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VAPOR PRESSURE (TORR)
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FIGURE I-4(x) VAPOR PRESSURE OF Na, S0, AS A FUNCTION OF RECIPROCAL TEMPERATURE (Ref. 18)
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FIGURE T-4(xi) CONDENSATION TEMPERATURES FOR Na,S0, AS FUNCTION OF CONCENTRATION AND
PRESSURE (Ref. 19)










ro7 Ve

L*T+9°1L

‘.Cll .

.
" e .
Ter
vt
.. "t
£1°9
AR 2
6 Z=_ .
.
ot
e
| R

SR S )

R

..
INSOE =0
—

. &

rrIagy























































































































































































































































Surface recession, mm

Surface recession, mil

20-—
15—
[ Leading edge
lui|ingaoge
10—
S
. A

IN-100 B-19500 TD-NIiCr x-40 Mar M-509A

Figure 1.12. Summary of surface
recession measurements after 100
hours at 2000°F (1093°C) using
standard cycle. (Johnston and
Ashbrook) .
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Figure 1.13. Microstructures of
materials after exposure to standard
cycle for 100 hours at 2000°F
(1093°C). X 250

(Johnston and Ashbrook).
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Figure 1.15. Microstructure of
Uncoated B1900 Alloy after Hot
Corrosion Tests at 1650 F for
20 hours. (Moore and Stetson).
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FPARTIAL OXIDATION OF
DEPLETED SURFACE AL.OY

HEAVY SULFIDE PENETRATION
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METALLOGRAPHIC CROSS=SECTION OF SPECIMEN FROM '
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Figure 1.16. Hot Corrosion of
Bare B1900 Specimen after 15 hours
(Base-Line Test) (Quigg et al).
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Figure 1.17 Hot Corrosion of Bare

B1900 Specimen after 15 hours (Test
with Benzotriazole in Fuel)
(Quigg et al)
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Figure 1.18. Oxidation of B-1900
alloy at 900”C.(Bornstein et al).
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(b) B-1900 + 1 Si.

Figure 1.23. Microstructurel
effects of Si on thermal cycling of
B1900 during oxidation at 1100°C.
2000 cycles (200 hours at temp-
erature). Etched with 33 acetic
acid, 33 nitric acid, 33 water, and
1 hydrofluoric acid. X 250.
(Lowell and Miner).
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Figure 1.24. Weight change of B1900
specimens during cyclic burner-rig
oxidation compared with cyclic
furnace behaviour. Minimum
temperature, 20°C; 1 cycle per hour.
(Spera and Grisaffe).
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Figure 2.1. Corrosion as a function
of Temperature for B1910 tested
using JP-4 fuel with a Salt/Air
Ratio of 8 ppm. (Walters).
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Figure 2.2. Corrosion as a function
of Temperature for B1910 Tested
using JP-4 fuel with a Salt/Air
Ratio of 4 ppm. (Walters).
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Figure 2.3. Corrosion as a function
of temperature for B1910 using
JP-4R fuel with a Salt/Air Ratio

of 8 ppm. (Walters).
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Figure 4.1 G.64 turbine rotor
blades showing sulphur attack Top
row: Pack aluminized tlades

Bottom Row: Standard ".lades
(Llewellyn)

Figure 4.2 Deterioration of
aluminized coating on a G.64 turbine
rotor blade after 3000 hr running
(Llewellyn).
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Figure 5.1 As-cast versus heat

treated

GMR-235
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Figure 5.3. Microprobe traverse
across corrosion area of GMR-235

after 1800°F cyclic test.
et al).
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Figure 6.1 A Hastelloy X test
fixture subject to hot corrosion.
There is a preferential oxidaiion

the large grey particles
etched 500 x (Bergman) .
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Figure 7.18 Microstructure of

ated IN-100 alloy after hot

rrosion tests at 1650 F for 2(
rs (M re and Stetson)

Figure 7.16(a) Microstructure of

ated IN-100 alloy after hot
orrosion tests at 1800°F for 17

hrs (Moore and Stetson)
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Figure 7.18. IN-100 after forty-
five 2-hour cycles at 2000°F
(1038°C) X250. (Deadmore)

Figure 7.19¢ Fffect of cyclic and
isothermal oxidation on weight gain
of IN-100 st 1900°F (1038°C).
(Deadmore) .

Figure 7.20. Effect of isothermal
and cyclic oxidation at 2000°F
(1093 )C) on weight gain of IN-100.
(Deadmore) .
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Figure 10.21 Light and electron
micrographs of corrosion on Alloy
713C after 1000 and 2000°F cyclic
tests (Ryan et al)
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Figure 10.22. Microprobe traverse
across corrosion area of Alloy 713C
after 1800°F cyclic test. (Ryan et
al).
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Figure 10.25 Hot Corrosion of
Inconel 713C with zero sea salt in
air (Quigg and Schirmer)
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Figure 10.26. Hot Corrosion of
Inconel 713C with 1.0 ppm sea salt
in air (Quigg and Schirmer).
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Figure 10.27. Hot Corrosion of
Inconel 713C turbine blade.
(Quigg and Schirmer).
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Figure 10.28. Hot Corrosion of
Inconel 713C Specimen (Quigg and
Schirmer).

25 hours at 2000F test condition with
1.0 ppm sea salt and 0.4 wt % sulphur
Marble's reagent etch. 4000 X Mag.
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jgure 10.40 Photomicrograph of

T section area of the leading

dge of a corroded AMSS5391A (713C)

vane (Unetched, Ox)

. » .
' Doering and Bergman)

Y
Figure Incc 713C after 15(
rs f te g a 00 ¥ ¥
phot 6.24 ! at ns entre
phot § s ©® at and
the t z phot 1 00 mag f
ti (Viswanathan)

Figure 10.41 Photomicrograph of
the AMS5391A (713C) nozzle vane
illustrating the small grey globular
phase at the interface of the
oxides and base matrix (Unetched
1000x) (Doering and Bergman)

Figure 10.42 Photomicrograph of
cross-section area of an AMS5391A
(713C) specimen tested at 1550°F

or 1000 hours with 0.5 ppm sea
1t (Unetched, 50X) (Doering
and Bergman)




Figure 10.43

Photomicrograph of

cross-section area of an AMSS39]A
(713C) specimen tested at 1600°F
for 1000 hours with 5 ppm sea salt

(Unetched,
Bergman)

e ] nons-ar
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TR LA D AnrEL

80x) (Doering and

O OF (CONEL 715C SPECIMEN AFTER 38 HOURS AT
PR OBEA BALT N AR

LATE REAGENT ETOMED . 400K MAGNIFIGAT IO

Figure 10.45. Accelerated surface

oxidation

(Quigg and Schirmer)

AL OB FORSAE T e OF INCONEL
1000F TEST COND TN

TIC SPECIMEN AFTER 55 NOURS AT

BLECTRO-CLEANED  MARELE S REASEST ETONED. | 000K MAGH ¥ ICATION

Figure 10.44 Surface oxidation
(Quigg and Schirmer)

Figure 10.46(a) Surface oxidation
with vanadium penetration
(Quigg and Schirmer)
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Figure 10.47 Accelerated surface
oxidation with vanadium penetration
(Quigg and Schirmer)
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Figure 10.49. Hot corrosion of
Inconel 713C. (Quigg and Schirmer).

Specimen 1

Figure 10.50. Microstructure of
uncoated Inco T13C after hot
corrosion tests at 1eso°r for
60 hours. (Moore and Stetson).
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Figure 10.52. Relationship between
weight loss and exposure time for
bare and coated Inconel 713C.
(Quigg and Schirmer).
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Figure 10.53. Relationship between
weight loss and exposure time for
superalloys in ASTM Program

(Quigg and Schirmer).
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SAFUR N FUE K FCTRO-CLEANED  MARBLE'S REASENT ETCNED  BX MAGNIFICATION

Figure 10.54. Hot corrosion of
superalloys after 44 hours exposure.
(Quigg and Schirmer).
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Figure 10.55. Hot corrosion of Figure 10.56. Accelerated surface
Inconel 713C specimen after 44hours. oxidation of Inconel 713C specimen
(Quigg and Schirmer). after 44 hours. (Quigg and

Schirmer).
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Figure 10.57. Result of the ASTM
Round Robin tests for 713C.
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Figure 10.61 Effect of temperature
voas - on weight loss after sulphidation
- - - rig testing (Donachie et al)
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Figure 10.58 Hot-corrosion attack
in commercial nickel-base and cobalt-
base alloys (Bergman et al)
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Figure 10.59. Section through
IN - 713 blade airfoil of turboprop
engine showing light gray Cra83

phase (bracket) preceding oxidation ? . 1
(x1300) Etchant: mixed acids PR T— S S W f J
Reduced one third for reproduction : ’
(Donachie et al). L .

Figure 10.62 Effect of salt
concentration on weight loss afte-
sulphidation rig testing

(Donachie et al).
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Figure 10.60. Section through N 100
IN-713 wedge specimen tested in F idieg 1
80/10 NagS0; NaCl mixture (Fig. 5) B NN BN NN R R
showing light gray CrzS3 phase Tme- Bdure
(bracket) similar to service
experience of IN-100 and IN 713 in Figure 10.63. Sulphidation test
turboprop engines (x100). Unetched. results at 1650 F with JP-5R fuel
Reduced one third for reproduction. and nominal 0.5 ppm synthetic sea

(Donachie et al) salt. (Donachie et al).
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Figure 10.65 Effect of salt

A — e ————— T LN S concentration and time on weight
loss after 1650 F rig testing using
O | 1 per cent sulphur marine diesel
- Wi SO

~ e | fuel. (Donachie et al)
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Figure 10.66. Specimen weight
change during 1650 F - 500 hr. rig
test using 1 per cent sulphur
diesel fuel and 0.5 ppm salt:air
ratio (Donachie et al).
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Pigure 10.69. Engine-tested uncoated
Inco 713 nozzle diaphragm.
(Bartocci).

FRCENT

Figure 10.70 Effect of time and
temperature on hot-corrosion resist-
ance of coated and uncoated Inco 713
(Bartocci)

Figure 10.71 Typical corroded 713C Figure 10.72. Transverse sections
turbine blade and details of airfoils from corroded turbine
(Hamilton et al) blades after 2700h operation (713C7)

(Hamilton et al)



Figure 10.73 Corroded 713C turbine
blades operated in & marine
environment. (Hamilton et al)

Figure 10.74 Accelerated engine

tested alloys. (Hamilton et al)
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Figure 10.75. Hot corrosion of
turbine blade alloys. (Hamilton
et al).




Figure 10.76

.

I

Relative weight loss

compared to Alloy 713C material
(Hamilton et al)

713C.

Figure 10.78.

(Wall and Michael)

Figure 10.77 Potential-time curves
of Alloy A (AMS 5391A) at 1650 F

in molten salts under air.
(Wheatfall et al).

“Alloys containing
about 13% Cr"” - almost certainly



Wt Lew (mgremty

000

Figure 10.80. Composition profile
of N1-13 Cr-6 Al (713C) alloy
exposed 90 hr at 1450 F.

(Wall and Michael).
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Figure 10.79. Weight loss of

N1-13 Cr-6 Al alloys after exposure
to 1250, 1350, and 1450 F. (Wall
and Michael)
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Figure 10.81. Turbine blades from Tost Provsure. stm
navy aircraft engine. (Schirmer
and Quigg). Figure 10.83. Effect of pressure on

the oxidation rate of superalloys.
(Lee and Young).

Figure 10.82. Hot corrosion of
Inconel 713C turbine blade (x2000)
(Schirmer and Quigg).
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Figure 10.84(a)
in fuel on hot corrosion of four
bare superalloys
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Figure 10.84(b).
in fuel on hot corrosion of four
bare superalloys (Quigg et al).

Effect of sulphur

Figure 10.85. IN 713 LC 168 h/800°C/
Ni3Sy, (Erdos).

Figure 10.86 IN 713 LC Hot corrosion
in gas turbine 1 year 700 - 750°C
(Erdos)

Figure 10.87. 1IN 713 LC in pilot
plant 300 h/850°C (Erdos).

Figure 10.88. 1IN 713 LC in =
sulphatic salt melt 112 h/800 C
(Erdos) .
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Figure
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dependence)

corrosion of nickel alloys
(showing non linear temperature

. ‘I‘.'.." e
g’\d:' § 3 ',,

b v

Arrhenius plot for

(Felix)
- Figure 10.103. Microprobeanalysis
of a corroded test sample, material
IN 713 LC (Ka, 500 x) (dark means
high concentration) (Felix).
»
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»
— =
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p 3 T ommum
Figure 10.101. Effect of chromium
on the corrosion of nickel alloys
at different temperatures. (Felix)
1000 Corros.on rc'e
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Figure 10.102.

function of Al/Ti Cr‘
different temperatures.

Corrosion rate as &
ratio at

- o
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Figure 10.104. Microprobeanalysis -
of a corroded turbine vane, material Akswinium e — Suphur

IN 713 LC (Ea, 1000x) (dark means
high concentration) (Felix).
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'”[ Mo 00 Figure 10.107. The influence of
":'u"-':':c_ ;'::' corrosion on the creep behaviour
"
n[ O==Q-=0==-QW0NX oreseLrue N SULFUR of the nickel-base alloy 713V at
i 900°C.
z | w 100 O===0 120 M (a) in air.
: | (b) in hot gas stream.
E mq' (c) in hot gas stream with synthetic
: sea salt according to DIN 50900 but
é = dry. 36g/48h.
% © without protective coating.
g = ©® chromized.
H T ® without protective coating.
H @ without protective coating.
- | 0 chromized.
4 LDC-2 aluminide coating with Pt.
SASTELLOY X A aluminide coating.
% m 0 m m m ; B (Huff and Schreiber)

vorung (g el

s

e
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Figure 10.106. Maximum depth of
penetration versus caromjium content
for nickel-base gas turbine super-
alloys in a hot-corrosion burner-rig
test at 1750°F (Bergman et al guoted
by Wheatfall).

Figure 10.108.
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The influence of

salt concenzratxnn on the fatigue
life at 900 C, Nimocast 713V,
140 N/mm?.

without protective layer,
without salt,

without protective coating,
with salt.
50 um thick
LDC-2, with
70 um thick
LDC-2, with
50 um thick protective coating
LDC-2, without salt.

with enamel coating.

and

protective coating
salt.
protective coating
salt.

(Huff and Schreiter)
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BAXKELITE MOUNT

SURFACE ATTACK

PARTIAL OXIDATION OF
DEPLETED SURFPACE ALLOY

(s00x)

LIGHT SULFIDE PENETRATION
LEADING OXIDATIVE ATTACH

.)‘ : A

Figure 14.3 Hot rrosior f bare

IN-738 specimen after 60 hours
(very low sulphur fuel) (Quigg et

al)

Figure 14.4 IN 738 preoxidized
)
16h /850 C/Sy (Ercos)
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Figure 14.5. [lectron microprobe
pictures of IN 738 oxidised in air
for 24b and sulphidised in S2
vapour for 16h at 850°C. Dark

means high concentration. (Erdos)
~
© o NIMONIC 90 e IN738 s X%
~ ° A NIMONIC 115 X STELLITE T
\. @ NIMONIC 108 A STELLITES
\o'\
] OO,
& o © s
et = \_Qo
a T N
d Ll LT, ~No
\. .
\‘.\. : \& \O
— ' v
ATy o >~
~e—...a_ s i "~
a... . e ~—- ) o * NIMONIC 90
\~4 & S — 5 ) = —
] NIMONIC 115
NIMONIC 105
X-«
STELLITE 7
L STELLITE 8
" IN738
3 A
! 10 100
TIME. h

Figure 14.6. Corrosion data for gas
turbine alloys in moliten sulphate
at 1000 K. (Cutler and Crant).
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24+
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S
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re Figure 19.2. Photomicrograph of
etched sample of Mar-M 200 corroded
in 997 Na,S04-17 NaCl showing metal-

interface and two-phase

T ion in *he scale (Graham et
al)
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Figure 19.3 Corrosion as a function
f temperature for Mar-M 200 tested
JP-4 fuel with a Salt/Air

of B ppm (Walters)
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Figure 19.4. Corrosion as a function

of temperature for Mar-M 200 tested
using JP-4 fuel with a Salt/Air
Ratio of 4 ppm. (Walters).
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Figure 20.10. The influence of
l.ls concentration of the ixte at
900 C, MAR-M 246, 210 N/mm”.

?

Qb e

without protective coating,
without salt.

without protective coating
with salt.

50 .m thick protective coating
LDC-2, with salt.

70 um thick protective coating
LDC-2, with salt.

50 um thick protective coating
LDC-2 without salt.

(Huff and Schreiber).
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Figure 20.11. The influence of
temperature on the creep behaviour of
the nickel-base alloy MAR-M 246 at
210 N/ms?

(a) in air.

(b) in hot gas stream from JP4 fuel.

(c) in hot gas stream with synthetic
sea salt according to DIN 50,900
36 g/48 h (31 ppm), dry.

without protective coating

()
3 without protective coating
® without protective coating

(Huff and Schreiber)
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Figure 20.13. Localized and surface
COrrosion rates at different sStresses,
nickel-base alloy MAR-N 246, 900°C

AHGK localized corrosion rate in hot
gas

localized corrosion rate
in hot gas with synthetic
sea salt, 36g/48h

SHCK /salt

bHGK Surface corrosion rate in hot
gas

YHGK, salt Surface corrosion rate in
hot gas with synthetic sea
salt 36g/48h

(Huff and Schreiber)
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Figure 22.7. X-ray backscatter
photograph showing chromium
distribution at metal-oxide inter-
face of SM-302. X800

(Felten and Gregg).
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Figure 22.4. SM-302 oxidized
480 hr at 1000 C in air after
etching: X500. (Felten and Gregg).

Figure 22.5 Tantalum concentration
of spalled oxide from SM-302

between 1000 and 1300 C

(Felten and Gregg

Figure 22.6 Tungsten concentration
of spalled oxide from SM-302 between
1000 and 1300 C (Felten and Cregg)
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Figure 22.8. Carbon produced as a
result of carbide combustion in
SM-302 at 1150°C. (Felton and
Gregg) .
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Figure 28.3

Structure of corrosion
layers after 400h exposure at 750°¢C

to flue gas with sulphur addition
(Muller)

Figure 28.4. Structure of corrosion
layers and distribution of elenents
after 1000h exposure at 700°C to
flue gas with addition of sulphur
and vanadium (Muller)
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Figure 28 Structure f corrosior

layer and distributior f elements

after 1000h exposure to flue gas

with additions of sulphur, vanadium

nd sodium (Muller)

Figure 28.6 Example of sulphide

gas Material Nimonic BOA
Magnification X120 (Muller)

oxide attack after 27,000h service
at 700-730"% exhaust blast furnace


















Figure 30.1. (a) Cast Nimonic 90
nozzle segment from Proteus engine
after 800 hours in Brave Class
Fast Patrol Boat

(b) Cast X40 nozzle
segment from Industrial Engine.
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Figure 30.3. The influence of
corrosion on the creep behaviour

of the nickel base alloy Nimonic g
(a) in air at 800°C and 813°C.

(b) in hot gas stream at QOOUC.

{(c) in hot gas stream at QOOUC with
synthetic sea salt according to

DIN 50900, 36g/48 h.

(Huff and Schreiber)

Figure 30.2. Nimonic 80 118h/800°C/
Sp stratified sulphide scale.
(Erdos) .
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Figure 30.4. The influence of temp-

eérature on the creep behaviour
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