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ABSTRACT

This work conducts an exploratory evaluation of the brittle fracture behavior for an ultrahigh

strength martensitic steel using conventional three-point bend SE(B) and precracked Charpy

V-notch (PCVN) specimens. A primary purpose of this study is to verify the effectiveness of the

Master Curve methodology in providing a reliable estimate of the reference temperature (T0)

derived from fracture toughness data sets measured in the ductile-to-brittle transition (DBT)

region of an ultrahigh strength, low alloy martensitic steel. Fracture toughness testing con-

ducted on three-point bend SE(B) specimens and PCVN configurations at different test tem-

peratures in the DBT region provides the cleavage fracture resistance data in terms of the

J-integral at cleavage instability, Jc, and its corresponding KJc-values for the tested material.

Although this class of ultrahigh strength steel having a martensitic microstructure is currently

beyond the reach of ASTM E1921, Standard Test Method for Determination of Reference

Temperature, T0, for Ferritic Steels in the Transition Range, the analyses described here show

that the predicted normalized curves of median fracture toughness versus temperature are in

good agreement with the experimental measurements.

Keywords

master curve, reference temperature, fracture toughness, ductile-to-brittle transition temperature,
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Introduction

Substantial progress has been made in recent years to characterize fracture behavior over

the ductile-to-brittle transition (DBT) region and, more specifically, the dependence of

fracture toughness data on temperature for ferritic steels. Early attention has been
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primarily focused on improved integrity assessments of irradiated reactor pressure vessel (RPV) steels for the con-

tinued operation of nuclear power plants. Here, routine surveillance programs focused on the use of small fracture

specimens, predominantly precracked Charpy V-notch (PCVN) specimens, to assess material degradation directly

connected to changes in fracture toughness properties over the reactor operational life. However, the often insuf-

ficient capacity of small specimens to provide fracture toughness measurements under well-contained crack-tip

plasticity for common pressure vessel and structural steels potentially lead to a marked increase, often associated

with large statistical scatter, in measured values of cleavage fracture toughness (such as the J-integral at cleavage

instability, Jc, or its equivalent elastic-plastic stress intensity factor,KJc). These features greatly complicate and add to

the problem of correlating small specimen data with the fracture behavior of engineering structural components.

Wallin1–3 advanced the viewpoint of a normalized curve describing the dependence of fracture toughness

curve on temperature, as typified by the conventional ASME reference curves, to incorporate the effects of speci-

men size and statistical scatter on fracture toughness data over the DBT region. The procedure, known as

the Master Curve (MC) approach,1–5 defines an indexing (or reference) temperature, T0, related to the median

fracture toughness of KJc-values experimentally measured from standard 1T fracture specimens (with thickness

B= 25 mm). Several previous studies3,5,6 have shown that the MC methodology is highly effective in describing

the dependence of fracture toughness on temperature for a wide range of structural ferritic steels, including ir-

radiated conditions, with a yield strength in the range of 275∼825 MPa. The MC methodology has been stand-

ardized in the form of ASTM E1921 (ASTM E1921-21a, Standard Test Method for Determination of Reference

Temperature, T0 , for Ferritic Steels in the Transition Range) and has also been incorporated into the ASME code.7

In view of the technological importance of assessing the fracture integrity of containment vessels, engineer-

ing applications of the MC procedure have been primarily focused on describing the temperature dependence of

fracture toughness for pressure vessel steels and low-carbon structural steels. Moreover, the approach has also

been shown to hold for tempered martensitic steels having very high strength, provided they can be considered as

falling into the category of ferritic steels for which the MCmethod is applicable (ASTM E1921-21). Indeed, recent

works of Odette et al.,8,9 Neimitz et al.,10,11 and Wallin et al.12 provide support to use the MC approach in char-

acterizing the fracture toughness transition behavior for this class of material. More specifically, Odette et al.9

obtained good agreement between the fracture toughness transition curve defined by ASTM E1921-21a and the

dependence of measured KJc-values on temperature for a structural martensitic steel employed in fusion reactors

known as F82H steel.13 In their work, they justify their findings by arguing that the MC transition temperature

indexed by T0 is mainly controlled by the statistically-based model to correct fracture toughness values for speci-

men thickness in connection with appropriate size requirements to prevent effect of constraint loss on measured

KJc-values rather than details of the specific steel microstructure.

However, despite these advancements, more systematic studies to support the extension of the methodology

to characterize the dependence of fracture toughness on temperature in ultrahigh strength steels (UHSS) with

nominal strengths exceeding 1,000∼1,200 MPa remain limited. UHSS materials have been increasingly used in

several engineering applications that require wear-resistant properties, such as excavator buckets and bulldozer

blades, and in lightweight construction, especially for the structural members of mobile equipment, including

chassis and superstructures for commercial vehicles, to reduce weight and fabrication costs. The application of

such UHSS is rarely limited by inadequate strength but rather by other factors such as fracture properties.

Although rather extensive experimental data exist for UHSS steels, the majority of data focuses on tensile

and impact (Charpy V-notch) properties. Consequently, further extensions and applications of the MC meth-

odology to describe the fracture toughness dependence of temperature for this class of material are largely justified

as such studies can broaden the toughness-temperature relationship in the transition temperature for the existing

toughness database of common structural steels to more advanced structural steels.

As a step in this direction, this work addresses an experimental investigation of the brittle fracture behavior

for an ultrahigh strength martensitic steel using fracture toughness data measured in the ductile-to-brittle tran-

sition region (DBT). A primary purpose of this study is to assess the applicability of the MC methodology to
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describe the fracture toughness transition curve indexed by the reference temperature T0 for a direct-quenched,

low alloy martensitic steel. Fracture toughness testing conducted on three-point bend SE(B) specimens and

PCVN configurations at different test temperatures in the DBT region provides the cleavage fracture resistance

data in terms of the J-integral at cleavage instability, Jc, and its corresponding KJc-values for the tested ultrahigh

strength steel. Although this class of ultrahigh strength steel having a martensitic microstructure is currently

beyond the reach of ASTM E1921-21a, the analyses described here show that the predicted normalized curves

of median fracture toughness versus temperature are in good agreement with the experimental measurements.

Overview of the MC Approach

This section describes essential characteristics and steps of the data analysis method to determine the reference

temperature, T0 , from experimentally measured fracture toughness values. Only salient features of the MC meth-

odology are described here. Readers are referred to the works of McCabe et al.,5 IAEA TR429,14 ASTM E1921-21a,

and references therein for details. The presentation that follows addresses both the single temperature method

and the multi-temperature procedure.

SINGLE TEMPERATURE MC METHOD

The fundamental importance of assessing the integrity of RPVs (and other types of pressure vessels in general) has

motivated the early introduction of a fracture mechanics approach to ensure adequate safety margins against

brittle fracture in service conditions incorporating a reference temperature index correlated with the material

fracture toughness. The approach relies on a lower bound description of the variation of elastic fracture toughness

values, KIc, with temperature in the form

KIc = A + B expðCTRÞ (1)

where A, B, and C are material constants and TR = T − TNDTT is the reference temperature index normalized in

terms of the nill ductility transition temperature, TNDTT ,
15,16 often obtained by the drop weight test.17 The nor-

malization temperature, TNDTT , is adopted as a means to incorporate the heat-to-heat differences in fracture

toughness transition temperature of the tested material database, thereby collapsing the fracture toughness data

onto a single curve. The above equation (1) is the basis of the reference toughness curves implemented into the

ASME code.7

Wallin1–3 advanced the concept of the ASME KIc reference curve to develop a more accurate and, at the same

time, more effective procedure to characterize elastic-plastic fracture toughness data over the DBT region. The

methodology led to the notion of a “master” fracture toughness transition curve and relies on the construction of a

normalized curve of median fracture toughness values, defined in terms of the elastic-plastic stress intensity fac-

tor, KJc, rather than Jc, for high constraint fracture specimens having size of 1T (B= 25 mm) geometries with

temperature. The approach begins by considering a three-parameter Weibull distribution18,19 to characterize the

distribution of elastic-plastic KJc-values in the form.18

FðKJcÞ = 1 − exp

�
−
�
KJc − Kmin

K0 − Kmin

��
α

(2)

which is a three-parameter Weibull distribution19 defined by the Weibull modulus, α, the scale parameter or

characteristic toughness, K0, and the threshold fracture toughness, Kmin (observe that FðKJcÞ = 0 for

KJc ≤ Kmin). Following ASTM E1921-21a, parameter α takes the value of 4 under conditions pertaining to small

scale yielding (SSY) near the crack tip and Kmin is conveniently assigned a value of 20 MPa
ffiffiffiffi
m

p
. Moreover, the

elastic-plastic KJc-values are obtained directly from experimentally measured Jc-values using the standard

relationship:

Journal of Testing and Evaluation

2600 BARBOSA ET AL. ON FRACTURE TOUGHNESS OF UHS STEEL

D
ow

nloaded from
 http://dl.astm

.org/jte/article-pdf/51/4/2598/180139/jte20220236.pdf by U
niversidade de Sao Paulo (U

SP) user on 25 August 2025

https://www.astm.org/Standards/E1921.htm
https://www.astm.org/Standards/E1921.htm
https://www.astm.org/Standards/E1921.htm


KJc =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EJc

ð1 − ν2Þ

s
(3)

where it is understood that plane-strain conditions are assumed with E representing the Young’s modulus and

ν the Poisson’s ratio, which is usually taken as the standard value of 0.3. To insure SSY conditions at fracture,

KJc-values exceeding the measuring capacity of the specimen defined by KJc−max =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eb0σys=Mð1 − ν2Þ

q
, where b0

denotes the original crack ligament size and the deformation limit,M = b0σys=J , is conservatively assigned a value

of 30, are treated as censored data19—the above equation (2) thus becomes a right-censored Weibull

distribution.20

Another important feature of adopting the statistical description of KJc-values expressed by equation (2) is

that it advantageously allows the use of a simple weakest link statistics to correct measured toughness values for

effects of thickness in the case of fracture tests performed on other than 1T specimens as

KJc−1T = 20 + ðKJc−X − 20Þ
�
BX

B1T

�
1=4

MPa
ffiffiffiffi
m

p
(4)

where B1T is the 1T specimen size (thickness of B= 25 mm) and BX is the corresponding thickness of the test

specimens. The above relationship implies that when the thickness of the test specimen is reduced by half, for

example, to a 1=2T (B= 12.5 mm) geometry, the median fracture toughness of measured KJc-values for 1T size

specimens decreases by a factor of ≈0.87.
The scale parameter, K0, corresponding to the 63.2 % cumulative failure probability, is commonly evaluated

by a standard maximum likelihood (ML) estimation procedure19 (ASTM E1921-21a) thus yielding

K0 =

"XN
k=1

ðKJc,k − 20Þ4
r

#
1=4

+ 20MPa
ffiffiffiffi
m

p
(5)

where N denotes the total number of tested specimens and r represents the number of valid tests (uncensored

data). Limiting attention here to the case of cleavage fracture without any significant amount of ductile tearing,

r = N − c, where c is the number of censored toughness data points, which are represented by the toughness

values exceeding KJc−max. Once K0 is determined, the median toughness of the experimental data set, including,

if any, the censored toughness values at the test temperature, is given by

KJc−med = 0.9124ðK0 − 20Þ + 20MPa
ffiffiffiffi
m

p
: (6)

The resulting fracture toughness transition curve for the material in terms of the median toughness, KJc−med ,

and the reference (indexing) temperature, T0, for 1T specimens takes the form

KJc−med = 30 + 70 exp½0.019ðT − T0Þ�°C, MPa
ffiffiffiffi
m

p
(7)

where T is the test temperature. Although the above T0-based MC has a similar appearance as the ASME KIc

reference curve given by previous equation (1), it actually differs significantly in character as it incorporates a

statistical size effect and provides a means to determine statistical tolerance bounds on fracture toughness data.

Indeed, ASTM E1921-21a test standard also gives procedures to construct tolerance bounds for varying confi-

dence levels of equation (7).

MULTI-TEMPERATURE MC METHOD

While the MCmethodology was originally developed to characterize the fracture toughness transition curve based

on a single set of toughness values measured at a single (fixed) temperature, the approach can be generalized to
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treat multiple data sets obtained from fracture tests performed at different temperatures within the DBT region.

This may be justified when, for example, testing small fracture specimens, particularly PCVN geometries, to

obtain fracture toughness data in the case of limitations on material availability. Here, as the maximummeasuring

capacity of these specimens is approached, the number of measured KJc-values exceeding KJc−max at a given test

temperature may become undesirably large, thereby compromising the practicality of the test procedure and,

perhaps more importantly, accurate evaluations of T0. To circumvent this potential difficulty, a multi-temper-

ature method4,5,21 (ASTM E1921-21a) can also be used to evaluate the reference temperature, T0.

By assuming that a similar expression to equation (1) holds in the case of the temperature dependence of K0

in the form

K0 = A + B exp½CðT − T0Þ�°C, MPa
ffiffiffiffi
m

p
(8)

Wallin21 obtained the ML estimate of T0 for a randomly censored data set corresponding to different test temper-

atures as

XN
k=1

δk exp½CðTk − T0Þ�
A − Kmin + B exp½CðTk − T0Þ�

−
XN
k=1

ðKJc,k − KminÞ4 exp½CðTk − T0Þ�
fðA − KminÞ + B exp½CðTk − T0Þ�g5

= 0 (9)

from which T0 can be solved iteratively. In the above, the Kronecker delta, δk, is 0 for censored data or 1 for valid

KJc-data. It may be noted that equation (7) is actually a special case of equation (9) when all KJc-values are derived

from a single test temperature. Further observe that ASTM E1921-21a incorporates the above equation with

Kmin = 20MPa
ffiffiffiffi
m

p
and A = 31MPa

ffiffiffiffi
m

p
, B = 77MPa

ffiffiffiffi
m

p
, and C = 0.019°C−1. The section titled “Multi-

Temperature Method” addresses application of the multi-temperature method defined by equation (9) to the

tested ultrahigh strength steel.

Experimental Procedures

MATERIAL DESCRIPTION AND MECHANICAL PROPERTIES

The material utilized in the fracture tests described next is a high-strength martensitic steel supplied by Usiminas

Steel in Brazil as a hot rolled plate with thickness of 31.5 mm. This steel is designated as USI AR450 and has similar

characteristics as a Hardox 450 steel. It is produced by hot rolling through a Continuous On-Line Control accelerated

cooling process, similar to a Thermo-Mechanical Control Process, followed by direct quenching. Table 1 lists the

chemical composition for the tested material, which contains low carbon content to improve the plate weldability.

The required mechanical strength and hardenability are then obtained by small additions of key microalloying

elements, such as boron, chromium, niobium, vanadium, and titanium, as shown in Table 1. Metallographic exami-

nation of an etched surface of the tested steel (Nital 2 % for 20 s) displayed in figure 1A and 1B revealed a pre-

dominantly lath martensite microstructure formed by long and thin plates in a side-by-side, parallel arrangement, as

typically observed in steel alloys having a carbon content of less than approximately 0.60 wt. %.22

Mechanical tensile tests at room temperature (20°C) were conducted in accordance with ASTM E8/8M

(ASTM E8/E8M-21, Standard Test Methods for Tension Testing of Metallic Materials) on standard tensile spec-

imens 12.5 mm in diameter and extracted from the transverse plate direction at mid-thickness in the as-received

TABLE 1
Chemical composition of tested martensitic steel (% weight) measured by atomic emission spectroscopy (AES) according to
ASTM E415-21, Standard Test Method for Analysis of Carbon and Low-Alloy Steel by Spark Atomic Emission Spectrometry.
The content of iron is given by Fe balance

C Mn Cr V Nb Ti B Ni Si Cu P S

0.22 1.38 0.24 0.003 0.029 0.035 0.001 0.02 0.34 0.01 0.016 0.003
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condition. The tensile properties of the tested steel (average of three tensile specimens) are defined by the yield

stress, σys = 1,229MPa, and tensile strength, σuts = 1,271MPa. Figure2A provides the average engineering stress-

strain response for the tested material, which clearly evidences the very low hardening behavior of this high-

strength martensitic steel, as also indicated by a low σuts=σys—ratio of 1.1. For completeness, an estimate of

the Ramberg-Osgood exponent, n, to describe the power law approximation of the true stress-true strain behavior

given by API 57923 yields n = 40. Further, observe that the measured average value of yield stress far exceeds the

upper limit of the yield stress range (σys ≤ 825MPa) allowable by the MC approach.

Because the fracture tests are conducted at different DBT region temperatures (see further details next), the

dependence of yield stress on temperature can be simply described by ASTM E1921-21a as

σT−testys = σRTys +
105

491 + 1.8T
− 189°C, MPa, (10)

where σT−testys and σRTys define the material yield stress at the test temperature and at room temperature, respec-

tively, and T is the test temperature. Similarly, the dependence of Young’s modulus on temperature also follows

from ASTM E1921-21a as

FIG. 1 Microstructure for the tested high-strengthmartensitic steel (Nital 2 %). Etching time: 20 s (A)magnification: 200 x;

(B) magnification: 500 x.

FIG. 2 Mechanical properties for the tested high-strength martensitic steel: (A) engineering stress- strain curves

measured at room temperature and (B) Charpy-V impact energy (T-L orientation) versus temperature.
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E = 204 −
T
16

°C, GPa: (11)

The above expressions and their corresponding estimates for the yield stress and Young’s modulus define the

specimen measuring capacity, as characterized by KJc−max, at test temperature, which is required to perform

the statistical analysis of the measured Jc-values and their correspondent KJc-values (refer to Tables 2 and 3

in the “Temperature Effects on Fracture Toughness” section).

A set of standard Charpy V-notch (CVN) impact specimens was extracted from the mid-thickness of the

plate in the T-L orientation and tested at different temperatures in a 406 J full-scale Tinius-Olsen pendulum

machine following the requirements of ASTM E23 standard (ASTM E23-18, Standard Test Method for

Notched Bar Impact Testing of Metallic Materials). Figure 2B shows the measured toughness-temperature prop-

erties in terms of conventional CVN impact energy in the T-L orientation. Here, because of the well-known

dependence of fracture toughness on the rolling direction, the T-L orientation is chosen for the purpose of this

investigation as it generally provides lower fracture toughness values compared to the T-L orientation. The sym-

bols on the plot define the experimental values of Charpy energy, whereas the solid line describes a hyperbolic

tangent curve fitting24,25 in the form

CVE = 24 + 22 tanh

�
T + 23
110

�
°C, J (12)

in which the lower shelf Charpy energy is taken as a constant value of 2 J, CVE denotes the Charpy V-notch

energy, and T is the test temperature. Using the above expression, the Charpy transition temperatures corre-

sponding to 28 J and 41 J energy yield approximately T28J = −2.8°C and T41J = 90°C, respectively.

FRACTURE TOUGHNESS TESTING

To investigate the effects of temperature on the cleavage fracture behavior of the martensitic steel employed in this

study, a series of fracture toughness tests was performed at different temperatures in the range of −20°C∼70°C to

measure the values of the J-integral at instability point, here defined as Jc, as shown previously in figure 2B - this

temperature range falls within the middle to upper transition region for the tested steel. The fracture testing was

conducted on three-point single edge- notched specimens, commonly designated as SE(B) configurations, also in

the T-L orientation extracted from the mid-thickness of the plate. The SE(B) specimens have conventional,

TABLE 2
Measured fracture toughness values at the instability point, described in terms of Jc and corresponding KJc-values, for the
high-strength martensitic steel obtained from standard 3P SE(B) specimens at T = −20°C, −10°C, 0°C, and 20°C

Specimen Configuration T, °C Jc, kJ/m² KJc, MPa
p
m a0, mm M= (b0σys/Jc)

1T SE(B) −20 11 50 25.0 2,951

18 64 25.4 1,588

14 56 25.3 2,099

1T SE(B) −10 30 82 25.0 1,073

12 52 25.0 2,665

16 59 25.5 2,011

1T SE(B) 0 15 57 25.2 2,184

20 67 25.1 1,616

17 62 25.7 1,830

1T SE(B) 20 33 86 25.5 943

18 64 25.1 1,723

25 74 25.7 1,253
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plane-sided geometry with thickness, B= 25.4 mm (1T configuration), width W= 50.8 mm, loading span S=
203.2 mm, and a nominal crack length (a) to width (W) ratio of a/W= 0.5.

The fracture specimens were first fatigue precracked under a load ratio of R= 0.1 at approximately 20 Hz and

then loaded under displacement control in three-point bending in an MTS Landmark servo-hydraulic testing

machine in accordance with the test protocols specified in ASTM E1820 (ASTM E1820-21, Standard Test

Method for Measurement of Fracture Toughness) and ASTM E1921-21a. For the fracture tests at low temperature

(−20°C ≤ T ≤ 0°C), the SE(B) specimens were immersed in a nitrogen/alcohol bath and temperature controlled

by two thermocouples (one at the specimen surface near the crack tip region and the other one immersed in the

bath) wired to a digital thermometer. The thermocouples have a reading accuracy of ±1°C, thereby allowing a very

good temperature control. For the fracture testing at higher temperature (50°C ≤ T ≤ 70°C), the SE(B) specimens

TABLE 3
Measured fracture toughness values at the instability point, described in terms of Jc and corresponding KJc-values, for the
high-strength martensitic steel obtained from standard 3P SE(B) specimens and the PCVN configuration at T = 50°C, 60°C,
and 70°C

Specimen Configuration T, °C Jc, kJ/m² KJc, MPa
p
m a0, mm M= (b0σys/Jc)

1T SE(B) 50 43 97 24.9 737

44 98 24.5 733

45 100 25.2 682

47 102 24.9 662

53 108 25.6 582

53 108 25.6 574

56 111 25.5 548

67 122 25.5 456

85 137 25.0 369

1T SE(B) 60 76 129 25.3 408

77 130 25.6 397

78 131 25.3 395

86 138 25.1 360

90 140 25.0 348

94 144 25.2 329

94 144 25.2 327

102 150 25.2 305

110 155 24.9 285

1T SE(B) 70 95 144 25.6 320

101 149 25.6 303

101 149 25.5 301

104 151 25.0 298

105 152 25.7 286

107 153 25.1 289

110 155 25.6 276

117 160 25.8 258

139 175 25.5 218

PCVN 50 51 106 5.0 119

56 111 5.4 100

57 113 5.0 105

62 117 5.3 92

69 123 5.2 85

102 150 5.3 56

105 152 5.1 56

106 153 5.3 54
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were immersed in a biodegradable soluble cutting oil/water bath with temperature also controlled by two ther-

mocouples wired to a digital thermometer. For better temperature control, electric immersion heaters electrically

operated by a contactor coupled to a thermostat circuit were used in the bath. Further, to avoid thermal gradients

in the bath, a hot water recirculating pump was fixed inside the thermal box. Both cooling and heating bath

temperature were then maintained during 20∼30 min at the specified test temperature before the test specimens

were loaded. Records of load versus crack mouth opening displacement (CMOD) were measured in each speci-

men using a clip-on displacement gage mounted on an integrated knife-edge machined into the notch mouth.

Post-test analysis of the fracture surfaces in conjunction with the nine-point measurement technique described in

ASTM E1820-21 allowed the measurement of the initial crack size (ao) and the amount of stable crack growth, if

any, prior to final cleavage fracture in the tested specimens.

An important first step in applying the MC procedure involves the selection of an adequate test temperature

from which the measured fracture toughness values can be used to determine T0. Following ASTM E1921-21a, a

convenient estimate of the indexing temperature, eT0, for ferritic steels is given by eT0 = T28J − 18°C oreT0 = T41J − 24°C, which yields eT0−28J = −20.8°C and eT0−41J = 66°C for the martensitic steel under consideration.

If we tentatively accept the eT0−28J estimate as being close to correct, then we can set T = −20°C as the initial test

temperature. Figure 3A shows the load versus CMOD data for three specimens tested at T = −20°C, which
reveals an essentially linear elastic brittle behavior with no plastic work under the load-displacement curve.

Because the MC procedure requires elastic-plastic behavior, it is thus necessary to increase the test temperature,

such as the fracture tests were performed at the temperatures T = −20°C,−10°C, 0°C, 20°C, 50°C, 60°C, and 70°C.
Figure 3B–D displays the load-displacement curves at three different test temperatures: T = 20°C, 50°C, and

FIG. 3 Representative load-CMOD curves for the tested martensitic steel corresponding to different test temperatures:

(A) T=−20°C, (B) T = 20°C, (C) T = 50°C, and (D) T= 70°C.
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70°C. Consider first the load-CMOD results shown in figure 3B. Despite the increase in test temperature from

−20°C to 20°C, an essentially linear elastic behavior still prevails, making this data set apparently not useful for the

effective application of the MC approach. For completeness, Table 2 shows the fracture toughness at cleavage

instability at T = −20°C, −10°C, 0°C, and 20°C, and also includes the average precrack fatigue length based on the

nine-point measurement technique given by ASTM E1820-21 and the deformation limit, M, for each measured

toughness data. Observe that this table displays only three fracture toughness values because it became clear at the

start of the fracture tests at those test temperatures that the measured Jc-values would characterize essentially

linear elastic behavior. Consider next the load-displacement records at T = 50°C and 70°C shown in figure 3C

and 3D, respectively. A different picture now emerges as there is a relatively large fraction of the total area under

the load-displacement curve associated to plastic work and, thus, to the plastic contribution to the strain energy

for the crack configuration. With those factors taken into account, only the fracture toughness measured at

T = 50°C, 60°C, and 70°C will be used in the present study.

To provide further experimental evidence of the well-contained plastic deformation at the crack tip for the

selected measured fracture toughness data, figures 4 and 5 show typical macroviews of fracture surfaces and

scanning electron microscopy examined very close to the crack-tip region for representative specimens tested at

T = 50°C and 70°C. Figures 4A and 5A reveal that there is a well-defined transition between the tip of the fatigue

precrack and the beginning of the fracture surface with no evidence of plastic deformation at the crack front and,

perhaps more importantly, no signs of any amount of ductile tearing preceding brittle fracture. Now direct at-

tention to the fracture surfaces displayed in figures 4B and 5B. At T = 50°C, the fracture surface pictured in

figure 4B shows clear indications of a quasi-cleavage pattern with smaller cleavage facets mixed with dimple

regions, which is a mixed mechanism involving both cleavage and microvoid coalescence typical of high strength

steels.10,26 Here, the highly dissipative process of void nucleation and growth eventually gives way to the for-

mation of a larger secondary microcrack by void coalescence seen in figure 4B prior to unstable propagation

of the macroscopic crack. Next focus on the fracture surface displayed in figure 5B, in which the corresponding

fractography shows a predominantly dimple pattern with large primary voids, typically nucleated by fracture or

decohesion of second-phase particles and nonmetallic inclusions, connected by numerous secondary voids.

Because the specific character of these nonmetallic inclusions, such as the ones within some of the large dimples

in figure 5B, does not have a direct bearing on the approach pursued in the present study, we did not conduct a

more in-depth investigation to assess the grade and classify those nonmetallic inclusions. What is more important

FIG. 4 Typical macroviews of fracture surfaces and scanning electron microscopy (SEM) fractography (accelerating

voltage of 20 kV and spot size of 10 nm) of the (A) crack front (35x) and (B) fracture process zone (1,000x)

of specimen tested at T = 50°C.
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here, though, is that this is a surprising outcome because, as will be addressed later, the single temperature T0

evaluated on the basis of the data set at T = 70°C is in close agreement with the reference temperature at other test

temperatures, which thus suggests that these dimple-related microscale processes do not affect the T0-evaluation

for this material. A discussion on the implications of this behavior on the MC procedure is postponed to the

“Single-Temperature Method” section.

Figure 6 displays the cumulative probability distribution of the fracture toughness values in terms of KJc-

values for the tested specimens at T = 50°C, 60°C, and 70°C. The plot also includes the measured KJc-values at

T = 50°C for the PCVN configuration. The solid symbols represent the experimental fracture toughness data for

the specimens. Values of the cumulative failure probability, FðKJcÞ, are obtained by ordering the KJc-values and

using FðKJcÞ = ðk − 0.3Þ=ðN + 0.4Þ,19 where k denotes the rank number and N defines the total number of

FIG. 5 Typical macroviews of fracture surfaces and scanning electron microscopy (SEM) fractography (accelerating

voltage of 20 kV and spot size of 10 nm) of the (A) crack front (35x) and (B) fracture process zone (1,000x) of

specimen tested at T = 70°C.

FIG. 6

Three-parameter

Weibull distribution

of experimentally

measured KJc-values

with varying test

temperatures at

T = 50°C, 60°C,

and 70°C.
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experimental toughness values. The curves displayed in these plots describe the three-parameter Weibull distri-

bution for KJc-values given by previous equation (2) with a fixed value α = 4 to describe the scatter in test data as

adopted by ASTM E1921-21a. Table 3 shows the fracture toughness at cleavage instability for the martensitic steel

tested at T = 50°C, 60°C, and 70°C, and also includes the average precrack fatigue length based on the nine-point

measurement technique given by ASTM E1820-21. The table also provides the deformation limit, M, for each

measured toughness data. Table 4 provides the ML estimates of the characteristic toughness, K̂0, for all tested

crack configurations derived from equation (5), including the 90 % confidence bounds given by Thoman27 (see

also Mann et al.19).

The key feature of these results is that there is a marked effect of temperature on fracture toughness as the

characteristic toughness, K0, increases rather distinctly with increased test temperature. Unfortunately, the

experimental results are not particularly well-fit by equation (2) with a fixed value α = 4. Although we have

not investigated the source of such behavior, we argue that the predominantly martensitic microstructure as-

sociated with potential changes in the local cleavage micromechanism compared to conventional ferritic steels

(see discussion in the review article of Hahn28) may be the cause of the reduced scatter in the experimental data

—recall that the Weibull modulus characterizes the scatter in test data. However, as already noted by Ruggieri

et al.,29 ensuring a high fitting quality of the three-parameter Weibull distribution to the experimental data is

not a requisite feature for strict applications of the MC procedure. To illustrate this issue, Table 4 also provides

both Weibull parameters, α̂ and β̂, obtained from a standard ML estimation procedure and the corresponding

90 % confidence bounds for K0.
19,27 Clearly, although large differences in parameter α are evidenced in these

approaches, the sensitivity of the estimated K0-value to the Weibull modulus is fairly small. For example,

although the Weibull modulus changes from 4 to almost 15 in the case of the SE(B) specimen tested at

T = 60°C, thereby characterizing a very small data scatter, differences in K0-estimates are only ≈2%.
Therefore, we can conclude that even substantial changes in the Weibull modulus, which are associated with

the degree of agreement between the Weibull distribution defined by equation (2) and the experimental data,

result in only modest variations in parameter K0 and, thus, have little effect on the T0 evaluation for the mar-

tensitic steel addressed next.

Temperature Effects on Fracture Toughness

The following sections address the applicability of the MC approach to describe the effects of temperature on

fracture toughness in terms of the reference temperature T0 for the tested ultrahigh strength steel. The presen-

tation begins with evaluation of T0 based on the single temperature method at selected test temperatures. The

analyses then proceed to determine the reference temperature using the multi-temperature approach.

TABLE 4
Maximum likelihood estimates of the characteristic toughness, K0, for the measured distributions of the KJc-values at varying
test temperatures and the corresponding reference temperatures, T0, evaluated from the single-temperature and multi-
temperature methods

Geometry T, °C a K0, MPa
p
m a J0, kJ/m² T0-ST, °C T0-MT, °C

1T SE(B) 50 4 112 6.9 115 47

(94, 134) (104, 127)

1T SE(B) 60 4 141 14.9 144 41 44

(119, 167) (138, 151)

1T SE(B) 70 4 155 13.7 158 45

(130, 185) (150, 167)

PCVN 50 4 133 6.3 136 49 N/A

(110, 162) (121, 154)

Note: N/A = not applicable.
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SINGLE TEMPERATURE METHOD

Figures 7–9 describe the dependence of KJc−med , with temperature for three test temperatures: at T = 50°C, 60°C,

and 70°C. In these plots, the solid lines define the MC of median toughness, KJc−med , whereas the dashed lines

define the 5 % and 95 % tolerance bounds derived from ASTM E1921-21a procedure. The measured KJc-values at

these test temperatures are also included in the plot to facilitate assessing the MC indexed by T0 and, at the same

time, how well the tolerance bounds envelop the measured fracture toughness data. Table 4 presents the cor-

responding single temperature T0-values for each temperature, here denoted as T0−ST .

Examination of these results reveals that, although there is no clear trend of a relationship between test

temperature and the reference temperature, the estimated T0 exhibits a relatively weak dependence over the range

considered. This trend could be explained in terms of the somewhat small data set and the relatively poor fitting of

the three-parameter Weibull distribution with α = 4 to the experimental toughness values—refer to figure 6 and

Table 4. A noteworthy additional feature of these results is that the estimated T0-values and, thus, the test tem-

peratures for the cases under consideration are much closer to T0−41J for the tested material than T0−28J—recall

that the hyperbolic tangent curve fitting gave eT0−28J = −20.8°C and eT0−41J = 66°C. Although one would generally

anticipate that T0−28J provides good estimates of T0 in the case of ferritic steels, the present results suggest that

T0−41J gives better estimates of the reference temperature for the ultrahigh strength steel under analysis.

Evaluation of the reference temperature for the data set tested at T = 70°C deserves further consideration. As

briefly discussed in the section titled “Fracture Toughness Testing,” the fracture surfaces of the specimens tested at

this temperature displayed in figure 5B exhibited a predominantly dimple morphology, thereby suggesting that

the local fracture is driven by a void growth mechanism rather than a stress-controlled cleavage. Nevertheless, the

resulting reference temperature is T0−ST = 45°C, which is, thus, in very close agreement with the T0-value of 47°C

for the data set tested at 50°C. This can be understood by the following argument. Whereas the MC methodology

is conceptually applicable to stress-controlled cleavage fracture behavior of ferritic steels, thereby incorporating

fracture toughness values under conditions sufficiently close to SSY, the procedure given by ASTM E1921-21a

essentially relies on fitting KJc-values that satisfy specified deformation limits relative to specimen size to a three-

parameter Weibull distribution. Even in the case of cleavage after small amounts of slow stable crack growth,

ASTM E1921-21a does allow the use of a censoring model for the data set of KJc-values, regardless of the specific

failure mode at fracture. The case under discussion falls exactly into this scenario as the deformation levels at

FIG. 7

Master curve for the

tested martensitic steel,

including 5 % and 95 %

tolerance bounds, based

on cleavage fracture

toughness values

measured from standard

1T SE(B) specimens

tested at 50°C.
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fracture characterized by theM-values for this data set are very high (refer to Table 3) and no ductile tearing prior

to fracture instability is observed. Thus, even considering that no stress-controlled cleavage fracture occurred

(which is one of the fundamental premises of the MC methodology) but, rather, fracture was predominantly

controlled by a dimple mechanism at this temperature, we were able to obtain good estimates of the reference

temperature in accordance with the MC methodology. As a consequence, there appears to be a strong indication

that fitting the fracture toughness distribution with a 3P Weibull distribution is far more important than the

specific micromechanics driving the fracture process. These arguments are also somewhat along the lines of

the findings obtained in previous work of Odette et al.8. However, because this class of ultrahigh strength steel

having a martensitic microstructure is currently beyond the reach of the MCmethodology and ASTM E1921-21a,

FIG. 8

Master curve for the

tested martensitic steel,

including 5 % and 95 %

tolerance bounds, based

on cleavage fracture

toughness values

measured from standard

1T SE(B) specimens

tested at 60°C.

FIG. 9

Master curve for the

tested martensitic steel,

including 5 % and 95 %

tolerance bounds, based

on cleavage fracture

toughness values

measured from standard

1T SE(B) specimens

tested at 70°C.
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we avoid drawing definite conclusions but remain highly confident that the MC approach is effectively applicable

to this case.

Application of the MC procedure to determine the reference temperature based on KJc-values measured

from testing the subsize PCVN configuration is also of interest. Here, because the fracture specimens have a

thickness of 10 mm, the corresponding toughness data must be first corrected to the equivalent 1T KJc-values

using equation (4)—notice that the KJc-values shown in Table 3 for this specimen configuration are the measured

toughness data not the thickness corrected values. Figure 10 displays the variation of KJc−med , with temperature

derived from these fracture toughness data. Table 4 also shows the corresponding T0−ST . In this case, the esti-

mated T0−ST is slightly higher than the corresponding T0−ST-value derived from testing the 1T SE(B) specimens at

T = 50°C. Although both estimated T0-values are still within an acceptable margin of difference, this particular

result deserves further discussion. In previous work, Joyce and Tregoning6 compare T0-results derived from

fracture toughness measurements obtained by testing both the PCVN configuration and larger specimen geom-

etries, including C(T) and SE(B) specimens, for different pressure vessel steels. Their analyses show that Charpy

size specimens generally provide lower T0-values compared to the corresponding estimates from larger speci-

mens, thereby yielding slightly nonconservative evaluations of the reference temperature. Similar findings were

also reported by Sokolov and Nanstad30 as well as in ASTM E1921-21a. However, Joyce and Tregoning6 attrib-

uted the cause of these trends to the level of constraint at fracture in connection with the relatively small sampling

size and material variability at crack front for small size specimens. For the PCVN configuration under consid-

eration, the levels of specimen deformation described by the M-values are consistently high, with several spec-

imens exhibiting M ≥ 100, which suggests that the present data set is essentially not affected by constraint loss.

Whether analogous results occur in other classes of high strength steels with predominantly martensitic micro-

structure is currently unknown and we consider this issue an open question.

MULTI-TEMPERATURE METHOD

Although the method based on a single test temperature described previously provides a straightforward pro-

cedure to determine T0 with adequate reliability, application of the multi-temperature method defined by equa-

tion (9) gives additional insight into the effectiveness of the MC methodology to evaluate the reference

temperature for the tested martensitic steel. Within the present context, such may be justified by considering

FIG. 10

Master curve for the

tested martensitic steel,

including 5 % and 95 %

tolerance bounds, based

on cleavage fracture

toughness values

measured from subsize

PCVN specimens tested

at 50°C.

Journal of Testing and Evaluation

2612 BARBOSA ET AL. ON FRACTURE TOUGHNESS OF UHS STEEL

D
ow

nloaded from
 http://dl.astm

.org/jte/article-pdf/51/4/2598/180139/jte20220236.pdf by U
niversidade de Sao Paulo (U

SP) user on 25 August 2025

https://www.astm.org/Standards/E1921.htm


that the single temperature approach is a special case of the multi-temperature procedure, so that the latter

method should presumably yield the most accurate T0 estimate.

Figure 11 shows the MC and associated confidence bounds based on the multi-temperature method using

cleavage fracture toughness values measured from standard 1T SE(B) specimens tested at T = 50°C, 60°C, and

70°C. Table 4 provides the corresponding T0-value, here denoted as T0−MT . This analysis is rather conclusive.

The reference temperature evaluated by the multi-temperature method result in a T0 estimate that is in close

agreement with other single temperature estimates. Observe, however, when taking T0−MT as the “correct” refer-

ence temperature, it can be seen that the estimated T0−ST-values at T = 50°C and 70°C are slightly larger, whereas

the estimated T0−ST-value at T = 60°C is nonconservatively biased. Thus, although we would again hesitate to

draw definite conclusions, these results suggest that evaluation of the reference temperature using solely the multi-

temperature method would likely be the best choice in the present case.

Concluding Remarks

This study describes an application of the MC methodology, originally developed for ferritic steels, to determine

the indexed reference temperature, T0, for an ultrahigh strength steel with predominantly martensitic micro-

structure. The analyses comprise both the single-temperature and the multi-temperature methods. A primary

objective of the present work is to assess the effectiveness of the procedure to provide reliable estimates of

T0 derived from fracture toughness data sets measured from testing standard 1T SE(B) specimens at different

temperatures over the DBT region for this class of material. As a second objective, the investigation also evaluates

the reference temperature for the tested steel using PCVN configurations. The analyses described in this work

supports the following conclusions:

• Evaluation of the reference temperature, T0, appears to be mainly controlled by the statistically-based
model to describe fracture toughness values, KJc, under high constraint conditions rather than details
of the specific failure mode associated with the steel microstructure.

• Ensuring a high fitting quality of the three-parameter Weibull distribution to the experimental data is not a
requisite feature for strict applications of the MC procedure, as the scale parameter, K0, of the 3P Weibull
distribution describing the KJc-values is not very sensitive to large changes in parameter α.

FIG. 11

Master curve for the

tested martensitic steel,

including 5 % and 95 %

tolerance bounds, based

on the multi-

temperature method

using cleavage fracture

toughness values

measured from standard

1T SE(B) specimens

tested at 50°C, 60°C and

70°C.
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• The indexing temperature, eT0, which serves as the basis for the test temperature, is more accurately esti-
mated from the Charpy transition temperatures corresponding to 41 J, T41J, for the tested ultrahigh
strength, martensitic steel.

• Evaluation of the reference temperature based on the multi-temperature method appears to provide more
reliable estimates of T0 for the tested material and, thus, would likely be the best choice in routine ap-
plications of the MC procedure.

Although the ultrahigh strength, martensitic steel employed in the present work does not fall into the cat-

egory of ferritic steels encompassed by the MCmethodology and ASTM E1921-21a, the procedure still appears to

provide accurate estimates of the reference temperature and, thus, a good description of the fracture toughness

dependence with temperature for the tested material. A reason offered for this outcome is that fitting a three-

parameter Weibull distribution to KJc-values that satisfy specified deformation limits relative to specimen size is

viewed as effectively offsetting any potential effects of the specific failure mode at the microlevel. Although these

conclusions are born out in the results that are obtained from limited experimental data sets, the fact that the

estimated T0-values appear mostly consistent with the expected trends lends hope that further progress may be

made in effectively extending the MC methodology to this class of high strength steels. Specifically, more ex-

tensive data sets covering a wider range of UHSS obtained by different production routes and having varying

microalloying are needed.
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