Distribution Categories:
Coal Conversion and Utilization:
Coal Gasification (UC-90c)
Direct Combustion of Coal (UC-90e)
Materials and Components (UC-90h)

ANL-79-5¢

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

MATERIALS TECHNCLOGY FOR
COAL-CONVERSION PROCESSES

Seventeenth Quarterly Report
January—March 1979

W. A. Ellingson
Program Manager

Materials Science Division

Previous reports in this series

ANL-78-54 January—March 1978
ANL-78-79 April-——June 1978
ANL-79-2 July—September 1978

ANL-79-23 October—December 1978






TABLE OF CONTENTS
HIGHLIGHTS . . 4+ ¢ & & 4 « « & & e 5 e 4 s 8 s s e e s s s e e »
FOREWORD . . . & & o & & « & o & D T T
ABSTRACT . .« ¢ & v & 4 o o & & & e e e s s e e e s e e e e
INTRODUCTION . & v & o o » o o P e e s e a awa s e a e a o
Task A -- Evaluation of Ceramic Refractories for Slagging Gasifiers
Task C -~ Development and Application of Nondestructive Evaluation

Methods for Coal-conversion Processes

1.

a.
2.

a.
3'

a.

Task D --

1.
2.

(1)
(2}

Component Inspection . .

»

Metallic Transfer Lines

.

Refractory Installation Practices

Acoustic Monitoring of Valves

Erosive-wear Detection and Monitoring

Corrosion in Gasification Enviromments .

-

»

N

.

Ultrasonic Studies - Pilot Plants .

*

Detcition of Thermally Induced Acoustics from
Refractory Concrete Materials

Corrosion Behavior of Materials in Coal-conversion
Processes

Ultrasonic Studies - Scattering of Acoustic
Waves from Rough SBurfaces . .

Effect of Sulfation Accelerators and Corrosion Inhibitors

on Materials in Fluidized-bed Combustion Systems . . . .

a.

b'

Ce

Results

Conclusions

Introduction .

111

Page

*x1i
xii
xiii

1

26
26
26

26

35

35
43

43

45

45

68
68

68



TABLE QF CONTENTS (continued)

Page
Task E -- Erosion Behavior of Materials in Coal-conversion
PrOCESSES & 4 v o o s =« « o & = 5 o o o o o » + o o » 82
Task F ~- Component Performance and Failure Analysis . . . . . 82
a. Examination of Components from the Grand Forks
Energy Technology Center . . ¢« o « + o &+ o o = 82
(l) Tuyere Tips L] - L] L] L] L] L] L] L] L - L] . L] L] - 82
f2) Vapor Barrier Liner . . ¢ o ¢ ¢ « ¢ ¢« o o » 83
(3) TFlow Control Valves « + s s o o« o o « 2 o » 83
b, Morgantown Energy Technology Center -~ Ball Valve
Leakage in the Valve Dynamic Test Unit . . . . . 84
REFERENCES - - L] - [ ] - - - » L] * L] L] - L] - L] - L] L] » L) - - - - 95

iv



10,

11,

12,

13,

14,

15.

16,

17.

LIST OF FIGURES
Title

Weight Percent K0 and Furnace Plenum Temperature as a Function
of Time During Test Run 10 .+ & o o & v o o o o = o o o« = s o »

Furnace Plenum and Midheight Brick Temperatures of the Fused-
cast Refractories as a Function of Time During Test Run 10 . . .

Furnace Plenum and Midheight Brick Temperatures of the Sintered
Refractories as a Ffunction of Time During Test Run 10 , , ., . .

Furnace Plenum and Midheight Brick Temperatures of the Ramming
Mixes as a Tunction of Time During the Test .« & o v o o +» & o &

Cut Sections (Entire Length of Brick is not Shown) from Fused-
cast Refractories .« o o o o 4 o o o 4 o s 8 o 2 ¢ 5 s 2 s 0 o s

Cut Sections (Entire Length of Brick is not Shown) from Sintered
Refractories « v o« o ¢ o o 5 ¢ o 2 s s ¢ o o« s s o a o o s o o »

Cut Sections (Entire Length of Brick is not Shown) frum Ramming

Mixes » L] » - . - - L * L] L] - L] - L3 L] L] - - * - L] L] - L] L - » L ]
RF Signal and Frequency Spectrum of Rough Surface . . . + « 4+ &

Frequency Spectra Obtained with (a) 0ld and (b} Revised Computer
Program » - L] - L] L] L] * - . L] - - L] - . - - * L] L] L] L] L] L 4 » L] L]

Cross-correlation of RF Signal for Sample of Fig., 9 . . « . .+ .

(a) RF Signal of Rough Surface Insonified through Metal;
(b) Deconvoluted Signal of (@) o v v &« & & &« o o o o o o o o »

(a) RF Signal of Rough Surface (Water-Steel Interface); (b) De-
convoluted Signal of (@) & . + o« ¢ « & ¢ o & o ¢ o 3 + & s s s s

Deconvoluted Signal of Fig., 12 with Origin Adjusted to Smooth-
SurfaceRefleCtiOn....................---

(a) Dimensions of High-density Castolast G Panel; (b) Locations
of Thermocouples on Top and Bottom Hangers (Hot Face at Top of

Figure) » » » - L] L) L] L] - - [ L] . » L] - » L] - L] L] » L] - . . . L]

Temperature-Time Profiles at Thermocouple Positions Indicated
in Fig. 14b L] L] L . - - L] - L] L ] L] L] L L] » L] » [ ] L] - L] - - L ] - L]

Thermal Expansion Curve for Castolast G High-alumina Refractory.

Tim: ~ Reach Critical Shrinkage-reversal Temperatures of 250
and 3.1,°C at a Heating Rate of about 220°C/h . . . ¢ « v & & & &

12

14

16

18

20

23

29

30

31

32

33

34

37

38

39

39



18,

19,

20,

21.

22,

23,

24,

25-

26.

27.

28,

29,

30,

31.

LIST OF PIGURES (contd.)

Title

Ringdown Counts as a Functlon of Time . & ¢ 4 « ¢ &+ o = « o s = »
Selected Ampiitude-distribution Plots for Broadband(a) and
Razsonant (b) Transducers, Showing the Limited Effect of Bandwidth
Dn Slope » L] . - - L ] L ] » [ ] » L L] L] LJ L] L 3 L] L] L] L] L] L] L] - . [ ] - -
Amplitude Distribution for 175-kHz (Left) and Broadband Trans-
ducers During Cooling of Thick Panel . . « + « 4+ « & »

Diagram of Slurry LOOP .+ ¢ v = & 4 « + & o s &

Diagram of Orifice Plate and Acoustic Waveguide to be Installed
in Test Section of Slurry Loop + & o v &+ ¢ o ¢ o o s e s e s
X-ray Photograph and Cr, Fe, Ni, and S Distribution in Inroloy
800 Specimen After a 3.6-Ms Exposure to a Complex Gas Mixture

at 750°C (Run FOZB750) L] L] L] * L] - L] L] » * LJ L] - » L] . L] L] L] L] L]
X-ray Photograph and Cr, Fe, Ni, And 5 Distribution in Type 310
Stainless Steel Specimen After a 3,6-Ms Exposure to a Complex
Gas Mixture at 750°C (Run FO2B750) . +. + & « & o o v « « 5 o =

¥-ray Photograph and Cr, Ni, and § Distribution in Inconel 671
Specimen After a 3,6-Ms Exposure to a Complex Gas Mixture at
750°C (Run FOZB?SO) . » L] - [ ] [ ] - L] L] L] L] L] L] L] L] » L] L] L] . . - -

X-ray Photograph and Cr, Fe, Ni, and S Distribution in U.S.
Steel Alloy 18-18-2 Specimen After a 3,6-Ms Exposure to a
Complex Gas Mixture at 750°C (Run FO2B750) . & « ¢ o o « o s & &

X-ray Photograph and Cr, Fe, Ni, 5, and 0 Distribution in Incoloy
800 Specimen After a 3,6-Ms Exposure to a Comnlex Gas Mikture
at 750°C (Run DO3B750) v 4 & o o 5 o s ®» o s 2 2 8 2 = a s » « &®

X-ray Photograph and Cr, Fe, Ni, S, and 0 Distribution in Type
310 Stainless Steel Specimen After a 3.6-Ms Exposure to a
Complex Gas Mixture at 750°C (Run DO3B750) . & v & ¢ ¢ ¢ o & o+ &

X--ray Photograph and Cr, Ni, S, and 0 Distribution in Inconel
671 Specimen Aftei a 3,6-Ms Exposure to a Complex Gas Mixture at
750°C (Run D03B7 50) L] . L] - L - - L] [ ] - [ ] - - - L] L] - - » - L] - *

X-ray Photograph and Cr, Fe, Ni, S, and 0 Distribution in U,S.
Steel Alloy 18-18-2 Specimen After a 1,6-Ms Exposure to a
Complex Gas Mixture at 750°C (Run DO3B750) . & ¢ v o ¢ o o ¢ o »

X-ray Photograph and Cr, Fe, Ni, and § Distribution in Incoloy
800 Specimen after a 3,6-Ms Exposure to a Complex Gas Mixture
at 871°C (Run D03B871) . L ] L[] L L] » L] L] * L] L] L] - L ] L] - L]

vi

Page
40

41

42

b4

44

48

49

50

51

52

53

54

55

56



33,

34,

35.

36,

37.

38,

39.

40.

41,

42,

43,

LIST OF FIGURES (contd.)

Title Page

X-ray Photograph and Cr, Fe, Ni, and S Distribution in Type
310 Stainless Steel Specimen After a 3.6-Ms Expostre to a
Complex Gas Mixturz at 871°C (Run DO3B871) . &« +. « & « o & + s 57

X-ray Photograph and Cr, Fe, Ni, and S Distribution in Inconel
671 Specimen After a 3.6-Ms Exposure to a Complex Gas Mixture
at 871DC (Run D03B37l) I R T R R R T R R R T S L] 58

X-ray Photograph and Cr, Fe, Ni, Si, and S Distribution in U,S,
Steel Alloy 18-18-2 Specimen After a 3.6-Ms Exposure to a
Complex Gas Mixture at 871°C (Run DO3B871) . . &+ & & « o & & « = 59

X-ray Photograph and Cr, Fe, Ni, 5, and 0 Distribution in
Incoloy 800 Specimen After a 3.6-Ms Exposure to a Complex Gas
Mix:ure at 982°C (Run BO3A982) . . v v v & ¢« « s o o s « o o » » 61

X.-ray Photograph and Cr, Fe, Ni, 5, and O Distribution in Type
310 Stainless Steel Specimen After a 3.6-Ms Exposure to a
Complex Gas Mixture at 982°C (Run BO3A982) . . v v v ¢ & & + o 63

X-ray Photograph and Cr, Ni, §, and O Distribution in Inconel
671 Specimen After a 3,6-Ms Exposure to a Complex Gas Mixture
at 98200 fRun B03A982) « & 8 s 8 s 8 & & % 8 B 8 & 8 & ¥ 8+ & » 65

X-ray Photograph and Cr, Fe, Ni, S, and C Distribution in U.S.
Steel Alloy 18-18-2 Specimen After a 3.6-Ms Exposure to a
Complex Cas Mixture at 982°C (Run BO3A9B2) . . . 4+ v + &« & & & 66

Top and Bottom Views of Air-cocled Probes from Corrosion Test
Run CT-Z‘ - L] » - L] - * . L L] . - L] . . . . - . » . - L3 . * L] L) » 71‘

Top and Bottom Views of Coupon Holders from Corrosion Test
Run CT-& s 5 8 8 & 8 & ® 8 8 58 3 "B & ® 8 & ® B & o B "B & & s e @ 75

Average Thickness of Surface Scale and Depth of Intermal Cor-

rosive Peneiration for Corrosion Coupons Exposed Inside the

Fluidized Bed for 360 ks at a Location 102 mm Above the Gas
Distributor Plate . 4 & o« o « o o « o 5 o s s s s s s s o o o o 76

Average Thickness of Surface Scale and Depth of Internal Cor-

rosive Penetration for Corrosion Coupons Exposed Inside the

Fluidized Bed for 36U ks at a Location 6.0 mm Above the Cas
Distributor Plate . 4 4 o o o o o o s o s o s s o s s o = s « 77

SEM Pliotographs of Inconel 617 and 671 After a 360-ks Exposure
at 1123 Inside the Fluidized Bed &« o &« 4 ¢ ¢ ¢ & o s 2 8 o s & » 78

vii



45-

46.

47,

48,

49,

50,

51,

52,

53.

54,

55.

56,

LIST OF FIGURES (contd.)
Title

SEM Photographs of Type 310 Stainless Steel After a 360-ks
Exposure at 1123 K Inside the Fluidized Bed at a Location 102
mm Above the Gas Distributor Plate . + + « + o o o « o « o« o

SEM Photographs of Type 310 Stainless Steel After a 360-ks
Exposure at 1123 K Inside the Fluildized Bed at a Location 610
mm Above the Gas Distributor Plate . . « 4 &+ « s « o s & s & »

SEM Photographs of Alloy C-12 After a 360-ks Exposure in the
Freeboard Section of the CombusStor . .« « « « &+ o & s s « & o &
Schematic of the Grand Forks Energy Technology Center Slagging
Gasifier and a Detailed View of the Tuyere Region . . . « . &

Schematic Drawing of Tuyere Tip . + &+ « « o & e b s v e e
(a) Optical Photograph of the West Tuyere Tip; (b) Micrograph
of a Polished and Ftched Cross Section through the Regic- Indi-
cated in (a), Showing the Weld Metal and Base Metal . . . . .

(a) Optical Photograph of the South Tuyere Tip; (b) Micrograph
of Polished and Etched Cross Section through the Region Indi-
cated in (@) + & ¢ ¢ ¢« ¢ e @ . .

{a) Micrograph of a Cross Section of the Type 310 Stainless
Steel Vapor-barrier Liner; (b) Electron Microprobe Results
Showing the Absorbed-current Image and the Sulfur, Chromium,
Iron and Nickel Distributions in the Corrosion Scale . . . . .

Micrograph of a Polished and NaOH-etched Cross Section of the
Type 310 Stainless Steel Vapor-barrier Liner . . « « « o« & & &

A Schematic of the Flow-control Valves that Falled by Wire
DrEWing L] - L] L] - L L] L - L] L] L] » L] L] L] L] L - L] L L - L] - L -

Photographs of the Stems from the Failed Flow-control Valves .

Scanning Electron Micrographs of Two Regions of the Type 316
Stainless Steel Valve Stem Shown at the Center of Fig. 54 . .

Scanning Electrcn Aicrographs of Two Reglons of the Type 316
Stainless Steel Valve Stem Coated with Stellite B . . . . . .

viii

79

80

81

85

86

87

88

89

90

91

92

93

94



II.

III.

IvV.

VI.

VII.

VIITI,

IX.

XI.

XI1I.

LIST OF TABLES
Title
Refractories Tested dn Run 10 . , . . . + & v ¢ 4 « « &« « &
Composition of Slag (wt %) During Corrosion Test Run 10 , .

Relative Corrosion Resistance of Fused-cast Refractories
Exposed to Slag-Seed Attack in Test Run 10 . . + « « &« « &

Relative Corrosion Resistance of Sintered Refractories
Exposed to Slag-Seed Attack In Test Run 10 . . . . . . . .

Relative Corrosion Resistance of Ramming-mix Refractories
Exposed tr Slag-Seed Attack in Test Run 10 . . . . « + + .

Composition of Slag (wt %) During Corrosion Test Run 11 , .

Relative Corrosion Resistance of Refractories Exposed to a
Basic Slag in Test Run 11 , . & & & & o o » = « o & . o« & «

Information on Corrosion-Product Layers for Specimens After
3.6-Ms Exposures to Complex Gas Mixtures from Different
Experimental RUNS . &+ « » « ¢ o o o s o o s o = s o ¢ s o =

Calcium=-to~Sulfur Molar Ratios Required to Maintain 700 ppm
50, in the Dry Off-gas . ¢ . . + o ¢ v v v o 0 s o 0 o o &

Composition {(wt %) of Candidate Materials . . . . + ¢« + + &

Materials, Location, and Temperature of Corrosilon Specimens
forRUnCT"l{.......................

Average Thickness of Surface Scale and Depth of Internal
Corrosive Penetration Measured in Corrosion Coupons for
RU“CT-4--ouoonoonoo-.-.----o-oo-

10

47

70

71

72

73



MATERIALS TECHNOLOGY FOR COAL-CONVERSION PROCESSES:
SEVENTEENTH QUARTERLY REPORT
January-March 1979

HIGHLIGHTS

Task A -- Evaluation of Ceramic Refractories for Slagging Gasifiers

(C. R. Kenmedy, R. N. Singh, R. J. Fousek, S. W. HKreis, and
R. E, Mailhiot)

In test run 10, the corrosion of a wide variety of commercial refrac-
tories in a mixture of coal-ash slag and potassium seed at v 1500°C under
reducing conditions has been Investigated. These conditions simulate the
operating enviromment of the water walls of a radiant boiler in a coal-fired
open-cycle MHD plant. Several refractories appear promising for this appli-
cation. As compared with earlier results obtained with slag only at ~ 1500°C,
the presence of Vv 10 wt % K70 seed in the Montana Rosebud slag did not result
in increaserd corrosion, and may have actually improved the corrosion resistance
of many of the refractories that were tested. The fused-cast chrome-spinel
refractory exhibited the hiphest corrosion resistance of any refractory tested,
The magnesia-chrome refractories showed more resistance to corrosion than the
other sintered materials that were tested, A phosphate-bonded chrome-ore
ramming mix performed better than the other ramming mixes tested, but not as
well as any of the sintered or fused-cast bricks,

Test run 11, which evaluated the compatibility of a variety of
refractories with a basic slag (B/A = 1.5), has been completed. Again, the
fused-cast chrome-spinel refractory was the most resistant to attack,

Task  —— Development and Application of Nondestructive Evaluation Methods
for Coal-conversion Processes (W,A. Ellingson, K.J. Reimann,
C.A. Youngdohl and R.R. Roberts) '

The high-temperature ultrasonic erosicn monitoring system instal-
lation was 75% completed on the gas-stream cleanup section of the Mo~ ..town
Energy Technology Center (METC) gas producer. The data-acquisition system
will be controlled by the METC digital computer. Acoustic-emission data
from the 95% Al,0; refractory firing are consistent with the theory that a
uniform shift in amplitude does not affect characteristic slope. Modification
of an existing coal~-slurry loop is in progress to establish the sensitivity
limits for leak detection 1in slurry valves. Present results on scattering of
ultrasonic waves trom roughened surfaces suggest that time-domain decon-

volution methods and acoustic spectroscopy yileld similar resolution of thick-
ness values.



Task D.1 -- Corrosion in Gasification Environments (K. Natesan)

Corrosion and uniaxial tensile specimens of Incoloy 800, Type 310
stainless steel, Inconel 671, and U, S. Steel Alloy 18-18-2 were exposed for
3.6 Ms to multicomponent gas mixtures at temperatures of 750, 871, and 982°C.
Information is presented on the type and thickness of corrosion-product
layers and on depths of intergranular penetration of the base metal for the
specimens exposed to these simulated coal-gasification environments.

Task D.2 —-- Effect of Sulfation Accelerators and Corrosion Inhibitors on
Materials in Fluidized-bed Combustion Systems (0. X. Chopra)

The corrosion behavior of several iron- and nickel-base alloys
has been evaluated after 360-ks (100-h) exposures in the bed and freeboard
regions of an atmospheric-pressure fluidized-bed combustor. The influence of
small additions of NaCl, CaCly, and NapCO4q (i.e., sulfation-enhancement
agents) to the limestone on the average thickness of the surface scale and
internal corresive penetration at temperatures between v 700 and 1120 K was
determined from metallegraphic evaluation of the specimens., The results
indicated that the addition of 0.3 mel % CaCl, to the fluidized bed had no
significant effect on the corrosion behavior of the various materials;
however, 0.5 mol % NaCl or 1.9 mol % Na,yCO,; increased the corrosion rates of
most of the materials. 1In general, the austenitic stainless steels and
Haynes Alloy 188 exhibit better resistance against accelerated corrosion in
the presence of salts than the high-nickel alloys. The various materials
located in the freeboard sectlon of the combustor at temperatures tetween
" 800 and 975 K showed no detectable corrosion.

Task E -=— Erosion Behavior of Materials in Coal-conversion Processes
(J.Y. Park, 5. Danyluk, and W.J. Shack)

Repair of the corrosion/erosion test apparatus has continued,
The cause of the cooling-water leak is being sought, and a new heating element:
is being installed.

Task F -- Component Performance and Failure Analysis (S, Danyluk, G.M. Dragel,
ar.1 L.E., Pahis)

A number of failed components from the Grand Forks Energy Tech-
nology Center were examined. These included three tuyere tips and a per-
forated vapor-barrier liner from the slagging gasifier, and three flow-control
valves from the liquefaction unit, A 6-inch ball valve from the Morgantown
Energy Technology Center Valve Dynamic Test Unlt was examined after excessilve
leakage developed during simulated lockhopper service,

xi



MATERIALS TECHNOLOGY FOR COAL-CONVERSION PROCESSES:
SEVENTEENTH QUARTERLY REPORT,
January-March 1979

FOREWORD

This broad-base materials engineering program, begun
in 1974, includes studies on ceramic (refractory) and metallic
materials presently beirg used or intended for use in coal-
conversion processes. The program entails nondestructive
testing, failure analysis, and studies of erosive wear, cor-
rosion and refractory degrada: ion. Appropriate laboratory and
field experiments are integrated such that the results have
impact on present pllot- and demonstration-plant and proposed
full-scale designs. This quarterly report, for the period
January-March 1979, presents the technical accomplishments of
the program.

ABSTRACT

Studies of slag attack on refractocies were continued, utilizing
conditions relevant to MHD applications. Addition of 10 wt % Kp0 seed to
the slag did not increase its corrosive effect on the refractories tested.

A hot gas-stream cleanup erosion-monitoring system using an ANL-
dcveloped nondestructive ultrasonic system was installed at the Morgantown
Energy Technology Center (METC) during this period and was 75% completed,
Characteristic-slope values obtained from broadband and rescnant-band acoustic-
emission transducers during rapid heating of a 95% A1203 refractory panel
are consistent with theory.

Corrosion information on type and thickness of correosion-product
layers was cbtained on Incoloy 800, 310 stainless steel, Inconel 671 and
U.S. Steel Alloy 18-18-2 after exposure to corrosive cnvironments at 750,
871 and 982°C, Fluid-bed corrosion studies involving sulfation accelerators
have shown that addition of 0.3 mol %Z CaCl, has no significant effect on
corrosion behaviur of the alloys studied. "However, 0,5 mol % NaCl or 1.9
mol % N32C03 increases the corrosion rates of most materials.

Faillure analyses were performed on components from the slagging

gasifier and liquefaction unit at the Grand Forks Energy Technology Center,
and a ball valve from the METC Valve Dynamic Test Unit.

xii



INTRODUCTICN

The economical conversion of coal into clean and readily usable
fuels will be advanced through the use of durable materials. The technical
information base applicable to materials selection in plart design for the
operating environments of various coal-conversion processes is extremely
limited. Hence, reliable selection and lifetime-prediction methods for
materials under these conditions are not available. This project 1s designed
to provide part of the materials information necessary for successful opera-
tion of coal-conversion systems. The present report is the sevenieenth quar-
terly progress report submitted by ANL to the Divislon of Systems Engineexing,
Office of FossZl Energy under Project Number 7106, '"Materials Technology for
Coal-conversion Processes'.

The project includes six tasks: (A) evaluation of commercial

refractories exposed to coal slag under conditions typical of those encoun-
tered in slaggi g gasification processes; (B) evaluation of erosion/corrosion-
resistani coatings when exposed to prototype operating environments
(suspended in FY 78); (C) development, evaluation, and application of non-
destructive evaluation methods applicable to coal-conversion systems;
(D) evaluation of the corrosion behavior of comrercial alloys; (E)} develop-
ment of analytical models to predict the erosive-wear behavior of materials
used in coal-conversion plants; and (F) analysis of failed coal-conversion
plant components.

xiidi






Task A -- Evaluation of Ceramic Refractories for Slagging Gasifiers
(C. K. Kennedy, . N, Singh, H. J. Fousck, L. W. Kreic, and
i, K. datlhiot)

In addition to applications in slagging gasifiers, refractories are
also being considered for use in a variety of components of a coal-fired
open-cycle magnetohydrodynamic (MHD) power-generator system. In particular,
refractories may be required {in the counstruction of a combustor, high-tem-
perature air hesaver, radlant boiler, and liigh-temperature gas ducting. In all
these applications, the refractories must be able to withstand high operating
temperatures and the corrosive-erosive conditions associated with liquid coal
slag., Furthermore, the sitnat.on may be exacerbated by the high levels of
alkalties (particularly potassium compounds) which are injected as a seced
raterial to increase the electrical conductivity of the plasma in the MHD
gencrator. Although a considerable amount of information is available on
refractory-materials behavior in coal-fired systems in general,l=3 little is
known about the corrosion behavior of refractorles in the slagging environ-
ment of a coal-fired MUD system, which has significantly higher potassium
levels than other systems. Thereifore, test run 10 was performed to evaluate
the corrosion behavior of a number of candidate ceramic refractory materials
in contact with a high-temperature (" 1500°C) mixture of coal slag and seed
to simulate the conditions within the radiant boiler of an MID power
generator,

A wide variety of commercially asailable materials in the form of

bricks and easily rcpairable ramming materials werc exposed for v 500 h at
1500°C to an artificial Montana Rosebud coal slag, with Vv 172 wt Z K,0 to
simulate the effect of the seed, The chemical compositions of the refrac-
tories that were tested are listed in Table I. The partial pressure of
oxygen was waintained at v 107“ Pa by adjusting the relative flow of natural
gas, air, and oxygen. Chemical analysis of gas samples taken from the
furnace at variocus times during the tests were used to calculate the partial
pressure of oxygen at the furnace temperature. The temperature was measured
with a Pt vs Pt-107 Rh thermocouple, During the test, seed material (KZSOA)
was frequently added to maintain the desired KZO content in the slag.

After termination of the test, the bricks were removed from the
furnacc and sectioned lengthwise in the vertical plane so that the slag
attack (depth of material removed and depth of slag penetration) could be
viewed in cross section.

The composition of the slag during test run 10 is given in Table
II, The concentrations of §1Q.,, iron oxides, Ca0, Mg0, and Na20 in the slag
remained fairly constant throughout the test. However, the concentration of
KZO in the slag decreased during the test as a result of preferential
vaporization, and the Al 0. concentration increased slightly. Additional
potassium salt (K250 ) was frequently added during the test to maintain the
potassium oxide 1eveis in the slag between ~ 6 and 10 wt %. 1lhe potassium
oxide concentration in the slag as a function of time during the test is
given in Fig. 1. An average K,0 concentration of ~ 8 wt % was maintained
during the entire test run. The base-to-acid ratio (B/A) was fairly constant
(0.4 to 0.6) over the entire test period. The ferritic content in the slag



was low (0.25 to 0.4), indicating that the test was performed under pre-
dominantly reducing conditions.

The thermal history of each sample during the entire 475-h test
duration is summarized in Figs. 2-4. During the test, the furnace temperature
was railsed to " 1500°C, and when a 3teady-state temperature profile was
achieved, slag was added. When the 1nitial charge of slag (70-80 kg) was
completely melted, the furnace temperature was increased to ™ 1600°C and kept
there for an v 24-h period. Another 70-80 kg of slag was then added, and the
temperature was lowered to v 1500°C., The test was continued at this lower
temperature for an additional v 450 h before termination. Since the slag
pool is heated only from the top, a strong vertical gradient (v 7°C/mm)
exists within the slag. Thus, most of the attack on the refractories occursg
at the slag line. Two such slag-attack lines were visible on some reflrac-—
tories. The top attack line corresponds to an exposure at " 1500°C for 450
h, whereas the bottom attack line, which was "frozen in" by the second slag
addition, corresponds to an exposure at v 1600°C for 24 h,

Full- and 1/2-size refractory samples were tested in the same
test run., The temperatures at two locations (25.4 and 76.2 mm from the hot
face) were recorded for each sample, as shown in Figs. 2-4, Generally,
full-size bricks were 50-100°C hotter than 1/2-size bricks. After the tes:,
Lhe samples were sectioned lengthwise to determine the extent of corrosion.
The serticned samples are shown in Figs, 5-7, 1lwo slag-seed atrack lines
are visible on the fused-cast alumina sample (number 2) in Fig. 5a.

The relative resistance of the three fused-cast refractory
compositions to secd-slag attack is summarized in Table I11. It Is apparent
from the data on maximum deptb of material removal and slag-seed penetration
that among the fused-cast bricks tested, the chrome-spinel (number 22) ex-
hibited the best performance. The fused-cast alumina-chrome bricks (number
38) had good corrosion resistance, but suffered from exteisive cracking
(Fig. 5a) owing to either thermal shock or the steep temperature gradient
during the testing, The fused~cast alumina material (number 2} showed fair
performance; however, extensive slag-seed penetration was observed in the
central porous region (Fig. 5b) which was formed during casting of the bwick.

The relative resistance of thc four sintered refractory com-
positions to slag-seed attack is summarized in Table IV, The sintered
nagnesia-spinel brick (number 98) had only average corrosion resistance, and
also suffered from extensive cracking (Fig., 6b). This materilal also showed
attack by the potassium-rich vapors produced during the test. A significant
amount of seed-slag penetration was also observed for this material. The
alumina-chromia material (number 23) showed intermediate corrousion resistance,
but the full-length brick suffered from swelling (Fig. 6¢) as a result of gas-
phase attack, The two sintered magnesia-chrome refractories (numbers 20 and
29) showed the best corrosion resistance (minimum depth of removal) amcng
the sintered materials; however, the 1/2-length bricks suffered from cracking
(Figs. Ff and h), probably owing to the steep thermal gradient.

The relative resistance of the four types of ramming mixes to
slag-seed attack is summarized in Table V. Of the four ramming mixes, the
phosphate-bonded chrome-ore {(number 18) performed the best whereas the



silicate-bonded chrome-ore (number 99) perforred the worst, The alumina-
chrome mix (number 26) chowed intermediate performonce, but the full-length
brick exhibited substantial swelling (see Fig. 7e). The magnesia mix
(number 97) suffered extensiy cracking (see Figs, 7g and h), swelling, and
mor: gas-phase than liquid-phuse attack.

Samples have heen obtained from areas close to the slag-refractory
interfaces for microstructural examinations via optical microscopy and SEM.
The results from these examinations will be utilized in determining the
nature and mechanism of the corrosion.

In general, the corrosion resulting from exposure to Rosebid-type
slag-seed mixtures was less than or equal to that resulting from exposures to
similar (but not identical) Rosebud-type slags without seed. These results4_
are in qualitative agreement with the limited resulte of other experiments.
Two potential explanations for improved coryosicn resistance in the presence
of seed exist. First, it has been reported that tle viscosity of the slag
increases with increasing K,0 content (up to 20 wt 7). Second, the addition
of K,0 to coal slag has been found to decrease wetting of many refractories
oy tﬁe slag.

Test run 11, which exposed a varilety of refractories to a basic
slag (B/A = 1.3, Table VI), at 1500°C for ~ 500 h, has now been completed.
The results are currently being compiled and analyzed, and will be presented
in detaill in the next quarterly report. A preliminary evaluation of the
relative corrosion resistance of the tested refractories is presented in
Table VII., As in rests with acidic slags, the fused--cast chrome-spinel
refractory was the most resistant to corrosion.



TABLE I. Refractories Tested in Run 10
Number Type Composition
2 Fused-cas*t alumina A1203(99)-N320(0.4)
22 Fused-cast chrome- Cr,OB(80)-MgO(8)-Fe203(6}
spinel -
38 Fused-cast alumina- A1203(60.4)-Cr203(27.3)-NgO(é.O}-Fe203(4.2)—5107(1.8)
chromia -
20 Sintered magnesia- MgO(59)-Cr203(19)—A1203(13)-Fe203(7)—5102(1.5}-030(0.5)
chrome
23 Sintered alumina- Al.0.(89,.7)=Cr. 0. (10)
273 23
chromia
29 Sintered magnesia- F;3(63)-Cr203(19)—A1203(5)—Fe703(12)—8102(1)—Ca0(1)
chrome =
98 Sintered magnesia- A1203(70)-M30(28)
spinel
18 Phosphate-bonded chrome- Cr903(39.6)-A1203(21.4)—Fe203(22.6)-M30(9.6)-5102(2.5)
ore ramming mix -T102(0.6)-Pﬁ0 (3.7)
96 Alumina-chromia ramming
—_C . 2)=
nix A1203(85) Cr203(10_ 5102( ) P205(3)
97 Magnesia ramming mix MgO(?S)—SiOz(S)-CaOCI)
99 Silicate-bonded chrome- Cr203(33)-A1203(28)—Mg0(19)—Fe0(13)-5109(5)

ore ramming mix




TABLE II. Composition of Slag (w- %)@ During Corrosion Test Run 10

Exposure Time, h

Component 0 23 111 183 255 o3 374 405 473
510, (3) 38.0 36.0 38,2 37,4 38, 38,8 18.6 38.8 37.8
A0, (A) 24,8 24.6 28.7 30.8 29.4 31.3 30,8 29.1 30,9
Pe,0, (F)) 1.8 1.3 1.0 1.2 1.7 0.9 1.1 1.1 1.3
Fed (rz) 1.5 1.9 1.4 1.3 1.2 1.8 1.9 1.7 1.8
Fe (7)) 0.6 0.7 1.0 1.0 0.7 0.8 0.6 0.4 O.n
Cal {C) 17.1 20.0 16,0 16.1 17.0 17.9 18.7 13.3 19.9
Mg0 M) 5.1 5.7 4.9 3.8 3,7 4.0 3.8 3.0 3.4
Na,0 (N) 0.2 0.2 0.2 0.15 0.15 0.1 0.1 0.1 0.05
xzo (K) 10.21 9.0 8.1 7.8 6.3 6.4 7.2 11.9 7.1
(11.1)b (9.5) (9.1) (7.8) (6.1) (7.0) (11.3)
'l‘:I.O2 (1) <0.1 0.2 0.2 Q,2 0.3 0.3 0.35 0.3 0.3
Cr,0, <0,1 0.1 <0,1 <0,1 <0,1 <0,1 <0.1 <G, <0.1
B/A Ratic® 0.55 0.63 0.50 0.44 0.45 0.40 0,42 0.46 0.44
Ferritic
content, %9 40 30 25 29 49 22 27 30 10

%\easured after the 1500°C operating temperature was reached,
bNuubers in parentheses give K;0 concentrations determined from an Independent analysis,

“Base-to-acid ratio B/A = (F) + P, + F; + C+ M+ N+ K)/(S + A+ T),

d
Ferritic content wt I (Fe203)

wt % (Fe203) + 1.1 we Z (FeD) + 1,43 wt T (Pe)



TABLE III. Relative Corrosion Resistance of Fused-cast Refractories Exposed to 5lag-Seed Attack ir
Test Run 10

Maximum Depth
Maximum Depth of Penetration,

of Removal?, mm mm
Attack Full- 1/2- Full- 1/2-
Number Type Line length length length length Remarks
2 Alumina Topb 1 1 45 60 Some cracking. Penetration into
Bottom® 1 0 45 60 ccntral porous region resulting
from casting.

22 wnrome-spinel Top 0 0 0 0 Full length - some cracks
Bottom 0 0 1y 0 Half length - no cracks,

a8 Alumina-chromia  Top 1 i 0 C Substantial cracking.
Bottom 0 0 0 0

Ueasured from the original hot face,
5,55 h at ~ 1500°C
€24 h at 1600°C



TABLE IV. Relative Corrosion Resi:ctance of Sintered Refractories Exposed to Slag-Seed Attack in
Test Run 10
Maximum Depth
Maximum Depth of Penetration ,
of Removal?®, mm mm
Attack Full- 1/2- Full- 1/2~
Number Type Line lengtn length length length Remarks
20 Magnesia-chrome Topb 1 <1 4072° 10? Pitted by gas phase. No
Bottom 1 <1 407 10?7 cracking.
23 Alumina~chromia  Top 2 1 23 15 Some swelling of fulil-length
Bottom 2 1 18 10 brick due to gas-phase attack.
29 Magnesla-chrome Top 1 <1 ? ? Pitted by gas phase, Some
Bottom 1 <1 ? cracking,
98 Magnesia-spinel Top 1 1 40 35 Extensive cracking and attack by
Bottom 4 2 50 35 gas phase,

3easured from the original hot face.

b455 h at ~ 1500°C.

€2 = measurement in doubt or impossible.

d24 h at 1600°C.



TABLE V. Relative Corrosion Resistance of Ramming-mix Refractories Exposed to Slag-Seed Attack in
Test Run 10
Maximum Depth a
Maximum Bepth of Penetration ,
of Removal?d, mm Hm
Attack Full- 1/2-  Full- 1/2-
Number Type Line length length length length Remarks
18 Phosphate-bor 1ed Topb 2d 2 60 49 Some cracking.
chrome ore soctom® ? 2 40 45
96 Alumina-chromia Top 3-5 1 50 15 Full length - substantial
Bottom 3-5 1 40 15 swelling. Some cracking.
97 Magnesia Top 5 4 6 5 Extensive cracking and
Bottom 6 4 7 5 swelling. More attack by gas
than liquid phase,
99 Silicate-bonded Top 20 4 70 52
chrome ore Bottom ? ? 70 52

®Measured from the original hot face,
P455 h at ~ 1500°C.
€24 h at 1600°C.

d .
7 = Measurement impossible because the refractory fractured upon removal from the furnace.



TABLE VI, Composition of Slag (wt %)@ During Corrosion Test Run 11

Exposure Time, h

Component 1 303 398
SiO2 (s) 25.1 23,0 25,1
A1203 (a) 15.3 16.1 15.0
Fe203 (Fl) 4.3 4,2 4.2
Feld (Fz) 8.3 9.4 9.2
Fe (F,) 1.0 0.9 1.0
Cal (C) 39.2 39.4 38,2
MgO (M) 5.5 5.8 5,8
Na20 (N) 0.1 0.1 0.1
K20 (K) 0.1 0.1 0.1
TiO2 (T) 1.0 1.0 1.1
B/A Ratio” 1.4 1.5 1.4
Ferritic

Cont ant®, % 29 26 26

*Measured after the 1500°C operating temperature was reached,
bAs in Table 1I,
“As in Table II.
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TABLE VIT. Relative Corrosion Resistance of Refractories Exposed to a Basic Slag in Test Run 11

Maximum Depth

Number Type of Removal ,mm Composition
2 Fused-cast alumina 11 A1203(99)—Na20(6.5)
22 Fused-cast chrome-spinel 0-1 Cr203(80)—Mg0{8)—Fe203(6)—A100 (5)—5102(1)
280 Fused-cast aluminia- D=1 AlqOB(65)—Cr203(32)-Fe0(1)
chromia -
317 Fused-cast magnesia- 15 MgO(65)—A1203(35)
spinel
16 Sintered alumina-chromia 10 A1203(90)-Cr203(10)
852 Sintered alumina-chromia 3 A1503(81)—Cr203(16.6)—P205(1.0)
29 Sintered magnesia-chrome 4 Eg0(63)—Cr203(18)—F3203(12)—A1203(5)—Si02(1)—CaO(l)
35 Sintered magnesia-chrome 4 MgO(GO)-Cr203(15.5)—A1203(lS)—Fe203(7)-SiOZ(l.5)
—Ca0(l)
41 Sintered magnesia-chrome MgO(SS)—Cr203(20)—A1203(8)—FeO(1l)—SiOz(2.5)-T102(1.5)
190 Chemically bonded alumina- 9 A1203(91)—Cr203(7.5)
chrome
86 Sintered alumina-chromia 21 A1203(84.5)-Cr20?(10.5)—?205(4.5)

#Measured from the original hot face.
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Fig. 5.
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RUN 10 2(F)

(a) (b) el

Cut Sections (Entire Length of Brick is not Shown) from Fused-cast Refractories. (a) and (b),
Full- and 1/2-length alumina (number 2}, {e) and (d) full- and 1/2-length alumina-chronia
(number 38), (e) and (f) full- and 1/2~length chrome-spinel (number 22). The right face of
the Lricks in (a) and (c)-(f) and the left face of the brick in (b) were exposed tuv the slag,
which can be seen adhering to all the bricks. A chunk of material has spalled cut of tha2
sample pictured in (d) at the upper slag line. AXNL Neg. Nos. 306-79-278, 279,
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RUN 10 22(F)

(e)

Fig. 5.
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Fig. 6.

RUN 10  Sp(F)

Cut Sections (Entlire Length of Brick 1s not Shown) from Sintered
Pefractories, (a) and (b) Full- and 1/2-length magnesia-spinel
{(number 98), (=) and {d) full- and 1/2-~-length alumilna-chromia
(number 23), (e) and (f) full- and 1/2-length magnesia-chrome
(number 20), (g) and (h) full- and 1/2-length magnesia-chreme

(number 29). The right face of each brick was exposed to the slag,
ANL, Neg. Nos., 306-79-280, 281, 282.
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RUN 10 29(F)

Fig. 6 (contd,)
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Fig. 7.

.

RUN 10 18F)

Cut Sections (Entire Length of Brick is not Shown) from Ramming
Mixes, (a) and (b) Full- and 1/2-length phosphate-bonded chrome-ore
(number 18), (c) and (d) full- and 1/2-length silicate-bonded chrome-
ore (number 99), (e) and (f) full- and 1/2-length alumina-chromia
(number 96), (g) and (h) full- and 1/2-length magnesia (number 97),
The right face of the bricks in (b) and (d)-(h) and the left face

of the bricks in (a) and (c) were exposed to the slag.

ANL Neg. Nos. 306-79-283, 285, 284,
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Task C -- Development and Application of Nondestructive Evaluation Methods
for Coal-conversion Processes (W.A. Ellingson, K.J. Reimann,
C.A. Youngdahl and R.R. Roberts)

1. Erosive-wear Detection and Monitoring

a. Metallic Transfer Lines

(1} Ultrasonie Studies -~ Pilot Plants. Much of this quarter has
been invested in preparation and installation of equipment for a new in-situ
field study of erosion and erosion-monitoring apparatus and techniques at
the Morgantown (West Virginia) Energy Technology Center (METC). The inlet re-
gion of the cyclone separator in the effluent line of the producer coal-
gasification unit at METC has been instrumented with 21 ultrasonic wave-
guides and trausducers, The ANL erosive-wear scanning system formerly used
at the Synthane Pilot Plant has been reworked and is being used to monitor
the transducer array remotely from the METC producer control room. The
producer's data~acquisition system has been coupled to the ANL monitoring
system to provide automatic temperature compensation of the indicated thick-
ness values and a graphic display of wall thicknesses at the measuring
sites. Installation was -ompleted March 31, and initial testing is in
srogress,

A paper, "Ercsion Rates and Patterns of the HYGAS Pilot Plant's Ef-
fluent Cyclone" (J.L. Jones and J.M. Arnold of HYGAS, and C.A. Youngdahl of
ANL), was completed, presented by C.A. Youngdahl at the NACE/DOE/LBL Con-
ference on Corrosioen/Evosion of Coal Conversion System Materials in Berkeley,
CA, January 24-26, 1979, and is being published in the Proceedings of the
meeting. Another paper, "Long Term Erosion Monitoring of Metallic Conduits
by Ultrasonic Pulse-Echo Techniques" (C.A. Youngdahl and W.A, Ellingson), has
been drafted for the 12th Symposium on Nondestructive Evaluation, to be held
in San Antonio, TX in April 1979; and a calk, "Ultrasonic Instrumentation
Techniques for the Measurement of Erosion of Metallic Components', has been
prepared by C.A. Youngdahl and W.A. Ellingson for the 25th International
Instrumentation Symposium scheduled for day, 1979 in Anaheim, CA.

(2) Ultrasonic Studies - Scattering of Acousiic Waves from
Rough Surfaces., Efforts during this period were directed towards improvement
of scattering-data manipulation and display in order to obtain more infor-
mation, As a first step the spectrum of a rough surface was divided by
the spectrum from a reflection of a smooth surface, The resultant curve
(Fig. 8) shows periodic dips at interference frequencies determined by the
depth of the grooves. This computer technique eliminated the effects of
transducer and material characteristics, but exaggerated the height of some
peaks in the frequency spectrum at points where one small value was divided
by another. Moreover, this method approximated the frequency-spectrum curves
by fitting straighit lines to them., The computer technique was subsequently
revised in order to increase the spectral resolution from 5 points per MHz to
approximately 40 points. The new computer-generated frequency spectrum,
using the fast Fourier transform much more closely resembles frequency spectra
obtained by an analog spectrum analyzer. Figure 9 compares spectra generated
by the original and the revised computer programs. In the latter spectrum
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(Fig. 9b), a more detailed fine structure is discernible, The two main
dips at 5.3 and 5.9 MHz are caused by groove-depth dimensions [longitudinal
(L-) waves and L- plus shear-wave interference, respectively)]. It is
obvious, however, that it would be difficult to correlate the spectral
results with roughness dimensions for an unknown sample. To get additional
information, the RF signal from the rough surface was cross-correlated with
the signal from a smooth surface, This technique, used widely in com-
municatiois technology for noise suppression, enables one to determine
arrival tiwes of different pulses more accurately. Figure 10 shows the
cross—correlation curve of the signal with the frequency spectrum exhibited
in Fig. 9. The arrival times of different parts of the total pulse can now
be used to calculate the different interference frequencies and correlate
them with physical dimensions. However, the actual pulse arrival time
cannot be determined accurately because of the high-frequency component,
which only allows an estimate of the actual position of the peak of the
envelope.

A different approach was therefore tried., Figure 1lla shows an
average waveform of the echo from a rough surface when insonified through
the material, The modulation of the high frequency carries information
related to the rough surface, while the high-frequency components are mainly
frequencies generated by the transducer, The function shown in Fig. 11
may be expressed as f(t) and assumed to consist of the transducer charac-
teristic g(t) and the rough-surface and material characteristic h(t); these
expressions are related by the convolution integral

f(t) = J g(t) hi{t-Tt) dt

Since the transducer characteristic is unimportant for rough-surface investi-
gation, 1t is desirable to eliminate it, This can be done by deconvolution,
using inverse fast Fourier transform techniques:

Jm ejmr [.fw g{t) h(t=-1) dr-]dt
F(lw) _ Y= —00

GGw) _
f” g(T) e‘JmT dT

Jm g(1) [ J e~ JuT h(t—T)dt:} dr

Jm g(T) e 19T 4o
-0

H{jw)
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J g(T) e—ij [ fﬁ e—ij h{t) dt ] dt

Im g (1) e-jmr dT
-0

and ,
h(t) = 3_% r H(jo) e dr

-

The result of the deconvolution of the waveform in Fig. 1lla is shown in

Fig. 1lb. Peaks of different pulses are now clearly discernable and arrival
times can be more easily determined. If pulses are separated by a larger
time difference as in Fig. 12a, the arrival times are even more distin-
guishable in their deconvolution, as seen in Fig. 12b.

When only differences in the surface roughness are of interest
and a reference smooth surface is available, then the deconvolution can be
modified in such a way that the smooth-surface arrival time coincides with
the origin and the other arrival times are plotted as functions of the
difference in time, This is achieved by subtracting the RF waveform of the
smooth surface from that of the rough surface and subsequently performing
the deconvolution. An example of this procedure is shown in Fig. 13. The
curve is for the same samples used to obtaln Fig. 11,

Future work will concentrate on using these new techniques to
evaluate the roughened-surface data reported previously.
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2. Refractory Installation Practices

a. Detection of Thermally Induced Acoustics from Refractory
Concrete Materials

Work has continued this quarter on evaluation of acoustic emission
as a means to control the firing schedule of thick castable refractory-
concrete linings of the type envisioned for use in the main process vessels
of coal-conversion (gasification and liquefaction)} and some direct-combustion
(primarily pressurized fluid-bed) systems,

The data obtained previouslyg’lo from a rapidly heated 1l5-cm-thick,
26~cm-wide, 25-cm-high monolithic panel cast of high-density Castolast G
(Fig. 14) was further reduced and plans were made Lo cast a similar panel
under precuring conditions selected to create a large spall.

The temperature-time profiles at various distances from che hot
face are shown in Fig. 15. The heating rate is not fast enough to produce
a nonlinear temperature distribution through the test panel. This can be
seen by noting that when the maximum hot-face temperature has been reached,
no lag is observed before the internal temperatures level off.

It has been suggested9 that a potential source of acoustic emissions
from within the refractory material 1s the fracture of bonds between the
matrix and the individual grains, caused in part by the tensile forces built
up when the refractory material undergoes its characteristic shrinkage
reversal. The shrinkage reversal takes place over a temperature range which
is reached at different times through the refractory thickness as the sample
is being heated. The linear expansion curve for Casti}ast G (showing the
shrinkage reversal) was obtained from Harbison Walker and is shown in
Fig. 16. The time to reach a specified internal temperature can be obtained
from Fig. 15 and will yield the rate at which a given temperature range was
driven through the refractory thickness, Figure 17 is a plot of the time
required to reach twe temperatures, 250 and 315°C, as a function of distance
from the hot face. The average slope indicates that in this test, the
shrinkage-reversal temperature range (tensile-compressive interface) was
driven through the refractory thickness at a rate of 4-4,5 cm/h., This
suggests that 8 hours into this firing, the refractory had expanded and
shrunk essentially throughout its thickness and that the entire mass should
have been expanding., Figure 18 shows the superimposed nlots of ringdown
counts .. a function of time for both the 175-kHz and the broadband trans-
ducers. 1IiL 3is interesting to note that hetween 5 and 6 hours into the heating
schedule, the ringdown-count accumulation levels off. Between 8 and 9 hours
the counts begin to accumulate again. This suggests that the acoustic-
emission phenomenon is sensitive to the shrinkage-reversal process. The
voltage level of the instrumentation (set at 0.8 V) could be set higher to
discriminate between small and large events. An attempt was made to de-
termine when large and small events occurred by amplitude distribution anal-
ysis. Figure 19 shows the characteristic slope obtained at 3, 6-1/4, 9-1/4,
and 24-2/3 hours into the heating cycle and Fig. 20 shows typical distri-
butions obtained during the quench cycle. The slopes are all close to unity
and do not suggest that significant large-amplitude events have occurred.
This agrees with the final visual inspection of the refractory, which indi-
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cated only small surface cracks.

The additional acoustic ringdown counts which occur after the hot
face has reached the maximum temperature can be accounted for by the addi-

tional crack volume which develops after the material has gone through the
shrinkage-reversal process.
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3. Component Inspection

a. Acoustic Monitoring of Valves

During this quarter, the noninvasive acoustic leak-detection pro-
gram has concerned itself with the modification of a coal-slurry loop to
extend the gas-leak work to valves for slurries typical of coal-liquefaction
processes. The system being modified (see Fig. 21) is capable of providing
a driving pressure of 206 kPa (30 psig). Initial tests will be conducted
using orifice plates (shown in Fig. 22) with 2,.38-mm (3/32-in.), 3.18-mm
(1/8-in.), and 6.35-mm (1/4-in.) cylindrical and 6.35- to 3.18~mm and
2.54- to 6,35~mm tapered orifices (the latter two in both converging and
diverging positions). Pressure gauges will be located both upstream and
downstream of the orifice. Upstream pressures will be varied between 0 and
68.9 kPa (10 psig).

The initial slurry to be tested consists of a 20% coal-water
mixture, The instrumentation to be used ronsists of passive acoustic trans-
ducers, Acoustic Emission Technology models AC30L and AC175, with nominal
resonance of 30 and 175 kHz, respectively. The decision to work in this fre-
quency range was based on the findings of Dickey et al,12 who monitored
acoustic emissions due to water leakage through cracked and gouged valves,
Their data show that an adequate signal-to-noise ratio exists between 8 and
75 kHz, with the largest—amplitude signals centering on 20 kHz., Their data
were taken at pressures of 0O to 55.2 kPa (8 psig).

The nature of the system background noise will be determined using
a closed orifice plate. Noise signals will be collected at both the orifice
plate and random points on the surrounding structure. Signals will initially
be monitored by an oscilloscope and a spectrum analyzer. The feasibility of
noise subtraction will also be investigated by cross~correlating noise at
the orifice plate with noise taken at various points on the structure, If a
high correlation can be found, this technique will be integrated into the
final instrumentation system.

Once the system noise has been characterized, the 6,35-mm (1/4-in.)
orifice plate will be installed and data taken, Data will initlally be
recorded on film. If deemed advantageous, data can also be recorded on tape
and transferred to the computer for more sophisticated data analysis., The
desirability of this will be decided after initial data are taken.

The results are expected to show that acoustic emissions in the
10~ to 50-kHz range are strongly dependent on upstream pressure. The re-
lationship between acoustic emission and flow_rate will be carefully monitored.
A high correlation was noted by Dickey et al.12 between pressure and acoustic
emission; however, d{flow rate)/d(acoustic emission amplitude) was practically
zero., This will be carefully monitored throughout the operation of our
apparatus,
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Task D -—- Corrosion Behavior of Materials in Coal-conversion Processes

1. Corrosion in Gasification Environments (X. Natesan)

The objectives of this program are to (1) develop uniaxial tensile
data on four commercial alloys exposed to multicomponent gas environments,
(2) experimentally evaluate the high-temperature corrosion behavior of iron-
and nickel-base alloys in gas enviromments with a wide range of oxygen,
sulfur, and carbon potentials, and (3) develop a systems approach, based upon
avallable thermodynamic and kinetic information, to evaluate possible cor-
rosion problems in various coal-conversion processes.

The experimental program to generate uniaxial tensile data on four
iron~ and nickel-base_alloys exposed to multicomponent gas environments was
discussed previously.13 The experimental apparatus and the chemical com-
position of the alloys and gas mixtures used In this program were described
in detail.l0 cCalculated values for the oxygen and sulfur partial pressures
established by the gas mixtures in different runs have also been reported,

During the present quarter, 3.6-Ms (1000-h) exposures of corrosion
and uniaxial tensile specimens to gas mixtures 2B and 3B at 750°C, 3B at
871°C, and 3A at 982°C were completed. Postexposure tensile tests of the

spegime?s are being conducted in vacuum at an initial strain rate of 4,1 x
1077 s™+.

The corrosion specimens from different experiments were examined by
scanning-electron microscopy with an energy-dispersive x-ray analyzer or an
electron microprobe, Figures 23-26 show SEM photographs of the cross sections
of Incoloy 800, Type 310 stainless steel, Inconel 671, and U. S. Steel Alloy
18-18~2, respectively, after a 3.6-Ms exposure to a complex gas mixture (run
FO2B750)., Also shown in these figures are thr metallic element (chromium,
iron, and nickel) and sulfur distributions iu the scale/alloy interface
regions of the samples, Figures 27-30 show electron~probe photographs of the
specimens after a 3.6-Ms exposure to gas mixture 3B at 750°C (run DO3B750).
In both these runs, the alloys developed Cr or (Cr,Fe) sulfide scales upon
exposure to the gas mixtures., Equilibrium calculations indicate that gas
mixtures 2B and 3B should result in almost the same oxygen and sulfur partial
pressures and a carbon activity of unity in the environment at 750°C. But
these gas mixtures will establish sipgnificantly different activities for
oxygen, sulfur, and carbon at 871 and 982°C, the temperatures selected for
othe expariments. The type and thickness of scale layers and depths of

. 'anular penetration of the base materials from various experiments are
3t.d in Table VIII,

Figures 31-34 and 35-38 show cross sections of specimens exposed to
the 3B mixture at 871°C (run FO3B871) and to the 3A mixture at 982°C, The
specimens exposed at 871°C developed sulfide scales, the type and thickness
of which are given in Table VIII. Of the alloys exposed at 932°C, Incoloy 800
developed a (Cr,Fe) sulfide outer layer and an inner layer of Cr-rich oxide.
The thickness of the scale was “533 pm and the depth of intergranular pene-
tration was V367 um., On the other hand, Type 310 stainless steel, Inconel 671,
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and U. S. Steel Alloy 18-18-2 developed a thinner Cr-rich oxide scale with
significant penetration of sulfur into the base metal. Mechanical testing of
the specimens from these experiments is in progress,

Additional experiments are under way to evaluate the effect of

variations in the exposure environment on the uniaxial tensile behavior of
the selected alloys.
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TABLE VIII,

Information on Corrosion-Product Layers for Spec’

> After 3.6-Ms Exposures to Complex
Gas Mixtures from Different Experimental Runs

Scale
Thick- Depth of
Run po , atm ps , Atm a ness, Penetra-
No. 2 2 c Alloy um tion, um Type of Scale
Temperature 750°C
FO2B750 1.9 x 10722 9.7 x 10~ 1.0 Incoloy 800 130 140 (Cr,Fe) Sulfide
Type 310 §S a5 147 (Cr,Fe) Sulfide
Inconel 671 1313 71 Cr Tulfide
U.S5. Steel Alloy 180 43 Fe Sulfide
18-18-2
DO3B750 1,9 x 10-22 1.1x 10-8 1.0 Incoloy 800 118 150 (Fe,Cr Sulfide)/Cr Oxide
Type 310 S8 95 158 Cr-Fe-Ni Sulfide
Inconel 671 116 126 Cr-Ni Sulfide
U.S, Steel Alloy 125 32 Fe Sulfide/Cr Oxide
18-18-2
Temperature 871°C
DO3B871 4.9 x 1072L 8.6 x 1075 1.0 Incoloy 800 40 107 Cr Sulfide
Type 310 SS 133 80 {Cr,Fe} Sulfide
Inconel 671 9 11 Cr Sulfide
U.S. Steel Alloy 67 133 Cr Sulfide
1°-18-2
Temperature 982°C
BO3A982 1.8 x 10718 1.6 x107%  0.014  Incoloy 800 533 367 (Cr,Fe) Sulfide/Cr Oxide
Type 310 SS 21 253 Cr Oxide
Inconel 671 78 267 Cr Oxide
U.S. Steel Alloy 20 347 Cr Oxide

18-18-2
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Fig. 27. ZX-ray Photograph and Cr, Fe, Ni, S, and O Distribution in Incoloy 800 Specimen After a 3.6-Ms
Exposure to a Complex Gas Mixture at 750°C (Run DO3B750). 1In the distribution pictures, light
regions indicate a high concentration of the respective elements. AXL Yep. No. 300-79-315,
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X-ray Photograph and Cr, ¥i, S, and 0 Distribution in Inconel 671 Specimen After a 3.6-Ms Ex-
posure to a Complex Gas Mixture at 750°C (Run D03B750). In the distribution pictures, light
regions indicate a high concentration of the respective elements, ANL Neg. No. 306-79-328,
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light regions indicate a high concentration of the respective elements. ANL Neg. No,306-79-318.
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2, Effect of Sulfation Accelerators and Corrosion Inhibitors on
Materials in Fluidized-bed Combustion Systems (0. K. Chopra)

a. Introduction

The rate and extent of sulfation of many limestones can be enhanced
by impregnating the stone with sulfation accelerators, such as NaCl, CaCl,,
or NaoCO3. However, t-e use of salts in fluidized-bed combustion systems
requires an evaluation of the possible effects of these constituents on the
corrosion of structural materials to identify factors that could decrease the
reliability and lifetime of system components. The cohjectives of the present
program are to evaluate the effect oL sulfation accelerators on the corrosion
behavior of candidate materials for an atmospheric-pressure fluidized-bed
combustion system, aid to correlate the corrosion results with the process
conditions to define maximum levels for constituents that are responsible for
accelerated corrosion of plant materials,

The process-development unit, atmospheric-pressure fluidized-bed
coal-combustion (AFBC) facility at Argonne National Laboratory was used to
conduct the corrosion tests, Four 360-ks (10(6-h) corrosion tests with and
wlthout sulfation accelerators have been completed in the AFBC facility. In
each test, three air-cooled corrosion probes and four corrosion coupon
holders, each holding seven specimens, were installed at various locations in
the fluidized hed and the freeboard sections of the combustor. The experi-
mental conditions for the corrosion tests are given in Table IX.

The composition of the materials used for the corrosicen studies is
given in Table X. The materials, specimen locaiion, and temperature of the
corrosipp probes for three experiments were given in the last quarterly
report,.+~* Analogous Information for the corrosion probes in test CT-4 is
glven in Table XI.

b. Results

Photographs of the alr-cooled probes and coupon holders from test
CT-4 are shown in Figs. 39 and 40, respectively. The air-cooled tubular
specimens and the flat coupons, which were placed inside the fluidized bed,
had surface oxide scales and 20- to 30-pm-thick surface deposits from the bed
material. The corrosion specimens from the freeboard section of the com-
bustor had a fine powdery deposit on ihe bottom surfaces only.

The corrosion specimens are being examined metallographically to
evaluate the corrosion behavior in terms of the thickness of the surface
scale and the depth of internal corrosive penetration. Metallographic exami-
nations of the corrosion coupons from all the tests have been completed,
Average values of the thickness of the surface scale and internal penetration
for coupons placed inside the fluidized bed during test CT-4 are given in
Table X1I., The average temperature of these specimens was ~1128 K {(855°C; .

The corrosion specimens had an A3=-um—-thick oxide scale on the sur-
face, The internal cor ccive penetration consisted primarily of internal
oxidation along the grain boundaries and patches of sulfides ahkead of the
oxidation front. The average thickness of surface scale and depth of internal
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corrosive penetration measured on the side surfaces of the specimens are
shown in Figs 41 and 42 for sp.:cimens located Inside the fluidized bed at
distances of 102 and 610 mm, r:spectively, obwe the fluidizing gas distri-
butor plate, The results show that the addi.fon of 0.3 mol Z CaCly to the
fluidized bed had no significant effect on the corrosion behavior of any of
the materials. 1In general, the addition of 0.5 mol % NaCl or 1.9 mol %
Na,C03 increased the total corrosion, i.e., the combined value of the thick-
ness of surface scale and depth of internal corrosive penetration, for most
of the materials, The high-nickel alloys, namely Inconels 601, 617, and 671,
RA333, and Incoloy 800, showed a significant increase in internal corrosive
penetration, Micrographs of the cross section of Inconels 617 and 671
specimens from corrosion tests in which salt was present are shown in Fig. 43.

A comparison of tihe corrosion behavior of Type 310 stainless steel
shown in Figs. 41 and 42 indicates that the total corrosion of the material
was greater at the location 102 mm above the gas distributor plate thau at
the 610-mm position. For Haynes Alloy 188 and Types 310 and 347 stain-
less steel, the total corrosion with and without salt was essentially the
same, Micrographs of Type 310 stainless steel specimens located inside the
fluidized bed 102 and 610 mm above the gas distributor plate are shown in
Figs. 44 and 45, respectively,

Metallographic examination of the corrosion coupons from holders
C-4 and C-3, which were placed in the freeboard section of the combustor 394
and 1300 mm above the top of the bed, respectively, revealed no measurable
corrosion; only che cast alloy C-12 was oxidized., The average temperatures
of the specimens on coupon holder C-4 for runs CT-1, -2, -3, and -4 were
946, 956, 974, and 920 K, respectively, The average temperature of the
specimens placed on coupon hold~r C-3 was ~ 100 to 110 K lower,

Scanning-electron micrographs of the surface region of alloy C-12
after corrosion tests with salt addition are shown in Fig. 46. The thickness
of the surface oxide for tests CT-2 and -3 was between 100 and 140 um,
whereas in CT-4, the extent of oxidation was 1:s5 because the temperature was
v 50 K lower.,

c. Conclusions

Results from the 360-ks tests indicate that the addition of 0.3 mol
% CaCl, to the fluidized bed had no significant effect on the corrosien
behavior of the varlous materials, The addition of 0.5 mol % NaCl or 1.9
mol % Na,COq increased the corrosion rates of most of the materials., 1In
general, the austenitic stainless steels and Haynes Alloy 188 exhibit better
resistance to accelerated corrosion in the presence of salts than the high-
nickel alloys., The various materials that were located in the freeboard
section of the combustor at temperatures between 800 and 975 K showed no
detectable corrosion, with the exception of Fe-9Cr-1Mo steel (alloy C-12),
which was oxidized. Longer-~duration tests will be conducted te further
evaluate the effect of salts on the corrosion behavior uvf various structural
materials,
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TABLE IX. Calcium~-to=-Sulfur Molar Ratios Required to
Maintain 700 ppm S0, in the Dry Off-gas

Addition to

Run No. Fluidized Bed Ca/s Molar Ratio
CT-1 None 3.4
CT=-2 0.3 mol % 3.5
CaCl2
CT-3 0.5 mol % 3.6
NaCl
CT-4 1,9 mol % 2.0
Nazco3

aExperimental Conditions:

Bed Temperature - 850°C

Pressure = 101.3 kPa (1 atm)

Fluidizing Velocity - 1 m/s

Fluidized-bed Height - 813 mm

Excess Q2 - 3% in dry off-gas

Coal - Sewickler (=12 +100 mesh), 5.46%Z S

Sorbent - Grove limestone (-10 +30 mesh), 95,3% 03003
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TABLE X. Composition (wt %) of Candidate Materials

174

Fe Ni Cr Co Mo Mn si . Cc Others

Cobalt Base

Haynes 188 3.0 22.0 22.0  Bal. - 1.25% 0.3 0.10  14.0 W, 0.09 La

Nickel Base

Inconel 601 14.1 Bal, 23.0 - - 0.5 - 0.25 0.05 1.35 Al, 0.25 Gu )

Inconel 617 - Bal. 22.0 12.5 9.0 - - 0.07 1.0 Al

Inconel 671 - - - - - - - - -

Alloy 713cb - Bal, 12.5 - 4.2 - - 0.12 2.0 Nb, 0.8 T, 6.1 A1, 0.1 2r

IN 738b - Bal. 16.0 8.5 1.75 - - 0.17 2.6 W, 0.9 Nb, 3.4 TL, 3.4 Al,
1.75 Ta, 0.1 2r

Hastelloy=-X 18.0 Bal. 22.0 1.5 9.0 0.5 0.5 0.10 0.6 W

RA 333 18.0 Bal. 25.0 3.0 3.0 1.5 1.25 0.05 3.0W

Austenttio Steels R

Type 309 SS Bal. 13.5 23,0 - - 2. 1.0% 0.208

Type 310 S§ Bal. 20.5 25.0 - - 2.08 1.58 0.25%

Type 316 SS Bal. 12.0 17.0 - 2.5 2.08 0.52 0.102

Type 321 SS Bal. 10.5 18.0 - - 2.08 - 0.088 Ti

Type 347 SS Bal. 11.0 18,0 - - 2,08 - 0.08%2 Nb, Ta

Incoloy 800 Bal. 32.5 21.0 - - 1.5 1.0 0.10 0.38 Al, 0.38 TL

HR-40P Bal. 20.0 26.0 - 0.5 2,02 2.08 0.40

Yitronic 40 Bal. 6.75 20.5 - - 9.0 0.25 0.40

Ferritic Steels

2“4‘0:"1’” B.l-

9Cr-1Mo Bal. a

E Brite 26-1 Bal. 0.5 26.0 - 1.2 0.48 0.42 0.01

Type 446 Steel Bal, - 25.0 - - 1,58 1,02 0.20%

c-12b Bal. - 9.0 - 1.1 0.5 1,08 0.20

ncb Bal. 4.08 13,0 - 0.58 1.08 2.08 0.50°

cA-40P Bal. 1.08 20.5 - 0.58 1.08 1.58 0.3

.Hudnu-.

bCaat alloy,
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TABLE XI. Materials, Location, and Temperature of Corrosion Specimens for Run CT-4
Corrosion~ Mean
pProbe b Tewperature,
Designation‘ Specimen Materials robe Location ‘c
Bed Section
c-2 Inconel .625. Inconel 718, Incoley 800, 102 mm above gas 854
Type 310 SS, Inconel 617, Type 304 S5, distributor plate .
Type 316 55
AC=2 Inconel 601, Type 321 SS, Type 310 S8S, Incoloy 800, 305 mm above gas 626,648,673
Inconel 617, RA 323, Type 309 SS distributor plate
AC-1 Type 446 5SS, Type 304 SS, 24%Cr-1Mo Steel, 508 mm above gas 538,587,611°
Incoloy 800, 9Cr-1Mo Steel, Type 316 S5, distributor plate
Type 309 SS )
C-1 Inconel 601, Inconel 671, Hastelloy-X, Type 310 SS, 610 mm above gas 855
Haynes 188, RA 333, Type 347 SS distributor plate
Freeboard Section
C-4 Alloy HK-40, Alloy HC, Alloy CA-40, Alloy C-12, 394 mm abo‘-e 647
Alloy 713C, IN 738, Incoloy 800 top of bad
AC-Sd- Inconel 601, Type 321 SS, 9Cr-lMo Steel, Incrlioy 00, - 1003 mm above 548,574,5795
25Cr-1Mo Steel, Type 310 SS, Type 309 SS top of bed
c-3 Haynes 188, Hastelloy-X, Inconel 601, Inconel 617, 1308 mm above 535
Inconel 671, RA 333, Type 310 S8 top of bed
a

b

AC = air-cooled probe; C = uncooled coupon holder.

Materials listed according to stacking sequenc=> on the probe; first specimen towards pipe bushing,
last specimen near end cap.

CThe temperatures listed for air-cooled probes were measured in specimens of Type 321 $5, Type 304 8§,
Incoloy B0O, and Type 309 SS.

duo coolant air was reéquired for this probe,
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TABLE XII. Average Thickness of Surface Scale and Depth of Internal Corrosive Penetration Measured in
Corrosion Coupons from Run CT-4

Specimen Surface Scale Corrosive Penetration
Holder Material Top Bottom Side Top Bottom Side Remarks
c-1 Inconel 601 2.7 2.1 3.0 6.8 12.3 16.6 Some grain-boundary attack

~ 50 um deep,

Inconel 671 7.6 4.7 3.1 50.8 46.6 b Corrosion behavior nct uniform,

Hastelloy-X 3.0 3.0 2.9 - 10.2 12.9

Type 310 SS 3.4 3.4 3.2 13,5 17.8 12.8 Internal corrosion mainly
sulfides.

Haynes 188 2.1 1.8 2.1 8.0 9.8 9.5 Some grain-boundary attack
% 24 um deep,

RA 333 2.0 c 2.4 9.8 11.8 10.2

Type 347 SS 2.7 2.7 2.4 10.2 9.8 9.3 Internal corrosion uwainly
sulfides.

c-2 Inconel 625 3.8 3.1 4.1 21.1 22.9 23.7

Inconel 718 2.2 2.2 2.7 11.0 10,2 14.6

Incoloy 800 3.4 3.6 3.6 21.2 25.0 19.5

Type 310 SS 3.4 3.2 3.4 18,2 18.2 19,1

Inconel 617 3.2 3.6 3.6 25.4 21.2 26,5

Type 304 SS 2.9 2.4 3.0 18.6 16,2 22,0

Type 316 5S 3.4 3.4 3.4 16.1 22.2 23,3

2 A11 measurements in m,
bxxtenlive éerrosion on one side of the specimen and very little internal corrosive penetration on the other.

®Surface scale spallad.
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Fig. 39. Top and Bottom Views of Air-cooled Probes fiom Corrosion Test Run CT-4. Specimens stacked
from top to bottom according to the szquence given in Table XI. ANL Neg. No. 206-79-386.
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Fig. 40. Top and Bottom Views of Coupon Holders from Corrosion Test Run CT-4. Specimens stacked from top
to bottom according to the sequences given in Table XI. ANL Neg. No. 306-79-385,
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INCONEL 617 INCONEL 67!

Fig. 43. SEM Photographs of Inconel 617 and 671 After a 360-ks Exposure at
1123 K Inside the Fluidized Bed., ANL Neg. No., 306-79-382,
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CT-1 CT-2

Fig. 44. SEM Photographs of Type 310 Stainless Steel After a 360-ks Exposure
at 1123 K Inside the Fluidized Bed at a Location 102 mm Above the
Gas Distributor Plate. ANL Neg. No, 306-79-.381,
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CT-1 CT-2

CT-3

Fig. 45. SEM Photographs of Type 310 Stainless Steel After a 360-ks Exposure
at 1123 K Inside the Fluidized Bed at a Location 610 mm Above the
Gas Distributor Plate, ANL Neg. No. 306-79-383,
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Fig. 46. SEM Thotographs of
Alloy C-12 After a
360-ks Exposure in
the Freeboard Sec-
tion of the Com-
bustor. ANL Neg.
No. 306-79-384,
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Task E -~ Erosion Behavior of Materials in Coal-conversion Processes
(J.Y. Park, S. Danyluk, and W.J. Shack)

During this quarter, the repair of the corrosion/erosion test
apparatus has continued, The cause of the cooling-water leak which resulted
in a flood during the previous corrosiou-calibration test is being sought,
However, accurate control of the water content in the test environment may
not be achievable because of condensation at cold regions of the test chamber.
The Kanthal heating element was discovered to be damaged during the previous
test run, and is be!ng replaced.

After the repair is completed, high-temperature corrosion cali-
bration and screening tests will be resumed,

Task F ~- Component Performance and Failure Analysis (5. Danyluk,
.M. Dragel, and L.E. Pahis)

a, Examination of Components from the Grand Forks Energy
Technology Center

A number of failed components from the Grand Forks Energy Tech-
nology Center fixed-bed slagging gasifier facility and the liquefaction
facility were examined to determine the failure cause or causes. The com-
ponents lncluded three tuyere tips that are used to continuously feed an
oxygen-steam mixture into the gasifier, a vapor-barrier liner from the gasi-
fier, and three small flow-control valves from the liquefaction unit, The
results of the investigations are summarized below.

(1) Tuyere Tips - Four water-cooled tuyeres are used to contin-
uously inject an oxygen-steam mixture into the bottom of the gasifier. A
schematic of the gasifier and a detulled view of the tuyere are shown in
Fig. 47, The tuyeres, made of Type 347 stalnless steel, were found to be
severely corroded, pitted and cracked after a serles of runs., Since other
tuveres were subjected to similar environmentr, the behavior of this par=-
ticular set was unexplained and 4r analysis was conducted to determine whether
a materlals problem was the cause of the failure. The exact operating tem-
perature of the tuyeres is unknown but the maximum should be ~ 1370°C, the
temperature of the coal slag, and the minimum v 30°C, the approximate
temperature of the exit water from the taphole cooling coil., The composition
nf the atmosphere in the approximate vicinity of the tuyeres is unknown., The
faillure was noticed after ~ 300 h of operation at these conditions.

The tuyeres are constructed as shown schematically in Fig, 48. A
weld joins the outer shell with the inner sleeve that conducts the steam-
oxygen mixture. A photograph showing a sectioned tuyere from the west end
of the gasifier is shown in Fig, 49a; the corrosion that occured as a result
of exposure to the atmosphere is ev.iient, In the cross section shown in
Pig. 49b, the weld and base metal are clearly delineated. A photograph of a
quarter section of a tuyere from the south end of the gasifier is shown in
Fig. 50a, Cracks at the weld-substrate interface can be seen; they appear
more clearly as intergranular cracks in Fig, 50b, This type of behavior was
observed in all three tuyere tips examined. Chemical analysis of the base
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material did not produce any unusual findings, nor did the microhardness
tests, . At.present, the cracks are attributed to stress corrosion related to
the weld and the corrosive enviromment in the gasifier, The electron micro-
probe wi'l be used to determine the chemistry of the corrosive scale at the
OD and 1n the grain boundaries,

(2) Vapor-barrier Liner - A perforation in the liner, a Type 310
stainless steel shroud from the upper section of the gasifier vessel, was
observed b Mv, P, Dempsey of Stearns-Roger while the gasifier was being
dismantled for relocation into an adjacent structure. The shroud had !'zen
in intermittent service in the coal pilot plant for ~ 21 years with tem-
perature excursions as high as 1800°F, A summary of his report stated that
the vessel had become red around the 6-inch nozzle during its next to last
run before dismantling but that ultrasonlc inspection revealed no damage to
the vessel wall., Upon inspection it was noticed that the shell covering the
fibraflex insulation had corroded areas everywhere except at the top of the
dome, The shroud was 10-gauge when originally installed in 1957. Sections
of the shroud and tar-impregnated sections of insulation were shipped to ANL
for investigation.

Cross sections of the vapor barrier were polished and electron-
microprobe data were obtailned., The results, shown in Fig. 51, confirm that
sulfur has penetrated the grain boundaries and formed chrome sulfides while
iron and nickel are depleted in the grain boundaries,

The as-polished cross section was subsequently etched in NaOH at
1.5 V for 2 s, revealing the presence of sigma phase at the grain boundaries
(Fig. 52). It has been fourd that the formation of sigma phase in ferritic
and austenitic stainless steels during long periods of exposure .o temper-
atures in the 560-980°C range causes ambrittlement after cooling to room
temperature, 3 Sigma phase 1s formed by the transformation of ductile delta-
ferritel® and its effects_on ductility of Type 310 steinless steel have
previously been raported, lowever, tue formation of sigma phase as a result
of the exposures cited above is only now becoming apparent. Components
containing sigma phase imust be handled cavefully to prevent fracturing.

(3) Flow-control Vaives - Three small flow-control valves from
the slurry-letdown system of the liquefaction facility were found to be
leaking, A visual inspection revealed "wire drawing' on the seating surfaces,
The valves, manufactured by Masoneilan, operate at % 200°C and " 4000 psi.
Two of the faiied stems were of Type 316 stainless steel while the third was
of the same bhase materlal with a Stellite B coating. A schematic of the
valve cross section is shown in Fig. 53,

Photographs of all three valve stems are shown in Fig, 54. Scanning
electron micrographs (SEMs) of the eroded regions of two of the stems are
shown in Figs., 55 and 56, Figure 55 shows SEMs of two regions of one of the
uncoated valve seats, The region pictured in Fig., 55(a) was subject to a
low particle-impact angle; that shown in (b) and (c) was subject to a high
angle. Plowing and shearing, as well as the slowing down and stopping of
the impinging particles, are clearly evident in both regions. Figure 36 shows
the results of the erosion of the Stellite B coating. Reglons with both high
and low impact angles are again present., While the general pattern of erosion
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is similar to that shown in Fig. 55, the microstructural surface features
are distinctly different., The more ductile austenitic material (Fig., 55) is
plowed more easily than the harder Stellite B coating (Fig. 56). When this
report was prepared, the service histories of the three valves were not
avallable for comparison. This will be done in the subsequent report.

b. Morgantown Energy Technology Center - Ball Valve Leakage
in the Valve Dynamic Test Unit

4 15,24-cm ball valve from the Morgantown Energy Technology Center
(METC) Valve Dynamic Test Unit developed excessive leakage while being tested
in simulated lockhopper service, The valve failed to cloze completely after
3,134 cycles, The leakage was partly attcributed to limestone fines wedged
bntween the seats and body. It was observed at METC that thz chrome oxide
coating on the valve seats and ball had chipped and the valve stem was bent
and twisted, The seats, ball and stem were shipped to Argonne National
Laboratory-Materials Science Division for analysis of the integri*y of the
valve-seat coating.

A metallurgical examination of the valve seats revealed that the
chipping of the coating had occurred at the valve-stem sleot and in the over-
spray area, reglons which are not usually in contact with the ball., This
should not have affecied valve performance., A metallographiec examination
of the coating-substrate interface did not reveal any obviocus defects, The
coating thickness on the ball varied by v 50% between areas in contact and
not in contact with the seat. Wear of the coating might have contributed to
the high leakage rates. However, the variation in thickness was within the
manufacturer's specification. In summary, the leakage of the valve cannot
be directly attributed to a materials cause, other than the possibillity that
chips from the coating wedged between the valve seat and body. The defor-
mation of the stem resulted from th: excessive torque (calculated at > 470 ft-
1b) applied by the actuator to rotate the valve.

84



COAL
LOCK

GAS AR
OFF TAKE

Draw down gas

OXYGEN -
STEAM
TUYERES

SLAG
BREAKER

SIGHT
TUBE

SLAG
LOCK

Fig. 47. Schematic of the Grand Porks Energy Technology Center Slagging
Gasifier and a Detailed View of the Tuyere Region. ANL Neg. No,
306-78-567R.,
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Fig, 48, Schematic Drawing of Tuyere Tip.
ANL Neg, No. 306-79-534,
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(a)

i<

(b)

(a) Optical Photograph of the West Tuyere Tip; (b) Micrograph of a
Polished and Etched Cross Section through the Region Indicated
in (a), Showing the Weld Metal and Base Metal, ANL Neg. No, 306-

79-543.

Fig. &4,
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Fig. 50.

(@)

CRACK

(a) Opcical Photograph of the South Tuyere Tip; (b) Micrograph of
Polislied and Etched Cross Section through the Region Indicated
in (a). Intergranular cracks can be seen at the weld-base metal

interface. ANL Neg. No. 306-79-550,
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Fig. 52. Micrograph of a Polished and NaOH-etched Cross Section of the
Type 310 Stainless Steel Vapor-barrier Liner. Sigma phase 1is
evident at the grain boundaries. ANL Neg. No. 300-79-551,
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Fig., 53. A Schematic of the Flow-control Valves that Failed by Wire
Drawing. ANL Neg. No, 306-79-540,
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STELLITE B COATI

Fig. 54. Photographs of the Stems from the Failed Flow-control Valves, All
are of Type 316 stainless steel. The stem at the left is coated
with Stellite B. ANL Neg. No. 306-79-544,
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(b) (c)
Fig. 55. Scanning Electron Micrographs of Two Regions of the Type 316
Stainless Steel Valve Stem Shown at the Center of Fig. 54. Both
regions show metal smearing due to solid-particle impact. Plowing

is the dominant erosion mechanism, as evidenced by the material
buildup and lip formation visible in (c). ANL Neg. No. 306-79-545,
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Scanning Electron Micrographs of Two Regions of t'ie Type 316
Stainless Steel Valve Stem Coated with Stellite B. The micro-
graphs show the solid-particle erosion that occurred in regions

subject to low (top) and high impact angles. ANL Neg. No. 306-79-
542,
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