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Abstract

In the framework of a collaborative project between ASME, NASA, and NIST, quasi-static
fracture toughness tests have been performed at liquid nitrogen temperature (77 K,

or -196 °C) and liquid helium temperature (4 K, or -269 °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), large differences in fracture toughness have been observed, with
the best weld (W2) exhibiting almost twice the critical toughness of the worst (W1) at 77 K
(219 kJ/m? vs. 113 kd/m?), and about seven times the critical toughness of W1 at 4 K

(146 kJ/m? as compared to 21 kJ/m?). The Charpy absorbed energies recorded at 77 K for
three of the welds within the same project were found to be strongly linearly correlated with
fracture toughness at both test temperatures. The exception was weld W4, which provided
the highest impact toughness and the second lowest quasi-static fracture toughness (stable
crack initiation and resistance to crack propagation).

Key words

316L stainless steel; apparent negative crack growth; liquid helium; liquid nitrogen; pressure
vessels fracture toughness; tearing modulus; welding.
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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
(-269 °C). The same procedure was also proposed for ASME Piping Code B31.3 Process

Piping [3].

Charpy testing provides a relatively inexpensive measurement of the impact
toughness of a material, quantified by absorbed energy and lateral expansion [4]. Due to
adiabatic heating that occurs at high strain rates during Charpy impact testing [5], conducting
Charpy tests at temperatures below 77 K is not technically feasible. The temperature rise
during the transfer of the specimens from the cooling medium to the impact position is also a
concern at temperatures below 77 K. These infeasibilities call into question the technical
justification of using Charpy impact toughness values measured at LN2 temperature to assess
the reliability of quasi-static fracture toughness tests conducted on single-edge bend
(Charpy-type) specimens at LHe temperature. While actions have been proposed to mitigate
the temperature increase due to specimen transfer ([6]-[16]), the heat generated within the
specimen during high strain rate deformation and fracture cannot be avoided and is
significant [17].

Addressing the use of 77 K Charpy test results to assess material properties at 4 K is
the main objective of this work. Specifically, crack propagation through welded sections of
316L stainless steel pipes is the primary mode and material of interest. Charpy impact testing
has already been completed on the weld section of four unique lots in welded 316L plates
[18]. These four unique lots cover a representative range in welding process, chemical
content, and delta ferrite fraction. The framework of this study is 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 results presented in this report include quasi-static fracture toughness (as
opposed to impact toughness, measured from Charpy tests in [18]) measured on Charpy-type
specimens [18] at 77 K and 4 K, extracted from the same four lots of welded 316L plates
previously investigated through Charpy impact testing at 77 K and tensile testing at 77 K and
4 K [19]. These results can be applied in energy and aerospace industries.

https://doi.org/10.6028/NIST.TN.2230 B
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2. Materials and Test Matrix

Charpy-type single-edge bend, SE(B), fracture toughness 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.

A summary of the welding processing specifications provided by each welding
vendor, as well as other pertinent information, is provided in Table 1. Gas tungsten arc
welding (GTAW) is sometimes referred to as either tungsten inert gas or heli-arc welding,
and does not use flux so as to protect the weld pool from oxidation with an inert gas shield.
Flux core arc welding (FCAW) is an automated process involving a wire (thin strip of metal
wrapped around a core of flux), such that the flux floats to the surface of the weld upon
melting and provides a temporary shield of the weld surface, but is usually assisted by a
cover gas. Common issues with using FCAW is that the flux can absorb moisture from the
air if not properly stored. Generally, GTAW is used to join smaller pipes since the deposition
rate is slower (approximately by a factor 3) than FCAW, which is typically used to join
larger pipes. All GTAW processes were performed using straight polarity, whereas FCAW
processes use reverse polarity. Notably, all suppliers used GTAW to perform the first few
root passes, but only W2 used GTAW to complete the rest of the weld passes (W1, W3, and
W4 used FCAW for all other passes after the root). Figure 1 provides a top-view (weld cap)
of the final passes used by each welding vendor, which range from one final pass (W1) to
four final passes (W2). Additional information about each weld is provided in Appendix F.

Table 1 — Processing information gleaned from welding process specification reports.

Welded w1 W2 W3 W4
plate
Root Cover Root Cover Root Cover Root Cover
Process
GTAW FCAW GTAW, GTAW, GTAW FCAW GTAW FCAW
manual manual
Tungsten
electrode 0.125", 0.094", 0.125", 0.125", 0.125",
dimensions 2% 2% 2% 2% 2%
and Thoriated Thoriated | Thoriated | Thoriated Thoriated
composition
Stringer or stringer stringer either either stringer either either either
weave
GTAW: GTAW: GTAW: GTAW: 7'562;/?2(5);
Shielding Ar, FCAW: | 100% Ar, | 100% A, Ar, Ar/CO2 Ar bagkin o
gas backing Cc0o2 backing: backing: backing: | 75%/25% | 99.997%, Ar g
0, 0,
Ar 100% Ar 100% Ar Ar 99.997%
Root filler " " " .0625"
diameter 0.094 0.094 0.125 and .094"
Cover filler 0.045" 0.125" 0.045" 0.045"
diameter
Interpass 50 °F to 50 °F to 50 °F to 50 °F to 70 °F to 70 °F to 50 °F to 50 °F to
temperature 350 °F 350 °F 300 °F 300 °F 350 °F 350 °F 350 °F 350 °F

https://doi.org/10.6028/NIST.TN.2230
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Figure 1 — Representative view of the top of each weld (weld cap / final cover pass). W1
used a single final pass, W2 used four final passes, W3 used three final passes, and W4 used

two final passes.

Chemical composition measurements were performed by NASA MSFC upon
receiving the welded plates and are provided in Table 2 (base plate) and Table 3 (weld). As
delta ferrite can form upon cooling, ferrite content measurements were performed on the
welds since fracture toughness measurements are centered in a given weld. The ferrite
measurements were performed using a contact-based Fisher Feritscope! FMP30, which was
verified using a sample of known ferrite content. The results are provided in Table 4.

1 Certain commercial software, equipment, instruments, or materials are identified in this report to adequately specify the experimental
procedure. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the equipment or materials identified are necessarily the best available for the purpose.
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Table 2 — Base plate composition (average of 3 measurements) in % mass fraction provided
by NASA MSFC.

Welded

plate ¢

Si

Mn

S

Mo

Ni

Al | Co

Cu

Nb

Ti

W

Pb

Sn

As | Zr

Ca

B

Fe

W1 |0.045

0.28

1.19

0.047|0.01 | 15

2.13

10.22

0.007

0.4

0.47

0.039

0.022

0.076

0.058

0.011

0.01

0.005

0.003

0.001

0.0005

70

W2 10.039

0.24

1.14

0.054|0.007| 15.2

2.11

10.17

0.008

0.31

0.49

0.005

0.018

0.083

0.05

0.013

0.011

0.005(0.00

3/0.001

0.0005

70.1

W3 |0.033

0.31

1.28

0.048|0.00814.88

2.14

10.24

0.006

0.36

0.33

0.028

0.017

0.058

0.065

0.011

0.007

0.005(0.00

310.0007

0.0005

70.2

W4 10.053

0.29

1.13

0.046|0.006(15.25

2.14

10.15

0.008

0.33

0.35

0.0009

0.02 (0.1

3

0.089

0.011

0.008

0.005(0.00

3/0.001

0.0005

70

Table 3 — Weld composition (average of 3 measurements) in % mass fraction provided by
NASA MSFC.

Welded

plate c

Si

Mn

P S | Cr

Mo

Ni

Al | Co

Cu

Nb

Ti | V

w

Pb

Sn

As | Zr

Ca

B

Fe

W1 (0.049

0.47

1.07

0.049(0.012(16.84

271

12.41

0.009

0.1

0.22

0.01

0.044

0.071

0.04

0.011

0.008

0.005

0.004

0.0009

0.0005

65.9

w2 |0.07

0.41

1.88

0.031|0.039(16.69

2.94

13.23

0.018

0.053

0.12

0.013

0.016

0.032

0.04

0.016

0.006

0.005

0.003

0.002

0.0008

64.4

W3 (0.064

0.52

0.82

0.046(0.011{15.89

2.23

12.87

0.007

011

0.22

0.027

0.039

0.078

0.04

0.01

0.008

0.005

0.003

0.001

0.0005

67

W4 10.074

0.64

1.4

0.038|0.026(16.71

2.96

11.96

0.04

0.19

0.12

0.005

0.084

0.092

0.04

0.013

0.003

0.005

0.003

0.002

0.0005

65.6

Table 4 — Ferrite percentage in welds, based on the average of 24 measurements per weld.

weld w1 W2 W3 w4
e
Root Cover Root Cover Root Cover Root Cover
Ferrite 5.64 8.19 4.00 4.25 3.02 2.29 8.04 9.83
(%)

The technical drawings of the fracture toughness specimens, whose general
dimensions were equivalent to those of the Charpy V-notch specimens according to ASTM
E23-18 [4], except for the notched region, are reproduced in Appendix C. The fracture
toughness specimens were extracted from the plates at the same time as tensile and Charpy
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 2, which is taken from ISO 15653:2018 [20]. As seen in Figure 2a, 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. After fatigue precracking in
accordance with the provisions of ASTM E1820-21 [21], specimens were side-grooved to a
total thickness reduction of 20 %, corresponding to 1 mm on each side.

https://doi.org/10.6028/NIST.TN.2230
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(a) (b)

Figure 2 — (a) Possible orientations of Charpy-type fracture toughness specimens extracted
from welded plates [20], and (b) photograph of some as-received specimens, showing the
location of 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),
such that the notch faces the root of the weld and crack propagation moves towards the weld
cap.

Details about the experimental procedure are given in Section 3, while Section 4
describes the analytical procedure used for the calculation of critical toughness values and
crack resistance curves.

Quasi-static fracture toughness tests were performed in accordance with ASTM
E1820-21 [21] at liquid nitrogen temperature (77 K =-196.15 °C =-321.07 °F) and liquid
helium temperature (4 K =-269.15 °C = -457.47 °F). On each weld, five or six tests were
performed at each temperature, for a total of 43 tests. The complete test matrix is provided in
Table 5.

Table 5 - Test matrix for the quasi-static fracture toughness tests.

T Number of
Weld (K) | tests performed
77 6
w1
4 5
77 5
W2
4 5
77 6
W3
4 5
77 5
W4
4 6

https://doi.org/10.6028/NIST.TN.2230
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3. Experimental Procedure

3.1. Fatigue Precracking at 77 K (Liquid Nitrogen)

To facilitate straight and efficient fatigue precracking, all specimens were precracked in
liquid nitrogen, as room temperature would have been too high with respect to both 77 K and
4 K, and the risk of artificially increasing toughness by the so-called warm prestressing
(WPS) effect [22] would have been significant. Prior to precracking, all specimens were
polished on both sides to ensure the precrack was visible past the notch. A 50-kip (222 kN)
servo-hydraulic load frame, equipped with a 2.5-kip (11 kN) load cell and crack mouth
opening ring-shaped clip gage (calibrated in LN2 and verified before testing) was used
during precracking and subsequent fracture toughness measurements. A thermocouple was
tied to a location well above the specimen to ensure the specimen was constantly submerged
in LN2. First, the specimen was placed in the upper bend fixture and the clip gage attached.
Then, the lower fixture was inserted over the specimen, and a guide was used to ensure the
specimen was centered with respect to all 3 loading pins. Next, a load-bearing sheath was
placed over the fixtures and twist-locked into place, with the threaded rod protruding out of
the bottom of the sheath. A spherical nut was threaded such that the bottom rod of the lower
fixture contacted the sheath. A pre-load was then applied using force control. The entire
setup was then slowly lowered into a double-walled cylinder filled with liquid nitrogen, by
lowering crosshead with hydraulic pressure. Images showing the pull rod, upper fixture,
specimen, clip gage, lower fixture, loading pins, sheath, and double-walled cylinder are
provided in Figure 3. If the thermocouple (placed well above the specimen) did not produce a
reading consistent with LN2 temperatures (77 K), the cylinder was filled with more LN2.

Figure 3 — (Left) Fracture toughness specimen placed in the upper fixture with the clip gage
attached and (middle) lower fixture placed over the specimen and 3 loading pin inserted
above the specimen. (Right) The sheath that protects the experimental setup and enables load
bearing on the specimen is lowered into a double-walled cylinder filled with LN2.
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Every specimen was fatigue precracked with a load shedding procedure, based on a
crack size check to verify the expected initial crack size (Ilength of machined notch). Table
EEE provides an overview of the parameters chosen for fatigue precracking. After
precracking was completed, specimens were 20 % side-grooved, according to the drawings in
Appendix C.

Table 6 — Input parameters used during fatigue precracking in LN2.

Item Input Units
Precrack Wave Shape True Sine Taper -
Precrack Final Crack Limit 5.00 mm
Precrack Frequency 5 Hz

Precrack Load Ratio 0.1 unitless
Precrack Lower Least Squares Fit Percentage 10 %
Precrack Upper Least Squares Fit Percentage 90 %

Precrack Cycle Limit 100,000 count

Precrack Final Maximum Stress Intensity Factor (Kmax) 0.7 kN/mm?5

3.2. Testsat 77 K (Liquid Nitrogen)

Fracture toughness testing in LN2 used the same equipment and experimental setup as
described above in 3.1. A custom-written procedure was used to measure crack resistance by
means of the Unloading Compliance technique, by recording force, displacement, and
CMOD data at a rate of 4 Hz. Once the specimen and fixtures had been submerged in liquid
nitrogen for at least 5 minutes, the procedure was initiated. Generally speaking, the following
steps were included: operator/specimen input, zero offset of axial channels, pre-load
application, elastic unloading and loading, crack extension in small increments with
sufficient dwell times and unloading/loading routines, followed by a return of the sample to
zero force. After testing, the specimens were heat tinted at 400 °C for 45 minutes and then
broken open on a Charpy machine after submerging them for a few minutes in LN2.

3.3. Testsat 4 K (Liquid Helium)

Fracture toughness testing in LHe used similar equipment and software procedures as
described for testing in LN2. However, some key equipment-related differences existed.
First, the clip gage was re-calibrated and verified in liquid helium. Also, a rod-like liquid
level indicator was placed near the specimen/fixtures (as opposed to the thermocouple used
in LN2 tests) to monitor the liquid level during testing. To minimize boil-off, a smaller
double-walled cylinder was placed in contact with the reaction frame using a tailored silicone
seal, and then tightened into place with threaded nuts. Each port on the experiment was
equipped with a custom fitting such as: a hose to recover the helium gas, a plug for the liquid
transfer line port, a seal around instrumentation wires, and a pressure relief valve. These
equipment differences are depicted in Figure 4. Once the specimen and fixtures had been
submerged in liquid helium for at least 5 minutes, the same testing procedure as for LN2 tests
was initiated.
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At both 77 K and 4 K, the typical test duration was between 75 minutes and 90
minutes, except when significant cleavage phenomena occurred.

Figure 4 — (Left) Fracture toughness specimen placed into both fixtures, plus a rod-like
liquid helium level indicator is visible behind the fixtures. (Middle) A smaller double-walled
cylinder was placed in contact with the reaction frame (silicone seal placed between cylinder
and frame) and tightened into place with threaded nuts. Each port on the experiment was
either equipped with (middle) a gas recovery hose, a plug, (right) a seal around
instrumentation wires, or a pressure relief valve.
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4. Analytical Procedure (ASTM E1820-21)

The quasi-static fracture toughness tests performed were analyzed in accordance with ASTM
E1820-21 [21], with the objective of establishing for every specimen tested the critical value
of fracture toughness (engineering approximation of the J-integral value at the initiation of
stable crack growth) and the crack resistance, or J-R (R = resistance), curve.

All tests were performed using the Unloading Compliance single-specimen technique,
whereby each specimen tested provides a critical value of toughness and a full crack
resistance curve, and crack size is measured through the elastic compliance of the cracked
specimen at various stages during the test. Elastic compliance is evaluated as the slope of
unloading/reloading cycles performed at regular and equally-spaced displacement intervals.
Crack sizes are analytically related to compliance for a specific specimen configuration, and
depend on the material’s elastic modulus at the test temperature.

According to E1820-21, fracture toughness is expressed in terms of J-integral, which
represents the work spent to propagate the crack. For a SE(B) specimen, it is calculated from
the area under the applied force vs. crack mouth opening displacement (CMOD) curve,
normalized by the specimen ligament and multiplied by a geometrical factor.

For the calculation of crack size from elastic compliance, the recommendations of
Appendix X3 of ASTM E1820-21 were followed. Only the unloading (decreasing force) part
of each cycle was used, and the initial and final 5 % of the unloading portion were excluded
from the linear regression. According to the same appendix, the uncertainty of the calculated
critical toughness due to noise in the unload/reload data is less than 4 % if the value of the
non-dimensionalized root-mean square of the standard error of the compliances is less than
400. Based on our calculations, this was found to be the case for all 43 tests performed in this
investigation.

Once the J-R (J-integral vs. crack extension Aa) curve is established, the critical
toughness is obtained from the intersection between the power law regression curve used to
fit qualified J-Aa data points and a construction line whose slope depends on the tensile
properties of the material at the test temperature, offset by 0.2 mm with respect to the origin
of the axes. The value of J-integral at this intersection is labeled Jg, a provisional, size-
dependent value of the plane-strain fracture toughness Jic, which represents the crack-
extension resistance under conditions of crack-tip plane strain. Jo can be qualified as Jic if a
number of validity requirements are fulfilled. Of the 35 toughness tests that provided
acceptable J-R curves (81 % of the 43 tests performed), only 8 yielded Jic critical values. The
cause of invalidity will be detailed in the Results section.

Most of the tests performed exhibited large tearing (ductile) instabilities,
accompanied by large crack “jumps” on the J-R curve, corresponding to significant force
drops and sudden increments of CMOD. Some of these crack jumps corresponded to
decreases in J-integral, particularly after significant crack extensions (1 mm or more). An
example is shown in Figure 5 (specimen W4-F5, tested at 4 K, which exhibited three tearing
instabilities during the course of the test).

For the test shown in Figure 5, the earliest tearing instability occurred after crack
initiation, i.e., the intersection between regression curve and 0.2 mm-offset construction line.
Therefore, the critical toughness value to be reported is the J-integral at the intersection.
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Figure 5 - Specimen W4-F5, force/CMOD curve (left) and J-R curve (right). In this case, the
first tearing instability occurred just after crack initiation.

If the first tearing instability occurs before crack initiation (example in Figure 6 —
specimen W4-F3), Jo cannot be established, and the critical toughness value to be reported is
the J-integral at the point of first tearing instability (Joc). This is defined in Annex A6 of
E1820-21 as “a measure of fracture toughness at instability without significant stable crack
extension”. Provided two specific validity conditions are met, this value is considered
independent of the in-plane dimensions of the specimen, and is labeled Jc. Details about the
validity or invalidity of Jqoc instability values will be provided in the following section.

Only welds W1 and W4 displayed this type of behavior (tearing instability before
crack initiation).

7 180
Tearing
= o instability '
6 ! #1 ! Tearing
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5 Tearing = - ' o O\#ZA
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Zz 4 E
< =2
8 =
5 g
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Figure 6 - Specimen W4-F3, force/CMOD curve (left) and J-R curve (right). In this case, the
first tearing instability occurred before crack initiation.

For welds and test temperatures where different type of fracture behavior were
observed, the mean critical toughness value was reported as the average of all calculated
values of Jqc, Je, Jo, and Jic (as applicable) for that specific condition.
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An additional toughness measure, the tearing modulus TM [22], was calculated and
reported. Although not included in ASTM E1820, it is considered a useful piece of
information for characterizing the fracture toughness of the investigated welds, as it
quantifies the slope of the regression curve (J-R curve) at the point of crack initiation (Jg).
The higher the tearing modulus, the steeper is the J-R curve, and therefore the resistance to
crack propagation. It is given by:

™ =LY (1)

2
oy da

where E is the Young’s modulus, oy is the average of yield and tensile strengths, and % is

the slope of the power law regression line calculated at the intersection with the 0.2 mm-
offset construction line.

5. Test Results

5.1. Testsat 77 K
5.1.1. Weld W1

Six tests were performed. In five cases, J-R curves and corresponding Jg values were
obtained, none of which qualified as Jic. Significant tearing instabilities were observed for 5
of the 6 tested specimens. Only for specimen W1-F10, the first tearing instability occurred
before initiation, and the calculated value of Joc was found to be dependent on in-plane
dimensions. Test results are summarized in Table 7 (including specimen dimensions) and
illustrated in Figure 7 (J-Aa data points). Detailed test results are provided in Appendix D.

Table 7 — Specimen dimensions and test results for weld W1, T = 77 K. N/A = not available.

Specimen w B Bn Ao,meas aog Al peas | Adpreg Jac J. Jo Jie ™ Reasons for J, orJ,
id (mm) (mm) (mm) (mm) (mm) (mm) (mm) | (kIm?) | (kIM? | (kIM?) | (kIm?) | (MPa) invalidity

W1-F9 10.02 10.03 8.01 5.22 5.16 3.16 3.21 N/A N/A 63.81 N/A 36.28 d

W1-F10 | 10.03 10.02 8.01 5.20 5.17 2.86 2.76 109.31 N/A N/A N/A N/A Kk |

W1-F11 | 10.02 10.03 8.01 5.28 5.28 1.77 1.40 N/A N/A 267.44 N/A 69.52 a, d

W1-F12 | 10.02 10.03 8.00 5.35 5.27 3.06 2.96 N/A N/A 89.28 N/A 13.99 d

W1-F13 | 10.03 10.05 8.01 5.36 5.17 3.35 3.31 N/A N/A 100.52 N/A 34.23 d, f

W1-F14 | 10.04 10.04 8.01 5.34 5.24 3.39 3.24 N/A N/A 46.00 N/A 22.50 a, defh

Invalidity keys a— Excessive difference between measured (Aameas) and predicted (Aapreq) crack extension.
d — Less than 3 data points available to calculate aq.
e — Less than 3 data points between 0.4Jq and Jo.
f — Correlation coefficient of the ay fit < 0.96.
h — Number of data points inside the two exclusion lines < 5.

k — Only for Jqc/Jc: thickness B < 100 i—Q .
Y

I — Only for Jqc/Jc: initial ligament b, < 1002—‘2.
Y
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Figure 7 — Experimental data points from the tests performed at 77 K on weld W1.

5.1.2. Weld W2

Five tests were performed. All tests yielded acceptable J-R curves with corresponding Jo
values, 4 of which qualified as Jic. No tearing instabilities were observed. Test results are
summarized in Table 8 (including specimen dimensions) and illustrated in Figure 8 (J-Aa

data points). Detailed test results are provided in Appendix D.

Table 8 — Specimen dimensions and test results for weld W2, T =77 K. N/A = not available.

Specimen w B Bn & omeas Agq A meas A preg Jao Jic ™ Reasons forJ. orJ,,
id (mm) (mm) (mm) (mm) (mm) (mm) (mm) | (kIm?) | (kIm?) | (MPa) invalidity
W2-F8 10.02 10.02 8.01 5.18 4.85 1.57 1.49 N/A 228.13 68.22
W2-F9 10.03 10.01 8.00 5.22 5.00 1.86 1.80 N/A 243.67 47.34
W2-F10 | 10.03 10.02 8.01 5.30 4.90 1.93 1.90 162.15 N/A 63.95 d, f
W2-F11 | 10.02 10.02 8.00 5.22 4.94 2.15 2.09 N/A 238.23 49.18
W2-F12 | 10.02 10.03 8.01 5.16 4.98 1.54 1.40 N/A 224.73 54.55
Invalidity keys d — Less than 3 data points available to calculate aq.

f — Correlation coefficient of the ay fit < 0.96.
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Figure 8 — Experimental data points from the tests performed at 77 K on weld W2.

5.1.3. Weld W3

Six tests were performed. All tests yielded acceptable J-R curves with corresponding Jg
values, 4 of which qualified as Jic. Tearing instabilities were observed for 3 of the tested
specimens, all of them occurring after crack initiation. Test results are summarized in Table 9
(including specimen dimensions) and illustrated in Figure 9 (J-Aa data points). Detailed test

results are provided in Appendix D.

Table 9 — Specimen dimensions and test results for weld W3, T = 77 K. N/A = not available

Specimen W B Bn &o,meas Ao AQ eas Aa ey Jo Jic ™ Reasons for J, orJ,
id (mm) (mm) (mm) (mm) (mm) (mm) (mm) | (kIm? | (kIm? | (MPa) invalidity
W3-F8 10.02 10.02 7.98 5.21 4.92 1.79 1.72 N/A 213.77 37.73
W3-F9 9.97 10.02 8.02 5.24 5.00 1.97 1.88 N/A 189.07 37.37
W3-F10 | 10.02 10.01 8.01 5.08 5.03 1.98 1.77 123.22 N/A 49.37 a, d
W3-F11 10.02 10.01 7.99 5.29 4.96 2.10 2.05 N/A 168.93 78.71
W3-F12 | 10.02 10.02 8.00 5.32 4.93 2.06 2.02 N/A 232.10 41.27
W3-F13 10.02 10.01 8.00 5.31 5.01 0.72 0.57 186.84 N/A 37.21 a,9
Invalidity keys a— Excessive difference between measured (Aameas) and predicted (Aapreq) crack extension.
d — Less than 3 data points available to calculate aq.

g — Invalid data point distribution between the 0.15 mm and 1.5 mm exclusion lines.
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Figure 9 — Experimental data points from the tests performed at 77 K on weld W3.

5.1.4. Weld W4

Five tests were performed. Only one test yielded an acceptable J-R curve?, while the
remaining specimens exhibited significant tearing instabilities before the onset of stable
crack initiation. Test results are summarized in Table 10 (including specimen dimensions)
and illustrated in Figure 10 (J-Aa data points). Detailed test results are provided in Appendix

D.

Table 10 — Specimen dimensions and results for weld W4, T = 77 K. N/A = not available.

Specimen w B By Ao meas aoq Aa eas Aa g Jac Je Jo Jie ™ Reasons for J, or J

id (mm) | (mm) | (mm) [ (mm) | (mm) | (mm) | (mm) | kIm?) | (kIM?) | (kIm? | (kIm?) | (MPa) invalidity
W4-F9 10.01 10.01 8.00 5.20 4.91 0.96 0.50 N/A N/A 198.73 N/A 20.16 a, g h
W4-F10 9.99 10.02 8.01 5.18 4.86 3.87 3.93 121.56 N/A N/A N/A N/A k, 1
W4-F11 10.02 10.01 8.00 5.19 4.89 3.81 4.22 116.60 N/A N/A N/A N/A k|
Wi4-F11 10.03 10.02 8.00 5.19 4.90 3.98 4.12 71.53 N/A N/A N/A N/A |
W4-F13 | 10.03 10.01 8.00 5.19 5.03 2.04 1.98 106.99 N/A N/A N/A N/A k, |
Invalidity keys a— Excessive difference between measured (Aameas) and predicted (Aapred) crack extension
g — Invalid data point distribution between the 0.15 mm and 1.5 mm exclusion lines.

2 Even this specimen (W4-F9), however, experienced a large tearing instability after the initiation of stable crack extension.

h — Number of qualified data points between the 0.15 mm and 1.5 mm exclusion lines < 5

k — Only for Jqc/Jc: thickness B < 100 i—Q .
Y

| — Only for Jqc/Jc: initial ligament b, < 100;—‘2.
Y
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Figure 10 — Experimental data points from the tests performed at 77 K on weld W4.

5.2. Testsat4 K

In all the fracture toughness tests conducted at liquid helium temperature (4 K), visible
serrations were observed on the force-CMOD diagrams of the tested specimens. These
serrations appeared as small force drops, accompanied by CMOD increases, and had been
already observed during the tensile tests performed at 4 K [19]. These serrations did not
occur in tensile or toughness tests performed at liquid nitrogen temperature (77 K), as can be

seen in Figure 11.

Force (kN)
»
Force (kN)

12 1.4

1.2 1.4 16 0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1
Crack mouth opening displacement (mm)

Crack mouth opening displacement (mm)
Figure 11 — Force-CMOD curves for a W2 specimen tested at 77 K (left), showing no
serrations, and for another W2 specimen tested at 4 K (right), showing serrations.
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The quality of the J-R curves obtained at 4 K is also significantly worse than at 77 K,
in terms of both visible hysteresis of several load/unload cycles (Figure 11), and scatter of the

J-Aa data points (Figure 12).
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Figure 12 — J-R curves for two W2 specimens tested at 77 K (left) and at 4 K (right).

5.2.1. Weld W1
Five tests were performed, all of them providing acceptable J-R curves and corresponding Jo

values. No valid Jic were obtained. All tested specimens exhibited large tearing instabilities,
occurring after crack initiation. Test results are summarized in Table 11 (including specimen
dimensions) and illustrated in Figure 13 (J-Aa data points). Detailed test results are provided

in Appendix E.

Table 11 — Specimen dimensions and test results for weld W1, T =4 K. N/A = not available.

Specimen W B Bn 8 o,meas Ay Aa meas A preg Jo Jic ™ Reasons forJ. orJ,,
id (mm) (mm) (mm) (mm) (mm) (mm) (mm) | (kIm?) | (kIIm? | (MPa) invalidity
WI1-F4 | 1003 | 10.05 8.00 5.53 5.54 2.65 251 | 16.98 N/A 6.19 adegh
WI-F5 | 10.04 | 10.05 8.00 5.76 5.76 2.59 213 | 3412 N/A | 1895 a
WI-F6 | 10.04 | 10.05 8.00 5.30 5.30 2.87 258 | 16.80 N/A 5.50 a,deh
WI-F7 | 10.04 | 10.04 8.00 5.31 5.32 2.38 202 | 17.06 N/A 5.30 a,deh
W1-F8 | 10.03 | 10.03 8.01 5.37 5.37 2.63 236 | 17.56 N/A 6.12 adef
Invalidity keys a— Excessive difference between measured (Aameas) and predicted (Aapreq) crack extension.

d — Less than 8 data points available to calculate aq.
e — Less than 3 data points between 0.4Jq and Jo.

f — Correlation coefficient of the ay fit < 0.96.
g — Invalid data point distribution between the 0.15 mm and 1.5 mm exclusion lines.

h — Number of data points inside the two exclusion lines < 5.
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Figure 13 — Experimental data points from the tests performed at 4 K on weld W1.

5.2.2. Weld W2

Five tests were performed. All tests yielded acceptable J-R curves with corresponding Jo
values, none of which qualified as Jic. Large tearing instabilities were observed for 4 of the
tested specimens, all occurring after crack initiation. Test results are summarized in Table 12
(including specimen dimensions) and illustrated in Figure 14 (J-Aa data points). Detailed test

results are provided in Appendix E.

Table 12 — Specimen dimensions and test results for weld W2, T =4 K. N/A = not available.

Specimen W B Bn & o,meas Agq Aa meas A preg Jo Jic ™ Reasons forJ. orJ,,
id (mm) (mm) (mm) (mm) (mm) (mm) (mm) | (kIm?) | (kIIm? | (MPa) invalidity
W2-F3 | 10.02 | 10.03 8.01 5.29 5.13 2.71 244 | 11172 | N/A | 3338 af
W2-F4 | 10.02 | 10.02 8.00 5.18 5.16 2.60 199 | 14899 | NIA | 33.69 af
W2-F5 | 10.02 | 10.02 8.00 5.12 5.15 2.68 275 | 13119 | N/A | 26.30 f
W2-F6 | 10.02 | 10.01 8.01 5.13 5.15 3.07 285 | 16459 | N/A | 29.14 af
W2-F7 | 10.03 | 10.01 8.00 5.28 5.18 3.02 2.68 | 17337 | N/A | 39.00 af
Invalidity keys a— Excessive difference between measured (Aameas) and predicted (Aapreq) Crack extension.

f — Correlation coefficient of the ay fit < 0.96.
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Figure 14 — Experimental data points from the tests performed at 4 K on weld W2.

5.2.3. Weld W3

Five tests were performed, all providing acceptable J-R curves with corresponding Jo values.
None qualified as Jic. Tearing instabilities were observed for 3 of the tested specimens. Test
results are summarized in Table 13 (including specimen dimensions) and illustrated in Figure

15 (J-Aa data points). Detailed test results are provided in Appendix E.

Table 13 — Specimen dimensions and test results for weld W3, T =4 K. N/A = not available.

Specimen w B Bn & o,meas agq Aa eas A preg Jao Jic ™ Reasons for J. orJ,.
id (mm) (mm) (mm) (mm) (mm) (mm) (mm) | (kIm?) | (kIIm? | (MPa) invalidity
1.59 1.29 85.51 N/A 36.29 a

10.01 8.06 5.29 5.21

8.00 5.24 5.19 1.72 1.51 98.14 N/A 37.71

5.24 5.04 2.42 2.25 101.38 N/A 30.14
5.32 5.17 1.82 2.11 96.08 N/A 29.11
5.30 5.15 1.86 1.73 104.36 N/A 32.16

W3-F3 | 10.02
W3-F4 | 10.02 | 10.02
W3-F5 | 10.02 9.96 8.06
W3-F6 | 9.96 10.01 8.00
W3-F7 | 9.92 10.01 8.07
a — Excessive difference between measured (Aameas) and predicted (Aapreq) Crack extension.

Invalidity keys
f — Correlation coefficient of the ao fit < 0.96.

- D ©
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Figure 15 — Experimental data points from the tests performed at 4 K on weld W3.

5.2.4. Weld W4

Six tests were performed. Only 3 tests yielded an acceptable J-R curve, while the remaining 3
specimens exhibited significant tearing instabilities before the onset of stable crack initiation.
Test results are summarized in Table 14 (including specimen dimensions) and illustrated in

Figure 16 (J-Aa data points). Detailed test results are provided in Appendix E.

Table 14 — Specimen dimensions and test results for weld W4, T =4 K. N/A = not available.

Specimen w B By &g meas agq Aa meas Aa g Jac Je Jo Jie ™ Reasons for J, orJ,,
id (mm) | (mm) | (mm) [ (mm) | (mm) | (mm) | (mm) | kIm?) | (kIm?) | (kIm?) | (kIm?) | (MPa) invalidity
WA4-F3 10.01 9.98 8.01 5.24 5.12 291 2.57 164.31 N/A N/A N/A N/A Kk, |
W4-F4 9.99 10.02 8.01 5.22 5.06 3.34 3.39 N/A N/A 42.01 N/A 5.98 h
W4-F5 10.01 10.04 8.02 5.23 5.01 3.52 3.62 N/A N/A 70.32 N/A 7.93 h
W4-F6 10.00 10.02 8.00 5.18 4.99 3.64 3.66 103.96 N/A N/A N/A N/A k1
W4-F7 10.01 10.01 8.01 5.13 5.12 3.18 3.18 N/A N/A 26.99 N/A 6.40 d
W4-F8 10.02 10.02 8.00 5.26 5.07 1.99 3.59 52.34 N/A N/A N/A N/A
Invalidity keys d — Less than 8 data points available to calculate aqq.

g — Invalid data point distribution between the 0.15 mm and 1.5 mm exclusion lines.
k — Only for Jqc/Jc: thickness B < 100 i—Q .
Y

I - Only for Jod/Jc: initial ligament b, < 10022 .
Y
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Figure 16 — Experimental data points from the tests performed at 4 K on weld W4.
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6. Fractography

6.1. Summary of Fractography of Weld Specimens W1 - W4

Both light optical and SEM-based fractography were performed on all the weld/temperature
conditions investigated herein. All weld conditions optical images are presented in

Appendix E. Table 15, Table 16, Table 17, and Table 18 summarize the macroscopic features
and mechanisms of fracture in the specimens. In the summary tables, green text indicates that
SEM fractography was performed in addition to the light optical fractography. Italics
represent statements that are inferred from information gathered during SEM of a
representative specimen. All SEM conducted on the specimens was such that the precracked
region (Figure 17) is directly above the field of view (to the north of the image) and can be
found in Appendix E.

Figure 17 — Representative SE image of the precracked region of a weld specimen.
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Table 15 — Summary of the fractography in weld W1 at 4 K and 77 K. Green text indicates
that SEM fractography was performed in addition to the light optical fractography. Italics
represent statements that are inferred information gathered during SEM of a representative

specimen.
Weld | Specimen | T (K) Macroscopic Features Mechanism of Fracture
. Mixed MVC and brittle fracture (cleavage).
Large cracks, lack of fusion . .
F4 4 orosity. crack iumos Large cleavage present at crack jump. Partially
P Y jump formed microvoids interrupted by cleavage.
F5 4 JIIJ?;%(; cracks, small crack Mixed MVC and brittle fracture
F6 4 Large cracks Mixed MVC and brittle fracture
F7 4 Large cracks Mixed MVC and brittle fracture
Mixed MVC and brittle fracture (cleavage).
F8 4 Large cracks Partially formed microvoids interrupted by
cleavage.
w1 F9 77 Wormbhole pores, crack MVC
jumps
F10 77 yvormhole pore, crack MVC
jumps
F11 77 I_:’Iastlc deformation, crack MVC
jumps
F12 77 Large cracks, wormhole MVC
pores
F13 77 Plastic deformation MVC
Plastic deformation, large - . o
F14 77 cracks, wormhole pore, MVC, wormhole pore surface contains oxides (=~

crack jumps

2 um)

Table 16 — Summary of the fractography in weld W2 at 4 K and 77 K.

Weld | Specimen | T (K) Macroscopic Features Mechanism of Fracture
F3 4 Plastic deformation MVC
MVC, lack of fusion porosity (=200 pm
4 4 Plastic deformation d!ame_ter), elonga_ted mlcro_v0|ds 1 to crack
direction, small signs of brittle fracture, crack
jump = 50 pm
F5 4 Plastic deformation MVC
F6 4 Plastic deformation MVC
F7 4 Plastic deformation MVC
W2 s 77 Plagtlc deformatlonllack of MVC
fusion porosity
. . MVC, elongated microvoids L to crack
F9 77 ?J?IS;:: dg:‘gsrirp at::c;g(/:ta_zl:nofs direction, cracks at MVVC, NVC present near
P Y Jump MV, lack of fusion porosity = 150 um diameter
F10 77 I_:’Iastlc deformation, crack MVC
jumps
F11 77 Elastlc deformation, crack MVC
jumps
F12 77 Plastic deformation MVC
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Table 17 — Summary of the fractography in weld W3 at 4 K and 77 K.

Weld | Specimen | T (K) Macroscopic Features Mechanism of Fracture
F3 4 Plastic deformatlon, medium Mixed MVC and brittle fracture
cracks, crack jumps
. . . Mixed MVC and brittle fracture (cleavage,
Plastic deformation, medium . . .
F4 4 - intragranular, and intergranular). Partially
cracks, crack jumps - A
formed microvoids interrupted by cleavage.
Mixed MVC and brittle fracture (cleavage).
Plastic deformation, medium Partially formed microvoids interrupted by
F5 4 . cleavage. More cleavage present near
cracks, crack jumps . . . N
precracked region. Crack jumps ~25 um --
100 um
F6 4 Plastic deforn]atlon, medium Mixed MVC and brittle fracture
3 cracks, crack jumps
F7 4 Plastic deformatlon, medium Mixed MVC and brittle fracture
cracks, crack jumps
8 77 I_:’Iastlc deformation, crack MVC
jumps
F9 77 I_:’Iastlc deformation, crack MVC, cracks at MVC
jumps
F10 77 Plastic deformation MVC
F11 77 Elastlc deformation, crack MVC
jumps
F12 77 Plastic deformation MVC
F13 77 I_:’Iastlc deformation, crack_ MVC
jumps, very small test region
Table 18 — Summary of the fractography in weld 4 at W4 K and 77 K.
Weld | Specimen | T (K) Macroscopic Features Mechanism of Fracture
- 4 Plastic deformation, Mixed MVC and brittle fracture (cleavage)
medium cracks, crack jumps
F4 4 Large cracks, crack jumps Mixed MVC and brittle fracture
F5 4 Plastic deformatlon, large Mixed MVC and brittle fracture
cracks, crack jumps
F6 4 Large cracks Mixed MVC and brittle fracture (cleavage)
Mixed MVC and brittle fracture (cleavage),
F7 4 Large cracks possible elongated lack of fusion porosity (= 100
um -- 300 pm)
4 F8 4 Large cracks, crack jumps Mixed MVC and brittle fracture
F9 77 Elastlc deformation, crack MVC
jumps
F10 77 Plastic deformation, large MVC
cracks
F11 77 Plastic deforrr_latlon, large MVC
cracks, crack jumps
F12 77 Plastic deformation, large MVC
cracks
F13 77 Plastic deformation, crack MVC

jumps
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6.2. Specimens Tested at 77 K

The macroscopic features in the weld specimens tested at 77 K consisted of large areas of
plastic deformation, wormhole pores, crack jumps, and lack of fusion pores (Figure 18).
Figure 18a depicts a large wormhole pore present in W1-F14, indicated by a white arrow.
The head of the pore is approximately 500 um across, with the tail measuring approximately
300 um across. From top to bottom, the wormhole pore is approximately 2 mm in length.
Figure 18b depicts W2-F9 with several lack of fusion pores (indicated with white arrows),
ranging from approximately 60 um to 200 um in diameter. Figure 18c depicts a crack jump
in W3-F9, found in several of these specimens. Figure 18d (W4-F12) depicts the general
fracture surface morphology.

The wormhole morphology depicted in Figure 18a is shown in greater detail in Figure
19, where a higher magnification (Figure 19a) is presented, detailing some of the inner
surface cavity features. Figure 19b and Figure 19c¢ show residual material from the pore
formation, with a relative chemical concentration of the hemispherical features shown in
Figure 19d. The EDS line scan shows a higher concentration of O and Si relative to the rest
of the surrounding material, indicating that these features are likely oxides.

Generally, the fracture mechanism for the 77 K specimens consisted of microvoid
coalescence (MVC), which occurred from plastic deformation/stretching during yielding.
The MV C occurred mostly around the regions of small inclusions which ranged from
approximately 300 nm — 15 um. The microvoids that formed around the inclusions in the
77 K test specimens are shown in greater detail in Figure 20. A larger FOV depicting several
microvoids is shown in Figure 20a, whereas Figure 20b displays the microvoids in greater
detail. An EDS line scan (Figure 21) of an inclusion was found to have a higher
concentration of Cr and Mn relative to the surrounding material.

Figure 22 displays a higher magnification (Figure 22a) image of a crack jump in
W2-F9 with instances of nanovoid formation near the MVC (Figure 22b and Figure 22c¢).
The nanovoids tended to form around very small inclusions (= 30 nm — 50 nm), however it is
not clear if these nanovoids formed due to the presence of these inclusions leading to weak
points in the matrix like the MVC, or if they are present throughout the material at higher
magnifications.
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Figure 18 — Representative SE images of the fractographic features. a) wormhole pore, b)
lack of fusion porosity, ¢) crack jumps, d) general fracture surface.
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Figure 19 — a) Wormhole morphology at higher magnification, b) signs of residual material
from the pre-formation, c) hemispherical inclusions on the surface of the pore cavity with
dashed line indicating region of EDS line scan, d) EDS line scan of the hemispherical

inclusion.

Figure 20 —a) MVVC morphology in W4-F12, b) typical inclusion within a microvoid.
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Figure 21 — EDS line scan of an inclusion typically found in a microvoid (W1-F13).

Figure 22 — MVC at a crack jump with nanovoids surrounding the MVVC (W2-F9).

6.3. Specimens Tested at 4 K

Unlike the specimens tested at 77 K, those that were tested at 4 K showed less overall plastic
deformation. There were macroscopic large cracks present in Welds W1, W3, and W4,
whereas Weld W2 showed similar plastic deformation features to specimens tested at 77 K
(Appendix E). Similar features such as crack jumps were present in these specimens (Figure
23a), however there were indications of large cleavage fracture (Figure 23b) as indicated by a
white arrow. Specimens tested at 4 K displayed both MVC and brittle fracture mechanisms,
shown in Figure 24a and in higher magnification in Figure 24b. The inclusions found inside
the microvoids of the 77 K tested specimens are now exposed in the 4 K tested specimens
without the plastic deformation of the microvoid envelope (Figure 24b). In the areas of
strictly brittle fracture/cleavage, there are clear indications of cleavage facets (highlighted by
a white arrow) in Figure 24b.
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There were many instances of partially formed microvoids that were interrupted by
cleavage fracture, shown in Figure 25. There is a large microvoid that began to form in
Figure 25 (pictured in the center), which shows signs of cleavage facets that are flat relative
to the microvoid formation. This was likely due to regions of the matrix behaving in a ductile
fashion until the behavior shifted towards brittle fracture, to which then the microvoid broke
apart leaving these partially formed microvoids behind.

Along with the cleavage fracture features, there were small instances of intergranular
and intragranular fractures among crack paths, shown in Figure 26. Figure 26a shows the
crack paths with signs of cleavage. Figure 26b displays these features at higher
magnification, whereas Figure 26¢ and Figure 26d display signs of intergranular and
intragranular fractures indicated with arrows.

Figure 27 displays the fracture surface near the precracked region. Figure 27a shows
the crack paths that appear to follow the same path as the fatigue precracks (indicated by a
white arrow pointing downward). Figure 27b displays this crack path in higher
magnification, among instances of MVC. Figure 27c displays cleavage facets and exposed
inclusions. Figure 27d displays clear indications of cleavage fracture, with small voids that
could be due to inclusion lift-out from the fracture, as no indications of plastic
deformation/coalescence had occurred near the voids.

Figure 23 — a) Crack jump displaying a large cleavage-based fracture morphology, b)
enhanced view of the cleavage feature.

Figure 24 — a) Mixed-mode fracture displaying both MVC and cleavage, b) higher
magnification of the cleavage facets.
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Figure 25 — Partially formed microvoid interrupted by cleavage fracture.

Figure 26 — a) Cleavage fractures along crack paths, b) higher magnification of the crack
path, c-d) higher magnifications displaying intergranular fracture.
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Figure 27 — a) Crack paths that appear to follow the directions of the precracking, b) higher
magnification of the crack path, c) cleavage facets among small instances of MVC, d) higher
magnification of the cleavage facets and inclusion lift-outs.
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7. Discussion

The results of the 43 fracture toughness tests are summarized in Table 19. Average values
and standard deviations are based on all types of critical J-integral values calculated for each
test (Joc, Jo, Or Jic).

Table 19 — Summary of critical toughness values measured at 77 K and 4 K on the four 316L
welds.

Specimen| T (K) |Joe (kImA) | Jo (kIm?) | J;c (kI/m?) Comment Specimen| T (K) [Joe (kI/m?)| Jo (kIM?) [ I, (kIIm?) Comment
W1-F9 63.81 Tearing instability after initiation | W1-F4 16.98 Tearing instability after initiation
W1-F10 109.31 Tearing instability before initiation [ W1-F5 34.12 Tearing instability after initiation
W1-F11 267.44 Tearing instability after initiation [ W1-F6 16.80 Tearing instability after initiation
W1-F12 77 89.28 Tearing instability after initiation [ W1-F7 4 17.06 Tearing instability after initiation
W1-F13 100.52 Tearing instability after initiation | W1-F8 17.56 Tearing instability after initiation
W1-F14 46.00 Tearing instability after initiation | Average 20.51
Average 112.73 SD 7.62
SD 79.36
W2-F8 228.13 W2-F3 111.72 Tearing instability after initiation
W2-F9 243.67 W2-F4 148.99
W2-F10 162.15 W2-F5 131.19 Tearing instability after initiation
W2-F11 77 224.73 W2-F6 4 164.59 Tearing instability after initiation
W2-F12 238.23 W2-F7 173.37 Tearing instability after initiation
Average 219.38 Average 145.97
SD 32.89 SD 24.99
W3-F8 213.77 Tearing instability after initiation | W3-F3 85.51 Tearing instability after initiation
W3-F9 189.07 Tearing instability after initiation | W3-F4 98.14
W3-F10 123.22 W3-F5 101.38 Tearing instability after initiation
W3-F11 77 168.93 Tearing instability after initiation | W3-F6 4 96.08 Tearing instability after initiation
W3-F12 232.10 Tearing instability after initiation | W3-F7 104.36 Tearing instability after initiation
W3-F13 186.84 Tearing instability after initiation | Average 97.10
Average 185.66 SD 7.20
SD 37.79
W4-F9 198.73 Tearing instability after initiation | WA4-F3 164.31 Tearing instability before initiation
W4-F10 121.56 Tearing instability before initiation | W4-F4 42.01 Tearing instability after initiation
W4-F11 116.60 Tearing instability before initiation | W4-F5 70.32 Tearing instability after initiation
W4-F12 7 71.53 Tearing instability before initiation | W4-F6 103.96 Tearing instability before initiation
W4-F13 106.99 Tearing instability before initiation [ W4-F7 4 26.99
Average 123.08 W4-F8 52.34 Tearing instability before initiation
SD 46.59 Average 76.66
SD 50.45

Average values, standard deviations, and coefficients of variation (ratio between
standard deviation and average value) are presented in Table 20.

Table 20 — Average values, standard deviations, and coefficients of variation for the fracture
toughness tests performed on the four 316L welds.

T Average SD T Average SD
Weld ) ) cv ) ) cv
(K) | (kIm?) | (k3/m?) (K) | (kIm?) | (k3/m?)
W1 112.73 79.36 70% 20.51 7.62 37%
w2 77 219.38 32.89 15% 4 145.97 24.99 17%
W3 185.66 37.79 20% 97.10 7.20 7%
W4 123.08 46.59 38% 76.66 50.45 66%

7.1. Comparisons Between Welds

Based on the results of the tests performed (Table 19 and Table 20), a clear ranking of the
four welds resulted in terms of critical toughness, irrespective of test temperature: from the
toughest to the least tough, W2 / W3/ W4 / W1. W2 and W3 also exhibited the smallest
scatter at both test temperatures. The same information is also illustrated in Figure 28.
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Figure 28 — Average critical fracture toughness values at 77 K and 4 K for the four 316L
welds. Error bars correspond to +1SD.

As far as crack resistance (tearing modulus) is concerned, average values of TM,
standard deviations, and coefficients of variation are collected in Table 21 and illustrated in
Figure 29. These results confirm the ranking observed in terms of critical J-integral, although
the weld-to-weld differences appear somewhat smaller.

Table 21 — Average values, standard deviations, and coefficients of variation of tearing
modulus (TM) for the fracture toughness tests performed on the four 316L welds.

Weld T ™ SD cv T ™ SD cv
(K) (MPa) | (MPa) (K) (MPa) | (MPa)

w1 35.31 21.16 60% 8.41 5.90 70%

w2 77 56.65 9.14 16% 4 32.30 4.84 15%

W3 46.94 16.24 35% 33.08 3.78 11%

W4 20.16 N/A N/A 6.77 1.03 15%

Another comparison between the investigated welds is provided in Figure 30 and
Figure 31, where mean J-R curves are presented at 77 K and 4 K respectively. These mean
J-R curves were obtained by averaging J values from all available regression curves at
specific crack extension values. The relevant error bars correspond to the standard deviations
of those same J values.
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Figure 29 — Average tearing modulus values at 77 K and 4 K for the four 316L welds. Error
bars correspond to £1SD.
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Figure 30 — Mean J-R curves for the four 316L welds tested at 77 K. NOTE: there are no
error bars for W4, as only one J-R curve was obtained.
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Figure 31 — Mean J-R curves for the four 316L welds tested at 4 K.

The four welds also widely differed in terms of the occurrence of significant tearing
instabilities. The toughest weld (W2) showed no tearing instabilities at 77 K, while at 4 K 4
out 5 specimens exhibited ductile instabilities, all after crack initiation. Conversely, for the
two least tough welds (W1 and W4), all tested specimens exhibited tearing instabilities,
except for one W4 specimen tested at 4 K. However, most W1 tests experienced instabilities
after crack initiation, while for W4 instabilities occurred before crack initiation for 7
specimens out of 11. This confirms that W4 has the worst fracture toughness of all
characterized welds. As for W3, ductile instabilities were observed on 9 tests out of 11, but in
every case this occurred after crack initiation.

Differences in toughness between investigated welds depend mostly on welding
procedures, inhomogeneities, and ferrite content. As mentioned in section 2, all welding
vendors used GTAW to perform the first few root passes, but only W2 used GTAW to
complete the rest of the weld passes (W1, W3, and W4 used FCAW for all other passes after
the root). In terms of total welding passes used in the final layer (weld cap), W2 contained
four passes, W3 contained three passes, W4 contained two passes, and W1 contained a single
pass. Typically, residual stresses can be reduced in a weld by increasing the number of
passes, reducing the local heat input, and lowering the temperature differential [23]. Of note
from fractography, W1 was the only weld that showed signs of wormhole porosity, which is
likely due to contamination of the flux core (moisture absorption is a common cause). Also,
interstitial content and phase fraction have known effects on the fracture behavior of welds
between stainless steels [24], where increases in C and N stabilize the austenite phase and
improve crack resistance. In this study, W3 and W2 contained the least amount of ferrite in
the weld, whereas W4 and W1 contained the most ferrite in the weld. As W2 exhibited the
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highest toughness, there is a clear benefit to using the slower GTAW welding process for
both root and subsequent cover passes, finishing the final layer with multiple passes, and
minimizing ferrite content. As far as the least tough weld (W1) is concerned, high ferrite
content, minimal passes in the final weld layer (weld cap), and excess porosity are the main
contributing factors to the significantly lower toughness. Differences between the welds with
intermediate toughness (W3 was found to be tougher than W4) can also be attributed to the
number of passes in the weld cap and ferrite content, since W3 contained more passes in the
weld cap and a lower ferrite content.

While there are many factors that may convolute the comparison of the four 316L
welds investigated in this work, such as porosity or welding parameters, a meaningful
comparative assessment could be made between welds W3 and W4, neither of which
contained a large amount of porosity, and which were manufactured with similar welding
parameters (GTAW, then FCAW). In this comparison, the 4 K toughness of W3 was nearly
25 % higher than the 4 K toughness of WA4. Also, the ferrite content of W4 was nearly four
times that measured in W3. A previous study [25] demonstrates that an increase in ferrite
content decreases the toughness of stainless steel welds. This is especially true at cryogenic
temperatures, since the body-centered-cubic (BCC) lattice of ferrite becomes brittle as
thermal energy is required to activate all possible slip systems. Another factor could be the
processing strategy (GTAW, then FCAW or GTAW used in both root and cover passes),
where W2 exhibited the greatest toughness at 77 K and 4 K and was the only weld produced
by only GTAW processes. The older welds were finished with FCAW processes and were
generally less tough at the same temperature, which is consistent with a previous study [26]
on the toughness at 4 K of austenitic stainless steel weldments.

In future work, grain size and residual stress will be measured to provide more clarity
on differences in the occurrence of tearing instabilities.

7.2. Effect of Test Temperature

As could be expected, decreasing the test temperature from 77 K to 4 K caused a reduction of
fracture toughness (critical J-integral and tearing modulus) for all investigated welds, as can
be seen in Figure 28 and Figure 29. Reductions ranged between 33 % and 82 % for critical J,
and between 30 % and 55 % for tearing modulus (Table 22). The smallest variations were
recorded for W2 (33 % and 30 % respectively).

Table 22 — Fracture toughness variations from 77 K to 4 K for the investigated welds.

Critical toughness (kJ/m?) Tearing modulus (MPa)

77 K 4K A (%) 77 K 4K A (%)
W1 112.73 20.51 82% 35.31 8.41 76%
W2 219.38 | 145.97 33% 56.65 32.30 43%
W3 185.66 | 97.10 48% 46.94 33.08 30%
W4 123.08 | 76.66 38% 20.16 6.77 66%

Weld

The effect of test temperature can also be appreciated in Figures 32-35, where mean
J-R curves at 77 K and 4 K with error bars are compared for the four investigated welds.
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Figure 32 — Mean J-R curves at 77 K and 4 K for weld W1.
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Figure 33 — Mean J-R curves at 77 K and 4 K for weld W2.
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Figure 34 — Mean J-R curves at 77 K and 4 K for weld W3.
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Figure 35 — Mean J-R curves at 77 K and 4 K for weld W4. NOTE: only one J-R curve is
available at 77 K.
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A strong linear correlation (Figure 36) was found between average critical toughness
values measured at 77 K and 4 K, as indicated by the high value of the Pearson correlation
coefficient (r = 0.918).
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Figure 36 — Relationship between average critical toughness measured on the four welds at
77 K and 4 K. NOTE: error bars correspond to = 1SD.

On the fracture surface of almost every specimen tested at 77 K, ductile behavior was
observed at the microscale (microvoid coalescence). The main distinguishing difference
between ductile and brittle fracture behavior is the occurrence of flat cleaved features at the
microscale [27].

While all welds experienced a reduction in toughness from 77 K to 4 K, W2 still
remained the toughest with the lowest scatter, whereas W4 and W1 showed large scatter and
remained the two least tough welds. Toughness reductions from 77 K to 4 K correlated well
with fractographical observations. Namely: W2 contained the least amount of cleavage on
fracture surfaces, whereas W4 and W1 contained the highest number of occurrences of
cleavage at the microscale. Fractography also revealed worm hole porosity on the fracture
surfaces of W1, which causes further instability during quasi-static crack growth.

An additional difference between the two test temperatures is the occurrence of
serrations at 4 K, which were not observed at 77 K. This is consistent with previous studies
on AISI 316 [28] and is considered to be a result of changes in dislocation character,
sometimes referred to as low temperature plastic instabilities [29].

7.3. Considerations about Jc and Jic Validity

We already mentioned in Section 4 that the provisional critical toughness values, Joc and Jo,
must fulfil several validity requirements in order to be qualified as Jc and Jic, respectively.
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When fracture instability occurs before stable tearing, the requirements are meant to
ensure that Joc is insensitive to the in-plane dimensions of the specimen (i.e., the uncracked
ligament size), although it may still be dependent on specimen thickness (length of crack
front).

Eight of the 43 fracture toughness tests performed terminated with instability before
stable crack initiation (7 on weld W4, 1 on weld W1). None of these Joc values fulfilled both
qualification requirements of ASTM E1820-21, Appendix A6:

(@) Specimen thickness B > 1002

Oy )
(b) Initial ligament b, > 100{:3,
Y

where oy is the material’s flow stress at test temperature (average of yield and tensile
strengths).

The remaining 35 tests yielded a provisional measure of J-integral at the initiation of
stable crack extension, Jg. This provisional value must meet the following 10 requirements to
be qualified as size-independent plane-strain fracture toughness, Jic:

(a) Absolute difference between measured (Aameas) and predicted (Aapred) Crack extension
smaller than 15 % of Aameas for Aameas < 0.2bo or smaller than 3 % of b, thereafter, with
bo = initial ligament size.

(b) Exponent of the power law regression curve, C> < 1.0.

(c) Absolute difference between measured (ao) and calculated (aoq) initial crack size smaller
than the larger of 1 % of W or 0.5 mm.

(d) Number of data points available to calculate aoq > 8.

(e) Number of data points between 0.4 Jg and Jg > 3.

(F) Correlation coefficient of the fit used to calculate aoq > 0.96.

(9) Acceptable data point distribution in the region of qualified data, delimited by the 0.15

mm and 1.5 mm exclusion lines and capped by J;imir = b;’% (at least one point between
the 0.15 mm and 0.5 mm exclusion lines, and at least one point between the 0.5 mm and
1.5 mm exclusion lines).

(h) At least 5 data points inside the region of qualified data.

(i) Specimen thickness B > 10{‘—‘2.
Y

() Initial ligament b, > 10{‘—‘2.
Y

Among the 27 tests that provided acceptable J-R curves, but for which Jg could not
be qualified, the most often violated requirements were:
e requirement (a): 15 tests;
e requirement (d): 12 tests;
e requirement (h): 7 tests.
The remaining violated requirements were: (e) — 4 tests, (f) — 4 tests, and (g) — 3 tests.

Excessive discrepancies between measured and predicted crack extensions,
requirement (a), were mostly observed at 4 K (13 tests), and are believed to be caused by the
following:

e uncertainties in the elastic moduli used for calculating crack size from compliance;
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e additional crack propagation occurring between the last unload/reload cycle, which
provides the final predicted crack size, and the effective test termination. This should be
particularly relevant at 4 K, where crack resistance is much lower than at 77 K and
serrations might also be affecting compliance measurements. Indeed, in all cases, the
predicted crack extension was lower than the measured value.

According to E1820-21, the predicted initial crack size aoq is obtained by fitting all
[J, a] data points before maximum force. Particularly in case of low resistance to crack
propagation, maximum force in a test could be reached before a sufficient number of data
points (at least 8) is determined. This type of requirement violation was observed almost
equally at both temperatures (7 times at 77 K and 5 times at 4 K).

Finally, whenever tearing instabilities occurred after crack initiation but before a
significant amount of crack extension, a significant risk of having less than the minimum
number of data points inside the region of qualified data (5) was encountered. This happened
more often at 4 K (5 tests) than at 77 K (2 tests).

7.4. Correlations with Charpy Impact Properties

In an earlier part of this project, Charpy impact toughness was measured at 77 K on the four
welds [18]. Based on the values of absorbed energy obtained, the toughest weld was W4 (KV
=92.3 J) and the least tough was W1 (KV = 43.0 J). Overall, the ranking that emerged from
the Charpy tests was W4 / W2 / W3 / W1, from the toughest to the least tough. This was
reasonably consistent with the outcome of the fracture toughness tests, with the exception of
weld W4, which resulted the toughest in Charpy testing but the second least tough in
toughness testing, both at 77 K (Figure 36) and 4 K (Figure 37).

The energy absorbed at 77 K in the Charpy tests was found to be strongly linearly
correlated to the critical fracture toughness of welds W1, W2, and W3 both at 77 K (r =
0.960) and 4 K (r = 0.981). However, if data for weld W4 are included, the correlation
coefficients dramatically drop to 0.295 and 0.650, respectively.
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Figure 37 - Correlation between critical toughness and Charpy absorbed energy at 77 K
(average values and +1 SD error bars).
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7.5. Apparent Negative Crack Growth

Sometimes, when examining the early portion of an elastic compliance fracture toughness
test, an unexpected and non-physical phenomenon is apparent, whereby crack size
(compliance) decreases with increasing applied J-integral. This behavior has been labeled
“apparent negative crack growth”, and has been extensively studied in the literature
([29].[31]-[36]).

Various causes have been invoked to explain this non-physical behavior, including
excessive friction in the test setup, due to round-bottomed clevis holes [31], misalignment in
the loading train [32], physical blunting behavior effects [32], compressive residual stresses
in the plastic zone surrounding the crack tip during the unloading process [34], and stiffness
increase (i.e., compliance decrease) due to strain hardening of the same plastic zone [35].
According to some authors [36], compliance is actually “expected” to decrease for a blunting
crack, and therefore the compliance minimum should coincide with the initiation of ductile
crack growth.

Different approaches have been proposed to tackle the problem of apparent negative
crack growth, such as simply discarding all data points prior to the minimum crack
size/compliance ([29],[32]), which is identified as the beginning of ductile crack propagation,
or applying analytical corrections to the negative calculated crack extension values [34]. The
most convincing approach ([33],[34]), in the opinion of the authors, is associating to the
point of minimum compliance the following value of crack extension:

]
Aay; = 2%5 ' 2)

where Jwc is the J-integral value corresponding to the point of minimum compliance, and
then shifting all predicted crack extension values by an amount equal to Aayi. In [33], this
procedure clearly improved the agreement between measured and predicted crack extensions.

However, no provisions are contained in ASTM E1820-21 to account for this
phenomenon, and the user is required to use all data points preceding maximum force to
establish the predicted initial crack size, aoq. Therefore, the analyses in this report were
performed strictly in accordance with the E1820-21 procedure.

Apparent negative crack growth was observed on all investigated welds (Figure 38),
except for 3 of the 6 tests performed at 4 K on weld W4. This phenomenon had already been
reported for a thick-section weld joint of 316 stainless steel tested at 4 K [37].
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w1l W2

W3 W4

Figure 39 - Examples of apparent negative crack growth observed at 77 K on all investigated
welds.
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8. Conclusions

The quasi-static fracture toughness of the weld sections of four AISI 316L welded plates was
measured at 77 K and 4 K, using Charpy-type single-edge bend specimens and the Unloading
Compliance single specimen technique in accordance with ASTM E1820-21. The main
findings of this investigation were as follows:

At both test temperatures (77 K and 4 K), weld W2 turned out to be the toughest and W1
the least tough, based on both critical toughness at crack initiation and resistance to crack
propagation. W2 also exhibited the lowest scatter of toughness properties at both
temperatures.

In most of the tests performed, tearing (ductile) instabilities were observed,
corresponding to large crack “jumps”, which were clearly observed on the fracture
surfaces of the tested specimens. In some cases (8 tests out of 43), the earliest tearing
instability occurred before stable crack initiation, and the corresponding value of
J-integral represented the critical toughness value for that particular specimen. The only
test condition that did not experience any tearing instability was weld W2 tested at 77 K.
W2 was the only weld produced using gas tungsten arc welding (GTAW) for both root
and subsequent cover passes, whereas all other welds (W1, W3, and W4) used GTAW
for the root passes and flux core arc welding (FCAW) during cover passes. Also, the final
layer (weld cap) of W2 was created using the most passes (four) when compared to other
welds. When comparing welds produced with both GTAW and FCAW, the number of
passes in the final layer (weld cap) inversely correlated with toughness, such that the final
layer of W1 (least tough) was completed in a single pass, the final layer of W4 (second
least tough) was completed with two passes and the final layer of W3 (second toughest)
was completed in 3 passes. Ferrite content in the weld covers also likely played a role in
toughness, such that W4 and W1 contained the most ferrite, whereas W2 and W3
contained the least amount of ferrite.

For all investigated welds, quasi-static fracture toughness (both initiation toughness and
crack resistance) was significantly reduced from 77 K to 4 K, with W2 exhibiting the
smallest reduction and W1 the largest. A strong linear correlation between critical
toughness at 77 K and 4 K was found for the welds investigated. While ductile behavior
(microvoid coalescence) was observed on the fracture surfaces of all welds tested at

77 K, some instances of brittle failure (cleavage) were observed on the surfaces of the
specimens tested at 4 K. The differences in toughness reduction from 77 K to 4 K
correlated well with observations from fractography, where W2 showed the least amount
of cleavage on fracture surfaces, while W4 and W1 contained the highest number of
observable cleavage at the microscale. Fractography also revealed worm hole porosity on
the fracture surfaces of W1, which is likely due to contaminated flux core materials.

Out of 43 specimens tested, only in 8 cases (all at 77 K) the critical value at initiation
could be qualified as size-independent plane-strain fracture toughness, Jic. The most often
violated qualification requirements were an excessive difference between measured and
predicted crack growth and an insufficient number of data points available to calculate
the original crack size from compliance.

Average critical toughness values at both 77 K and 4 K reasonably correlated with
Charpy absorbed energies measured at 77 K, but only for three of the investigated welds
(from least tough to toughest, W1 — W3 — W?2). The strong linear correlation existing
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for weld W1, W2, and W3, however, completely broke down for weld W4, which
absorbed the most energy from Charpy tests at 77 K, but resulted the second least tough
weld at both 77 K and 4 K.

e Apparent negative crack growth, caused by material stiffening in the plastic zone around
the crack tip during the blunting phase, was observed in 40 of the 43 tests performed.
This seemingly non-physical phenomenon, however, is currently not acknowledged by
the ASTM E1820-21 test standard and was not accounted for in the analyses performed
and was therefore not accounted for in the analyses performed.
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Appendix A: Supplemental Information for Each
Weld

Wire composition (% mass fraction) provided by welding vendors

Welded AWS/SFA 5 QWJAWS/SFA 5.22 = ROOt/H\(;\t/4

plate (Root) ' (Cover) ' Root | Cover Dass Cover
C 0.014 0.03 0.016 | 0.03 | <0.01/<0.01 | 0.022
Cr 18.16 18.89 18.3 | 17.74 18.3/18.0 18.68
Ni 11.81 12.48 12.75 | 12.94 12.2/12.0 11.88
Mo 2.56 2.55 2.54 2.1 2.5/25 2.72
Mn 1.78 1.14 1.89 0.85 1.6/1.5 1.53
Si 0.36 0.7 0.35 0.56 0.35/0.37 0.72
P 0.014 0.26 0.015 | 0.025 | 0.021/0.023 | 0.024

S 0.012 0.005 0.012 | 0.004 | 0.012/0.01 0.008
Cu 0.08 0.21 0.1 0.2 0.18/0.16 0.12

Optical image of weld cross sections after mechanical polishing and etching (Kalling’s No. 2:
5 g CuCly, 40 ml HCI, 30 ml H20).
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Appendix B: Technical Drawings of the Charpy-
type Specimens for Fracture Toughness Testing

. I
I Side grooves must be centered |
: over the already existing notch. :

—

NOTES: all dimensions in millimeters. Default tolerances are £ 0.1 mm and * 1°. Default surface finish, unless
specified, is < 1.6 pm.

Top: general drawing of the specimen before side-grooving — Bottom: details of side-grooves
(machined after fatigue precracking).
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Appendix C: Digital Pictures of the Fracture
Surfaces of the Tested Specimens

Specimens Tested at 77 K

W1-F9

W1-F10
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W1-Fi11

W1-F12
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W1-F13

W1-F14
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W2-F8

W2-F9
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W2-F10

W2-F11
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W2-F12

W3-F8
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W3-F9

W3-F10
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W3-F11

W3-F12
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W3-F13

W4-F9
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W4-F10

Wi4-F11
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W4-F12

W4-F13
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Specimens Tested at 4 K

W1-F4

W1-F5
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W1-F6

W1-F7
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W1-F8

W2-F3
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W2-F4

W2-F5
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W2-F6

W2-F7
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W3-F3

W3-F4

https://doi.org/10.6028/NIST.TN.2230



https://doi.org/10.6028/NIST.TN.2230

W3-F5

W3-F6
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W3-F7

WA4-F3
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W4-F4

W4-F5
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W4-F6

W4-F7
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W4-F8
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Appendix D: Detailed Results of the Fracture
Toughness Tests

WeldW1, T=77K
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WeldW2, T=77K
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WeldW3, T=77K
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WeldW4, T=77K
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WeldW1, T=4K
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WeldW2, T=4K
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WeldW3, T=4K
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WeldW4, T=4K
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Appendix E: Fractography — Optical Images

WeldW1, T=4K
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WeldW1, T=77K

https://doi.org/10.6028/NIST.TN.2230



https://doi.org/10.6028/NIST.TN.2230

https://doi.org/10.6028/NIST.TN.2230



https://doi.org/10.6028/NIST.TN.2230

https://doi.org/10.6028/NIST.TN.2230



https://doi.org/10.6028/NIST.TN.2230

WeldW2, T=4K
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WeldW2, T=77K
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WeldW3, T=4K

https://doi.org/10.6028/NIST.TN.2230


https://doi.org/10.6028/NIST.TN.2230

https://doi.org/10.6028/NIST.TN.2230



https://doi.org/10.6028/NIST.TN.2230

https://doi.org/10.6028/NIST.TN.2230



https://doi.org/10.6028/NIST.TN.2230

WeldW3, T=77K
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WeldW4, T=4K
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WeldW4, T=4K
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Appendix F: Fractography — SEM Images and EDS
Spectra

Weld W1
W1-F4 (4 K)

Large FOV displaying a crack jump and lack of fusion pore.

a) Crack jump, b) cleavage fracture
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a) Lack of fusion pore, b) feature on the surface of the feature.

Elongated lack of fusion pore.
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a) Crack paths showing brittle fracture, b—c) higher magnification of the cleavage facets.

a) Crack paths showing brittle fracture and MVC, b-c) higher magnification of the cleavage
facets.
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W1-F8 (4K)

Large FOV of the fracture surface displaying a crack jump.

a) Crack jump, b) surface of the brittle fracture, c-d) higher magnification of the cleavage
fracture.
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Lack of fusion pore surrounded by both cleavage fracture and MVC.,

a-b) View of the crack paths, c-d) higher magnification of the MVC and cleavage fractures.
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W1-F13 (77 K)

a) MVC surface morphology, b) typical inclusion within a microvoid.

EDS line scan of an inclusion found within a microvoid.
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Precracked regions displaying inclusions exposed to the surface.

W1-F14 (77 K)

a) Typical MVVC morphology, b) inclusion within a microvoid.
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Wormhole pore

a) Wormhole pore head, b) remnants in the cavity, ¢) cavity bottom, d) oxides.
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Weld W2
W2-F4 (4 K)

Large FOV of the fracture surface displaying lack of fusion porosity.

a) lack of fusion porosity, b) sheared microvoids, ¢) nanovoids.
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a) sheared microvoids, b) higher magnification.

a) MVC, b-c) small pore.
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MVC and crack jumps
W2-F9 (77 K)

Large FOV of the fracture surface displaying lack of fusion porosity
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a) Lack of fusion pore, b) surface at the bottom of the pore cavity.

a) MVC, b) Inclusions

a) Sheared MVC, b) small inclusions on the surface.
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a) Crack jump, b) MVC, c) nanovoids.

Large FOV of the precracked region.
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Weld W3

W3-F4 (4 K)

Large FOV of the fracture surface.

a) Crack paths, b-c) Intergranular fracture.
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a) Crack paths, b) brittle fracture) c-d) intergranular and intragranular fracture.

Partially formed microvoid interrupted by cleavage fracture.
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W3-F5 (4 K)

a) Crack jumps, b) higher magnification of a crack jump, ¢c-d) MVC at the crack jump
surface.

a-b) Plastic deformation features
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a) Crack paths near the precracked region, b) enlarged view, c—d) cleavage facets.

W3-F9 (77 K)

Large FOV displaying crack jumps.
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MVC.

a) Crack paths, b) MVC

a) Precracked region, b) Inclusions exposed to the surface.
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Weld W4
W4-F4 (4 K)

Large FOV displaying lack of fusion porosity.

a) Mixed mode fracture and inclusion lift-outs, b-c) cleavage fracture surface.
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WA4-F6 (4 K)

Large FOV of the fracture surface.

a) Mixed mode fracture (MVC and cleavage), b-c) inclusions exposed to the surface.
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a) Crack paths among MVC and cleavage fracture, b-c) inclusions exposed to the surface.

WA4-F7 (4 K)

Large FOV of the fracture surface displaying regions of brittle fracture and elongated lack of
fusion pores.
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a) Mixed MVC and brittle fracture, b-c) enlarged view of the mixed fractures.

a) Mixed MVC and brittle fracture, b-c) enlarged view of the mixed fractures.

https://doi.org/10.6028/NIST.TN.2230



https://doi.org/10.6028/NIST.TN.2230

Mixed MVC and brittle fracture near an elongated lack of fusion pore.

WA4-F12 (77 K)

Large FOV of the fracture surface and crack paths.
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MVC.

Precracked region.
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