite element analyses consider material flow properties covering typical structural, pressure vessel and
pipeline grade steels with E = 206 GPa and v = 0.3: n = 5 and E/ays = 800 (high hardening material), n = 10 and E/oys =
500 (moderate hardening material) and n = 20 and E/ays = 300 (low hardening material). The research code Fractus2D
(2011) is employed to compute the J-Q trajectories for each fracture specimen. To aid in assessing the effect of
increased span on the evolution of Q with J for the SE(B) specimens, the plot also includes the J-Q trajectory for a
deeply-cracked, standard C(T) specimen with a/W = 0.6 and same hardening material derived from Cravero and
Ruggieri (2005).
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Fig. 2. J-Q trajectories for deep crack, 3P SE(B) specimens with varying S/W-ratios and a W = 0.5 material:
(a) moderate hardening material; (b) high hardening material with n = 5; (c) low hardening material with n = 20.

Just to give an example, it can be observed that for a moderate strain hardening behavior, Fig. 2(a), as the load span
increase, the J-Q trajectories is clearly shifted to the left. Crack-tip constraint, here characterized by parameter Q, is
increased with increased specimen span as the J-Q curves shift entirely to the left toward to high constraint condition
represented by C(T) specimen. Fig. 2(b) and 2(c) displays the effect of S/W -ratio on the evolution of Q with J for the
deeply-cracked SE(B) specimen under 3P loading for the high hardening (n = 5) and low hardening (n = 20) materials.
Not surprisingly, the general trends remain as crack-tip constraint is also increased with increased specimen span for
any flow properties considered. This behavior suggests a potential mitigation effects of increased span and loading
mode on constraint loss often observed in fracture testing of smaller bend specimens, such as the PCVN configuration,
thereby increasing their measuring capacity.

5. FRACTURE TOUGHNESS DISTRIBUTIONS

Evaluation of cleavage fracture toughness values, here characterized in terms of Jc-values for the PCVN geometries
and the deeply-cracked SE(B) specimen, follows from determining the plastic area under the load-CMOD curve and
then using the estimation procedure given by Barbosa and Ruggieri (2018) from which the J. -values are derived based
on a new set of wide range of 5-values applicable to standard and non-standard bend geometries. Figure 3 shows the
(rank-ordered) cumulative probability distribution of the measured toughness values, J., for all tested fracture
geometries. The cumulative probability, F(Jc), is derived by simply ranking the Jc-values in ascending order and using
the median rank position defined in terms of F(Jcx) = (k-0,3)/(N+0,4), where k denotes the rank number and N defines
the total number of experimental toughness values (Mann et al., 1974). It is important to comment that this expression
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can only be used, as such, for experimental data sets wherein all results correspond to failure. It can also be used with
data sets where all results above a certain limit value has been censored e.g. due to non-failure or exceeding the
measuring capacity limit, but in this case the data set size, N, must refer to the total data set including the censored data.
The solid and open symbols in the plots indicate the experimental fracture toughness data for the specimens - observe
that the open symbols in Fig. 3 represent the J. -values for the PCVN configurations which exceeded the limit
toughness value defined by Jiim = (booys)/M with the deformation limit, M, assigned a value of 30 as per ASTM E1921-
19 (2019). The curves displayed in these plots describe the three-parameter Weibull distribution for J. -values given by

P00 =1 e[ (r= ) | W

in which o defines the Weibull modulus (which characterizes the scatter in test data) and is set to the value of 2, Jo is the
characteristic toughness (which corresponds to the 63.2% cumulative failure probability) and Jmin denotes the threshold
J-value corresponding to a Kpin of 20 MPaVm as given by ASTM E1921-19 (2019). The trends are clear as the S/W-
ratio affects rather strongly the fracture behavior for this specimen geometry. First, focus attention on the Jc-distribution
for the plane-sided PCVN specimen with S/W = 4. Here, the toughness distribution for both materials is shifted to the
right in comparison to the toughness distribution for the standard 1T SE(B) specimen thereby providing higher mean
toughness values. Now examine the Jc-distributions for the PCVN specimen with S/W = 8. A different picture emerges
as both toughness distributions are now shifted to the left and display decreased mean toughness values relative to the
standard 1T SE(B) specimen. The implications of this apparent toughness changes for effects of specimen geometry in
precracked Charpy (PCVN) configurations on predictions of the reference temperature, To, will be addressed in the next
section. Table 3 provides the ML estimates of the characteristic toughness, Jo, for all tested crack configurations
determined according to ASTM E1921 (2019).
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Fig. 3. Cumulative Weibull distribution of experimentally measured Jc-values from the (a) 515 and (b) A572 steels.

Table 3. Maximum likelihood estimates of the characteristic, Jo, for the measured distributions of the
Je-values of each PCVN configuration, including the 1T-SE(B) standard configuration, and the
corresponding estimates for To-values.

Material Geometry SIW Jo (kJ/m2) r/N To (°C)
ASTM A515 Gr 65 1T-SE(B) 4 86 11/11 -41
PCVN 4 155 0/13 n.a.
PCVN 8 135 0/12 n.a.
ASTM A572 Gr 50 1T-SE(B) 4 59 9/9 -26
PCVN 4 74 9/14 -20
PCVN 8 58 10/12 -11
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As it can be observed, the effect of increased span on fracture toughness values seem to be more pronounced for a
moderate strain hardening behavior. Reading from these results, a plausibly argument to explain this behavior can be
made in terms of the higher crack tip constraint for the high hardening material in the early stages of loading once
constraint effects are most pronounced for low-to-medium strength structural steels.

6. EVALUATION OF THE REFERENCE TEMPERATURE, To

Following the development provided in ASTM E1921-19 (2019), the reference temperatures for the tested materials
are evaluated from the fracture toughness distributions for different PCVN configurations and the standard 1T SE(B)
specimen. Table 3 compares the To-values obtained from the different PCVN configurations tested at T = =20 °C in
which there is a clear and marked effects of increased span on the estimates for the reference temperature. To further
illustrate the effect of specimen span on T, determined from using subsize specimens, Fig. 4 provides the variation of
Kjc-med With temperature for selected PCVN configurations, including the standard 1T SE(B) specimen configuration. In
these plots, the solid line defines the master curve of (corrected) median toughness, Kycmed, for 1T specimens whereas
the dashed lines represent the 5% and 95% tolerance bounds for the maximum likelihood estimate of Ko. For the tested
pressure vessel steel, the reference temperature yields the value of To = -41 °C which is 21 degrees below the test
temperature. Although the fracture toughness test temperature (T = -20 °C) is considerably higher than To-value, the
master curve shown in Fig. 4(a) describes relatively well the dependence of fracture toughness with temperature once
the proportion of data points below median curve (46%) is in accordance with the prediction of the ASTM standard. For
this test temperature, the Jc-values obtained from the PCVVN configurations are all censored and thus is not possible to
estimate the reference temperature according to master curve approach.
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Fig. 4. Master curves for the tested A515 Gr 65 and A572 Gr 50 steels including 5% and 95% confidence bounds based
on cleavage fracture toughness values measured from (a) A515 standard 1T SE(B) specimens with a/W = 0.5; (b) A572
standard 1T SE(B) specimens with a/W = 0.5; (c) PCVN specimens with S/W = 4; (d) PCVN specimens with S/W = 8.
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Now, observe that the reference temperature for the tested ASTM A572 Grade 50 steel yields the value of To =—26
°C which is about —6 degrees below the test temperature — this To-value is thus considered a “baseline” reference
temperature in the present study. Since the test temperature of T = —20 °C is close to the To-value of —26 °C evaluated
for the tested material, the master curve defined in Fig. 4(b) can thus be considered a good description of the variation
of cleavage fracture toughness with temperature in the DBT region for the tested structural steel. Comparing the Figures
4(c) and 4(d) it can be observed that the increased specimen span appears to strongly limit the effects of constraint loss
on measured fracture toughness for the PCVN configuration and on To. Moreover, also observe that the increased
specimen span appears to produce a smaller number of invalid (censored) toughness values thereby resulting in more
reliable estimates of Ko and a better statistical description of the measured toughness distribution. Clearly, these latter
results are strongly suggestive of the effectiveness of the non-standard PCVN geometry with increased span in
mitigating the effects of constraint loss on T0-estimates often observed in standard PCVN configurations.

7. CONCLUSIONS

This study describes the results of a rather extensive fracture testing of an A515 Grade 65 pressure vessel steel plate
and an ASTM A572 Grade 50 structural steel plate using non-standard PCVN specimens and an exploratory application
to determine the reference temperature, To, and associated variation of cleavage fracture toughness with temperature for
these materials. The fracture mechanics tests were performed on conventional, plane-sided SE(B) specimens with a/W =
0.5, B = 2W wherein B = 30 mm for A515 and B = 25 mm for A572 steel, and S = 4W loaded under 3-point bending;
and (2) plane-sided, precracked Charpy (PCVN) specimen with a/W = 0.5, B =10 mm, W = 10 mm and S = 4W and 8W.
The experimental results show a potential effect of increased span on Jc-values which can help to mitigate the effects of
constraint loss commonly observed in PCVN specimens. An exploratory application to determine the reference
temperature derived from the Master Curve approach using fracture toughness values obtained from testing non-
standard bend geometries, particularly the PCVVN configuration with increased span, produces predictions for To which
are more conservative than the corresponding reference temperature derived from testing conventional, deeply cracked
1-T SE(B) specimens. Clearly, these results are strongly suggestive of the effectiveness of the non-standard PCVN
geometry with increased span in mitigating the effects of constraint loss on T0-estimates often observed in standard
PCVN configurations.
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