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Abstract

In the framework of a collaborative project between ASME, NASA, and NIST, instrumented
Charpy tests have been performed at liquid nitrogen temperature (77 K, or -196 °C) on weld
specimens extracted from the centers of four 316L welded stainless steel plates, each
produced by a different vendor. Although the plates were produced in accordance with the
same specifications from the same material (316L), clear differences in impact toughness
have been observed, with the toughest welded plate exhibiting more than twice the absorbed
energy of the least tough. Besides impact toughness, the availability of instrumented Charpy
data has also allowed deriving estimates of dynamic yield strength and shear fracture
appearance. Additional tensile and fracture toughness tests at 77 K and 4 K (liquid helium
temperature) will be performed in this project.

Key words

316L stainless steel, impact toughness, instrumented Charpy tests, liquid nitrogen, welded
plates.
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1. Introduction

Currently, ASME Boiler and Pressure Vessel Code (BPVC) Section VIII [1] and ASME
Piping Code B31.12 Hydrogen Piping and Pipelines [2] both require performing Charpy
impact tests at Liquid Nitrogen (LN2) temperature, i.e., 77 K (-196 °C), to assess the fracture
performance of austenitic stainless steels at Liquid Helium (LHe) temperature, i.e., 4 K (-277
°C). The same procedure was also proposed for ASME Piping Code B31.3 Process Piping

[3].

However, the technical basis of such an approach has often been questioned, as
insufficient technical justification is available.

Ample evidence is available in the literature that Charpy testing below 77 K is not
technically feasible, due to both temperature rise during the transfer of the specimens from
the cooling medium to the impact position and adiabatic heating. While temperature rise
during transfer can be minimized by appropriately modifying the test setup, adiabatic heating
at elevated strain rates is unavoidable. Adiabatic heating occurs when the energy generated
during plastic deformation is converted into heat, but cannot dissipate fast enough to the
surrounding environment, causing the temperature of the material to increase. The
temperature rise can also be affected by a strain-induced phase transformation, which also
releases heat and can thus affect the microstructural evolution [4]. The thermomechanical
behavior of austenitic stainless steels at intermediate and high strain rates is the object of
ongoing research, particularly to quantify the effects of adiabatic heating on the response of
the material [5].

Various means to avoid temperature increase due to specimen transfer have been
proposed [6], including:
e Dboating (specimens glued to the bottom of a paper boat) [7-9];
e Dboxing (specimens insulated by means of grooved polystyrene foam, with liquid
helium continuously flowing from a storage dewar) [10];
e encapsulation (specimens wrapped in a pipe-like casing of grooved polystyrene foam
with LHe inlet and outlet, placed on the Charpy anvils) [11,12];
e use of a double-walled vacuum-insulated glass dewar (also placed on the anvils, and
filled with helium) [13-15].
In older literature references [8,16], some authors even resorted to encapsulating
impact test machines, as well as specimens.

Regardless of the approach taken to keep Charpy specimens fully immersed in liquid
helium at the time of impact, all methods required a correction factor to account for the
influence of fracturing the container on the energy spent to break the specimens. Those
correction factors ranged from 0.27 J for a paper boat to 20 J — 35 J for a glass dewar [6].

While the problem of temperature increase during specimen transfer can be
eliminated by one of the methods mentioned above, the heat generated within the specimen
during high strain rate deformation and fracture cannot be avoided. Temperatures at impact
as high as 150 K (-123 °C) were calculated for AISI 304 by thermal analysis based on the
conversion of plastic work to heat [17].

Due to adiabatic heating, the general consensus is that impact tests are of questionable
value and little significance at extreme cryogenic temperatures, i.e., below 77 K. However,
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the use of 77 K Charpy test results to assess material properties at 4 K, currently advocated
by some voluntary consensus standards [1,2], requires additional research efforts.

This is one of the objectives of a collaborative project between the American Society
of Mechanical Engineers (ASME), the National Aeronautics and Space Administration
(NASA), and the National Institute for Standards and Technology (NIST). The project
investigates the feasibility of performing mechanical tests on austenitic stainless steels
(AISI 316L) at 77 K as a means of validating steels for use at 4 K in liquid hydrogen and
liquid helium piping and pressure vessels. Correlation between results of fracture toughness
test (to be performed at both 4 K and 77 K) and Charpy test (only performed at 77 K) will be
performed to determine whether testing at 77 K is statistically justifiable for 4 K operation.

The present report provides results from instrumented impact tests performed at NIST
in Boulder, Colorado, at 77 K on Charpy specimens from four AISI 316L welded plates in
the as-welded condition.

2. Material and Experimental Procedures

Charpy V-notch specimens were extracted from welds in four welded 316L stainless steel
plate samples provided by ASME/Jacob ESSCA Group, identified as W1, W2, W3, and W4.
The samples were all in the as-welded condition, and had the following approximate
dimensions: 254 mm x 610 mm, thickness = 16 mm. The plates were welded by four
different vendors in accordance with ASME Boiler and Pressure Vessel Code requirements,
but using 316L plate and weld material individually procured by each vendor, and following
each vendor's standard in-house welding procedure specification.

The technical drawing of the Charpy specimens, compliant with Fig. 1 of ASTM
E23-18 [18], is reproduced in Appendix A, while the results of the dimensional
measurements are collected in Appendix B!. The Charpy specimens were extracted from the
plates at the same time as tensile and fracture toughness specimens. All specimens were
centered on the weld seams. The specimen orientation with respect to the plate thickness and
the weld geometry corresponds to orientation “NQ” in Figure 1, which is taken from ISO
15653:2018 [19]. As seen in the figure, the crack grows from the narrower side of the weld
(root) to the wider side (cap), which makes it more likely for crack propagation to occur fully
within the weld material.

Instrumented impact tests were performed at LN2 temperature (77 K) on 20 Charpy
specimens (5 tests on each welded plate). A large capacity (953 J) Charpy machine, equipped
with an instrumented striker with an 8 mm radius striking edge, was employed. The hammer
velocity at the moment of impact was 5.47 m/s, and all tests were conducted in accordance
with the current versions of ASTM E23 [18], ASTM E2298 [20], ISO 148-1 [21], and ISO
14556 [22].

Before being tested, the specimens were kept immersed in liquid nitrogen for at least
10 minutes? after their temperature had stabilized. During soaking, the temperature was

! Even though some of the measurements in Appendix B are outside the specifications of ASTM E23-18, those variations
are not considered important and their influence on the results reported herein is deemed negligible.

2 Both ASTM E23-18 and ISO 148-1 (2016) prescribe a minimum soaking time of 5 minutes for specimen conditioning
using a liquid medium. In view of the low specific heat of stainless steel, this minimum time was doubled.
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measured by means of a dummy steel sample with a type K thermocouple embedded. The
transfer time between removal of the specimens from the cooling medium and impact was 3
seconds or less?>.

Figure 1 — (a) Possible orientations of Charpy specimens extracted from welded plates [19],
and (b) photograph of some as-received Charpy specimens, clearly showing the weld. The
specimens tested in this study correspond to orientation "NQ", where the first letter (N) is the
direction normal to the crack plane, and the second (Q) is the expected direction of crack
propagation (N = normal to weld direction; Q = weld thickness direction).

For every test performed, the following parameters were measured: KV (absorbed
energy, in J), LE (lateral expansion, in mm), and SF4 (shear fracture appearance, in %).
Specifically:

e KV was returned by the digital encoder of the impact machine.

e LFE was measured on the broken specimens by means of a calibrated caliper, as the
difference between the thickness of the specimen in the notched cross section before
and after the test.

e SFA was estimated by means of the following two approaches:

(a) Quantifying the proportion of brittle and ductile fracture surface by optically

analyzing digital pictures of the fracture surfaces (SFA4meas).

(b) Using characteristic values of force obtained from the analysis of the

instrumented test record (SFAes:, see 3.2.2).

Following Charpy testing, fracture surfaces of selected Charpy specimens were
examined using scanning electron microscopy (SEM) to characterize unique features that
were previously observed in optical microscopy. When collecting secondary electron (SE)
images and energy dispersive spectroscopy (EDS) measurements, the following parameters
were used: 60 um aperture, high current mode, and 25 kV accelerating voltage.

3 For both ASTM E23 and ISO 148-1 (2016), the maximum allowable transfer time is 5 seconds.

https://doi.org/10.6028/NIST.TN.2196 E
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3. Test Results

3.1. Non-Instrumented Data

Values of absorbed energy, lateral expansion, and shear fracture appearance (measured from
digital pictures of the fracture surfaces — method (a) above) are reported in Table 1, with
average values and standard deviations for each welded plate.

Average values of KV, LE, and SFAmess (With error bars corresponding to +1 standard
deviation) for the four welded plates are compared in Figure 2, Figure 3, and Figure 4,
respectively.

Digital pictures of the fracture surfaces for all specimens tested are reproduced in
Appendix C.

Table 1 - Non-instrumented test results at 77 K for the 316L welded plates.

Welded Specimen KV LE  SFAmeas

plate id J) (mm)
WI-C1 52.10 | 0.47 55

W1-C2 49.08 | 0.49 52
1 WI1-C3 50.59 | 0.55 52
W1-C4 29.26 | 0.39 22
WI1-C5 33.98 | 0.53 29
Average values 43.00 | 0.49 42
Standard deviations | 10.58 | 0.06 15.3
W2-Cl 88.09 | 1.04 36
W2-C2 87.14 | 0.96 75
2 W2-C3 79.10 | 0.94 42
W2-C4 88.25 | 0.99 57
W2-C5 73.94 | 0.96 58
Average values 83.31 | 0.98 54
Standard deviations | 6.47 0.04 15.3
W3-Cl1 59.42 | 0.69 29
W3-C2 62.03 | 0.78 37
3 W3-C3 62.03 | 0.76 65
W3-C4 55.90 | 0.77 47
W3-C5 62.95 | 0.63 48
Average values 6047 | 0.73 45
Standard deviations | 2.87 0.06 13.5
W4-Cl 81.93 | 0.97 57
W4-C2 85.87 | 0.93 57
4 W4-C3 91.74 | 1.21 62
W4-C4 78.95 | 1.00 68
W4-C5 123.08 | 1.32 59
Average values 92.31 | 1.09 61
Standard deviations | 17.85 | 0.17 4.6

W4 exhibited the highest impact toughness in terms of all three parameters, followed
by W2. W4 is also the plate that showed the largest scatter for both K7 and LE. The least
tough welded plate was W1, and its average absorbed energy was less than half of the
average value for W4,

https://doi.org/10.6028/NIST.TN.2196
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Figure 2 - Average values of absorbed energy at 77 K for the four welded plates. Error bars
correspond to + 1 standard deviation.
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Figure 3 - Average values of lateral expansion at 77 K for the four welded plates. Error bars
correspond to + 1 standard deviation.
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Figure 4 - Average values of shear fracture appearance (measured) at 77 K for the four
welded plates. Error bars correspond to = 1 standard deviation.

3.2. Instrumented Data

For every Charpy test performed on an impact machine equipped with an instrumented
striker, a full record of the force applied to the specimen during the test is available, in the
form of electrical signal from the striker strain-gages. Strain-gage signals are converted into
force by the use of a conversion factor or calibration function, which has previously been
established through a static calibration of the striker. By double integration of force and
velocity data over time, specimen deflection is calculated. The force/deflection test record is
analyzed to establish characteristic instrumented values of force, deflection, and absorbed
energy” corresponding to the following events that may have occurred during the test:

general yield, when plastic deformation spreads through the remaining ligament;
maximum force sustained by the specimen during the test;

onset of unstable (brittle) fracture, if applicable;

arrest of unstable (brittle) fracture, if applicable.

Referencing the illustrative curve reproduced in Figure 5 [20], the subscripts used for
the events listed above are “gy”, “m”, “bf”, and “a”. The symbols for instrumented force,
deflection, and absorbed energy are F, s, and . In addition, s; and W; are deflection and
absorbed energy corresponding to test termination.

4 Absorbed energy for an instrumented Charpy test is calculated by integrating force as a function of deflection.

https://doi.org/10.6028/NIST.TN.2196 E
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Figure 5 - [llustrative instrumented test record showing general yield (F§y), maximum force
(Fm), unstable fracture (F3), and crack arrest (F,) [20].

Characteristic values for the 20 tests performed are summarized in Table 2, with

average values and standard deviations (SD) for each plate.

Table 2 - Instrumented Charpy results for the four welded plates.

Specimen Ca Fgy Fm Fur Fq Sgy Sm Spf Sq St w,, W, Wy W, W, Kv W,-KvV
id (mm/kN)| (kN) (kN) (kN) (kN) (mm) (mm) (mm) (mm) (mm) Q) (0] (0] (0] (0] ) (%)
W1-C1 0.02492 18.69 25.39 21.67 3.41 0.58 223 231 2.55 10.70 5.99 44.27 46.08 48.84 50.70 52.10 -2.7%
W1-C2 0.02472 19.39 25.68 23.09 293 0.58 2.19 2.30 2.60 10.52 6.35 44.29 47.14 50.54 52.49 49.08 7.0%
W1-C3 0.02089 18.82 25.68 22.70 4.00 0.52 2.08 2.25 2.35 10.43 5.30 40.64 44.65 45.87 48.34 50.59 -4.4%
W1-C4 | 0.02310 18.80 22.98 22.63 9.00 0.57 1.34 1.34 1.43 10.70 5.94 22.28 22.28 23.48 28.67 29.26 -2.0%
W1-C5 | 0.02221 19.12 24.25 23.76 4.28 0.56 1.64 1.64 1.73 10.68 5.57 28.99 28.99 30.09 33.62 33.98 -1.1%
Mean 0.02317 18.96 24.80 22.77 4.72 0.56 1.90 1.97 213 10.61 5.83 36.09 37.83 39.76 42.76 43.00 -0.7%
SD 0.00170 0.29 1.17 0.76 2.45 0.02 0.39 0.45 0.52 0.12 0.41 9.95 11.41 12.19 10.85 10.58 4.4%
W2-C1 0.01626 20.99 26.78 0.70 2.50 2.68 2.78 11.73 6.28 50.62 55.61 58.04 87.56 88.09 -0.6%
W2-C2 0.00685 18.10 26.89 23.30 21.21 0.80 221 2.79 291 22.43 6.55 40.54 55.96 58.55 87.31 87.14 0.2%
W2-C3 0.02047 18.63 26.05 21.60 20.28 0.52 1.97 2.57 2.66 10.05 5.32 39.86 55.03 56.95 78.17 79.10 -1.2%
W2-C4 | 0.01874 18.42 25.99 24.76 23.94 0.48 2.36 2.65 2.70 15.52 4.90 48.97 56.61 57.84 88.72 88.25 0.5%
W2-C5 0.01866 19.79 25.08 25.00 23.79 0.50 1.94 2.01 2.13 9.87 5.26 38.66 40.52 43.24 72.88 73.94 -1.4%
Mean 0.01620 19.19 26.16 23.67 22.31 0.60 2.20 2,54 2.64 13.92 5.66 43.73 52.75 54.92 82.93 83.31 -0.5%
SD 0.00544 1.19 0.73 1.57 1.84 0.14 0.24 0.31 0.30 5.27 0.71 5.61 6.86 6.56 7.03 6.47 0.9%
W3-C1 0.02566 16.73 23.07 23.00 7.94 0.55 2.19 2.19 297 9.58 4.82 39.22 39.22 51.32 58.47 59.42 -1.6%
W3-C2 0.04584 17.75 23.57 22.48 5.62 0.60 2.01 2.37 3.26 21.01 5.74 35.17 43.63 56.53 62.54 62.03 0.8%
W3-C3 0.02270 16.71 23.97 23.96 9.08 0.55 2.19 2.19 247 21.01 4.79 39.78 39.78 45.15 63.64 62.03 2.6%
W3-C4 | 0.01993 15.83 22.23 22.24 7.49 0.53 1.94 1.94 2.84 21.14 3.69 31.86 31.86 46.67 57.34 55.90 2.6%
W3-C5 0.02560 15.78 23.24 21.14 7.43 0.56 2.11 2.11 3.18 21.01 4.82 37.18 37.18 54.95 62.38 62.95 -0.9%
Mean 0.02795 16.56 23.22 22.56 7.51 0.56 2.09 2.16 2.94 18.75 4.77 36.64 38.33 50.92 60.87 60.47 0.7%

SD 0.01028 0.81 0.65 1.03 1.25 0.03 0.11 0.16 0.31 5.13 0.73 3.23 4.31 4.98 2.78 2.87 1.9%
W4-C1 | 0.02394 17.82 26.44 19.65 3.29 0.55 2.51 3.61 3.73 3.97 5.13 51.54 78.87 80.69 81.67 81.93 -0.3%
W4-C2 0.02276 17.72 26.33 22.51 2.37 0.54 2.71 3.74 4.01 20.66 5.15 56.39 82.59 85.23 87.52 85.87 1.9%
W4-C3 0.02437 18.34 26.35 23.03 10.56 0.63 2.76 3.83 4.09 5.98 5.75 56.06 83.55 87.41 90.58 91.74 -1.3%
W4-C4 | 0.02322 17.72 25.27 21.25 2.47 0.56 2.51 3.54 3.83 20.75 5.08 49.32 74.42 77.68 79.25 78.95 0.4%
W4-C5 | 0.02270 19.96 27.32 18.73 8.80 0.67 4.04 5.20 5.26 5.78 6.26 89.44 119.40 120.27 122.25 123.08 -0.7%
Mean 0.02340 18.31 26.34 21.03 5.50 0.59 291 3.98 4.18 11.43 5.47 60.55 87.77 90.26 92.25 92.31 0.0%

SD 0.00074 0.96 0.73 1.83 3.88 0.06 0.64 0.69 0.62 8.50 0.52 16.43 18.05 17.20 17.36 17.85 1.2%

Additional information presented in Table 2 is:

e Elastic compliance C,; (mm/kN), obtained by linearly fitting the initial elastic portion of
the test record.

e Relative difference between absorbed energy calculated under the instrumented curve

(W:) and measured by the machine encoder (KV). For all plates, the average difference
was found to be within £1 %, which indicates that the static calibration of the
instrumented striker used can be considered reliable [23].

https://doi.org/10.6028/NIST.TN.2196
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Instrumented force/deflection records for all specimens tested are collected in
Appendix D.

3.2.1. Estimates of Dynamic Yield Strengths

Forces at general yield, Fg,, have been successfully correlated to values of dynamic yield
strength, oy4, using the following relationship [24]:

_ NgyFgyW
O-yd - B(W_a)z s (1)
where: ngy = 2.793 is a dimensionless parameter that accounts for the ratio between

shear and tensile stress and the constraint conditions at general yield;
W =10 mm is the nominal Charpy specimen width;

B =10 mm is the nominal Charpy specimen thickness;

a =2 mm is the nominal depth of the machines notch.

Substituting the values above into Eq. (1), one obtains:

0yq =4365F, )

with ;4 in MPa and Fy, in kN. Egs. (1) and (2) provide estimates of the dynamic yield
strength of a material at a strain rate corresponding to the loading rate of the instrumented
Charpy test [25,26].

Using the values of F§, reported in Table 2, the estimated dynamic yield strengths
presented in Table 3 and plotted in Figure 6 were obtained.

Table 3 - Estimated dynamic yield strengths calculated for the four welded plates.

Specimen a4
id (MPa)
W1-C1 815.82
W1-C2 846.37
W1-C3 821.49
W1-C4 820.62
W1-C5 834.59
Mean 827.78
SD 12.51
W2-C1 916.21
W2-C2 790.07
W2-C3 813.20
W2-C4 804.03
W2-C5 863.83
Mean 837.47
SD 52.08
W3-C1 730.26
W3-C2 774.79
W3-C3 729.39
W3-C4 690.98
W3-C5 688.80
Mean 722.84
SD 35.25
W4-C1 777.84
W4-C2 773.48
W4-C3 800.54
W4-c4 | 773.48
W4-C5 871.25
Mean 799.32
SD 41.75
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Figure 6 - Estimated dynamic yield strengths for the four welded plates. Error bars correspond
to + 1 standard deviation.

Dynamic Yield Strength (MPa)

Plate W2 exhibited the highest estimated dynamic yield strength, coupled with the
largest standard deviation. Plate W3 had the lowest values of o;4, while the lowest scatter
corresponded to W1.

Once tensile test results at 77 K and 4 K are available for the welded plates, it will be
interesting to compare them to the values of oy obtained from the instrumented Charpy tests.

3.2.2. Estimates of Shear Fracture Appearance and Comparison with
Measured Values

Both ASTM E2298-18 [20] and ISO 14556:2015 [22] include four empirical correlations,

which allow obtaining estimates of Shear Fracture Appearance (SFA4es) based on

characteristic values of force extracted from the analysis of the instrumented Charpy traces
(Fgy, Fm, Fiy, and Fy). The general principles for all correlations are the following:

e [fno steep drop of force occurs, this should indicate that the ductile proportion of the
fracture surface amounts to 100 %, i.e., SFAes; = 100 %.

e Ifno evidence of general yield can be observed, this should indicate that the ductile
proportion of the fracture surface amounts to 0 %, i.e., SFAest = 0 %.

e Ifa steep force drop occurs, the magnitude of the drop (F»— Fu) in relation to other
characteristic forces (Fgy, Fin) allows an estimated value SFA to be calculated.

According to both standards, these formulae allow estimating the proportion of ductile
fracture surface within + 20 % with respect to optically measured values.

Of the four correlations, the following [27] has proven to be the most reliable according
to the authors’ experience and has been used to estimate shear fracture appearance in this
project:
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—— For7Fa
Fm+0.5(Fpn—Fgy)

The values estimated by means of Eq. (3) are presented in Table 4 (along with
measured values) and Figure 7.

SFAu = |1 x 100 : 3)

Table 4 - Measured and estimated values of Shear Fracture Appearance for the four welded
plates.

Specimen [ SFApcas SFA
id (%) (%)
Wwi1-C1 55 36
W1-C2 52 30
W1-C3 52 36
Wwi1-C4 22 46
W1-C5 29 27
Mean 42 35
SD 15.3 7.0
W2-C1 36 100
W2-C2 75 93
W2-C3 42 96
W2-C4 57 97
W2-C5 58 96
Mean 54 96
SD 15.3 2.5
W3-C1 29 43
W3-C2 37 36
W3-C3 65 46
W3-C4 47 42
W3-C5 48 49
Mean 45 43
SD 13.5 4.8
W4-C1 57 47
W4-C2 57 34
W4-C3 62 59
W4-C4 68 35
W4-C5 59 68
Mean 61 49
SD 4.6 14.7

100

75

50
| . I
0
w1 W2 w3 w4

Shear Fracture Appearance (%) [estimated]
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The extremely high average value of SF4., obtained for W2 (96 %) appears
suspicious, as it doesn’t correlate with either absorbed energy (Figure 8), lateral expansion
(Figure 9), or measured shear fracture appearance (Figure 10).
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Conversely, SFAmeas was found to be strongly correlated (correlation coefficient R >
0.96) with both absorbed energy (Figure 8) and lateral expansion (Figure 9).

Further inspection of the instrumented curves for W2 specimens revealed that some
apparent force drops probably corresponded to dynamic oscillations, and therefore contributed
to the overestimated SF 4., values. For the remaining plates, however, the agreement between
average values of measured and estimated SF'4 was well within =+ 20 % (Figure 10).

3.2.3. Correlations with Other Tensile Properties

Although specific analytical relationships have not been published, maximum forces (Fx)
and displacements at test end (s;) can be correlated with dynamic tensile strength (ors.4) and
total elongation (&), respectively. Average values and standard deviations for the four welded
plates are shown in Figure 11 (£7,) and Figure 12 (s;).

Plate W3 appeared to exhibit the lowest tensile strength and the highest ductility.
Once again, it will be interesting to compare these observations with the results of the
forthcoming tensile tests.
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3.3. Optical and SEM investigations

Displacement at test end (mm)

w4

While optical microscopy was used to measure lateral expansion (as previously shown), the
digital images of the fracture surfaces also reveal differences in the amount of plastic
deformation and size of plastic zones between specimens and weld types. Generally, more
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tortuous macroscopic crack pathways (as opposed to flat features) and larger plastic zones

below the Charpy V-notch tended to correlate with greater amounts of absorbed energy.
Following observations made with optical microscopy, SEM was used to characterize

features observed on fracture surfaces of specimens that represent a range of behaviors.

At low magnification (Figure 13, a; and b1), large defects were observed with parallel
alignment (Figure 13, a1) and perpendicular to (Figure 13, b1) the direction of impact during
Charpy testing. Upon closer inspection, multiple types of defects/features were observed:

elongated cavities consistent with characteristics of wormhole porosity (Figure 13, a1),
inclusions, nodules, and cracked bands of surface oxides (Figure 13, ay),

microvoid coalescence (Figure 13, a3),

cracks with a morphology akin to lack-of-fusion defects commonly found in welds
(Figure 13, b2), and

e smooth spherical pockets that are characteristic of remnant gas porosity, also commonly
found in welds (Figure 13, b3).

Weld 1 contained by far the greatest number of lack-of-fusion defects, gas porosity,
inclusions, and large cavities (wormhole porosity) aligned with the impact direction. All
fracture surfaces from each weld type (1-4) showed evidence of microvoid coalescence.
Lack-of-fusion and gas porosity were observed on fracture surfaces of specimens originating
from Welds 2 and 3, but no evidence of large cavities (wormhole porosity) was detected. All
fracture surfaces from each weld type (1-4) showed evidence of microvoid coalescence, lack-
of-fusion, and gas porosity. In Weld 1, the number of large cavities and the reduction of
microvoid coalescence (per area) along the pathway of a crack propagating through the
material during impact testing were both consistent with the results from Charpy tests, in that
Weld 1 exhibited the lowest absorbed energy and lateral expansion.

To understand what type of inclusions remained inside large cavities after impact
testing, EDS analysis was conducted on the fracture surface of specimen W1-C4 (Figure 14,
a and b). EDS mapping and EDS line scans revealed that remnants of inclusions and cracked
surface oxides are depleted in Fe, Cr, and Ni, and enriched with Mn, Ti, Si, and P. Depending
on the area measured, trace amounts of S and O were measured, thus indicating that remnant
oxides and sulfides remained on the inner surfaces of the large cavities (no microvoid
coalescence was observed in these regions). All SEM images and additional EDS spectra and
spot analyses can be found in Appendix E.

Additional detailed microstructural analysis and hardness mapping of the weld metal
and base metal will be conducted on remnants of the welded plates that were left over after
specimens were removed.
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Figure 13 - SEM images of characteristic features observed on the fracture surfaces of
Charpy specimens. Charpy impact direction is parallel to the vertical axis, and the V-notch
(not shown in any image) would be found at the extreme top of a given field of view.
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Figure 14 - EDS analysis of remnant features found in large defects on the fracture surface,
where no microvoid coalescence was observed.
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4. Conclusions

Even though all four welded plates were manufactured by different vendors in accordance
with the same overarching welding requirements and using nominally the same material
(316L stainless steel), the results of instrumented Charpy tests performed at NIST at liquid
nitrogen temperature (77 K) show clear differences in the mechanical properties of the plates.

Specifically, plate W4 was found to be the toughest in terms of both absorbed energy
and lateral expansion, followed closely by W2. The least tough was W1, with less than half
the average absorbed energy of W4. This is likely due to the variation in plastic zone size as
well as to the size, shape, orientation, and frequency of large cavities (wormhole porosity)
observed on the fracture surfaces in most of the W1 specimens, which were not observed in
specimens extracted from other welds. Data scatter was also found to be significantly
different among the plates.

Tensile and fracture toughness properties will be characterized at both liquid nitrogen
and liquid helium temperatures in the framework of this same collaborative project between
ASME, NASA, and NIST, and the results will be compared to the Charpy measurements
presented in this report.
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Appendix A: Technical Drawing of the Charpy
V-Notch Specimens
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NOTES: all dimensions in millimeters. Default tolerances are £ 0.1 mm and + 1°. Default
surface finish, unless specified, is < 1.6 um.

https://doi.org/10.6028/NIST.TN.2196



https://doi.org/10.6028/NIST.TN.2196

Appendix B: Dimensional measurements on the
Charpy V-Notch Specimens

CHARPY LOT DIMENSIONAL MEASUREMENT REPORT

Measurement date: 7/15/2021
Maternial id: ASME/NASA 3160 Weld 1
Measuring instruments: Keyence IM-T030 + Mitutoyo perpendicularity gage [*)

Specimen Wi-C1
I it Measured | Comected | Nominal AFI'M E23-18 tolerances | Acceptable? NOTES
value value value Min Max [YES/NO)
Length [L] mm 550303 | 55.0238 55 525 55 NO
Motch centering mem 0.0161 00161 o -1 1 YES
width [wW] mim 100346 | 10.0286 10 9.925 10.075 YES
Thickness [B] mim 100367 | 10.0307 10 9.925 10.075 YES
Ligament [b] mim 7.9959 79915 B 7.975 8.025 YES
Motch radius ] mim 02612 0.2612 0.25 0.225 0.275 YES
motch angle [io] * 4454 4494 45 a4 46 YES
Angle adj sides 1 : 90.02 90 89.83 9017 YES *
Angle adj sides 2 : B9.98 90 89.83 9017 YES *
Angle adj sides 3 : 90.11 90 89.83 9017 YES *
Angle adj sides 4 : 90.03 20 89.83 90.17 YES *]
Specimen W1-C2
I it Measured | comected | Nominal AFI'M E23-1B tolerances | acceptable? NOTES
value value value Min Max /M)
Length [L] mim 54.974 | S4.9875 55 525 55 YES
Motch centering mem 0.0405 00405 o -1 1 YES
width [W] mim 100392 | 1000332 10 9.925 10.075 YES
Thickness [B] mim 10.033 10.027 10 9.925 10.075 YES
Ligament [b] mim 78755 7a711 B 7.975 8.025 NO
motch radius [p] mim 02692 0.2692 0.25 0.225 0.275 YES
motch angle [u] * 44093 4393 45 a4 46 YES
Angle adj sides 1 : B9.94 90 89.83 9017 YES *]
Angle adj sides 2 : 80.05 a0 89.83 90.17 YES *]
Angle adj sides 3 : o0.18 a0 89.83 90.17 NO *]
Angle adj sides 4 : 90.03 90 89.83 290.17 YES *]
Spedimen Wi-C3
. j B Measured | Commected | Mominal | ASTM E23-18 tolerances | Acceptable?
Dimension Unit ) MNOTES
value value value Min Max {r/m)
Length [L] mim 550202 | 55.0137 55 525 55 NO
Motch centering mim 0.0174 0.0174 0 -1 1 YES
Width [W] mm 100405 | 10,0345 10 9,025 10.075 YES
Thickness [B] mim 100302 | 10.0242 10 9.925 10.075 YES
Ligament [b] mim 7998 79936 B 7.975 8.025 YES
Motch radius [g] mim 02513 0.2513 0.25 0.225 0.275 YES
maotch angle [io] * 4467 44 57 45 a4 46 YES
Angle adj sides 1 : §9.92 90 89.83 9017 YES *
Angle adj sides 2 : B9.98 90 89.83 9017 YES *]
Angle adj sides 3 : 90.05 a0 89.83 90.17 YES *]
Angle adj sides 4 : 90.04 20 89.83 90.17 YES *]
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Specimen Wi-C4:

i ASTM E23-18 tolerances 2
Dimension Unit Measured | Corrected | Mominal : Boceptable? N
value walue value Min Max [¥/ M)
Length [L] mim 549987 [ 54.9922 55 525 55 YES
Motch centering mam 0004 0.004 o -1 1 YES
Width [W] mim 10.038 10.032 10 =1 .1 10.075 YES
Thickness [B] mim 1000377 | 10,0317 10 =1 .1 10.075 YES
Ligament [b] mim 7.997 7.9926 B 7.975 8025 YES
Motch radius [ig] mim 02541 0.2541 0.25 0.225 0.275 YES
Motch angle [o] * 44.79 4479 45 a4 46 YES
Angle adj sides 1 = 90.10 90 89.83 90.17 YES *]
Angle adj sides 2 = 90.01 90 89.83 90.17 YES *]
Angle adj sides 3 = 90.02 90 89.83 90.17 YES *]
Angle adj sides 4 = 90.00 90 8983 90.17 YES *]
Spedmen W1-Cs:
} j l Measured | Corrected | Mominal | ASTM E23-18 tolerances | Acceptable?
Dimension unit ) MOTES
value walue value Min Max [¥/M)
Length [L] mim 550133 | 55.0068 55 52.5 55 NO
Motch centering mim 0.0215 0.0215 ] -1 1 YES
width [w] mim 1000412 | 1000352 10 9.925 10.075 YES
Thickness [B] mim 10.031 10.025 10 9.925 10.075 YES
Ligament [b] mim 79734 7950 B 7.975 8.025 NO
motch radius [p] mim 02578 0.2578 0.25 0.225 0.275 YES
mMotch angle [o] = 44 87 44 87 45 a4 A6 YES
Angle adj sides 1 = 90.06 a0 89.83 90.17 YES *}
Angle adj sides 2 s 50.02 90 89.83 90.17 YES "]
Angle adj sides 3 . 00.08 a0 89.83 90.17 YES *]
Angle adj sides 4 = B9.98 90 #2983 90.17 YES *]
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CHARPY LOT DIMENSIONAL MEASUREMENT REPORT

Measurement date: 7/15/2021

Material id: ASME/NASA 3161 Weld 2

Measuring instruments: Keyence IM-7030 + Mitutoyo perpendicularity gage ()

Specimen W2-C1
Dimession Unit Measured | Comected | Nominal AFI'M E23-18 tolerances | Acceptable? NOTES
value value walue Min Max [YES/NO)
Length [L] mm 55.0074 | s55.0009 55 52.5 55 NOD
Motch centering mim 0.m032 0.0032 o -1 1 YES
width [w] mm 1000123 | 10.0063 10 9.925 10.075 YES
Thickness [E] mm 10,0276 | 10.0216 10 9.925 10.075 YES
Ligament [b] mm 7.9989 7.9945 E 7.975 8.025 YES
maotch radius [g] mm 0.2632 0.2632 0.25 0.225 0.275 YES
motch angle o] ° 44.8 448 a5 a4 A6 YES
Angle adj sides 1 : 90.10 90 89.B3 90.17 YES *
Angle adj sides 2 : 90.10 90 89.B3 90.17 YES *
Angle adj sides 3 : 90.02 90 89.B3 90.17 YES *
Angle adj sides 4 : B9.99 90 89.83 90.17 YES *]
Specimen W2-C2
Dimession Unit Measured | Comected | Nominal AFI'M E23-18 tolerances | acceptable? NOTES
value value walue Min Max {rim)
Length [L] mim 55024 | 55.0175 55 52.5 55 ND
Hotch centering mim 0.0152 0.0152 o -1 1 YES
width [W] mim 10,0246 | 10.0186 10 9975 10.075 YES
Thickness [E] mm 100361 | 10,0301 10 9975 10.075 YES
Ligamanit [b] mm B.O278 80234 E 7975 8025 YES
Motch radius [] mm 0.2611 02611 0.25 0235 0.275 YES
Motch angle [o] : 44 B7 44 87 a5 a4 45 YES
Angle adj sides 1 N BO.96 90 89.83 90.17 YES "]
Angle adj sides 2 N 90.07 90 89.83 90.17 YES "]
Angle adj sides 3 N 00.02 90 89.83 90.17 YES "]
Angle adj sides 4 N 5000 90 89_B3 90.17 YES *]
Spedimen W2-C3
j j i Measured | Corrected | Nominal | ASTM E23-18 tolerances | Acceptable?
Dimension Uit A NOTES
value walue value Min Max [¥/ M)
Length [L] mm 549850 | 549704 55 525 55 YES
Motch centering mim 0.0442 00442 o -1 1 YES
width [w] mm 10,0227 | 10.0167 10 9.925 10.075 YES
Thickness [E] mm 10.027 10.021 10 9.925 10.075 YES
Ligament [b] mim B.0106 B.0062 B 7.975 8.025 YES
Hotch radius [] mim 0.2557 0.2597 0.25 0.225 0.275 YES
motch angle [io] * 4498 A4 OF 45 44 A6 YES
Angle adj sides 1 : B9.5E 90 89.83 9017 YES *]
Angle adj sides 2 : B9.91 90 89.83 90.17 YES *]
Angle adj sides 3 : B9.B6 90 89.83 90.17 YES *]
Anple adj sides 4 : 90.34 a0 80.83 90.17 NO *]
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Specimen W2-C4:

Dimession Unit Measured | Comected | Nominal AFI'M E23-18 tolerances | acceptable? NOTES
value value walue Min Max [rim)

Length [L] mim 549918 | 54.9853 55 52.5 55 YES
motch centering mm 0.0337 0.0337 0 -1 1 YES
width [w] mm 10,0312 | 10.0252 10 9.925 10.075 YES
Thickness [E] mm 10,031 10.025 10 9.925 10.075 YES
Ligament [b] mm B.0103 B.0053 E 7.975 8.025 YES
motch radius [] mm 0.2614 02614 0.25 0.225 0.275 YES

motch angle [io] * 4484 44 04 45 LE 46 YES

Angle ad] sides 1 : 90.05 90 89.83 9017 YES *]
Angle adj sides 2 : BD.90 a0 89.83 90.17 YES *}
Angle adj sides 3 : 90.07 90 89.B3 90.17 YES *
Angle adj sides 4 N BO.95 90 89_B3 90.17 YES *]
Spegimen W2-C30

j j i Measured | Corrected | Nominal | ASTM E23-18 tolerances | Acceptable?
Dim ension Uit A NOTES
value walue value Min Max [¥/ M)

Length [L] mm 55.0143 | 55.0078 55 52.5 55 NOD

motch centering mm 0.0279 0.0279 0 -1 1 YES

width [w] mm 10,0217 | 10,0157 10 9.925 10.075 YES

Thickness [E] mm 100341 | 10.0281 10 9.925 10.075 YES

Ligament [b] mm B.0302 B.0258 E 7.975 8.025 MO

motch radius [] mm 0.2535 0.2535 0.25 0.225 0.275 YES

naotch angle o] : 4475 4475 45 44 46 YES

Angle adj sides 1 S 00.03 90 89.83 90.17 YES *]
Angle adj sides 2 N 50.00 90 89.83 90.17 YES "]
Angle ad) sides 3 . 00.08 a0 89.83 90.17 YES "]
Angle ad) sides 4 N 80.90 30 #9_83 9017 YES *]
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CHARPY LOT DIMENSIONAL MEASUREMENT REPORT

Measurement date: 7/15/2021
Material id: ASME/NASA 3160 Weld 3
Measuring instruments: Keyence IM-7T030 + Mitutoyo perpendicularity gage [*)

Specimen W3-C1
Dimension Uit Measured | Corrected | Nominal AFI'M E23-18 tolerances | acceptable? NOTES
value walue value Min Max [YES/MNDO)
Length [L] mnim 54.995 | sS4.9885 55 525 55 YES
Motch centering mim O.DET 0.0087 o -1 1 YES
width [w] mnim 100196 | 10.0136 10 9.925 10.075 YES
Thickness [E] mnim 100428 | 10.0068 10 9.925 10.075 YES
Ligament [b] mnim B0142 B.0098 B 7975 8.025 YES
motch radius [p] mnim 02647 0.2647 0.25 0.235 0.275 YES
naotch angle o] : 4476 A4 76 45 44 46 YES
Angle adj sides 1 * 90.15 90 89.83 9017 YES *]
Angle ad) sides 2 ° 80.07 a0 83.83 9017 YES *
Angle adj sides 3 : 00.00 90 89.83 9017 YES ™
Angle adj sides 4 B BO.98 a0 89.83 90.17 YES *]
Specimen W3-C2
Dimession Unit Measured | corrected | NMominal AFI'M E23-18 tolerances | Acceptabla? NOTES
value value walue Min Max {rim)
Length [L] mim 550002 | 54.9937 55 525 55 YES
motch centering mim 0.0229 0.0229 0 -1 1 YES
Width [w] mim 10.047 10.041 10 9.925 10.075 YES
Thickness [B] mim 100167 | 10.0107 10 9.925 10.075 YES
Ligament [b] mim B.0115 B.0071 B 7.975 8.025 YES
Motch radius [g] mim 0.2635 0.2635 0.25 0.225 0.275 YES
rotch angle [o] " 44,09 4499 45 44 46 YES
Angle adj sides 1 : B9.99 90 89.83 90.17 YES *]
Angle adj sides 2 : B9.98 90 89.83 90.17 YES *]
Angle adj sides 3 : 90.06 90 89.83 90.17 YES *]
Angle adj sides 4 : 90.00 90 89.83 90.17 YES *]
Zpadmen W3-C3
} . i Measured | Corrected | Mominal | ASTM E23-18 tolerances | Acceptable?
Dim ension Unit N NOTES
value value walue Min Max [rim)
Length [L] mnim 550182 | 55.0117 55 525 55 NO
motch centering mnim 0.0265 0.0265 o -1 1 YES
width [w] mnim 100277 | 10,0217 10 9.925 10.075 YES
Thickness [E] mnim 10.016 10,01 10 9.925 10.075 YES
Ligament [b] mnim B.0095 B.0051 B 7975 8.025 YES
motch radius [@] mnim 02672 0.2672 0.25 0.235 0.275 YES
motch angle o] ° 45.02 45102 a5 a4 A6 YES
Angle adj sides 1 : 90.10 90 89.83 9017 YES *]
Angle adj sides 2 : 90.03 a0 89.83 90.17 YES *}
Angle adj sides 3 : BD.94 a0 89.83 90.17 YES *}
Angle adj sides 4 : 90.02 90 89.83 90.17 YES {*}
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imen W3-C4:

Dimession Unit Measured | Comected | Nominal AFI'M E23-18 tolerances | acceptable? NOTES
value value walue Min Max [rim)
Length [L] mim 550416 | 55.0351 55 52.5 55 NO
motch centering mnim 0,024 0.024 o -1 1 YES
width [w] mnim 100358 | 10.0298 10 9.925 10.075 YES
Thickness [B] mnim 10.012 10.006 10 9.925 10.075 YES
Ligament [b] mnim B.0205 B.0161 B 7975 8.025 YES
motch radius [g] mnim 0.2563 0.2563 0.25 0.235 0.275 YES
motch angle [io] * 45.01 45101 45 LE 46 YES
Angle ad] sides 1 : 90.17 90 89.83 9017 NO *]
Angle adj sides 2 : 80.07 a0 89.83 90.17 YES *}
Angle adj sides 3 : 90.06 90 89.83 9017 YES *]
Angle adj sides 4 : B9.BO 90 89.83 90.17 YES *]
Spegimen W3-C30
j j i Measured | Corrected | Nominal | ASTM E23-18 tolerances | Acceptable?
Dimension unit A NOTES
value walue value Min Max [¥/ M)

Length [L] mnim 549977 | 54.9912 55 525 55 YES

Motch centering mim 0.0 0.0005 o -1 1 YES

width [w] mnim 100438 | 10,0378 10 9.925 10.075 YES

Thickness [E] mnim 100208 | 10.0148 10 9.925 10.075 YES

Ligament [b] mnim B.0327 B.0283 B 7975 8.025 NO

motch radius [@] mnim 02618 0.2618 0.25 0.235 0.275 YES

naotch angle o] : 4453 44 90 45 44 46 YES

Angle adj sides 1 S 00.04 90 89.83 90.17 YES *]
Angle adj sides 2 N 00.02 90 89.83 90.17 YES "]
Angle ad) sides 3 . BO.95 a0 89.83 90.17 YES "]
Angle adj sides 4 : 00.03 a0 83.83 90.17 YES *]
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CHARPY LOT DIMENSIONAL MEASUREMENT REPORT

Measurement date: 7/15/2021
Material id: ASME/NASA 3160 Weld 4
Measuring instruments: Keyence IM-7T030 + Mitutoyo perpendicularity gage [*)

Specimen Wa-C1
Dimension Uit Measured | Corrected | Nominal AFI'M E23-18 tolerances | acceptable? NOTES
value walue value Min Max [YES/MNDO)
Length [L] mm 549019 | 549854 55 52.5 55 YES
Motch centering mim 0.0117 00117 o -1 1 YES
width [w] mm 100129 | 10.0063 10 9.925 10.075 YES
Thickness [E] mm 10,0276 | 10.0216 10 9.925 10.075 YES
Ligament [b] mm 7.9706 7.9662 E 7.975 8.025 MO
maotch radius [g] mm 0.2551 0.2551 0.25 0.225 0.275 YES
naotch angle o] : 419 449 45 44 46 YES
Angle adj sides 1 s BD.ED 90 89.B3 90.17 YES *]
Angle adj sides 2 : ED.00 90 89.83 9017 YES ]
Angle adj sides 3 : BO.OE 90 89.83 90.17 YES ]
Angle adj sides 4 B 00.13 a0 89.83 90.17 YES *]
Spacimen W4-C2
Dimession Unit Measured | corrected | NMominal AFI'M E23-18 tolerances | Acceptabla? NOTES
value value walue Min Max {rim)
Length [L] mm 540820 | 549764 55 525 55 YES
Hotch centering mim 0.0233 00239 o -1 1 YES
widdth [w] mim 1000102 | 10,0042 10 9975 10.075 YES
Thickness [B] mim 10,0102 | 10,0042 10 9975 10.075 YES
Ligament [b] mim 7.954 79496 B 7975 8.025 MO
Hotch radius [] mim 0.2666 0.2666 0.25 0225 0.275 YES
rotch angle [o] " 44 B5 4485 45 44 46 YES
Angle adj sides 1 : B9.99 90 89.83 90.17 YES *]
Angle adj sides 2 : 90.00 90 89.83 90.17 YES *]
Angle adj sides 3 : 90.15 90 89.83 90.17 YES *]
Angle adj sides 4 : BO.90 90 89._B3 90.17 YES *]
-
. . f Measured | Corrected | Mominal | ASTM E23-18 tolerances | Acceptable?
Dim ension Unit N NOTES
value value walue Min Max [rim)
Length [L] mm 549737 | 549672 55 525 55 YES
motch centering mm 0.0019 0.0019 0 -1 1 YES
width [w] mm 10,0335 | 10,0275 10 9.925 10.075 YES
Thickness [E] mm 100354 | 10.0304 10 9.925 10.075 YES
Ligament [b] mm B.0173 B.0135 E 7.975 8.025 YES
motch radius [] mm 0.2614 02614 0.25 0.225 0.275 YES
motch angle o] " 44 .98 A4 98 45 a4 A6 YES
Angle adj sides 1 : 90.05 90 89.B3 90.17 YES *
Angle adj sides 2 : BO.90 a0 89.83 90.17 YES *}
Angle adj sides 3 : 90.01 a0 89.83 90.17 YES *}
Angle adj sides 4 : 90.09 90 89.83 90.17 YES {*}
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Specimen Wa-C4:

Dimession Unit Measured | Comected | Nominal AFI'M E23-18 tolerances | acceptable? NOTES
value value walue Min Max [rim)

Length [L] mim 549708 | 54.9643 55 52.5 55 YES
motch centering mm 0.0011 0.0011 0 -1 1 YES
width [w] mm 10,0268 | 10.0208 10 9.925 10.075 YES
Thickness [E] mm 10,0244 | 100184 10 9.925 10.075 YES
Ligament [b] mm 7.9635 7.9591 E 7.975 8.025 MO
motch radius [] mm 0.2586 02585 0.25 0.225 0.275 YES

motch angle [io] * 45.02 4502 45 LE 46 YES

Angle ad] sides 1 : B9.91 90 89.83 9017 YES *]
Angle adj sides 2 : BD.97 a0 89.83 90.17 YES *}
Angle adj sides 3 : 90.03 90 89.B3 90.17 YES *
Angle adj sides 4 N 90.03 90 89_B3 90.17 YES *]
Spegimen Wa-C3C

j j i Measured | Corrected | Nominal | ASTM E23-18 tolerances | Acceptable?
Dim ension Uit A NOTES
value walue value Min Max [¥/ M)

Length [L] mm 54961 | 549545 55 52.5 55 YES

motch centering mm 0.0334 00334 0 -1 1 YES

width [w] mm 10,0334 | 100274 10 9.925 10.075 YES

Thickness [E] mm 10,0338 | 100278 10 9.925 10.075 YES

Ligament [b] mm 7.9709 79665 E 7.975 8.025 MO

motch radius [] mm 0.2627 0.2627 0.25 0.225 0.275 YES

naotch angle o] : 4452 4492 45 44 46 YES

Angle adj sides 1 S BO.00 90 89.83 90.17 YES *]
Angle adj sides 2 N 60.01 90 89.83 90.17 YES "]
Angle ad) sides 3 . 00.08 a0 89.83 90.17 YES "]
Angle ad) sides 4 N 90.05 30 #9_83 9017 YES *]
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Appendix C: Digital pictures of the fracture surfaces
of Charpy specimens

Specimen W1-Cl1

Specimen W1-C2
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Specimen W1-C4
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Specimen W1-C4, left side: detail of the wormhole cavities

Specimen W1-C4, left side: detail of the wormhole cavities
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Specimen W1-C4, left side: wormhole cavities

Specimen W1-C4, right side: detail of the wormhole cavities
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Specimen W1-C4, right side: detail of the wormhole cavities

Specimen W1-C4, right side: wormhole cavities
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Specimen W2-C1
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Specimen W2-C3
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Specimen W3-C2
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Specimen W3-C4
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Specimen W3-C5

Specimen W4-C1
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Specimen W4-C2

Specimen W4-C3

This publication is available free of charge from: https://doi.org/10.6028/NIST.TN.2196 43



https://doi.org/10.6028/NIST.TN.2196

Specimen W4-C5
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Appendix D: Instrumented force/deflection curves
of the Charpy specimens
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Appendix E: SEM images and additional EDS
spectra and spot analyses

EHT = 25.00 kv Signal A = 5E2 Stage at X=70.157 mm  Stage at R = 1056 ° Date :18 Oct 2021

100 um Pixel Size = 5.075 ym

H Width=5.197 mm WD =21.8 mm Aperture Size=6000 pm  Stage st Y =B0.216 mm  Stageat T= 0.0° Time :12:38:31
Mag= 22X Stage at Z= 1.066 mm

Specimen W1-C4

200 um Pixel Size = 5582 um  EHT=25.00 kv Signal A= SE2 Stage at X=68.379 mm  StageatR=1042" Date ;19 Qct 2021
Width = 5.716 mm WD =234mm Aperture Size = 60.00 pm StageatY=59777 mm StageatT= 00°  Time:16:38:38
Mag= 20X Stage at Z = -0.000 mm

Specimen W1-C4
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100 jim Pixel Size = 1045y EHT=25.00 kW Signal A = SE2 Stage at X=70941 mm Stage at R = 1056 ° Date :18 Oct 2021
|—| Width = 1070 mm WD =215mm Aperture Size = B0.00 pm Stage at ¥ =B1E27 mm  Stage at T= 0.0°  Time 11252:57
Mag= 107 X Stage at Z= 1.066 mm

Specimen W1-C4

100 jim Pixel Size = 1.045 ym EHT=25.00 kv Signal A= SE2 Stage at X=70941 mm  Stage at R= 1056 ° Date :13 Oct 2021

|—| Width = 1070 mm - WD =21.5 mm Aperture Size =60.00 pm  Stage at ¥ =B1627 mm Stage at T= 00°  Time (125257
Mag= 107X Stage at Z= 1.066 mm

Specimen W1-C4
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Specimen W1-C4
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EDS Spot 1 - Det 1

15.0K
Fe Ka

13.5K
12.0K
10.5K
ook| ° @

P La
75k| Cr

F

i B! Mh KB1
4.5K|Sn Mi S Kp1

MnlLa Fe KB1
3.0K] Mo La Sn Lp2 )

ila SnLp Ni Ka

LK s SIKEMoLB snia  Ti Ni KB1
0065 17 34 51 6.8 85 10.2 11.9 136 153

Lsec: 71.8 282 Cnts 4.975 keV Det: Octane Elite Plus

eZAF Smart Quant Results

Element Weight % Atomic %Net Int.  Error %
CK 1.29 5.71 80.19 6.80

PK 0.00 0.00 0.01 99.99

S K 0.00 0.00 0.01 99.99

TiK 0.53 0.59 71.45 6.06

MnK 1.59 1.53 15441 6.37

Z

iK 8.52 7.70 59821 2.68
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EDS Spot 2 - Det 1

12.0K Si Kax
108K
9.6k

8.4K Mn Ka

P la crikpl

48K f Lo P Ko

S Kp1
SKa snia TiKa
MolB  SnlLp
o La sn1p2 JTIKPL

Fe Ka

Cr Kol Mn KB1 Ni Kot

FeKBl  NiKpl

0.0 0 17 34 51 68 85 102 119 136 153

Lsec: 81.9 349 Cnts 4.975 keV Det: Octane Elite Plus

eZAF Smart Quant Results

Element Weight % Atomic %Net Int.  Error %
CK 0.00 0.00 0.01 99.99

PK 1.48 2.16 11947 5.83

S K 0.00 0.00 0.01 99.99

TiK 9.17 8.65 580.86 2.12

MnK 58.36 48.01 2576.48 1.31

Z

iK 0.42 0.32 14.24 38.49
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EDS Spot 3 - Det 1

135K bexa

12.0K
105K| Fela

9.0K| S La
P La
SidleKal Cr Ka
6.0k] Tilx
Sn Ma

7.5K

S Ka Mn KB1

Ni Ka
Mn La P Ka
3.0K S Kp1 Sn LB2

CrLa X
SiKaMolB  Snlp  Tikp
Mola  snia  TiKa

Fe K1

15K i Lot Ni K1

0'0|6.O 1.7 34 51 6.8 85 10.2 119 136 153

Lsec: 78.2 293 Cnts 4.975 keV Det: Octane Elite Plus

eZAF Smart Quant Results

Element Weight % Atomic %Net Int.  Error %
CK 0.00 0.00 0.01 99.99

PK 0.00 0.00 0.00 99.99

S K 0.20 0.35 32.77 14.21

TiK 0.64 0.74 74.87 5.62

MnK 2.15 2.16 180.99 4.62

NiK 10.07 9.46 607.71  2.47
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EDS Spot 4 - Det 1

18.9K Si Ka

16.8K
14.7K
12.6K
10.5K| Mn La
8.4K| . ! CrKp1

i Cr Ka
6.3K S S KB1 Ti Kat Mn KB1

4.2K SilLekal S Ka Sn Lo Mn Ko
La MolB  sSnlp FeKa ko

21K AN Lo ola snip2 f KB FeKBL  NiKpL

0.080 17 34 51 68 85

119

13.6

153

Lsec: 75.4 620 Cnts 4.975 keV Det: Octane Elite Plus

eZAF Smart Quant Results

Element Weight % Atomic %Net Int.  Error %
CK 0.82 2.71 18.03 18.10

PK 4.32 5.50 380.14 4.74

S K 0.00 0.00 0.01 99.99

TiK 20.84 17.17 1419.77 1.67

MnK 23.06 16.57 1112.78 1.80

Z

iK 0.54 0.37 20.81 28.07
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EDS Spot 5 - Det 1

15.0K’
Fe Ka
13.5K
12.0K]
10.5K

9.0K

7.5K

6.0K P Ka Mn KB1

S KBL

45K Ti L

SnLp2
i L Mo La snLg
SIKAMO LB snLla  Tike

Ni KB1

0.080 17 34 51 68 85 102 119 136 153

Lsec: 72.0 270 Cnts 4.975 keV Det: Octane Elite Plus

eZAF Smart Quant Results

Element Weight % Atomic % Net Int.  Error %
CK 0.95 4.25 57.36 8.23

PK 0.00 0.00 0.01 99.99

SK 0.00 0.00 0.01 99.99

—

iK 0.41 0.46 53.90 8.28

MnK 1.47 1.44 14132 6.77

NiK 10.64 9.74 73330 245
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.I‘
= i

3

20 Him Pixel Size = 4318 nmn EHT = 25.00 kW Signal A= SE2Z Stage at X=71.722 mm Stage at R = 105.6 * Date :19 Oct 2021
|_| Width= 4422 pm WD =210 mm Aperture Size =B000 i Stage at ¥ =B0E71 mm StageatT= 0.0°  Time 124305
Mag= 259X Stage at Z= 1.066 mm

Specimen W1-C4

X 3
B A .
20 Him Pixel Size =431 8nm EHT=25.00 kv Signal A= SE2 Stage at X=71722 mm Stage st R = 1056 ° Date :13 Oct 2021
|_| Width = 442 2 pm WD =21.0 mm Aperture Size = B0.00 pm Stage at ¥ =B0671 mm Stage at T= 00°  Time 124305
Mag= 250X Stage at Z= 1.066 mm

Specimen W1-C4
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10 Him Pixel Size = 1123 nm EHT=25.00 kW Signal A= SE2Z Stage at X=71.100 mm  Stage at R = 105.6 * Date :19 Oct 2021

|—| Width = 116.0 pm WD =216 mm Aperture Size = B0.00 pm Stage at ¥ =B0.260 mm  Stage at T= 0.0°  Time 11247:36
Mag= 994X Stage at Z= 1.066 mm

Specimen W1-C4

100 jim Pixel Size = 5,075 ym  EHT=25.00 kv Signal & = SE2

Stage at X=57.727 mm Stage at R = 106.0 * Date 119 Oct 2021
H Width = 5197 mm WD =215mm Aperture Size = 60,00 pm Stage at ¥ =59.991 mm Stage at T= 00° Time 130232
Mag= 22X Stage at Z= 1.066 mm

Specimen W2-C3
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20 i Pixel Size =551 1 nm  EHT = 25.00 kv Signal A = SE2 Stage at X =58.163 mm  Stage at R = 106.0 ® Date :18 Oct 2021
|_| Width = 564.4 pm WD =213 mm Aperturs Size =B0.00 pm Stage at Y = 58.655 mm  Stage at T= 0.0°  Time 130327
Mag= 203X Stage at Z= 1.066 mm

Specimen W2-C3

20 Him Pixel Size =551.1 nm EHT=25.00 k¥ Signal A= SE2 Stage at X=58163 mm  Stage st R = 10B.0 ® Date :13 Oct 2021

|_| Width = 564.4 pm WD =213 mm Aperture Size =60.00 pm  Stage at ¥ = 58655 mm Stage at T= 00°  Time (13:08:27
Mag= 203X Stage at Z= 1.066 mm

Specimen W2-C3
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10 Him Pixel Size = 1123 nm EHT=25.00 kW Signal A= SE2Z Stage at X=55.825 mm  Stage at R = 106.0 * Date :19 Oct 2021

|—| Width = 116.0 pm WD =21.5mm Aperture Size = B0.00 pm Stage at ¥ =59.150 mm  Stage at T= 0.0°  Time 11324:56
Mag= 994X Stage at Z= 1.066 mm

Specimen W2-C3

100 jim Pixel Size = 5,075 ym  EHT=25.00 kv Signal A= SE2 Stage at X=67 151 mm  Stage at R= 1057 ° Date :13 Oct 2021
H Width = 5197 mm WD =21.5 mm Aperture Size =60.00 pm  Stage at ¥ =73.321 mm Stage st T= 00°  Time 113:30:00

Mag= 22X Stage at Z= 1.066 mm

Specimen W3-C4
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20 Him Pixel Size =537 2 nm  EHT=25.00 kv Signal A= 5E2 Stage at X=B6530 mm  Stage at R =1057 ° Date :159 Oct 2021
|_| Width = 550.0 ym WD =218 mm Aperturs Size =B0.00 pm Stage at ¥ = 72528 mm  Stage at T= 0.0°  Time 133828
Mag= 208X Stage at Z= 1.066 mm

Specimen W3-C4

\ X

10 Him Pixel Size = 1123 nm EHT=25.00 kv Signal A= SE2 Stage at X=E4.325 mm  Stage st R = 1057 ® Date :153 Oct 2021

x

|—| Width=115.0 pm WD =215 mm Aperture Size =60.00 pm  Stage at ¥ = 73865 mm  Stage at T= 00°  Time 134218
Mag= 994X Stage at Z= 1.066 mm

Specimen W3-C4
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100 jim Pixel Size = 5075y EHT=25.00 kW Signal A = SE2 Stage at X =52288 mm  Stage at R = 1065 ° Date :19 Oct 2021
H Width =5.197 mm WD =216 mm Aperturs Size =B0.00 pm Stage at ¥ =75.242 mm  Stage at T= 0.0°  Time 1140424
Mag= 22X Stage at Z= 1.066 mm

Specimen W4-C2

20 Him Pixel Size =5500 nm  EHT=25.00 k¥ Signal A= SE2 Stage at X =57 545 mm  Stage st R = 10B.5 ® Date :153 Oct 2021

|_| Width = 563.2 pm WD =214 mm Aperture Size =60.00 pm  Stage at ¥ = 74766 mm  Stage st T= 00°  Time (14:00:14
Mag= 203X Stage at Z= 1.066 mm

Specimen W4-C2

This publication is available free of charge from: https://doi.org/10.6028/NIST.TN.2196



https://doi.org/10.6028/NIST.TN.2196

100 jim Pixel Size = 1659y EHT=25.00 kW Signal A = SE2 Stage at X=53.743 mm  Stage at R = 106.5 ° Date :18 Oct 2021
|_| Width = 1699 mm WD =220 mm Aperturs Size =B0.00 pm Stage at ¥ = 74.548 mm  Stage at T= 0.0°  Time 1140958
Mag= 67 X Stage at Z= 1.066 mm

Specimen W4-C2

100 jim Pixel Size = 1,659 ym  EHT=25.00 kv Signal A= SE2 Stage at X=53743 mm  Stage at R= 1065 ° Date :13 Oct 2021

|_| Width = 1699 mm WD = 22.0 mm Aperture Size =60.00 pm  Stage at ¥ = 74548 mm Stage at T= 00°  Time (14:0%.58
Mag= B7 X Stage at Z= 1.066 mm

Specimen W4-C2
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100 jim Pixel Size = 1659y EHT=25.00 kW Signal A = SE2 Stage at X=53.743 mm  Stage at R = 106.5 ° Date :18 Oct 2021

|_| Width = 1699 mm WD =220 mm Aperturs Size =B0.00 pm Stage at ¥ = 74.548 mm  Stage at T= 0.0°  Time 1140958
Mag= 67 X Stage at Z= 1.066 mm

Specimen W4-C2
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