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ABSTRACT

Different approaches for establishing shear fracture appearance (SFA) on tested Charpy
specimens were assessed and compared, namely (in order of increasing expected accuracy)
estimates based on characteristic forces from instrumented Charpy tests, optical measure-
ments using image analysis software, and measurements performed with the aid of a scanning
electron microscope. Comparisons between different SFA values for 129 instrumented Charpy
tests currently included in the National Institute of Standards and Technology database
allowed us to establish the relationships between the different available approaches and for-
mulate recommendations for the revision of the standards ASTM E2298-18, Standard Test
Method for Instrumented Impact Testing of Metallic Materials, and 1SO 14556:2015, Metallic
Materials — Charpy V-Notch Pendulum Impact Test — Instrumented Test Method, which cur-
rently provide four empirical correlations that can be used to estimate SFA.

Keywords

ASTM E2298, image analysis, instrumented Charpy testing, 1ISO 14556, scanning electron
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Introduction

The most important result of a conventional Charpy test is the absorbed energy, KV, which
corresponds to the work spent to fracture the specimen. It is normally calculated as the
difference between initial and final potential energies of the pendulum hammer, corrected
by the energy dissipated during the pendulum swing because of windage and friction.
In modern machines, KV is directly returned in energy units (joules) by a digital encoder.
In some older machines, an analog scale is provided, in which a pointer indicates the energy
absorbed during a test.
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LUCON ET AL. ON MEASURING SFA

Two additional quantities are often measured and reported:

o Lateral expansion, which corresponds to the increase in thickness of the specimen caused by plastic
deformation occurring during the test

o Shear fracture appearance (SFA), which is defined as the percentage of the fracture surface that failed in
a ductile (shear), or stable, manner

Although most Charpy-based codes and regulations are based on specified minimum or mean values of
absorbed energy, some specifications prescribe measuring and evaluating SFA.

There are several options for measuring SFA. ASTM E23-18, Standard Test Methods for Notched Bar Impact
Testing of Metallic Materials," and 1SO 148-1:2016, Metallic Materials — Charpy Pendulum Impact Test — Part I:
Test Method,” list the following five methods in order of increasing precision:

(a) Measuring by means of linear measurement tools, on the actual broken specimen, the length and width of
the unstable (brittle) region and calculating the complement to 100 % with respect to the whole fracture
surface

(b) Comparing the fracture surface with an SFA chart provided in ASTM E23-18

(c) Magnifying the fracture surface and comparing it with a precalibrated overlay chart or measuring SFA by
means of a planimeter

(d) Photographing the fracture surface at a suitable magnification and measuring SFA by means of a
planimeter

(e) Capturing a digital image of the fracture surface and measuring SFA using image analysis software

All the listed methods assume that the brittle and ductile areas are clearly distinguishable on the fracture
surface, with the former ideally represented by a brittle “island” surrounded by ductile features, as in the sche-
matic shown in figure 1.

Many modern alloys, however, behave significantly differently from this idealized behavior, and brittle and
ductile features are intimately intermixed on the fracture surface and cannot be clearly distinguished with a
straightforward optical approach. For such materials in particular and any material in general, an alternative
approach can be used, based on the interpretation of the force/displacement curve of an instrumented
Charpy test, as detailed in both ASTM E2298-18, Standard Test Method for Instrumented Impact Testing of
Metallic Materials, and ISO 14556:2015, Metallic Materials — Charpy V-Notch Pendulum Impact Test —
Instrumented Test Method." Specifically, values of instrumented forces at general yield (F,,), maximum force
(F,), brittle fracture (Fyy), and crack arrest (F,) (fig. 2) are used to infer values of SFA.

FIG. 1 Schematic of fracture surface for a Charpy specimen featuring both unstable and stable behavior (from ISO 148-
1:2016). 1: Notch; 2: unstable (brittle) fracture; 3: stable (ductile) fracture; A and B: length and width, respectively, of
the unstable fracture region.
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L]
FIG. 2

Instrumented Charpy

curve for a specimen
tested in the ductile-to- Transition Region
brittle transition region,
showing the force values
used for estimating SFA

(from ASTM E23-18").
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According to this approach, if there is no general yield and no crack arrest, the specimen is fully brittle and
SFA =0 %. Conversely, if there is no brittle fracture, the specimen is fully ductile and SFA =100 %. If the speci-
men exhibited both stable and unstable crack propagation (ductile-to-brittle transitional behavior), an estimate of
the amount of brittle fracture surface (BFA) can be obtained by comparing the magnitude of the unstable force
drop (Fys — F,) with the maximum force F,,, generally with consideration of the plastic yielding of the ligament
before maximum force (F,, — Fj,); see figure 2. Obviously, SFA =100 % — BFA.

A number of such empirical correlations have been proposed in the literature,”™'! and four of them are
currently included in both ASTM E2298-18 and ISO 14556:2015:

Fy —F
SFA = {1—M x 100 % )
F,,
Fy —F,
SFA = {1—7 x 100 % )
Fm+(Fm_ng)
Fy —F
SFA = [1— Y a % 100 % ®
F,, +0.5(F,, — Fyy)

=
&

LY Fy [F
SFA= |1 \/F T [ 22— 22 ] | x100%
3 F, \E,

Equation (1) does not account for general yielding,® whereas equation (4) appears to be based on a pure
empirical fit of experimental data.” Equation (3) was specifically developed on nuclear reactor pressure vessel steels.®
In both standards, the precision of the SFA estimates obtained from these correlations is reported as +20 %.

In a previously published National Institute of Standards and Technology (NIST) investigation,'> SFA values
obtained from optical measurements (method [e] in the aforementioned list) and instrumented force-based esti-
mates were compared for nine steels of significantly different toughness (KV =22-440 J at 21°C). Some of these
materials (three different pipeline steels, duplex stainless steel) were particularly difficult to examine optically be-
cause of the intricate nature of the fracture surface microstructure when tested in the transition region. Specifically, it
was found that ductile features were generally contained in unstable fracture regions but they were extremely dif-
ficult to clearly identify by optical measurements (as will be shown in the section “Details about SFAggy,
Measurements”). An additional outcome from this study was that the duplex stainless steel was also difficult to
assess from the instrumented force-deflection curve because this was characterized by multiple small force drops,
which could not be easily distinguished from dynamic force oscillations associated with hammer vibrations.
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A more recent paper'® examined the effect of various tempering temperatures on the transitional behavior of
a Ni-Cr-Mo alloy steel (AISI 9310), currently used by NIST to produce super-high energy-certified reference
Charpy specimens. In this investigation, a new approach was used to measure SFA, given the difficulty in dis-
tinguishing between stable and unstable crack propagation regions using a purely optical approach on selected
modern high-strength steels: for a number of Charpy specimens tested in the ductile-to-brittle transition region,
SEA was assessed using a scanning electron microscope (SEM) at 30 kV by determining ductile areas of fracture
based on the topography and size of the features, in addition to more subtle indicators such as depth of the feature
and presence of river lines.

Within the present investigation, additional steels were tested and examined, and the results of different SFA
assessment methods (optical, instrumented, SEM) were compared. The outcomes were combined with those

12,13

resulting from previous studies in order to formulate general recommendations on best practices for meas-

uring SFA on broken Charpy specimens and suggest possible modifications to test standards.

Materials Considered

The steels considered in McCowan, Lucon, and Santoyo,'? for which optical measurements and instrumented

estimates were examined, were the following:

o Low-energy AISI 4340

« API 5L X52

« High-energy AISI 4340

o AISI Grade 18Ni (T200) maraging
o API 5L X65

o API 5L X70

« API 5L X100

o UNS §32205 duplex stainless

o AISI 10260

As mentioned previously, AISI 9310 with different tempering treatments (four different conditions) was used
in DelRio et al.,"* where optical, instrumented, and SEM measurements of SFA were generated and compared.
In the current study, two new steels were tested and investigated:

o ASTM A302, Standard Specification for Pressure Vessel Plates, Alloy Steel, Manganese-Molybdenum and
Manganese-Molybdenum-Nickel, alloy steel, Grade B: “older generation” nuclear pressure vessel steel
o F82H (heat: BA12): Japanese reduced-activation ferritic-martensitic steel for fusion applications.

New instrumented Charpy tests were also performed for two of the previously examined steels (low-energy
AISI 4340 and API 5L X52).

Standard Charpy V-notch specimens were tested in a temperature range large enough to characterize the full
transitional behavior of each steel from lower shelf (fully brittle behavior) to upper shelf (fully ductile behavior).
High-quality digital pictures of the fracture surface were obtained for each specimen tested and analyzed to obtain
optical SFA values (SFA,,) using digital analysis software by two different users in parallel: an “expert” user, who
had more than 30 years’ experience in testing and analyzing Charpy data (User A), and a “novice” user, who had
no previous experience with Charpy testing (User B) and was just given basic training by User A. Furthermore, all
newly generated instrumented force-displacement curves were analyzed by the same two users (A and B) to
obtain force-based SFA estimates (SFA;,;) according to equations (1)-(4). Finally, SEM images of the fracture
surfaces of selected Charpy specimens tested in the transition region were taken, and ductile and brittle fracture
surface measurements were performed. The corresponding SFA measurements obtained are labeled SFAgg,.

The rationale behind having SFA,,, and SFA;,, determinations performed by two users with significantly
different experience levels was to establish how experience level might affect and eventually bias SFA values
measured using two different approaches.
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Influence of User’s Experience Level

VALUES OF SFAq,:
Digital pictures of 58 tested Charpy specimens from 4 steels (A302B, F82H, X52, and 4340LL) were examined by
User A (expert) and User B (novice) to generate SFA,, values, which are compared in figure 3.

SFA,p; differences between the two users range between —7 and 10 %, with an average of 0.1 %. If only the
36 tests corresponding to the transition region are considered (0 % < SFA <100 %), the average discrepancy
becomes 0.2 %. A t-test on the two data sets at a confidence level a = 0.05 shows there is no statistical difference
between the two measurement sets (calculated probability p =0.99).

Based on these results, there is no reason to assume one set of measurements is more reliable than the other,
and therefore mean values of SFA,,; between User A and User B were used in subsequent analyses.

CHARPY INSTRUMENTED FORCES
For the same 58 tests performed on steels A302B, F82H, X52, and 4340LL, values of Fy,, F,,,, Fys and F, were identified
on the instrumented Charpy curves by User A (expert) and User B (novice). The same software for the analysis of
instrumented Charpy tests, NICAS, developed in-house by NIST,"* was used. User B established instrumented forces
after being trained by User A. A second iteration was needed after large differences in elastic slopes and forces at
general yield were observed from a first comparison. The final comparison between the two users is shown in figure 4.
A few relatively large differences, ranging between —9.0 and 22.2 %, were recorded, with an overall mean
discrepancy value of 2.4 %. Significant disagreements were observed, particularly for values of F,, and Fy This
demonstrated that a minimum level of experience and expertise is required for a reliable analysis of instrumented
Charpy curves, and therefore only values determined by User A were used in subsequent analyses. Novice users
should be appropriately trained by more expert colleagues before performing extensive measurements of this type.
It should also be pointed out that for some materials, errors in the determination of instrumented forces
might and do occur. Specifically, multiple brittle force drops corresponding to various unstable propagation

events can be observed, as in the case of the duplex steel previously mentioned, and can be hard to distinguish

FIG. 3 Comparison between SFA,,: values measured by an expert user (A) and a novice user (B).
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FIG. 4 Comparison between instrumented force values measured by an expert user (A) and a novice user (B).
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from dynamic oscillations. This might be exacerbated by insufficient resolution of the acquisition system and by
the mere fact that intimately mixed fracture events cannot be clearly resolved.

Details about SFAszp Measurements

An SEM has high enough resolution to distinguish between individual fracture features such as cleavage facets (brittle)
and microvoids (ductile), which are often on the scale of 10 pm. This allows for a more precise determination of what
areas are composed of brittle rather than ductile fracture features. However, picking out the fine details when ductile
and brittle features are intermixed needs to be balanced against capturing the scale of large features, such as the typ-
ically ductile final failure on the opposite side of the fracture surface with respect to the notch. To fully capture the
fracture surface composition, the entire fracture surfaces of several samples tested in the ductile-to-brittle transition
region were captured by tiling higher-magnification images; see figure 5. These tilings were typically around 15 by
15 images in dimension, with some variability because of the size of the shear lips. These reconstructed images of the
fracture surfaces were then analyzed with image analysis software to determine the value of SFA (SFAggp).

The microscope was operated at 30 kV, the highest accelerating voltage available on the instrument, to
maximize spatial resolution of the fracture features.

NIST Database of Charpy Ductile-to-Brittle Transition SFA Values

Presently, the NIST database includes SFA values for 129 Charpy specimens from 12 steels, all tested in the ductile-
to-brittle transition (0 % < SFA,, < 100 %). SFA,,; and SFA,; . values are available for all 129 specimens, in addition
to 21 measured values of SFAggy, from five steels. The whole NIST database is reproduced in the appendix.

SFAope VS. SFAsem
SEM and optical measurements of SFA are compared in figure 6. For 19 of the 21 data points (90 %), differences are
within £20 %. The mean difference is —2.7 %, indicating that optical measurements tend to slightly underestimate
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_________________________________________________________________________________________________________________________________|]

FIG. 5 Tiled image of entire Charpy fracture surface (right) and a representative tile (left). The horizontal lines in the left
image are due to slight differences in brightness/contrast of the rows of tiles. This sample was calculated to have
an SFA of ~6 %. This is supported by the clear dominance of cleavage features, with some fine ductile tearing
between the brittle regions. The white marks on the left hand image are dirt.

SEM measurements, as confirmed by the linear fit in figure 6, which also shows that the underestimation tends to
increase for higher SFA values. This is not surprising, given the ability of SEM to detect smaller features: although
small areas of brittle failure can be common, a more common feature that was likely missed in optical measurements
was the shear failure connecting steps of regions of cleavage, leading to a slightly smaller (conservative) SFA value for
optical with respect to SEM. Differences between SFA,,; and SFAggy, range between —31.4 and 18.4 %.

Assuming that SEM values represent the “absolute reference” for SFA measurements (i.e., most accurate
values), the data shown in figure 6 substantially confirm that optical measurements can be considered reliable
and can therefore be used as benchmark in the following to assess the validity of the four empirical correlations
proposed by the standards.

FIG. 6
Comparison between 100 ” o
SEM and optical SFA
measurements for
21 Charpy specimens
of 5 steels. 75
g
<§ 50
&
25
0
0 25 50 75 100
SFA e, (%)
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SFAmse VS. SFAope

The SFA estimates obtained from the four standardized empirical correlations, equations (1)-(4), were assessed
by comparison with the corresponding optical measurements for the 129 tests included in the NIST Charpy
database. The reliability of each correlation was established based on a number of metrics, which are listed
as follows and summarized in Table 1:

« ASFA =mean value of [SFA;u; — SFAp]

o SDpgpa = standard deviation of [SFA;, — SFA,] values

« ASFA,,;, =largest negative value of [SFA;,;; — SFA,,]

o ASFA,,, = largest positive value of [SFA;,;; — SFAqy

o ASFA,,, — ASFA,;, = range of [SFA;, — SFA,p] values

« Correlation coefficient between SFA;,;; and SFA,,,

o ASFA > +20 % =number of data points outside the +20 % error band mentioned by the standards,
absolute and in percent

« Slope of a linear fit between SFA,, (independent variable) and SFA,,, (dependent variable)

Based on the metrics presented in Table 1, the worst correlation is by far equation (1), which has the largest
mean difference, largest range of differences, lowest correlation coefficient, and highest number of data points
(23 %) outside the +20 % error band. This correlation appears to generally underestimate the measured SFA by
a significant amount, most likely because it completely ignores the contribution of the general yielding phase
(between F,, and F,,) to stable crack extension.

The best-performing correlation appears to be equation (2), which returned the smallest mean difference,
lowest standard deviation, smallest range of differences, highest correlation coefficient, and smallest number of
data points (15 %) outside the £20 % error band. Furthermore, the slope of the linear fit between SFA,,, and
SFA,p: (0.88) is the closest to unity.

Both conclusions closely match the outcome of an instrumented Charpy testing round-robin conducted by
Deutsche Vertriebs und Media GmbH and reported in 1996."!

Optical SFA measurements from the NIST database are compared with instrumented SFA estimates in figure 7
for equation (1) (left) and equation (2) (right), respectively the worst and the best correlation. In the lefthand side of
the figure, it is evident that equation (1) is particularly inaccurate at low levels of ductility, where it returned 0 % for
several specimens for which the SFA,, was as high as 30 %. The same can be observed for equation (2) on the
righthand side of figure 7 but for a smaller number of specimens and for SFA,; values up to ~15 %.

The remaining two correlations, equations (3) and (4), yielded metrics relatively similar to equation (2), so

they can be considered reasonable alternatives.

We also decided to look at mean estimates SFA;,,, obtained by averaging results from all correlations
(SFA, ,3,4) after excluding equation (1) (SFA,3,). The metrics for the mean instrumented estimates are shown
in Table 2, next to those for the individual correlations already shown in Table 1.

TABLE 1

Comparisons between SFAq; and SFAs: based on different metrics. The correlation that provided the best metric is marked
in bold, whereas the one that provided the worst metric is shown in italic

Metric Equation (1) Equation (2) Equation (3) Equation (4)
ASFA, % 7.7 1.6 —24 1.7
SDsrar % 15.8 13.3 14.1 16.3
ASFA, ;% ~56.0 -39.8 —46.8 —402
ASFA g % 34.7 39.5 374 478
ASFA 0 — ASFA i, % 90.7 79.3 84.1 88.1
Correlation coefficient 0.88 0.91 0.90 0.89
DSFA > 20 % 30 (23 %) 19 (15 %) 20 (16 %) 28 (22 %)
Slope 0.79 0.88 0.84 0.75
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FIG. 7 Comparison between SFA,: and SFA,,s: for equation (1), left, and equation (2), right.
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Averaging all the correlations does not bring any advantage; however, the mean estimate of equations (2)-(4) in
the last column of Table 2 provided the smallest average deviation with respect to the optical measurements (0.3 %) as
well as the second smallest standard deviation and therefore appears to be a viable alternative. Comparisons between

mean estimates and optical measurements are shown in figure 8 (SFA; , 3, on the left and SFA, ; , on the right).

TABLE 2

Comparison between SFAq: and SFA s for individual correlations and mean estimates. Again, best metrics are in bold and

worst are in italic

Metric

Equation (1) Equation (2) Equation (3) Equation (4) SFA 554 SFA; 34
ASFA, % =77 1.6 —-2.4 1.7 -1.6 0.3
SDasra> % 158 133 14.1 163 143 14.0
ASFA,in> % 34.7 39.5 37.4 47.8 37.7 38.7
ASFA,.x» % —56.0 -39.8 —46.8 —40.2 —45.7 —42.3
ASFA, — ASFA i, % 9.7 79.3 84.1 88.1 834 81.0
Correlation coefficient 0.88 0.91 0.90 0.89 0.90 0.90
DSFA > £20 % 30 (23 %) 19 (15 %) 20 (16 %) 28 (22 %) 21 (16 %) 20 (16 %)
Slope 0.79 0.88 0.84 0.75 0.82 0.83
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LUCON ET AL. ON MEASURING SFA

As a final observation, we remark that correlation coefficients for all equations, as well as mean estimates, are
higher than 0.88. This indicates a strong degree of correlation between optical SFA measurements and instru-
mented estimates, irrespective of the relationship employed, and therefore justifies using this approach whenever

optical measurements are difficult or highly uncertain, as can happen for some modern steels.

Conclusions and Recommendations for ASTM
and ISO Standards

NIST has accumulated a database consisting of 129 instrumented Charpy tests on 12 steels with a wide range of
mechanical properties, all conducted within the ductile-to-brittle transition region (i.e., neither fully brittle nor
fully ductile). For all tests, optical measurements of SFA (SFA,,) according to ASTM E23-18 and ISO 148-1:2016
are available as well as instrumented force-displacement curves, which allow estimating SFA based on instru-
mented forces (SFA;,,s). For 21 of these tests (5 steels), SFA was measured using an SEM, which provides the most
accurate measurements but represents a costly and time-consuming approach requiring adequate instrumenta-
tion and considerable operator’s expertise.

Optical and SEM measurements were found in good agreement, with 90 % of the optical measurements
within +20 % of their SEM counterpart. Data indicate a slight underestimation for the optical measurements.

Systematic comparisons between optical SFA values and instrumented estimates, obtained from the four
empirical correlations listed in ASTM E2298-18 and ISO 14556:2015, led to the following conclusions:

1. Regardless of the correlation employed, instrumented estimates are strongly correlated to optical measure-
ments, justifying the use of this approach whenever optical measurements are difficult or unreliable.

2. The first correlation reported by the standards (equation (4) in ASTM E2298-18 and equation C.1 in
ISO 14556:2015) is by far the least reliable because of its lack of consideration for the stable crack extension
occurring during general yielding of the specimen.

3. The second correlation (equation (5) in ASTM E2298-18 and equation C.2 in ISO 14556:2015) resulted in
the best performance based on most of the metrics considered in our analyses.

4. The two remaining correlations perform acceptably and provide results generally close to the second cor-
relation, so they should be retained in the standards.

5. Averaging the estimates yielded by the second, third, and fourth correlations also represents a reliable
approach, which should at least be mentioned, if not recommended, in the standards.

Therefore, based on the outcomes of our study, we recommend the following actions for the next revisions of
ASTM E2298-18 and ISO 14556:2015:

« removal of the first correlation, and
« inclusion of the option of averaging the estimates from the remaining three correlations.

In the course of this investigation, we also assessed the influence of prior knowledge and expertise of the
investigators by having an “expert” user and a “novice” user perform both optical SFA measurements and analy-
ses of instrumented Charpy tests for the determination of characteristic forces (to be used in SFA estimates).
Optical SFA measurements from the two users were found in excellent agreement, showing that significant ex-
pertise is not required to perform such measurements. Conversely, significant differences in the analyses of in-
strumented Charpy traces were observed, which highlights the importance of a minimum level of prior knowledge
and experience in the analysis of instrumented Charpy traces.
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Appendix
NIST Database of SFA Values

TABLE A.1
SFA values for 9310, 2205 duplex steel, and mild steel

Steel T,°C  SFAsenp %  SFAgpy %  SFAugs % SFAess % SFAuge % SFAwun % SFAmean ab % SFAmean 567 %
9310 ~150 16.9 12 3.1 149 87 05 6.8 8.0
-75 85.4 78 61.2 63.5 61.8 61.5 62.0 62.3
-75 8.3 25 11.3 19.1 154 8.4 135 14.3
-25 47.8 37 60.5 64.8 62.9 67.6 63.9 65.1
-75 57.4 39 452 51.9 488 52.9 49.7 51.2
-25 98.2 100 97.5 97.9 97.7 957 97.2 97.1
~150 122 43 9.2 14.9 12.1 57 10.5 10.9
-90 28.4 26 493 56.9 52.7 50.1 523 532
2205 Duplex ~ —190 49 7.6 11.8 9.8 282 143 16.6
steel ~150 27.7 253 37.4 31.9 51.9 36.6 404
—125 27.2 42.3 56.0 50.0 66.5 53.7 57.5
-110 26.8 159 316 246 122 28.6 32.8
—90 34,0 297 407 357 55.0 403 438
-70 70.4 38.0 493 442 62.5 485 52.0
—60 55.0 53.2 61.4 57.7 73.8 61.5 64.3
-50 61.1 438 53.9 494 65.7 532 56.3
-35 834 29.7 49.7 41.4 57.4 44.6 49.5
-25 89.2 332 49.4 42.4 49.0 43.5 46.9
0 926 98.0 98.4 98.2 987 98.3 98.5
22 87.9 100.0 100.0 100.0 100.0 100.0 100.0
Mild steel -50 0.0 0.0 14 0.7 0.2 06 0.8
—45 0.0 0.0 4.0 2.0 0.7 1.7 22
—40 95 1.8 6.1 4.0 17 34 39
-35 10.8 0.0 10.8 5.7 2.0 46 6.2
-30 16.3 37 179 114 47 9.4 113
-27 21.0 0.0 16.9 9.2 34 74 9.8
=25 21.8 2.3 19.0 11.5 4.6 9.4 11.7
-20 231 34 19.6 122 5.1 10.1 12.3
-17 36.1 95 27.8 19.7 32.8 225 26.8
-15 33.7 7.9 283 194 295 213 25.7
-10 375 93 29.0 204 317 226 27.0
-5 39.7 16.4 34.0 262 423 29.7 342
-5 43.8 27.0 43.8 36.5 53.5 40.2 44.6
-5 43.7 22.2 39.5 31.9 49.8 35.8 40.4
0 492 27.3 441 36.8 52.0 40.1 443
5 60.2 69.5 76.7 73.6 815 753 77.3
5 543 496 61.0 56.0 68.5 58.8 61.8
10 76.2 67.6 75.4 72.0 80.9 74.0 76.1
10 59.1 36.3 50.5 443 61.1 48.1 52.0
12 75.1 69.4 76.7 73.6 82.0 75.4 774
15 66.6 52,0 63.6 58.6 715 61.4 64.5
15 83.9 80.0 84.7 827 88.4 83.9 85.3
17 76.7 65.5 73.7 70.2 78.6 72.0 74.2
17 67.9 72.7 79.3 76.5 84.4 782 80.0
19 79.5 68.7 76.1 72.9 80.0 74.4 76.3
22 85.3 80.9 85.4 835 84.7 83.6 84.5
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TABLE A.2
SFA values for X52, X65, X70, and X100 steel

Steel T, °C SFAsems % SFA s % SFA g0 % SFA 45, % SFA o460 % SFAcq7, % SFA mean_aiy % SFA jnean_s,6,7> %

X52 =35 6.3 0.0 11.4 6.0 2.2 49 6.5
-15 16.2 0.0 14 0.7 0.2 0.6 0.8

0 27.7 8.6 24.6 17.4 29.7 20.1 239

10 39.2 30.5 44.4 38.2 56.6 42.4 46.4

21 53.0 58.7 67.1 63.3 77.1 66.5 69.1

=25 5.8 5.3 0.0 10.6 5.6 2.0 4.5 6.0

-10 10.5 12.3 0.0 15.1 8.1 3.0 6.5 8.7

—10 76.7 76.0 77.9 77.0 84.4 78.9 79.8

=5 54.2 53.2 46.9 51.6 49.4 63.1 52.7 54.7

=5 71.8 64.6 68.1 66.5 75.4 68.7 70.0

0 71.8 64.3 68.4 66.5 72.2 67.9 69.0

5 69.9 62.1 66.6 64.5 73.8 66.8 68.3

22 59.9 35.7 454 40.9 60.0 455 48.8

22 95.7 83.7 82.2 83.5 82.9 88.0 84.1 84.8

22 82.1 73.8 76.7 75.3 81.2 76.8 77.7

X65 -90 44 8.0 19.9 14.4 6.5 12.2 13.6
—65 54.3 66.5 74.0 70.7 73.7 71.2 72.8

=50 25.8 41.1 54.9 48.9 64.6 52.4 56.1

=35 45.4 79.9 84.9 82.7 84.7 83.0 84.1

-20 68.4 89.1 91.7 90.6 93.5 91.2 91.9

0 80.9 94.7 96.0 95.4 97.0 95.8 96.1

5 85.8 100 100 100 100 100.0 100.0

X70 —150 3.9 0 0 0 0 0.0 0.0
—125 44 0 0 0 0 0.0 0.0

—112 6.8 15 19.0 11.1 44 9.0 11.5

-99 67.4 83.9 87.3 85.8 90.9 87.0 88.0

—98 14.3 10.2 24.6 18.0 33.9 21.7 25.5

-90 100 95.0 96.1 95.6 96.8 95.9 96.2

X100 —149 3.9 0 0 0 0 0.0 0.0
—90 20.7 28.2 353 31.9 49.9 36.3 39.0

—80 14.9 393 39.6 39.4 62.7 452 47.2

=75 50.3 80.1 84.6 82.6 89.0 84.1 85.4

=70 52.2 86.9 89.5 88.3 93.4 89.5 90.4

=50 70.3 89.9 91.9 91.0 94.9 91.9 92.6

=50 68.8 86.8 89.4 88.3 93.0 89.4 90.2

=35 100 95.5 96.4 96.0 97.6 96.4 96.6

-20 100 95.1 96.0 95.6 97.2 96.0 96.3

21 100 93.6 94.8 94.2 96.4 94.8 95.1
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TABLE A.3
SFA values for 4340 low energy, 4340 high energy, 7200, A302B, and F82H steel

Steel T,°C  SFAsgm» % SFAgpy % SFAeqs, % SFAyys, % SFAue % SFAeq7, % SFA,can_air % SFAean_se7 %
4340 Low energy ~ —198 1.7 0.0 0.0 0.0 0.0 0.0 0.0
—150 1.9 0.0 0.0 0.0 0.0 0.0 0.0
—121 2.6 0.1 0.1 0.1 2.7 0.7 0.9
=90 4.2 0.0 0.0 0.0 0.0 0.0 0.0
—60 8.0 0.0 0.0 0.0 0.0 0.0 0.0
=30 14.7 0.0 0.0 0.0 0.0 0.0 0.0
21 30.8 0.8 14.6 8.2 3.1 6.7 8.6
50 42.0 9.2 211 15.6 20.6 16.6 19.1
—196 1.1 0.0 0.0 0.0 0.0 0.0 0.0
—-150 24 1.7 9.8 5.9 23 4.9 6.0
—-100 32 0.0 5.7 2.9 1.0 2.4 32
—60 9.4 0.0 20.5 11.4 4.4 9.1 12.1
—40 11.5 0.0 223 12.5 4.9 9.9 132
=25 12.5 0.0 23.6 13.4 5.3 10.5 14.1
—-10 143 0.0 21.2 11.9 4.6 9.4 12,5
20.4 21.5 0.0 15.2 8.2 3.0 6.6 8.8
60 27.3 36.1 0.0 154 8.3 3.1 6.7 8.9
60 24.9 353 0.0 16.3 8.8 33 7.1 9.5
110 28.6 60.0 82 29.3 20.1 323 22.5 27.3
4340 High energy  —198 5.9 7.1 7.1 7.1 3.6 6.3 6.0
—-150 8.9 5.8 17.3 12.0 5.2 10.1 115
-120 18.0 1.6 134 7.9 3.1 6.5 8.1
=90 72.2 422 48.7 45.7 63.1 49.9 52.5
T200 —198 26.0 2.2 24.0 14.5 6.0 11.7 14.8
—150 324 4.9 252 16.3 7.0 134 16.2
-120 53.8 26.4 414 34.8 49.9 38.1 4.0
-90 67.6 60.5 68.0 64.7 74.4 66.9 69.0
—60 87.5 85.7 87.7 86.7 86.8 86.7 87.0
=30 80.4 86.2 88.9 87.7 872 87.5 87.9
100 100.0 91.6 93.1 92.4 92.9 92.5 92.8
A302B —88 2.9 0.0 0.0 0.0 0.0 0.0 0.0
=75 3.8 0.0 12,9 6.9 2.5 5.6 74
—65 6.3 12.2 17.1 25.6 21.6 24.1 221 23.8
=50 14.2 0.5 19.0 10.7 10.7 10.2 13.5
=35 20.9 7.1 232 159 18.1 16.1 19.1
=20 36.7 28.7 421 36.1 46.9 38.4 41.7
-10 320 38.6 20.7 38.0 30.4 414 32.6 36.6
0 67.5 60.3 68.3 64.7 734 66.7 68.8
10 67.5 66.2 53.5 63.3 59.0 71.1 61.7 64.5
F82H =75 312 252 36.3 31.2 30.2 30.7 32.6
=72 54 0.0 19.5 10.8 4.1 8.6 115
—60 26.5 314 212 323 27.1 13.7 23.6 244
=50 55.9 50.6 58.2 54.7 62.1 56.4 58.3
=35 60.6 58.6 582 64.7 61.7 67.5 63.0 64.6
=30 727 70.0 68.0 723 70.3 722 70.7 71.6
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