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(57) Abstract: A Ni-Cr-Fe alloy with improved resistance to stress corrosion cracking in nuclear environments, the alloy comprising
23-28 wt% Cr, 25-35 wt% Ni,< 0.03 wt% C, <0.70 wt% Si, <1.0 wt% Mn, <0.015 wt% S, >0.35 wt% Ti, 0.15-0.45 wt% A1, <0.75
wt% Cu, and balance Fe and incidental impurities. The alloy may be used in steam generator tubing of a nuclear reactor. A method
of producing an article includes: providing the alloy as disclosed herein; forming the alloy into the article by cold working the alloy
to 20%; and heat treating the article.
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TITLE: NICKEL-CHROMIUM-IRON ALLOYS WITH IMPROVED
RESISTANCE TO STRESS CORROSION CRACKING IN NUCLEAR
ENVIRONMENTS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Application No.
62/112,879 filed on February 6, 2015, the entire contents of which are hereby

incorporated herein by reference.
FIELD

[0002] The present disclosure relates to materials science and corrosion

engineering.
BACKGROUND

[0003] The following paragraphs are not an admission that anything
discussed in them is prior art or part of the knowledge of persons skilled in the
art.

[0004] Nickel-chromium-iron Alloy 800 (UNS N08800), as currently used
in nuclear and other applications, has good corrosion resistance, especially

resistance to stress corrosion cracking (SCC).

[0005] However, as reactor and other industrial plants age, and are
considered for extended life beyond the original design lifetime, it is desirable to
decrease susceptibility to SCC further.

INTRODUCTION

[0006] The following is intended to introduce the reader to the detailed

description that follows and not to define or limit the claimed subject matter.

[0007] In an aspect of the present disclosure, a Ni-Cr-Fe alloy with
improved resistance to stress corrosion cracking in nuclear environments may
have between about 23 and 28 wt% Cr. In some examples, the alloy may have

between about 24 to 27 wt% Cr, or about 25 wt% Cr. In some examples, the
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alloy may have between about 25 and 35 wt% Ni, or between about 32 and 35
wt% Ni.

[0008] In some particular examples, the alloy may have about 32 wt% Ni
and about 25 wt% Cr, or about 25 wt% Ni and about 25 wt% Cr, or about 35
wt% Ni and about 25 wt% Cr, or about 32 wt% Ni and about 27 wt% Cr. The
alloy may further have: < 0.03 wt% C; < 0.70 wt% Si; < 1.0 wt% Mn; < 0.015
wt% S; > 0.35 wt% Ti; between 0.15 and 0.45 wt% Al; < 0.75 wt% Cu; < 0.03
wt% N; > 12 Ti/C; and balance substantially Fe.

[0009] The alloy may be used in a nuclear reactor. The alloy may be

used in steam generator tubing of a nuclear reactor.

[0010] In an aspect of the present disclosure, a method of producing an
article may include: providing the alloy as disclosed herein; forming the alloy
into the article; and heat treating the article. In some examples, the step of heat
treating may consist of solution annealing the article at at least about 1000°C
for at least about 3 minutes, or between about 1050°C to 1100°C for at least

about 3 minutes, or at about 1075°C for about 1 hour.

[0011] The method may further include, after the step of heat treating,
rapidly cooling the article. The step of forming may include cold working the
article to about 20%. After the step of heat treating, the article may have an

average grain size of about 100um.

[0012] Other aspects and features of the teachings disclosed herein will
become apparent, to those ordinarily skilled in the art, upon review of the

following description of the specific examples of the present disclosure.
BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The drawings included herewith are for illustrating various
examples of apparatuses and methods of the present disclosure and are not

intended to limit the scope of what is taught in any way. In the drawings:

Figure 1 is a drawing of a compact tension (CT) specimen;



WO 2016/123715 PCT/CA2016/050104

-3-

Figure 2 is an image of a CT specimen with fatigue pre-crack

before testing;

Figure 3A is a graph showing crack growth vs. cavity formation for

cold-worked (CW) carbon steel in creep and SCC conditions;

Figure 3B is a graph showing crack growth vs. cavity formation
rates for CW Alloy 600 (UNS N06600) and Alloy 690 (UNS N06690);

Figure 4A is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in pressurized water reactor (PWR) primary water
at 360°C (20%CW, 32%Ni-27%Cr-Fe, 1075°C x 1Th W.C.);

Figure 4B is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 360°C (20%CW, 35%Ni-
25%Cr-Fe, 1075°C x Th W.C.);

Figure 4C is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 360°C (20%CW, 25%Ni-
25%Cr-Fe, 1075°C x Th W.C.);

Figures 5A and 5B show fracture surfaces after testing in PWR
primary water at 360°C (20%CW, 32%Ni-27%Cr-Fe, 1075°C x 1h W.C))
(12.5mm");

Figures 6A and 6B show fracture surfaces after testing in PWR
primary water at 360°C (20%CW, 35%Ni-25%Cr-Fe, 1075°C x 1h W.C))
(12.5mm?):

Figures 7A and 7B show fracture surfaces after testing in PWR
primary water at 360°C (20%CW, 25%Ni-25%Cr-Fe, 1075°C x 1h W.C))
(12.5mm?"));

Figure 8A is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 340°C (20%CW, 32%Ni-
27%Cr-Fe, 1075°C x Th W.C.);
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Figure 8B is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 340°C (20%CW, 35%Ni-
25%Cr-Fe, 1075°C x Th W.C.);

Figure 8C is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 340°C (20%CW, 25%Ni-
25%Cr-Fe, 1075°C x Th W.C.);

Figures 9A and 9B show fracture surfaces after testing in PWR
primary water at 340°C (20%CW, 32%Ni-27%Cr-Fe, 1075°C x 1h W.C))
(12.5mm");

Figures 10A and 10B show fracture surfaces after testing in PWR
primary water at 340°C (20%CW, 35%Ni-25%Cr-Fe, 1075°C x 1h W.C))
(12.5mm?"));

Figures 11A and 11B show fracture surfaces after testing in PWR
primary water at 340°C (20%CW, 25%Ni-25%Cr-Fe, 1075°C x 1h W.C))
(12.5mm);

Figure 12A is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 320°C (20%CW, 32%Ni-
27%Cr-Fe, 1075°C x Th W.C.);

Figure 12B is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 320°C (20%CW, 35%Ni-
25%Cr-Fe, 1075°C x Th W.C.);

Figure 12C is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 320°C (20%CW, 25%Ni-
25%Cr-Fe, 1075°C x Th W.C.);

Figures 13A and 13B show fracture surfaces after testing in PWR
primary water at 320°C (20%CW, 32%Ni-27%Cr-Fe, 1075°C x 1h W.C))
(12.5mm);
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Figures 14A and 14B show fracture surfaces after testing in PWR
primary water at 320°C (20%CW, 35%Ni-25%Cr-Fe, 1075°C x 1h W.C))
(12.5mm");

Figures 15A and 15B show fracture surfaces after testing in PWR
primary water at 320°C (20%CW, 25%Ni-25%Cr-Fe, 1075°C x 1h W.C))
(12.5mm?):

Figure 16A is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 290°C (20%CW, 32%Ni-
27%Cr-Fe, 1075°C x Th W.C.);

Figure 16B is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 290°C (20%CW, 35%Ni-
25%Cr-Fe, 1075°C x Th W.C.);

Figure 16C is a graph showing temperature, conductivity and
dissolved hydrogen vs. time in PWR primary water at 290°C (20%CW, 25%Ni-
25%Cr-Fe, 1075°C x Th W.C.);

Figures 17A and 17B show fracture surfaces after testing in PWR
primary water at 290°C (20%CW, 32%Ni-27%Cr-Fe, 1075°C x 1h W.C))
(12.5mm");

Figures 18A and 18B show fracture surfaces after testing in PWR
primary water at 290°C (20%CW, 35%Ni-25%Cr-Fe, 1075°C x 1h W.C))
(12.5mm");

Figures 19A and 19B show fracture surfaces after testing in PWR
primary water at 290°C (20%CW, 25%Ni-25%Cr-Fe, 1075°C x 1h W.C))
(12.5mm");

Figures 20A, 20B and 20C show scanning electron microscope

(SEM) images of the surface after testing on the bottom of the CT specimens;

Figures 21A, 21B, 21C, 21D, 21E, 21F, 21G, 21H, 211 and 21J
show Auger electron spectroscopy (AES) mapping of the cross section after

testing on the bottom of the CT specimens;
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Figures 22A, 22B and 22C show SEM images of the cross

section after testing on the bottom of the CT specimens;

Figures 23A and 23B show fracture surfaces after testing in air at
460°C (20%CW, 32%Ni-25%Cr-Fe, 1075°C x 1h W.C.) (12.5mm"));

Figures 24A and 24B show fracture surfaces after testing in air at
440°C (20%CW, 32%Ni-25%Cr-Fe, 1075°C x 1h W.C.) (12.5mm"));

Figures 25A and 25B show fracture surfaces after testing in air at
425°C (20%CW, 32%Ni-25%Cr-Fe, 1075°C x 1h W.C.) (12.5mm")):;

Figures 26A and 26B show fracture surfaces after testing in air at
445°C (19%CW, 34%Ni-22%Cr-Fe, 1065°C x 10m A.C.) (11mm"));

Figure 27A is a graph showing SCC growth rate vs. Cr

concentration for alloys in PWR primary water at 360°C;

Figures 27B and 27E are graphs showing SCC growth rate vs. Cr

concentration for alloys in PWR primary water at 320°C;

Figures 27C and 27D are graphs showing SCC growth rate vs. Cr

concentration for alloys in PWR primary water at 290°C;

Figures 28A and 28B are graphs showing SCC growth rate vs.
1/T for alloys in PWR primary water,

Figures 29A and 29B show SEM images of the surface after

testing on the bottom of the CT specimens;

Figure 30A is a graph showing parabolic law vs. 1/T for alloys in

PWR primary water;

Figure 30B is a graph showing SCC initiation time vs. 1/T for
alloys in PWR primary water;

Figure 30C is a graph showing crack growth rate vs. 1/T for alloys

in PWR primary water; and

Figure 30D is a graph showing discharged vacancies vs. time for

two sizes of grains.
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DETAILED DESCRIPTION

[0014] Various apparatuses or methods will be described below to
provide an example of an embodiment of each claimed invention. No
embodiment described below limits any claimed invention and any claimed
invention may cover apparatuses and methods that differ from those described
below. The claimed inventions are not limited to apparatuses and methods
having all of the features of any one apparatus or method described below, or
to features common to multiple or all of the apparatuses or methods described
below. It is possible that an apparatus or method described below is not an
embodiment of any claimed invention. Any invention disclosed in an apparatus
or method described below that is not claimed in this document may be the
subject matter of another protective instrument, for example, a continuing
patent application, and the applicant(s), inventor(s) and/or owner(s) do not
intend to abandon, disclaim or dedicate to the public any such invention by its

disclosure in this document.

[0015] The present disclosure relates to optimizing the material
specification of Alloy 800 to give reliable SCC resistance in initiation and
propagation during long term exposures, for example, to at least 80 years in
Canada Deuterium Uranium (CANDU) reactor and PWR primary systems.
Materials considered herein are modifications of Alloy 800 with different
concentrations of Cr and Ni. The measured SCC growth rates were compared
with rates obtained previously for Alloys 690 (61% Ni) and 316 (10% Ni) in
PWR primary water. Furthermore, measured SCC growth rates were compared

with other test results of alloys with variations of nickel and chromium.

[0016] Firstly, the effects of nickel and chromium concentrations on
intergranular stress corrosion cracking (IGSCC) was investigated. The following
alloys with higher Cr concentrations and cold-worked to 20% (20%CW) were
examined: 32%Ni-27%Cr-Fe; 35%Ni-25%Cr-Fe; and 25%Ni-25%Cr-Fe.

[0017] Secondly, the temperature dependence of SCC growth of steam

generator (SG) tubing in a range of operating temperatures was examined. The
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above-noted Ni-Cr-Fe alloys with higher Cr concentration were examined at
290°C, 320°C, 340°C and 360°C.

[0018] Thirdly, the role of cavity formation on SCC initiation of carbon
steel for long terms at high temperatures was considered, and the rate of cavity
formation was measured. Then, the results were compared with results for
Alloy 690 to compare the SCC initiation resistance of the Ni-Cr-Fe alloys
described herein, considering life beyond 60 years. An alloy of 20%CW solution
annealed 32%Ni-25%Cr-Fe (1075°C x 1 h W.C.) was examined in the range of
temperatures between 425°C and 460°C. The results were compared with the
results obtained previously to examine the effect of Cr concentration and the
effect of heat treatment on the rate of cavity formation in air. Furthermore, a Ni-
Cr-Fe alloy specimen with fine grains was tested at 445°C to confirm its
reproducibility of the result obtained at 460°C, and to examine the grain size

effect considering steam generator tubing with fine grain size.

[0019] For applications where increased resistance to corrosion (SCC in
particular) is required, such as in nuclear power plants or similar applications
where material integrity is important, any increase in materials performance
whilst remaining within specification limits, that are similar to the materials
currently in use, is important, and hence useful. Alloys of the present disclosure
may provide significantly improved resistance to SCC compared to Alloy 800
alloys currently available. Thus, the alloys of the present disclosure may be
useful for applications where Alloy 800 is currently used, and potentially other

applications where Ni-Cr and austenitic stainless steels are used.

[0020] Alloys of the present disclosure may provide improved corrosion
resistance, which becomes an economic benefit if the improved material
reduces instances of component failure and results also in longer life of
materials and components in service. Thus, alloys of the present disclosure
may have commercial benefits for manufacturers of Ni-Cr-Fe alloys, and in
particular for suppliers of materials to the nuclear industry, and potentially also
to the suppliers of materials for all other applications that use Alloy 800 or

related materials.
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[0021] The experimental procedures are now described as follows.
[0022] Chemical compositions of test materials are summarized in Table

1. Mechanical properties of test materials were measured at room temperature
and 320°C; the results from annealed and ~20% cold rolled materials are

summarized in Tables 2 and 3.

Material Ti/C
wt%

32Ni-20Cr | 32.4520.03 | 0.030 | 0.30 | 0.38 [<0.002 | 0.001 | 0.42 0.28 0.45 |Bal.|0.003| 15.6

32Ni-23Cr | 32.37[22.95]0.030 | 0.30 | 0.37 [<0.002 | 0.001 | 0.42 0.29 0.46 |Bal.|0.003 | 14.5

32Ni-25Cr | 32.57 | 24.990.029 | 0.29 | 0.42 | 0.001 | 0.001 | 0.40 0.37 0.39 |Bal.|0.004 | 15.4

34Ni-22Cr | 34.10 [ 21.90 | 0.020 | 0.23 | 0.50 [<0.005 | 0.002 | 0.58 0.014 0.42 |Bal.[<0.01] 19.3

25Ni-25Cr | 24.97 | 25.03 | 0.029 | 0.39 | 0.40 | 0.004 | 0.003 | 042 | 033 | 037 |Bal| - | 145
35Ni-25Cr | 34.97 | 25.05 | 0.028 | 0.29 | 0.40 | 0.004 | 0.003 | 042 | 033 | 037 |Bal| - | 150
32Ni-27Cr | 32.46 | 26.97 | 0.028 | 0.28 | 0.40 | 0.004 | 0.003 | 042 | 033 | 039 |Bal| - | 150
EXZ’;SCI'“W 25-35|23-27| <003 | <0.7 | <10 | - |<0.015|>035]|0.15-0.45|<0.75|Bal | <0.03 | >12

Table 1. Ni-Cr-Fe alloy chemical compositions
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. Cold Yield Tensile Elongation Hy
Material Heat treatment work Stress Stress (%) (1keg)
(%) (MPa) (MPa)

32Ni-20Cr 1075°Cx 1h 20 579 627 23 223
32Ni-23Cr 1075°Cx 1h 20 590 649 23 221
32Ni-25Cr 1075°Cx 1h 20 601, 607 658, 663 25,26 226
34Ni-22Cr 1065°C x 10m 19 - - - 254,274
25Ni-25Cr 1075°Cx 1h 20 605, 592 651,651 20, 22 227
35Ni-25Cr 1075°Cx 1h 20 610, 603 675,667 22,21 236
32Ni-27Cr 1075°Cx 1h 20 633,610 684, 675 22,25 239

Table 2. Mechanical properties at room temperature

Cold Yield Tensile Eloneation
Material Heat treatment work Stress Stress (g“‘;)

(%) (MPa) (MPa) 0
32Ni-20Cr 1075°Cx 1h 20 502 531 20
32Ni-23Cr 1075°Cx 1h 20 510 542 18
32Ni-25Cr 1075°Cx 1h 20 520,524 549, 552 18,18
34Ni-22Cr 1065°Cx 10m 19 - - -
25Ni-25Cr 1075°Cx 1h 20 520 541 15
35Ni-25Cr 1075°Cx 1h 20 519,540 561,567 17,16
32Ni-27Cr 1075°Cx 1h 20 526,531 556,564 16,17

Table 3. Mechanical properties at room temperature at 320°C
[0023] Specimens were machined as 0.5T compact tension type (0.5T

CT) with 12.5mm thicknesses. Specimens were prepared using ~20% cold
rolled materials in the T-L orientation, i.e., crack growth direction parallel to the
rolling direction as shown in Figure 1. A fatigue pre-crack of about 2 mm was

produced using a load ratio (R = Knin/Kmax = 0.1) with 8 Hz and at a Ki,in below



WO 2016/123715 PCT/CA2016/050104

-11 -

the stress intensity for testing. An example of the CT specimen with fatigue pre-

crack before testing is shown in Figure 2.

[0024] Rates of SCC growth were measured in the range of
temperatures between 290°C and 360°C in PWR primary water using 20% cold
rolled CT specimens. The specimens were broken after testing by fatigue in air.
The fracture surfaces were analyzed using SEM to determine the crack
morphology and the depth of IGSCC. Maximum IGSCC depths were
determined using SCC depth data that are measured from at least four points.

SCC crack growth rate was calculated by equation (1):

mm

IGSCC growth rate (T)

__ Maximum IGSCC depth (mm) (1 )

Exposure time (s)

[0025] Tests were performed under constant load conditions without
dynamic loading in the test environment at 360°C, 340°C, 320°C and 290°C.

The initial K value was 30MPam” in all cases.

[0026] Rates of SCC growth were measured in test facilities at 360°C,
340°C, 320°C and 290°C in typical PWR primary water, which contains boric
acid (H3BOs;, 500ppm as B), lithium hydroxide (LIOH, 2ppm as Li), and
dissolved hydrogen (DH, ~30 cc/kg H2O). The concentration of hydrogen was
adjusted by bubbling an appropriate gas pressure through the solution in the
storage tank at room temperature before the solution is pumped into the
autoclaves; hydrogen and oxygen were measured at ambient temperatures
using a hydrogen and oxygen gas monitor. Dissolved oxygen was controlled to

less than 5ppb through the testing.

[0027] The depth of intergranular corrosion was measured by SEM
observation in cross sectional view using focussed ion beam (FIB) of the
bottom of CT specimens to characterize the Cr concentration and temperature
with peak. Film analyses by AES were performed on specimens after testing in
PWR primary water at 290°C, 320°C, 340°C and 360°C. These measurements

provided information on the cause of the measured temperature dependence.

[0028] Good correlations have been reported previously between rates

of cavity formation and creep crack growth in gas with carbon steel as shown in
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Figure 3A. Similar correlations have also been performed on Alloy 690 and
Alloy 600 as shown in Figure 3B. Then, the rate of cavity formation was
assumed from the results of measured rates of creep crack growth in air
considering the correlation between rates of creep crack growth and cavity
formation shown in Figures 3A and 3B. SCC initiation caused by cavity

formation was correlated with the rate of cavity formation.

[0029] Rates of creep crack growth were measured at 425°C, 440°C and
460°C in air using ~20% cold rolled CT specimens of solution annealed 32%Ni-
25%Cr-Fe alloy (1075°C x 1h W.C.). Furthermore, 19%CW 34%Ni-22%Cr
(1065°C x 10m A.C.) with fine grains was tested at 445°C to confirm the
reproducibility of the results at 460°C to examine effects of grain size. Tests
were performed under constant load conditions without dynamic loading in the
test environment. The initial K value was 40MPam” in all cases. Specimens
were broken by fatigue in air after testing. The fracture surfaces were analyzed
using SEM to determine the crack morphology and the depth of creep crack.
Maximum creep crack depth was determined using creep crack depth data that
are measured from at least four points. Creep crack growth rate was calculated
by equation (2):

i k depth
Creep crack growth rate (%) — Maximum creep crack depth (mm) (2)

Exposure time (s)

[0030] These results were compared with other data to assess effects of
Cr concentration and carbide precipitation on the rate of cavity formation.
Results were compared with those of Alloy 690 to compare the SCC initiation
resistance caused by cavity formations between the Ni-Cr-Fe alloys described
herein and Alloy 690.

[0031] The test results are now described as follows.

[0032] Test conditions of test 1 at 360°C are summarized in Figures 4A,
4B and 4C. Test duration in test 1 was 5,233 h. Water chemistries of the test
environments were well controlled during testing. After testing, the specimens

were broken by fatigue in air to determine the depth of SCC and fracture
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morphologies. The observed results of the fracture surfaces of test specimens
are shown in Figures 5A, 5B, 6A, 6B, 7A and 7B.

[0033] No trace of SCC was observed in the test specimens of 35%Ni-
25%Cr-Fe alloy and 32%Ni-27%Cr-Fe alloy after 5,233 h exposures in PWR
primary water at 360°C, as shown in Figures 5A, 5B, 6A and 6B. These results
show excellent SCC growth resistance of these alloys at 360°C in PWR primary
water, for example, as compared with Alloy 690 in the range of specification of
Ni concentration of Alloy 800 currently available (32 to 35%Ni). One very local
and shallow IGSCC was observed in the 20%CW 25%Ni-25%Cr-Fe alloy. The
maximum rate of SCC growth was ~1.6 x10° mm/s based on the destructive

observations shown in Figure 7B.

[0034] Test conditions of test 2 at 340°C are summarized in Figures 8A,
8B and 8C. Test duration in test 2 was 5,233 h. Water chemistries of the test
environments were well controlled during the testing. After testing, the
specimens were broken by fatigue in air to determine the depth of SCC and the
fracture morphologies. The observed results of the fracture surfaces of the

specimens are shown in Figures 9A, 9B, 10A, 10B, 11A and 11B.

[0035] No trace of SCC was observed in the test specimens after 5,233
h exposures in PWR primary water at 340°C, as shown in Figures 9A, 9B, 10A,
10B, 11A and 11B. These results show excellent SCC growth resistance of the

alloys.

[0036] Test conditions of test 3 at 320°C are summarized in Figures 12A,
12B and 12C. Test duration in test 3 was 6,609 h. Water chemistries of the test
environments were well controlled during the testing. After testing, the
specimens were broken by fatigue in air to determine the depth of SCC and the
fracture morphologies. The observed results of the fracture surfaces of test
specimens are shown in Figures 13A, 13B, 14A, 14B, 15A and 15B.

[0037] No trace of SCC was observed in the test specimens after 6,609
h exposures in PWR primary water at 320°C, as shown in Figures 13A, 13B,
14A, 14B, 15A and 15B. These results show excellent SCC growth resistance
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of the alloys, for example, as compared with 20%CW Alloy 690 TT (T-L), also
at 320°C in PWR primary water.

[0038] Test conditions of test 4 at 290°C are summarized in Figures 16A,
16B and 16C. Test duration in test 4 was 6,155 h. Water chemistries of the test
environments were well controlled during the testing. After testing, the
specimens were broken by fatigue in air to determine the depth of SCC and the
fracture morphologies. The observed results of the fracture surfaces of test
specimens are shown in Figures 17A, 17B, 18A, 18B, 19A and 19B.

[0039] No trace of SCC was observed in all of the test specimens after
6,155 h in PWR primary water at 290°C, as shown in Figures 17A, 17B, 18A,
18B, 19A and 19B. These results show excellent SCC growth resistance of the

alloys also at 290°C in PWR primary water.

[0040] To consider mechanisms of SCC growth in PWR primary water,
film analyses were performed using alloy specimens after testing in PWR
primary water at 290°C, 320°C, 340°C and 360°C. Surface oxidation behaviors
after testing are shown in Figures 20A, 20B and 20C. Intergranular corrosion
was observed after testing at 290°C and 320°C in alloys with low Cr
concentrations less than 22%Cr, as shown in Figure 20A, 20B and 20C.
However, there was no trace of intergranular corrosion in alloys with Cr
concentrations more than 23%. Accordingly, SEM observations and AES
analyses of cross sectional views were performed to examine the temperature
dependence with peak of IGSCC growth after sampling by FIB, as shown in
Figures 21A, 21B, 21C, 21D, 21E, 21F, 21G, 21H, 21l and 21J. SEM
observations of cross sectional views were performed to assess the
mechanisms of Cr concentration dependence on SCC growth resistance;
samples of alloys were used with different Cr concentrations after tests at
290°C, as shown in Figures 22A, 22B and 22C.

[0041] Intergranular corrosion was observed in alloys with low Cr
concentration less than 23% tested at 320°C and 290°C. No clear evidence of
intergranular corrosion was observed in alloys tested at higher temperatures

more than 340°C. No clear evidence of intergranular corrosion was observed in
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alloys with high Cr concentration of more than 25% after testing at 290°C,
320°C, 340°C, and 360°C.

[0042] To examine the effect of material characteristics on SCC initiation
caused by cavity formation, considering long term reliability more than 60 years
in high temperature water, rates of cavity formation were measured from the
results of creep crack growth using 20%CW CT specimens of solution
annealed 32%Ni-25%Cr-Fe alloy (1075°C x 1h W.C.) at 425°C, 440°C and
460°C in air. Then, the results were compared with results of 20%CW Alloy 690
TT to compare the crack initiation resistance caused by cavity formation. The
reproducibility of 19%CW 34%Ni-22%Cr-Fe alloy (1065°C x 10m A.C.) with fine
grains was tested at 445°C to examine the effects of grain size, for example, in
steam generator tubing.

[0043] Test durations were between 4,030 h and 9,590 h. After testing,
the specimens were broken by fatigue in air to determine the depth of creep
cracking and the fracture morphologies. The results of observations on fracture
surfaces are shown in Figures 23A, 23B, 24A, 24B, 25A, 25B, 26A and 26B.

[0044] Intergranular crack growth was observed in almost all specimens
tested at 460°C, 445°C, and 440°C, as shown in Figures 23A, 23B, 24A, 24B,
26A and 26B. However, no crack growth was observed in solution annealed
32%Ni-25%Cr-Fe alloy tested at 425°C after 9,590 h in air, as shown in Figures
25A and 25B. Measured maximum rates of creep crack growth of solution
annealed 32%Ni-25%Cr-Fe alloy tested at 440°C (~1.6x10® mm/s) was about
50 times slower than that of Alloy 690 TT with the same grain size (~100um).
About 10 times more rapid rate of creep crack growth was observed in 34%Ni-
22%Cr-Fe alloy with fine grains (~20pum) compared with solution annealed
32%Ni-25%Cr-Fe alloy with large grains (~100um). Furthermore, more than 50
times rapid rate of creep crack growth was observed in carbide precipitated
32%Ni-25%Cr-Fe alloy than solution annealed 32%Ni-25%Cr-Fe alloy.

[0045] The SCC growth resistance of Ni-Cr-Fe alloys described herein
with Cr concentrations more than 25% in PWR primary water was measured.

The results are summarized as a function of Cr concentration in Figures 27A,
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278, 27C, 27D and 27E, together with existing results for Ni-16%Cr-Fe alloys
and Alloy 690 TT. The dependencies on temperature of SCC growth are
summarized in Figures 28A and 28B, together with existing results for Ni-
16%Cr-Fe alloys and Alloy 690 TT.

[0046] There was no trace of SCC observed in 32%Ni-25%Cr-Fe alloy,
32%Ni-27%Cr-Fe alloy, and 35%Ni-25%Cr-Fe alloy in the range of
temperatures between 290°C and 360°C. The results showed that temperature
dependencies of SCC growth with peak was not observed for Cr concentrations
more than 25%. Excellent SCC growth resistance in Ni-Cr-Fe alloys with more
than 25% Cr concentrations were observed relative to Alloy 690 TT in the
range of temperatures between 290°C and 360°C in PWR primary water. The
peak of the SCC growth rate of the Ni-Cr-Fe alloys seems to be in the range of
temperatures between 320°C and 290°C, judging from results obtained for
32%Ni-16%Cr-Fe alloy, as shown in Figure 28A.

[0047] Samples were examined with the SEM after testing at 290°C.
Intergranular corrosion was observed in 32%Ni-Cr-Fe alloys with 16%, 20%,
22%, and 23% Cr after testing at 290°C in PWR water without the application of
stress, as shown in Figures 29A and 29B. No trace of intergranular corrosion
was observed in the 32%Ni-25%Cr-Fe and 32%Ni-27%Cr-Fe alloys. The
thickness of the inner layer may be influenced by the Cr concentrations in
alloys. These results suggest that intergranular corrosion may produce some
influence on IGSCC growth for Ni-Cr-Fe alloys, judging from the similar trend of
dependence of Cr concentration both on SCC growth and intergranular

corrosion, as shown in Figures 28A and 29B.

[0048] Samples were examined with the SEM after testing at 290°C,
320°C, 340°C, and 360°C. Furthermore, AES analyses were performed to
determine the dependence of temperature on film compositions. The results of
these observations are shown in Figures 21A, 21B, 21C, 21D, 21E, 21F, 21G,
21H, 211, 21J, 22A, 22B and 22C. As shown, the thicknesses of inner oxide
layers appear to be thicker after testing at high temperature than low

temperatures. Moreover, the thicknesses of specimens with high Cr
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concentrations appear to be greater than specimens having lower Cr
concentrations, even at 290°C. The parabolic law constant was calculated
according to equation (3) to confirm this trend more clearly. The results are

summarized in Figure 30A.
Thickness of inner layer (mm) = (K, - time)'/? (3)
Wherein:
K, = parabolic law constant (mm2/s); and
time = exposure time (s).

[0049] Intergranular corrosion appears to occur at low temperatures less
than 320°C in 32%Ni-Cr-Fe alloys with Cr concentrations less than 23%.
Furthermore, the susceptibility of the alloys to intergranular corrosion appears
to decrease at temperatures higher than 340°C. Moreover, significant
dependencies of film compositions on temperature were not observed. The
inner layer consisted mainly of Cr-rich oxide. On the other hand, the outer layer

mainly consisted of Ni- and Fe-rich oxides.

[0050] Dependencies on temperature with peak of the parabolic law
constant were observed in alloys with low Cr concentration in the range
between 16% and 23%. This trend is similar to the temperature dependence of
SCC growth with peak of Alloy 800. Furthermore, higher parabolic law
constants were observed in alloys with higher Cr concentrations, including 25%
at 290°C. This trend is also similar to the dependence of Cr concentration on
SCC growth of Alloy 800 at 290°C.

[0051] These results suggest that intergranular corrosion may play a role
in IGSCC growth, judging from the similar trend of dependence of temperature
both on SCC growth and intergranular corrosion. Furthermore, measured
temperature dependencies of intergranular corrosion susceptibilities with peak
may be related to the kinetics of the inner oxide layer considering the similar

dependence of temperature.
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[0052] SCC initiation behavior caused by cavity formation of 20%CW
TT690, MAG00 and carbon steel was examined, as shown in Figure 30B. The
dependencies of several influences on rates of cavity formation of the alloys
were examined to compare with Alloy 690 TT. For this, the effects of the
following characteristics were examined: comparison of rates of cavity
formation with Alloy 690 TT, effect of carbide precipitation on rates of cavity
formation; effect of grain size on rate of cavity formation; and effect of Cr

concentration on rates of cavity formation.

[0053] As shown in Figures 3A and 3B, a good correlation was observed
between rate of creep crack growth and cavity formation because the rate
limiting processes of creep cracking are assumed to be proportional to the rate
of cavity formation. Therefore, firstly, the measured rate of creep crack growth
in solution treated Ni-Cr-Fe alloy with 25%Cr was compared with the results for
other alloy specimens with different Cr concentrations. Then, the effect of Cr
concentration on the rate of cavity formation could be determined. Secondly,
the measured rates of solution treated Ni-Cr-Fe alloy were compared with the
results of carbide precipitated alloy to determine the effect of carbide
precipitation on the rate of cavity formation. Thirdly, the measured rates in
solution treated Ni-Cr-Fe alloy with large grains (~100um) were compared with
the results of solution treated 34Ni-22Cr-Fe alloys with fine grains (~20um) to
determine the effect of grain size on the rate of cavity formation. Finally, the
measured rates of cavity formation were compared with the results for Alloy
690 TT to understand the SCC initiation resistance caused by cavity formation.

All results are summarized in Figure 30C.

[0054] Firstly, it should be appreciated that carbide precipitation may
accelerate cavity formation, by providing nucleation sites for cavities, thereby
enhancing the rate of cavity formation near the carbides. Evidence for this
correlation includes the rapid crack growth in carbide precipitated alloy in a
double heat treatment at 1075°C x 1h + 900°C x 1h. In general, solution
annealed alloy in a single high temperature heat treatment is better for the Ni-

Cr-Fe alloys described herein so as to not precipitate carbides.
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[0055] Secondly, rapid cavity formation may occur in material with small
grains, for example, SG tubing relative to thick components such as control rod
drive mechanism (CRDM) housings. An estimated crack initiation time for Alloy
690 TT with large grains may be about 100 years at operating temperature
(320°C), based on an extrapolated value in Figure 30B. However, if the effect
of grain size from the data is used to assess the SCC initiation time of SG
tubing with fine grains, the estimated time may decrease by a factor of ten.
Consequently, the estimated SCC initiation time may be about 10 years.

However, the degree of cold work may alter these influences.

[0056] Accordingly, the rate of intergranular crack growth may be about
100 times slower for solution annealed 32%Ni-25%Cr-Fe than for Alloy 690 TT.
Furthermore, carbide precipitated 32%Ni-25%Cr-Fe alloy may be about 100
times faster than for solution annealed 32%Ni-25%Cr-Fe alloy. These results
suggest that carbide precipitation strongly decreases the resistance of SCC
initiation caused by cavity formation in the Ni-Cr-Fe alloys described herein.
Precipitated carbides may provide initiation sites for cavity formations.
Therefore, high temperature final heat treatments, such as 1075°C followed by
rapid cooling, to reduce carbide precipitation are desirable for SCC initiation
resistance caused by cavity formation. A ten times more rapid rate of
intergranular crack growth (rate of cavity formation) was observed in solution
annealed alloy with fine grain (~20um) than solution annealed alloy with large
size of grain (~100um), as shown in Figure 30C. The main cause of the effect
of grain size may be the difference of the magnitude of discharged vacancies
from small grains, judging from the calculated results shown in Figure 30D.
This suggests that about ten times shorter SCC initiation time is produced by

cavity formation with the smaller grains.

[0057] The estimated SCC initiation time caused by cavity formation of
20%CW Alloy 690 TT with large size of grains (~100um) is estimated to be
about 100 years, based on the extrapolated value at 320°C, as shown in Figure
30B. Taking into account the grain size effect described above, the estimated

SCC initiation time with fine grains may be assumed to be about ten years,
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although other effects, such as degree of cold work may be considered. No
significant effect of Cr concentration on the rate of cavity formation was

observed in the range of Cr concentration between 20% and 25%.

[0058] In conclusion, measured SCC growth rates of Ni-Cr-Fe alloys with
between 25 and 27 wt% Cr were very slow at temperatures between 320°C
and 360°C, compared with SCC growth rates of Alloy 690. Given that the
results for alloys having 27 wt% Cr were so clearly good, it is believed that
alloys having up to 28 wt% Cr, and possibly more, may also exhibit an
improved resistance to stress corrosion cracking in nuclear environments.
Regarding the mechanism of dependence of Cr concentration in IGSCC
growth, intergranular corrosion may play a role on the susceptibility of IGSCC
growth in PWR primary water. Regarding the mechanism of dependence of
temperature with peak on IGSCC growth for Ni-Cr-Fe alloys, intergranular
corrosion may play a role on the susceptibility of IGSCC growth for Ni-Cr-Fe

alloys in PWR primary water.

[0059] Furthermore, Ni-Cr-Fe alloys described herein produced excellent
crack initiation resistance relative to Alloy 690 from the point of view of
resistance of cavity formation. Lower cavity formation rates may yield an
initiation rate for Ni-Cr-Fe alloys described herein that is about 100 times less
than an initiation rate for Alloy 690. However, a significant increase in rates of
cavity formation may occur with carbide precipitation and small grain sizes.
Therefore, a high temperature final heat treatment followed by rapid cooling
may produce a low rate of cavity formation for the Ni-Cr-Fe alloys described
herein.

[0060] The heat treatment of the Ni-Cr-Fe alloys described herein may
be carried out at a temperature of at least 1000°C, for a minimum of 3 minutes,
and followed by rapid water cooling. More particularly, the heat treatment may
be carried out in the range of 1050-1100°C. The intent for the Ni-Cr-Fe alloys is
to avoid carbide precipitation, which may occur below 1050°C. There may be
no specified maximum time because the total time may be determined by the

thickness of the material, and thus how long it takes the material to get to
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temperature. Once at temperature, a time of 3 minutes or possibly more may
be required. For example, for SG tubing, a thin wall (e.g., Tmm) means that 3
minutes (the time it takes to go through an annealing furnace) may be
appropriate. Maximum times may depend on material thicknesses, initial
conditions, etc., and may be optimized according to product specifications,

including grain size, surface cleanliness, hardness, etc.

[0061] While the above description provides examples of one or more
methods or apparatuses, it will be appreciated that other methods or

apparatuses may be within the scope of the accompanying claims.
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CLAIMS

We claim:

1. A Ni-Cr-Fe alloy with improved resistance to stress corrosion cracking in

nuclear environments, wherein the alloy has between about 23 and 28 wt% Cr.

2. The alloy of claim 1, wherein the alloy has between about 24 to 27 wt%
Cr.

3. The alloy of claim 1, wherein the alloy has about 25 wt% Cr.

4. The alloy of any one of claims 1 to 3, wherein the alloy has between

about 25 and 35 wt% Ni.

5. The alloy of any one of claims 1 to 4, wherein the alloy has between
about 32 and 35 wt% Ni.

6. The alloy of claim 1, wherein the alloy has about 32 wt% Ni and about
25 wt% Cr.

7. The alloy of claim 1, wherein the alloy has about 25 wt% Ni and about
25 wt% Cr.

8. The alloy of claim 1, wherein the alloy has about 35 wt% Ni and about
25 wt% Cr.

9. The alloy of claim 1, wherein the alloy has about 32 wt% Ni and about
27 wt% Cr.

10.  The alloy of any one of claims 1 to 9, wherein the alloy has:
<0.03 wt% C;
<0.70 wt% Si;
< 1.0 wt% Mn;
<0.015wt% S;
> 0.35 wt% Ti;
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between 0.15 and 0.45 wt% Al;

<0.75 wt% Cu;

<0.03 wt% N;

> 12 Ti/C; and

balance substantially Fe and incidental impurities.

11.  Use of the alloy of any one of claims 1 to 10 in a nuclear reactor.

12.  Use of the alloy of any one of claims 1 to 10 in steam generator tubing of

a nuclear reactor.

13. A method of producing an article, the method comprising:
providing the alloy of any one of claims 1 to 10;
forming the alloy into the article; and

heat treating the article.

14. The method of claim 13, wherein the step of heat treating consists of
solution annealing the article at at least about 1000°C for at least about 3

minutes.

15.  The method of claim 13, wherein the step of heat treating consists of
solution annealing the article at between about 1050°C to 1100°C for at least

about 3 minutes.

16. The method of claim 13, wherein the step of heat treating consists of

solution annealing the article at about 1075°C for about 1 hour.

17. The method of any one of claims 13 to 16, further comprising, after the

step of heat treating, rapidly cooling the article.

18. The method of any one of claims 13 to 17, wherein the step of forming

comprises cold working the article to about 20%.

19. The method of any one of claims 13 to 18, wherein, after the step of heat

treating, the article has an average grain size of about 100um.
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20.  An apparatus or a method comprising any combination of one or more of
the features described above and/or claimed above and/or illustrated in the

drawings.
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TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
209%CW (TL) 360°C
G27Cr32NiC2-4 32% Ni-27% C 500 B
rost /o Ni-27% Cr ppm 30 5,233.2
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
200 | 2.00 | 202 | 199 | 211 | 219 | 243 | 263 | 2.73 | 2.75 2.28

Figure 5A
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TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPa m1/2) (hr)
20%CW (TL) 360°C
G27Cr32NiC2-4 32% Ni-27% Cr 500ppm B
. 30 5,233.2
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH

Depth of SCC ( mm ) Average
P (mm)

no crack —

Figure 5B
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TP.No Material & heat treatment Test K Test Duration
& thickness Environment (MPa m1/2) (hr)
20%CW (TL) 360°C
G25Cr35NiC2-4 35% Ni-25% Cr 500ppm B
. 30 5,233.2
(12.5mmt) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack (mm ) Average
P g depth(mm)
223 | 231 | 232 | 232 | 237 | 231 | 238 | 2.38 | 239 | 2.25 2.33

Figure 6A
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TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPa m1/2) (hr)
20%CW (TL) 360°C
G25Cr35NiC2-4 35% Ni-25% Cr 500ppm B
. 30 5,233.2
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

Figure 6B
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TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
20%CW (TL) 360°C
G25Cr25NiC2-4 25% Ni-25% C 500 B
reom o Ni-25% Cr pprt- 30 5,233.2
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
229 | 239 | 243 | 254 | 263 | 257 | 240 | 237 | 236 | 2.41 2.44

Figure 7A
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& thickness treatment Environment (MPa m1/2) (hr)
20%CW (TL) 360°C
G25Cr25NiC2-4 25% Ni-25% C 500 B
reo o Ni-25% Cr pprt- 30 5,233.2
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

Figure 7B
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TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
20%CW (TL) 340°C
G27Cr32NiC2-3 32% Ni-27% Cr 500ppm B
. 30 5,233.3
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
243 | 246 | 244 | 243 | 250 | 254 | 261 | 259 | 252 | 248 2.51

Fatigue
Pre-crack

Figure 9A
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TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPam/2) (hr)
20%CW (TL) 340°C
G27Cr32NiC2-3 32% Ni-27% Cr 500ppm B
. 30 5,233.3
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

Figure 9B
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TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m%/2) (hr)
20%CW (TL) 340°C
G25Cr35NiC2-3 35% Ni-25% C 500 B
oo o Ni-25% Cr ppm 30 5,233.3
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
283 | 281 | 271 | 251 | 247 | 238 | 232 | 227 | 221 | 2.08 2.46

Figure 10A
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TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPam/2) (hr)
20%CW (TL) 340°C
G25Cr35NiC2-3 35% Ni-25% Cr 500ppm B
. 30 5,233.3
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

Figure 10B
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WO 2016/123715 PCT/CA2016/050104

TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
20%CW (TL) 340°C
G25Cr25NiC2-3 25% Ni-25% C 500 B
reot o Ni-25% Cr ppit 30 5,233.3
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
312 | 317 | 314 | 304 | 282 | 273 | 257 | 239 | 218 | 2.13 2.73

Fatigue
Pre-crack

Figure 11A
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WO 2016/123715 PCT/CA2016/050104
TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPa m1/2) (hr)
20%CW (TL) 340°C
G25Cr25NiC2-3 25% Ni-25% C 500 B
re> o Ni-25% Cr ppm 30 5,233.3
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

Figure 11B
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WO 2016/123715 PCT/CA2016/050104

TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
20%CW (TL) 320°C
G27Cr32NiC2-1 32% Ni-27% C 500 B
et o Ni-27% Cr ppm 30 6,609.2
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
213 | 211 [ 213 | 211 | 229 | 234 | 254 | 2,62 | 259 | 2.74 2.36

Fatigue
Pre-crack

Figure 13A
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WO 2016/123715 PCT/CA2016/050104
TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPa m1/2) (hr)
20%CW (TL) 320°C
G27Cr32NiC2-1 32% Ni-27% Cr 500ppm B
. 30 6,609.2
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
(mm )
no crack —

Figure 13B

22166
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TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
20%CW (TL) 320°C
G25Cr35NiC2-1 35% Ni-25% C 500 B
oo o Ni-25% Cr ppit 30 6,6085
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
324 | 320 | 307 | 307 | 297 | 282 | 2,65 | 247 | 231 | 2.25 2.80

Fatigue
Pre-crack

Figure 14A
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TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPa m1/2) (hr)
20%CW (TL) 320°C
G25Cr35NiC2-1 35% Ni-25% Cr 500ppm B
. 30 6,608.5
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

Figure 14B
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TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
20%CW (TL) 320°C
G25Cr25NiC2-1 25% Ni-25% C 500 B
reot o Ni-25% Cr ppm 30 6,6085
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
252 | 255 | 259 | 258 | 251 | 250 | 243 | 234 | 223 | 218 2.44

Fatigue
Pre-crack

Figure 15A
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TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPa m1/2) (hr)
20%CW (TL) 320°C
G25Cr25NiC2-1 25% Ni-25% C 500 B
re> o Ni-25% Cr ppm 30 6,608.5
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

1

igure 15B
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WO 2016/123715 PCT/CA2016/050104

TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
20%CW (TL) 290°C
G27Cr32NiC2-2 32% Ni-27% Cr 500ppm B
. 30 6,154.5
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
244 | 239 | 242 | 234 | 227 | 218 | 234 | 237 | 224 | 222 2.32

Fatigue
Pre-crack

Figure 17A
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PCT/CA2016/050104

TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPam/2) (hr)
20%CW (TL) 290°C
G27Cr32NiC2-2 32% Ni-27% C 500 B
et o Ni-27% Cr P 30 6,154.5
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

Figure 17B
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TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
20%CW (TL) 290°C
G25Cr35NiC2-2 35% Ni-25% Cr 500ppm B
. 30 6,154.6
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
245 | 251 | 256 | 250 | 244 | 236 | 234 | 216 | 214 | 207 2.35

Fatigue
Pre-crack

Figure 18A
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TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPa m1/2) (hr)
20%CW (TL) 290°C
G25Cr35NiC2-2 35% Ni-25% Cr 500ppm B
. 30 6,154.6
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

Figure 18B
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TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
20%CW (TL) 290°C
G25Cr25NiC2-2 25% Ni-25% Cr 500ppm B
. 30 6,154.6
(12.5mm?) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
205 | 212 | 226 [ 242 | 249 | 250 | 246 | 226 | 214 | 212 2.28

Fatigue
Pre-crack

Figure 19A
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TP.No Material & heat Test K Test Duration
& thickness treatment Environment (MPa m1/2) (hr)
20%CW (TL) 290°C
G25Cr25NiC2-2 25% Ni-25% Cr 500ppm B
. 30 6,154.6
(12.5mm?t) Model Alloy 2ppm Li
1075°Cx 1 hr W.C. 2.75ppm DH
Depth of SCC (mm ) Average
P (mm)
no crack —

Figure 19B
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WO 2016/123715

PCT/CA2016/050104

Test Heat treatment : 1075°C x1hr W.C. | Heat treatment : 1065°C x10min_A.C.
Temperature

(°C) 32%Ni-20%Cr 32%Ni-22%Cr

(5,252.6hr) (4,988.7hr)
360
340 —

(5,637.5hr)

320

(4,988.8hr) (4,973.7hr)
290

( ): Test Duration

Figure 20A
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Test Heat treatment : 1075°C x1hr W.C. Heat treatment : 1075°C x1hr W.C.
Temperature
(°C) 32%Ni-23%Cr 32%Ni-25%Cr
(5,252.6hr) (5,252.6hr)
360
(5,824.7hr) (5,252.6hr)
340
320
290

( ): Test Duration

Figure 20B
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Test Heat treatment : 1075 Cx1hr W.C.
Temperature
(°C) 3296Ni-27%Cr 3296Ni-16%Cr
(5,233.2hr) (1,488.3hr)
360
340
(6,609.2hr) (1,361hr)
320
(4,467.3hr)
290

Figure 20C
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( ): Test Duration
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Material : 32%Ni-16%Cr

Test Temperature(°C)

Cr

Fe

Figure 21A
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Material : 32%Ni-16%Cr

Test Temperature(°C)

Cr

Fe

Figure 21B
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Material : 32%Ni-20%Cr

Test Temperature(°C)

Cr

Fe

Figure 21C
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Material : 32%Ni-20%Cr

Test Temperature(°C)

320

290

Cr

Fe

Figure 21D
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Material : 34%Ni-22%Cr

Test Temperature(°C)

360

340

Cr

Fe

Figure 21E
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Material : 34%Ni-22%Cr

Test Temperature(°C)

Cr

Fe

Figure 21F
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Material : 32%Ni-23%Cr

Test Temperature(°C)

Cr

Fe

Figure 21G
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Material : 32%Ni-23%Cr

Test Temperature(°C)
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Figure 21H
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Material : 32%Ni-25%Cr
Test Temperature(°C)
360 340
Cr
Ni
Fe
0

Figure 211
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Material : 32%Ni-25%¢Cr

Test Temperature(°C)

Cr
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Figure 21]
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PCT/CA2016/050104

Test Heat treatment : 1075 Cx1hr W.C. Heat treatment : 1065 Cx10min_A.C.
Temperature
° oNi-20%Cr oNi-22%Cr
°C) 32%Ni-20%C 34%Ni-22%C
(5,252.6hr) (4,988.7hr)
360
340 —
(5,637.5hr)
320
290 g
.
o
| .

Figure 22A
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WO 2016/123715 PCT/CA2016/050104

TPNo Material & heat treatment Test K Test Duration
& thickness Environment | (MPam1/2) (hr)
G25Cr800-7 209%CW Alloy800 (TL) 460°C
(12.5mmt) Air
40 6,691.4
25% Cr
1075°Cx 1 hr W.C.
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
199 | 195 | 193 | 184 | 192 | 184 | 184 | 172 | 1.74 | 175 1.85

Fatigue
Pre-crack

Figure 23A
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WO 2016/123715 PCT/CA2016/050104

TPNo Material & heat treatment Test K Test Duration
& thickness Environment (MPa m1/2) (hr)
G25Cr800-6 209%CW Alloy800 (TL) 460°C
(12.5mmt) Air
40 6,691.4
25% Cr
1075°Cx 1 hr W.C.
Depth of Creep crack ( mm ) Average
p p (mm )
— | 039 ] 049 | 069 | 048 | 056 | 046 | 046 | 053 | 045 0.45

Figure 23B
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TP.No . Test K Test Duration
& thickness Material & heat treatment Environment (MPa m1/2) (hr)
G25Cr800-6 20%CW Alloy800 (TL) 440°C
(12.5mmt) Air
40 6,691.1
25% Cr
1075°Cx 1 hr W.C.
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
217 | 227 | 240 | 237 | 252 [ 269 | 276 | 285 | 294 | 2.98 2.60

Fatigue
Pre-crack

Creep crack

Figure 24A
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TPNo Material & heat treatment Test K Test Duration
& thickness Environment (MPa m1/2) (hr)
G25Cr800-6 209%CW Alloy800 (TL) 440°C
(12.5mmt) Air
40 6,691.1
25% Cr
1075°Cx 1 hr W.C.
Depth of Creep crack ( mm ) Average
p p (mm )
016 | 022 | 012 [ 034 [ 038 | — | — | -— — — —

Figure 24B
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TPNo Material & heat treatment Test K Test Duration
& thickness Environment (MPa m1/2) (hr)
G25Cr800-5 209%CW Alloy800 (TL) 425°C
(12.5mmt) Air
40 9,590
25% Cr
1075°Cx 1 hr W.C.
Depth of fatigue Pre-crack ( mm ) Average
P g depth(mm)
199 | 212 | 215 | 221 | 225 | 240 | 249 | 258 | 2.66 | 2.66 2.35

Fatigue
Pre-crack

Figure 25A
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TPNo Material & heat treatment Test K Test Duration
& thickness Environment | (MPam1/2) (hr)
G25Cr800-5 20%CW Alloy800 (TL) 425°C
(12.5mmt) Air
40 9,590
25% Cr
1075°Cx 1 hr W.C.
Depth of Creep crack ( mm ) Average
p p (mm )
no crack —

Figure 25B
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TPNo Material & heat treatment Test K Test Duration
& thickness Environment (MPa m1/2) (hr)
GAECL-7 19%CW Alloy800 (TL) 445°C
(11mmY) Air
40 4,030
22%Cr
1065°Cx 1 Omin A.C.

Average

Depth of fatigue Pre-crack (mm) depth(mm)

315 [ 325 [ 332 | - | — | - | - | - — — 3.24

Fatigue
Pre-crack

i Creep crack

Figure 26A
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PCT/CA2016/050104

TP.No . Test K Test Duration
& thickness Material & heat treatment Environment | (MPam/2) (hr)
GAECL-7 19%CW Alloy800 (TL) 445°C
(11mm?) Air
40 4,030
22%Cr
1065°Cx 1 Omin A.C.
Depth of Creep crack ( mm ) Average
p p (mm )
265] 296 307] - | - | - | - | - — 2.89

Figure 26B
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Test Temperature : 290°C

32%Ni-16%Cr 32%Ni-23%Cr
(Heat treatment : 1075°C x1hr_W.C) (Heat treatment : 1075°C x1hr_W.C)

(4,467.3hr) |  (49737hn)
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34%Ni-22%Cr 32%Ni-27%Cr
(Heat treatment : 1065°Cx10min_A.C.) (Heat treatment : 1075°C x1hr_ W.C)

(4,973.7hr) (6,154.5hr)

R

( ): Test Duration

Figure 29A
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Test Temperature : 290°C
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