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Test materials

Material %C %Mn %Si %Cr %Ni %Mo %Fe %Cu Other

Carbon steel

P265GH <0.2 0.80 - <040 |[<0.30 |<0.30 |<0.08 | bal. <0.30
1.40

Awustenitic stainless steels

3R12 <0.02 1.3 0.4 18.5 10.5 bal.

[304L]

3RE28A 0.023 1.77 0.39 25.6 21.0 0.06 bal. 0.06

[310]

3xRE284 0.012 1.63 0.35 25.2 21.3 0.25 bal. 0.14

High nickel alloys

Sanicro 28 <0.02 <2.0 <0.6 27 31 35 bal. 1.0

[UNS N08028]

Sanicro 38 <0.03 0.8 <0.5 20 385 2.6 bal. 1.7 Ti: 0.8

[mod. 825]

HR11N 0.03 2.0 0.6 27.0 38 05- bal. N: 0.1

1.5

Nickel base alloys

Sanicro 67 0.02 <0.5 <0.5 30 60 bal. Co: <0,05

[Alloy 690]

Super 625 0.1 <0.5 <0.5 20-23 | bal. <5.0 W: 3.15-4.15
Al: 0.4
Co<10

A) Tube samples analysed by VTT
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Corrosion resistance evaluation — Procedures

A. Wall thickness measurements before and
after testing (corrosion rate)

= Thickness profiles at a function of circumference
from three locations (axial direction)
— average & maximum WT losses

B. Characterisation and corrosion
mechanism
= SEM/EDS from metallographic cross sections
after/before the profile measurements

= Few analysis also from unexposed reference
samples

v’ Tests No.1...3 - Materials tested in as received
condition

v Tests No.4 and 5 - The outer and inner surfaces
machined and hand grinded/polished

Measurements with coordinate measurement machine
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Probe No. 4 - Surfaces machined and hand grinded/polished
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Test matrix
Test Test materials Test duration, hours Effective
No. temperature
Total Effective®
1 3R12(AISI 304L), 3RE28(AISI 310S), Sanicro28, 1000 906 ca. 440°C
Sanicro38 (pressure over 9 bar) |
) 744 o
2 3R12(AISI 304L), 3XRE28, HR11N, Sanicro67, 1000 (pressure over 8 bar) ca. 440°C
3 3R12(AISI 304L), HR11N, Sanicro38, Super625 1000 (pressure7§3er 7 bar) ca. 430°C
4 3R12(AISI 304L), carbon steel (P265GH), Sanicro67, 2700 2154 ca. 440°C
Super625 (pressure over 9 bar) )
5 3R12(AISI 304L), Sanicro28, HR11N, Sanicro38 2630 2157 ca. 440°C
(pressure over 9 bar)

AUsed in corrosion rate calculations
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Results — Probe test No. 1
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Probe No.1 after the test

PROBE No. 1
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Probe No.1 after the test

PROBENo. 1

3R12 3RE28 Sanicro 28 Sanicro 38
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Results — 3R12 (304L)
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Results — 3R12 (304L)
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Results — 3RE28
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Results — 3RE28

3RE28 (Z=25 mm) - Probe No. 1 3RE28 (Z=32 mm) - Probe No. 1
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Probe test No. 1 — Average corrosion rates

Probe No. 1 - Average corrosion rate
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Probe test No. 1 — Maximum corrosion rates

Probe No. 1 - Maximum corrosion rate
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lAccelerating Vo\tage‘Spot Slzellvlagniﬁcauon Detector| 10C1796
20 kV 4 500 x SE ——50 um b) 3RE28

Accelerating Vo\lage‘Spot Size|Magnification|Detector/Working Distance| 10C1792 Accelerating VoEtage|Spot Size|Magnification|Detecto 10C1382
20 kV 3,7 1000 x SE 13,3 mm —20 ym— 20 kV 4 500 x BSE —50 um

c) anicro 28 d) anicro 38
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Probe test No. 1 — EDS analysis
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Results — Probe test No. 2
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Probe No. 2 after the test
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PROBE No. 2
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Probe No. 2 after the test

PROBE No. 2
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Probe test No. 2 — Average corrosion rates

Average corrosion rate [um/a]
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Probe test No. 2 — Maximum corrosion rates

Probe No. 2 - Maximum corrosion rate
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Probe test No. 2 — Metallography

Accelerating Voltage|Spot SizelMagnification Deteclor‘Working Distance] _10C1387 50 pm
20 kV 3 2000 x BSE 12,2 mm —10 ym— -

b) 3XRE28

Accelerating Voltage|Spot Size[Magnification|Detecto 10C1391
kV 4 500 x BSE —50 um:

c¢) HRIIN d) Sanicro 67

IAccelerating Voltage|5pot Size{Magnification|Detector] ) 10C1785
y 4 500 x SE —50 um
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Probe test No. 2 — EDS analysis
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Results — Probe test No. 3
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Probe No. 3 after the test
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Probe No. 3 after the test
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Probe test No. 3 — Average corrosion rates

Probe No. 3 - Average corrosion rate
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Probe test No. 3 — Maximum corrosion rates

Probe No. 3 - Maximum corrosion rate
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Accelerating Vo\tage‘Spot Size|Magnification|Detector] Accelerating \/u\tage‘Spot Size Magmfncatwon‘DemCtor 10C1755
(3% 3.8 4 SE

500 x SE 500 x —50 uym
a) 3R12

Accelerating Vo\tage‘Spot Size|Magnification|Detector|Working Distance] 10C1752
20 kV 3.5 1000 x SE 11,7 mm ——20 pm—

¢) Sanicro 38 d) Super 625

Accelerating Vo\rage‘Spol Size|Magnification|Detector] 10C1746
20 kV 4 500 x SE ——50 um
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Results — Probe test No. 4
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Probe No. 4 after the test
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Probe No. 4 after the test
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Probe test No. 4 — Average corrosion rates

Probe No. 4 - Average corrosion rate
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Probe test No. 4 — Maximum corrosion rates

Probe No. 4 - Maximum corrosion rate
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Probe test No. 4 — Metallography

Accelerating Voilage’Spm Swzeh-ia_gnlhcahon Detecto 11C1122 Accelerating Voltage|Spot SizeMagnification|DetectoriWorking Distance| 11C1101
20 kV 4 500 x SE 50 ym 20 kV 3 E 2000 x SE 11,7 mm —10 pm——|

a) Carbon steel b) 3R12

Accelerating Voltage|Spot Size[Magnification|Detector] 11C1111
20 kV 4 | 500x | SE —50mm— |
¢) Sanicro 67 d) Super 625
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Probe test No. 4 — EDS analysis

100
20
80
70
§ 60
2 50
] L
o
£ a0 °
[ L mS
30
L = Mo
20 I m Fe
10 H Ni
0 mCr
= § = &  ® | 8 &8 E | %
g | &£ | 8| & | &8 | 8| &8 8| &
[} a [} — m Q g ] -
3 o) 2 3 2 ES E g 3
& @ £ P £ L 2 £
<= = = o=
= = o [
5
2
[-=]
C-steel - P4 3R12-P4 Super 625 - P4 Sanicro 67 - P4




VTT TECHNICAL RESEARCH CENTRE OF FINLAND 1011212015 _'/LWT

Results — Probe test No. 5
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Probe No. 5 after the test

PROBE No. 5

HR11N Sanicro 38 Sanicro 28 3R12
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Probe No. 5 after the test

PROBE No. 5

HR11N Sanicro 38 Sanicro 28 3R12
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Probe test No. 5 — Average corrosion rates

Average corrosion rate [um/a]
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-100
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Probe test No. 5 — Maximum corrosion rates

Probe No. 5 - Maximum corrosion rate
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Probe test No. 5 — Metallography

Accelerating Voltage|Spot Size|Magnification|Detector|Working Distance| 12C0757 Accelerating Voltage|Spot Size|Magnification|Detector|Working Distance| 12C0764
20 kV 3 2000 x SE 10,6 mm —10 pm—| 20 kV 35 ] 1000 x ‘ SE 11 mm —20 pm—

a) 3R12 b) Sanicro 28

Accelerating Voltage|Spot SizeiMagnif\cal\on Detector|Working Distance| 12C0761 Accelerating Voltage|Spot Size|Magnification|Detector|Working Distance| 12C0765
——20 pm——|

3,5 1000 x SE 13,1 mm 3,5 1000x | SE 11,2 mm —20 ym

c) HRIIN d) Sanicro 38
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Probe test No. 5 — EDS analysis

19Ae| 193n0 ulyy

19Ae| 123n0 ulyy

1aAe| 193n0 ulyy

|elRlew aseq

Sanicro 38 - P5

12Ae| 1o3n0 Uy

Jade| 1a3no uiyy

J9ie| Joqno ulyy

jellojew aseg

HR11N - P5

12Ae| Ja3no Uy

19Ae| 193n0 ulyy

19Ae| 193n0 ulyy

|elR3ew aseq

Sanicro 28 - P5

1aAe| 193n0 ulyy

19Ae| 193n0 ulyy

1aAe| J19n0 Uy

Jade| Joqno uiyy

|ellRlew aseq

3R12 -P5

[96am] Juawa3




VTT TECHNICAL RESEARCH CENTRE OF FINLAND 1011212017

Summary



VTT TECHNICAL RESEARCH CENTRE OF FINLAND

Summ

ary

19/12/2012

Maximum corrosion rate [um/a]
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Summary

500
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400 —

300

Maximum corrosion rate [um/a]

Probe No. 2 Probe No. 5 Probe No. 1 Probe No. 5 Probe No. 1 Probe No. 2 Probe No. 1
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Summary

= Corrosion resistance in lower furnace conditions is improved by alloying, especially by
chromium.

= According to the wall thickness measurements the test materials can be put in following
order based on increased resistance:

C-steel << 3R12 < HR11N ~ Sanicro 38 (~ Sanicro 28 ~ 3RE28/3XRE28)
< Super 625 < Sanicro 67

= Carbon steel corroded at extremely high rate (>4 mm/a) at the temperature of 440 °C.

= 3R12 (AISI 304L) corrodes in such high rate (>0.6 mm/a) at 440 °C that it can’t be safely
used in the lower furnace in the future high pressure recovery boilers,
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Summary

= Performance of the Sanicro 38 and HR11N was satisfactory in long term test at 440 °C
(CRax ~ 0.1...0.2 mm/a), but it is recommended to verify their performance also at lower
temperature (400 °C).

= The new material group which looks promising is the high chromium alloys 3RE28/3XRE28
and Sanicro 28, but their long term performance should be verified in the future.

= |f the corrosion resistance is the determining factor, the Sanicro 67 seems to be a good
material for future boilers, since its corrosion rate was lowest from the studied alloys.

= Based on the long term test the Super 625 is the second best choice for the future high
pressure boiler, but because of its relatively high corrosion rate in short term test more and
longer tests are needed to verify its performance.
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Summary

= |n current samples the biggest problem was the specimen alignment i.e. it was impossible
to measure the thickness profiles exactly from the same location before and after the test.

= Some error to the measurement results; especially to the maximum corrosion rates
= Most significant when samples had surface scratches and dents.

= Another factor that affected to the accuracy was the surface deposits that were not
completely removed during washing.

» Tests showed that polishing together with longer exposure time improves the accuracy,
both of which are recommended to be used in future tests and especially when evaluating
highly alloyed materials.
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