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Abstract. This work addresses an experimental investigation of the brittle fracture behavior for a high strength martensitic
steel using conventional three-point bend specimens. The purpose of this work is to assess the applicability of the Master
Curve methodology in providing a reliable estimate of the reference temperature (Iy) derived from fracture toughness
data sets measured in the ductile-to-brittle transition region (DBT) of a direct-quenched low alloy martensitic steel.
Fracture toughness tests conducted at different temperatures in the DBT region provide the fracture toughness data in
terms of the J-integral at instability point, J.. The measured distributions of fracture toughness values showed a relatively
smaller scatter compared to the theoretical scatter specified by ASTM E1921 standard and provided mean curves of
fracture toughness vs. temperature that slightly deviate from the theoretical master curve. Even though the toughness-
temperature behavior and scatter were shown to deviate from the ASTM E1921 predictions, the use of Master Curve in
its standard formulation still provides a good description of the fracture toughness dependence with temperature for the
tested material.

Keywords: master curve, reference temperature, fracture toughness, ductile-to-brittle transition temperature, direct-
quenched martensitic steel.

1. INTRODUCTION

Reliable structural integrity assessments are of utmost importance in fitness-forpurpose (FFP) analysis or engineering
critical assessment (ECA) methods of engineering structural components containing crack-like flaws to ensure accept-
able safety levels during normal and emergency operating conditions. These methods such as, for example, API 579
(API RP-579-1 / ASME FFS-1, 2016) and BS 7910 (BS 7910, 2019), among others, rely on a detailed knowledge of the
relationships between tolerable crack sizes and applied loading as measured by the linear elastic stress intensity factor,
K, or the elastic-plastic parameter defined by the J-integral and its corresponding value of the Crack Tip Opening Dis-
placement, (CTOD or §). In particular, the unstable fracture by transgranular cleavage represents one of the most serious
failure modes of components and equipment made of ferritic steels operating in the ductile-to-brittle transition (DBT)
region since local crack-tip instability may trigger catastrophic structural failure under stresses well below the material
yield stress.

Early procedures (e.g., ASME reference curve) adopted a deterministic lower bound based on the available plane strain
fracture toughness database (i.e., ASME K;¢ and K;p reference curves, see (Riccardella and Yukawa, 1991; Wallin,
1999) for further details) and, therefore, do not consider neither the failure probability nor the statistical scatter coupled
with fracture toughness measurements in the DBT region. Recent developments based on statistical concepts led to a
more rational approach, often known as the Master Curve approach (Wallin, 1991, 1993; Merkle ef al., 1998; Wallin,
2002; McCabe et al., 2005) and standardized in the form of ASTM E1921 (2020), to define an indexing (or reference)
temperature, T, related to the median fracture toughness of K j.-values experimentally measured from standard 17
fracture specimens. Previous studies (Joyce and Tregoning, 2001; McCabe et al., 2005) have shown that the Master
Curve methodology is highly effective in describing the dependence of fracture toughness on temperature for a wide
range of pressure vessel steels, irradiated steels and other structural ferritic steels with a yield strength in the range of
275 M Pa — 825 M Pa. Recent studies have conducted exploratory analyzes in many different types of steel, including
ultra-high strength steels (Neimitz et al., 2012; Wallin et al., 2015) and duplex stainless steel (Faccoli and Roberti, 2013).
However, while the Master Curve approach (Merkle et al., 1998; McCabe et al., 2005) and ASTM E1921 (ASTM E1921,
2020) standard represent a significant advancement in fracture toughness characterization for ferritic steels in the lower
ductile-to-brittle transition (DBT) region, there is very limited work that supports the applicability of the methodology
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and, further, the accuracy of Tj estimates to high strength martensitic steels (usually above 1000 M Pa of yield stress)
employed in structural and wear applications involving harsh environments working.

Motivated by these observations, this work addresses an experimental investigation of the brittle fracture behavior for
a high strength martensitic steel using conventional three-point, bend, SE(B), specimens. The purpose of this work is to
assess the applicability of the Master Curve methodology in providing a reliable estimate of the reference temperature (7p)
derived from fracture toughness data sets measured in the ductile-to-brittle transition region (DBT) of a direct-quenched
low alloy martensitic steel. Even though the toughness-temperature behavior and scatter were shown to deviate from the
ASTM E1921 predictions, the use of Master Curve in its standard formulation still provides a good description of the
fracture toughness dependence with temperature for the tested material.

2. OVERVIEW OF THE MASTER CURVE APPROACH

Based on the seminal work of Landes and Shaffer (1980), which have clearly revealed the statistical nature of cleavage
fracture for steels that exhibit a fracture mode transition, Wallin (1984) showed that the brittle fracture probability based
upon experimentally measured fracture toughness values in the DBT, including lower-shelf region, is well described by a
three-parameter Weibull cumulative distribution function for K ;_-values given by
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in which F'(K;,) is the probability of failure at or before K ;, for an arbitrarily selected specimen taken from a specimen
set, a defines the Weibull modulus (which characterizes the scatter in test data and is defined equals to 4 (Wallin, 1984;
ASTM E1921, 2020)), K|, is the characteristic toughness (also known as scale parameter, which approximately describes
the mean value, K,,cqn, of the test data given by K,eqn = KoI'(1 + ofl) with I' defining the Gamma function (Mann
et al., 1974) and K,,;, denotes the threshold K -value of 20 M Pa+/m as given by ASTM E1921 (Wallin, 1984; ASTM
E1921, 2020). The term B(,1)/B( 1) derives from the weakest link mechanism (or statistical weakest-link theory)
(Wallin, 1985) used to adjust specimen size effects on K ; -values measured in the transition range between lower shelf
and upper shelf fracture toughness of similar fracture specimens with different thicknesses in form of the Eq. 3 presented
next. Moreover, as regards the Eq. (1), the K -values are obtained from J-integral at instability point (J.) using the
standard relationship between K and J (Rice, 1968; Hutchinson, 1983) expressed by:
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where K ;_ is the fracture toughness (expressed in M Pa+/m units) converted from J-integral measured at instability point
(i.e., J.. value expressed in k.J/ m? units), F is the elastic (longitudinal) modulus and v is Poisson’s ratio.
Since the Weibull distribution describes a probabilistic behavior of fracture obeying the weakest-link theory (Landes
and Shaffer, 1980; Wallin, 1985), it is also possible to consider the specimen size effects on individual K ;, values from
the following expression:
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in which K Jeqr Tepresents the size-adjusted individual K ;, value, K Je(n) corresponds to the K ;_ value obtained from
a specimen whose gross thickness B(,r) (i.e., side grooves shall be ignored) is different from 17" standard thickness,
B(11). Further, all toughness values must satisfy the maximum K, capacity for the specimen, K j, _imi¢,» Which is given
by ASTM E1921 (2020) as
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where b, = W — a, and o, represent the uncracked ligament depth and the material yield stress. Particular attention
shall be taken when using Eq. (4) once both elastic (longitudinal) modulus and yield stress shall be associated therewith
test temperature. The K ;_ values above the validity criteria must be marked as censored data in the procedure to estimate
the reference temperature, Tj, either from single temperature analysis or multi-temperature analysis. These issues will be
taken up in the next sections.

Once the Ty value is determined, the complete fracture toughness characterization over the transition range can be
accurately described by the following general expression:
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in which 0.X X represents the cumulative probability level (a value established between 0 and 1), Kj 0.xx) is the
associated fracture toughness (where a level of 0.X X = 0.50 defines the median fracture toughness - Kj_neq))s To
defines the temperature at which K j_ (;meq) for a 25.4 mm (17) thick specimen is 100 M Pa+/m, and A and C are
the fitting coefficients of the reference fracture toughness curve, more commonly known as master curve (Wallin, 1991;
Merkle et al., 1998; Wallin, 2002; McCabe et al., 2005). From an extensive fracture toughness database of reactor pressure
vessel steels, Wallin (1991) showed that the best coefficients to describe the dependence of K j_(;,cq) (corresponding to a
fracture specimen with 25.4 mm thickness) on temperature were provided by A = 30 and C' = 0.019. Therefore, once
the reference temperature 7} is known, the temperature dependence of the median fracture toughness in the DBT region
can be estimated for different failure probability levels and specimen thicknesses. The next sections discuss the different
methods used to estimate the T}, value.

2.1 Single Temperature Method

For the fracture toughness tests conducted at a single temperature, the complete fracture toughness characterization
within the transition region requires the characteristic fracture toughness determination, Ky, (also known as scale param-
eter of the 3P Weibull distribution - see Eq.(1)). Following a standard maximum likelihood estimation procedure (Mann
et al., 1974; ASTM E1921, 2020), the scale parameter, K, corresponding to the 63.2% cumulative failure probability in
previous Eq. (1), is given by
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in which K j_(;) denotes the individual K';_(;7) toughness data, N the total number of tested specimens and 7 represents
the number of valid tests (r = N — ¢, where c is the number of invalid or censored toughness data points), which are
considered as uncensored data in the present context - see ASTM E1921 (2020). According to Eq. (1) previously shown,
the characteristic fracture toughness can be associated with a specific fracture toughness, K5 0. xx), by
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The single temperature approach determines the reference temperature, 7, from evaluation of the median toughness,
K j,(0.5), at the tested temperature given by

[N

{ 25.4 }(i)

Bnr)

K, (mea) = {[ln (2)] (Ko — 20)} + 20 )
Finally, the reference temperature is obtained by using the K'j_(;mcq) value determined for the data set at the test
temperature by using the following equation:
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where it is understood that Eq. (9) derives directly from Eq. (5) after some rearrangements.
2.2 Multitemperature Method

While the single temperature procedure is based on a straightforward analysis, important practical situations, such as
the need to use small specimens (thickness < 17") due to severe limitations on material availability, may require tests at
several different temperatures. Thus, when fracture toughness data measured at different DBT region temperatures are
available, a multi-temperature maximum likelihood approach (Merkle et al., 1998; McCabe et al., 2005; ASTM E1921,
2020) can be used to evaluate the reference temperature 7y. Here, the T}y value can be evaluated by an iterative solution
obeying the following equality:
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where the Kronecker delta (§;) is O (for censored K ;_ data), or 1 (for valid K ;, data). Regarding the censoring criteria
established by the E1921 standard, the K ;_ values can be censored either by exceeding the limit deformation [i.e., M, <
30, where M, = (Eb,oys)/K JCQ] or by presenting a large amount of ductile tearing which precedes the brittle fracture
[i.e., slow stable crack growth that exceeds the smaller of either 0.05(W — a,) or 1 mm].
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3. EXPERIMENTAL DETAILS AND MATERIAL PROPERTIES

The material utilized in this study is a high-strength martensitic steel supplied as a hot rolled plate with a nominal
thickness of 31.5 mm. This steel is hot rolled through CLC accelerated cooling (Continuous On-Line Control process, a
sort of Thermo-Mechanical Control Process) followed by direct quenching. Its main characteristic is the high hardness
which makes it suitable for service with high mechanical wear, being commonly applied in excavator components, off-
road truck beds, shovels of wheel loaders, screens, crushers, channel linings, ore rail car, blast furnace components and
industrial ventilators. Table 1 lists the chemical composition for the tested material which contains low carbon content (of
the order of 0.25 weight percent), a moderately high manganese content (around 1.4 Mn), and small additions of boron
which contribute to further increase hardenability.

Table 1: Chemical composition of tested martensitic steel (% weight).

Measured by atomic emission spectroscopy (AES).
C Mn | S Nb A% Ti Cr Ni Mo B Ceq
0.22 136 0.017 0.003 0.029 0.003 0.033 0.025 0.02 0.02 0.0010 0.50

Metallographic examination of an etched surface of the tested steel displayed in Fig. 1 revealed a predominantly lath
martensite microstructure. These laths (i.e., long and thin plates) form side by side and are aligned parallel to one another
which is typical for alloys containing less than approximately 0.6 wt% C (Campbell, 2012).

Figure 1: 3D view of the microstructure for the tested high-strength martensitic steel (Etching: Nital 2%. Magnification:
100x.

The tensile tests were conducted on three specimens at room temperature (~ 20 °C') providing a 1229 M Pa yield
stress and 1371 M Pa tensile strength which far exceeds the upper limit of the yield stress range (0,5 < 825 M Pa)
allowable by the master curve approach. Furthermore, observe that the 0,,;5/0,s-ratio of 1.1 evidence a remarkably low
work-hardening behavior. For reference, an improved estimate for the hardening exponent given by Annex F of API RP-
579-1 /7 ASME FFS-1 (2016) provides the strain hardening exponent at room temperature as n = 20, sharply contrasting
the high hardening behavior (n = 3 ~ 5) (Savioli and Ruggieri, 2015) commonly presented by steels used in the Master
Curve approach. Fig. 2a provides the individual engineering stress-strain curves for the high-strength martensitic steel at
room temperature.

Since fracture tests are conducted in different DBT region temperatures (see further details next), the estimates for
yield stress at each test temperature are provided by ASTM E1921 (2020) expression in the form:

10°
T—test _ _RT
O_ys es *O—ys +m*189 (MPCL) (11)
where ogs_t“t and affsT define the material yield stress at the test temperature and at the room temperature in MPa, and T’

is the test temperaturé in °C. Other mechanical properties for this material include Poisson’s ratio, » = 0.3 and Young’s
modulus also estimated at the test temperature from the expression provided by ASTM E1921 (2020) as
T

B =204 - (GPa) (12)
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(@) (b)
Figure 2: (a) Engineering stress-strain curves for the tested high-strength martensitic steel at room temperature and (b)
Charpy-V impact energy (T-L orientation) versus temperature for the tested high-strength martensitic steel.

The yield stress (UyTS’tESt) and Young’s modulus estimated values are used to determine the crack tip deformation

relative to the remaining ligament (b, = W —a,) and, thus, the specimen measuring capacity at test temperature necessary
to perform the statistical analysis of the measured J.-values and their corresponding K ;_-values.

A set of 44 standard three-point impact Charpy specimens (10 x 10 x 55 mm) with a 45° V-notch of 2 mm depth and
0.25 mm radius was extracted from the mid-thickness in the T-L plate orientation. This set was tested in a 406 J full
scale Tinius-Olsen pendulum machine following the requirements of ASTM E23 (2018) standard. The Charpy impact
tests were carried out using thirteen different temperatures, namely: -196 °C, -125 °C, -100 °C, -50 °C, -25 °C, -10
°C,0°C,25°C,50°C,75°C, 110 °C, 150 °C and 200 °C. Figure 2b shows the measured toughness-temperature
properties for the material 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 dashed line defines a hyperbolic tangent curve
fitting proposed earlier by Oldfield (1979) and adopted later by EricksonKirk ez al. (2008) with the lower shelf value set
to a constant value of 2 Joules for the experimental data set in the form:

CVE =24+ 22tanh (Tlt()23> °C,J (13)

where C'V E denotes the Charpy V-notch energy expressed in J, T is the test temperature in degrees Celsius. Using the
tanh-fitting expression, the Charpy transition temperatures corresponding to 28 .J and 41 .J energy yield approximately
T28J = —-0.6 OC and T41,] =96.7 °C.

4. TEMPERATURE EFFECTS ON THE FRACTURE TOUGHNESS BEHAVIOR

To investigate the temperature effects on brittle fracture behavior of the martensitic steel employed in this study, a
series of toughness tests was performed at different temperatures of the ductile-to-brittle transition region. Following the
requirements of ASTM E1921 (2020), fracture toughness tests under displacement control were conducted on conven-
tional, plane-sided three-point bend fracture specimens in the T-L orientation. Similar to Charpy specimens, all fracture
SE(B) specimens were extracted from the mid-thickness of the plate. The SE(B) specimens have standard 17 thickness
(B = 25.4mm) with a fixed overall geometry defined by a cross-section W/B = 2, a crack length (a) to width (W) ratio
of a/W = 0.5, and load span (S) given by S/W = 4 ratio.

The fracture mechanics tests of this specimen configuration were performed at —20 to 70 °C' range temperature to
measure the values of the J-integral at instability point, here defined as J. - as shown previously in Fig. 2b, this range
temperature corresponds to the middle to upper transition region for the tested high-strength martensitic steel.

Thus, to illustrate the temperature effects on the fracture behavior, Fig. 3a displays typical load-displacement curves
(as described by CMOD) measured from testing the deeply cracked SE(B) specimens with a/W = 0.5 at different
temperatures. In these plots, each of these curves corresponds to a specimen for which the measured J.-value is similar to
the characteristic toughness, Jy, of the corresponding statistical distribution of measured J.-values — see Section Snext
for further details.

Based on Figure 3a, the temperature effects on load-displacement curve behavior are clearly evident. As we can see,
the material behaves in a fully brittle manner at low temperatures, including at room temperature, albeit this range tem-
perature is representative of the DBT middle transition region as shown by the Charpy V-Notch impact energy transition
curve set out in Figure 2b. Conversely, the P-CMOD curves related to tests conducted between 50 and 70 °C', which
range corresponds to the upper transition region in Fig. 2b, show an elastic-plastic behavior prior to final instability. This
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(@ (b)
Figure 3: (a) Representative load-displacement response for the tested martensitic steel corresponding to different tem-
peratures and (b) Description of the dependence of fracture toughness on temperature for a wide temperature range in the
DBT region.

behavior may imply in fracture toughness measurements temperature-dependent and, at the same time, a test temperature
closest to the reference temperature.

To facilitate description of the temperature dependence of fracture toughness, all toughness data are displayed in a
plot that correlates the measured J.-values with the test temperature as shown in Figure 3b. Here, the trends are clear as
temperature strongly affects the fracture behavior for the martensitic steel used in this study. To the extent that temperature
increases, both the upper and lower bound of fracture toughness also increase. According to Fig. 3b, it is noticeable the
exponential behavior of fracture toughness as test temperature increases providing strong support to the master curve
analysis for the tested material. Further, observe that the toughness data scatter is higher for the test temperature range
50 to 70 °C which vindicates a particular emphasis for these data. Thus, the following section addresses the fracture
toughness distributions in terms of a three-parameter Weibull distribution only for this specific test temperature range
which in turn correspond to the upper transition region of the Charpy energy curve.

Even though the Charpy V-Notch impact energy transition curve (see Fig. 2b) has shown that the —20 to 25 °C'
temperature range corresponds to the mid-transition region for the martensitic steel used in the present study, the response
in terms of fracture mechanism resembles pure cleavage dominated only by propagation step that typically occurs in
ferritic steels which operate at lower shelf temperatures (Anderson and Stienstra, 1989; Ruggieri et al., 1995; Merkle
et al., 1998).

Considering these observations, after some preliminary fracture tests to emphasize the ductile-to-brittle transition
region, three different test temperatures were chosen as proper values for the master curve purpose, namely: 50 °C, 60
°(C, and 70 °C which correspond to the upper transition region (i.e., upper portion of the DBT region). Regarding the 50
°C' to 70 °C range, nine specimens were used for each test temperature aiming for a suitable quantity of specimens to
estimate a reliable reference temperature.

5. FRACTURE TOUGHNESS DISTRIBUTION

Evaluation of plane-strain fracture toughness values, here characterized in terms of the elastic-plastic critical J-integral
value corresponding to brittle fracture, J., follows from determining the plastic area under the experimentally measured
load-CMOD curve and then using the estimation procedure based on 7-factors outlined in ASTM E1820 (2020) for each
test specimen and test temperature. Since none of the tested specimens at —20 to 70 °C' showed subcritical crack growth
prior to unstable fracture neither a deformation limit lower than the assigned value of 30 as per ASTM E1921 (2020), all
data is treated as non-censored toughness values as discussed next.

The (rank-ordered) cumulative probability distributions of the measured .J.-values for fracture specimens tested at
temperature range 50 to 70 °C are displayed in Figure 4. The solid symbols in the plots indicate the experimental fracture
toughness data for the specimens tested (as already observed, all data points displayed in Fig. 4 are valid results). The
cumulative probability, F'(.J.), is derived by simply ranking the J.-values in ascending order and using the median rank
position defined in terms of F'(J. ) = (k — 0.3)/(N + 0.4), where k denotes the rank number and IV defines the total
number of experimental toughness values (Mann et al., 1974). The fitting curves (represented by the dashed lines) to the
rank-ordered experimental data shown in Fig. 4 describe the three-parameter Weibull distribution (Mann et al., 1974) for
J.-values given by:

B(nT) Jc - szn “
F(J)=1-exp|— 14
(9o = 1 eap | Gl (e ) | (14
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in which « defines the Weibull modulus (which characterizes the scatter in test data) and is allotted a value of 2, Jj is the
characteristic toughness (which corresponds to the 63.2% cumulative failure probability) and J,,;, denotes the threshold
J-value corresponding to a K,,;,, of 20 M Pa+/m as given by ASTM E1921 (2020).

Figure 4: Cumulative Weibull distribution of experimentally measured .J.-values of the high-strength martensitic steel for
standard SE(B) fracture specimens tested at 50, 60 and 70 °C.

The fracture toughness distributions displayed in Fig. 4 reveal that the martensitic steel used in this study is highly
sensitive to small temperature changes in the upper transition region. Here, it is observed that an increase from 50 °C' to
60 °C considerably shifts the .J.-distribution to the right. However, this shift is smaller for higher temperatures suggesting
that temperatures greater than 70 °C' may introduce ductile tearing effects prior to brittle fracture. Further, observe that the
upper bound of the rank-ordered .J.-values fits relatively well on the three-parameter Weibull Cumulative Distribution for
the selected test temperature range. Conversely, the lower bound is not well adjusted, mainly for the J.-values measured
at 60 and 70 °C.

Table 2: Maximum likelihood estimates of the characteristic toughness, jo, for the distributions of the .J.-values measured
at 50, 60 and 70 °C'

TCO) Jolay=2) a5 Jo(dy) Ao

50 56.7 3.5 64.6 13.9
60 90.3 7.9 92.9 2.8
70 109.5 8.3 113.0 3.2

The data analysis showed in Tab. 2 reveals that this behavior is directly related to the markedly low scatter presented
by the measured .J.-values for the martensitic steel used in this study. Here, it is observed a narrower scatter for the
Je-values measured at 60 and 70 °C, while the J.-values measured at 50 °C' show a relatively higher scatter according
to the Weibull modulus values (&) estimated by the maximum likelihood method (Rinne, 2008). In turn, this lower
scatter is somewhat related to the microstructural features, once the material used in this study is a direct-quenched high-
strength steel which sharply contrasts with the pressure vessel ferritic steels and structural ferritic steels typically used in
the master curve approach. For these steels, the scatter in the transition range is effectively controlled by the cleavage
fracture initiation process in the ferrite phase, which can be different for the case of the martensitic phase of the steel used
in this study. However, perhaps the most important observation is the estimated characteristic toughness (Jo) is almost
insensitive to the Weibull modulus («) and, thus, to the toughness scatter, as can be shown in Table 2.

6. EVALUATION OF THE REFERENCE TEMPERATURE, T}

Following the development provided in ASTM E1921 (2020), the reference temperature for the tested material is
evaluated either from the single and multi-temperature analysis.

Figure 5 provides the variation of K j.(;q) With temperature for the tested high-strength martensitic steel at different
temperatures. Regarding the data scatter description by the median curve relying on single temperature analysis, which
represents 50 % cumulative failure probability, note that the master curve passes through the bottom of all data sets. This
behavior suggests that the fracture toughness dependence with temperature is sharper than the expected variation provided
by the standard master curve, as the temperature increases. Further, observe that all the data falls within tolerance bounds.
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(a) (b)

(© (C))
Figure 5: Master curve for the tested high-strength martensitic steel including 5% and 95% confidence bounds based on
cleavage fracture toughness values measured from standard 17" SE(B) specimens at (a) 50 °C’; (b) 60 °C, (c) 70 °C and
(d) on —20 to 70 °C temperature range.

Regarding the reference temperature, it is possible to note all Tj estimates (Toe“) are valid since the difference between
test temperature (7) and estimated reference temperature 75" is less than 50 °C.

While testing is allowed at any temperature within 7y + 50 °C', the most accurate estimates of Tp (") are obtained
by testing as close to material reference temperature as possible. Special attention is given to the master curve obtained
from tests conducted at 50 °C' (see Fig. 5a). Here, the difference between the test and reference temperature is only 3
°C, which provides a highly accurate reference temperature estimation. Regarding the master curve obtained from tests
conducted at 60 and 70 °C, see Figures 5b and 5Sc, despite the difference is relatively higher, the Tj-values estimated at
both temperatures are near the Tj estimated at 50 °C'. These values provide strong evidence that the material 7j estimated
according to ASTM E1921 (2020) is within 40 and 50 °C range.

In order to provide a more accurate estimation of the measured 7j value, Fig. 5d provides the master curve based on a
multi-temperature approach in which the evaluation procedure encompasses a larger data set of K ;. values corresponding
to a wide range of the DBT region. Observe that the Tj-value evaluated from K j.-values measured at —20 to 70 °C'is
also within 40 and 50 °C range which corroborates the accuracy of the other 7 values. Similar to the single temperature
master curves, the data scatter description by the median curve derived from the multi-temperature analysis also intercepts
the bottom of almost all data sets. Again, this behavior shows that the dependence of fracture toughness on temperature is
more pronounced than the standard master curve prediction, suggesting new coefficients for the master curve to a better
description of fracture toughness dependence with temperature for the martensitic steel used in this study.

7. CONCLUDING REMARKS

This work presented an exploratory application to determine the reference temperature, 7}, of a high-strength marten-
sitic steel based on the standard Master Curve approach. The purpose of this work is to assess the applicability of the
Master Curve methodology in providing a reliable estimate of the reference temperature (7p) derived from fracture tough-
ness data sets measured at different temperatures over the ductile-to-brittle transition region (DBT) of a direct-quenched
low alloy martensitic steel.

From the fracture toughness tests conducted at the DBT region, it is shown that the high-strength martensitic steel
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exhibited a smaller scatter than predicted by the standard master curve approach. However, the experimental results
clearly show a relatively strong effect of temperature on measured .J.-values and corresponding K j.-values for the tested
material providing strong support for using the master curve approach. Further, even though the data scatter and fracture
toughness temperature dependence deviate somewhat from the standard median curve, the master curve approach still
provides an accurate reference temperature and a good description of the fracture toughness dependence with temperature
for the tested high-strength martensitic steel.
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