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Task A -- Evaluation of Ceramic Refractories for Slagging Gasifiers
(C. R. Kennedy, R. J. Fousek, D. J. Jones, and R. B. PoeppeZ)

The preliminary measurements reported for the relative cor-
rosion resistance of the magnesia-chromia refractories tested in Run 5
have been revised. Bricks 19, 20, and 29 exhibited similar resistances
to dissolution (6-8 mm for the full-size bricks). Brick 35 was markedly
sensitive to a temperature excursion that occurred early in the run.
Significant slag penetration (40-50 mm) was observed for all bricks in
Run 5. Run 6 was terminated after 305 h due to an over-temperature
(estimated at 41700 to 1800 C) that caused the insulating refractory
wall of the furnace to slump. Brick 38, a fused-cast alumina-chromia
spinel, exhibited good corrosion resistance ("'8 am) under the extreme
conditions in Run 6. Run 7 with alumina-chromia and alumina-silica
refractories has been completed.

Task C - Aplication and Development of Nondestructive Evaluation
Methods for Coal-conversion Processes W. A. S ngeon,
W. J. Shaok,- and C. A. Youngdah )

A second-generation coal-feed-line elbow instrumented for
erosive wear detection was installed in the Synthane Pilot Plant, and
the first-generation elbow has been examined after exposure to 2.2 x
106 kg ("2400 tons) of crushed coal conveyed. At the Bi-Gas Pilot Plant,
repairs of weather damage to the erosive-wear monitoring system on the
main coal feed line were made, reliable will-thickness data were obtained,
and a fourth monitoring site was completed.

Acoustic amplitude distribution data were obtained on three
continuous firings of mechanically unloaded refractory specimens. The
value of the exponent, b, in the power relationship R(a) * (a/a)-b has
been shown to be consistent with published values for brittle materials.
This parameter, with another acoustic-emission (AE) parameter, may be a
useful combination for establishing the status of the refractory. Addi-
tionally, a relationship appears to exist between the A data and the linear
expansion characteristic of refractory concretes during heating. Also a
reasonable agreement exists with the modulus of rupture values, i.e., more
total counts correlates with a lower modulus of rupture.

Laboratory and theoretical results suggest that a quantitative
acoustic leak-detection system may be possible if the leakage flow is
"choked," i.e., the exit velocity from the leakage channel is sonic. This
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is likely to be the case for the relatively large leaks of interest
in high-pressure lockhopper applications.

Task D - Corrosion Behavior of Materials in Coal-conversion Processes
(K. Nateaan)

Oxidation-sulfidation studies of Fe-Cr-S wt Z Ni alloys with
4, 12, and 22 vt Z Cr were conducted at 750 and 875"C in multicomponent
gas mixtures that contained CO, C0. C84, H2, and B28. The reaction
processes resulted in parabolic kinetics. A chromim concentration in
the range of 0-12 Vt Z in the alloy had a negligible effect on the para-
bolic rate constant; however, the rate constant for the alloy with 22 wt
2 Cr was significantly lower. For a given sulfur partial pressure, the
oxygen partial pressures required for :he formati of a tenuous oxide
layer in an Fe-22 vt Z Cr-8 wt Z Ni alloy were "'10 and 103 times those
calculated for Cr-Cr2 03 equilibrium at teqpratures of 875 and 750"C,
respectively.

Task E -- Erosion Behavior of Materials in Coal-conversion Processes
(V. J. Shaok and J. 7. Par*)

The erosion testing apparatus built by Solar Corporation under
a subcontract from ANL has been received. Substantial repairs and modi-
fications are necessary before the testing progran can be undertakean, and
these are currently under way.

Task F -- t erformsnce and Failure Analysis (S. DlavWukc and
C. . Dragell

Failed components from the UTGAS Pilot Plant (welded "Tee"
fitting from the char carrier line and tubing from various water lines)
and the IGT Stem-Iron Process as el as the Synthma Pilot Plant
(shaft and capscrew failures from the water pimp and a eberonell)
were ezanined in this quarter.
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MATERIALS TECHNOLOGY FOR COAL-CONVERSION
PROCESSES: TWELFTH REPORT,

JULY-DECEMBER 1977

ABSTRACT

This broad-base materials engineering program,
begun in 1974, includes studies on refractory concretes
and metallic materials presently being used or intended
for use in coal-conversion processes. The program
entails studies of erosive wear, nondestructive testing,
corrosion, chemical degradation, and failure analysis.
Appropriate laboratory and field experiments are inte-
grated such that the results have impact on present
pilot-plant and proposed demonstration-plant designs.
This report, for the period July-Deceeber 1977, presents
the technical accomplishments of the program.

INTRODUCTION

The economical conversion of coal into clean and usable fuels
will be advanced through the use of durable materials systems. The
technical information base required for materials selection in plant
design for the operating envirooinnts of various coal-conversion pro-
cesses is extremely limited. Hence, reliable selection and life-time
prediction methods of materials under these conditions are not available.
This project is designed to provide part of the materials information
necessary for successful operation of coal-conversion systems. The
present report is the twelfth progress report submitted by AL to the
Division of Coal Conversion/DOE Office of Fossil Energy under project
Nuber 7106, "Materials Technology for Coal Conversion Processes."

The project includes five tasks: (A) evaluation of commercial
refractories exposed to coal slag under conditions typical of those
encountered in slagging gasification processes; (C) development, eval-
uation, rnd application of nondestructive evaluation methods applicable
to coal-conversion systems; (D) evaluation of the corrosion behavior of
oomercial alloys; (E) development of analytical mdels to predict the
erosive-wear behavior of materials used in coal-conversion plants; and
(F) analysis of failed coal-conversion plant components.

TaskA- 1 t of efr i fors

The magnesia-chronia refrectories tested in fan 5 have been
sectioned, and the misrostructural emdnation is under way. The pre-
liainary results of the relative corrosion resistance of these bricks



reported in the previous quarterly have been revised and are presented
in Table I. Posttest photographs of the partial sections of the full-
length bricks are shown in Fig. 1. For each brick, the vertical side
opposite the ruler was exposed to the slag and two lines of slag attack
are evident, corresponding to the two additions of slag made during the
test. The slag used was a simulated Montana Rosebud with a base-to-acid
(B/A) ratio that was constant at '0.6 throughout the entire test; however,
a temperature excursion to ''1600 C (plenum temperature) occurred just
before the second slag addition. Thus, the bottom line of attack corre-
sponds to an exposure of ''70 h to the slag at a plenum temperature of
1500-1600 C, whereas the top line of attack was the result of '430 h of
exposure at a plenum temperature of 1500C.

Bricks 19, 20, and 29 exhibited similar resistance to corro-
sion (as measured by the depth of removal), whereas brick 35 showed a
marked sensitivity to the temperature excursion. In addition to the bulk
removal of the refractory material, a zone that wae obviously penetrated
by the slag and a zone in which the microstructure had been altered were
evident (Fig. 1). Brick 29 had slightly better resistance to penetration
and alteration than the other three. Although the effect of length on the
depth of removal and obvious penetration was small for bricks 19, 20, and
29, the 1/2-length brick 35 performed distinctly better than the full- or
3/4-length brick of the same composition. Also, the depth of alteration
decreased as the length decreased for all bricks tested. To determine
whether the alterations in the microstructures were a result of penetra-
tion by slag, samples were core drilled and examined with the SE. using
x-ray dispersive analysis. The relative intensities of the Mg, Al, Si,
Cr, and Fe peaks were compared in the slag, slag-refractory interface,
obviously penetrated refractory, and the zone of microstructural altera-
tion "'40 mm from the hot face. Evidence for slag penetration was :ost
clear-cut in brick 35, somewhat less so in bricks 19 and 20, and incon-
clusive in brick 29.

Run 6 was designed to evaluate the corrosion resistance of
three fused-cast and one high-density sintered brick to the simulated
Montana Rosebud slag (B/A " 0.6). A detailed chemical analysis of the
slag as a function of time during the test will be presented in the next
report. The compositions of the bricks tested are listed in Table II.
Refractory number 2 is an electrically fused-cast alpha-alumina within
a beta-alumina matrix. Refractory number 38 is an electrically fused-
cast solid solution of alumina-chromia within a complex chromia-alumina
spinal matrix. Refractory number 39 is a fused-cast magnesia-chromia
composition, whereas number 40 is of similar composition but is a
direct-bonded, high-density brick.

The furnace plenum temperature and the temperatures 38.1 mm
(1.5 in.) from the hot face of the 3/4-length bricks are shown in Fig.
2. At 305 h into the run, a temperature excursion, which occurred as
a result of a thermocouple failure, caused the bubble-A1203 insulating
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wall to slump (Fig. 3), and the test had to be terminated due to the
resultant hot spot on the shell. It is estimated that the plenum
temperature reached "'1700 to 1800*C overnight during the excursion.
Temperature profiles for the bricks on August 18, 1977 are shown in
Fig. 4. The relative resistance to corrosion of the refractories in
Run 6 is presented in Table II, and cut sections of the brick are shown
in Fig. 5. Only one line of attack is evident upon examination, despite
the fact that slag was added three times during the test. Indications
are the corrosion that resulted during the temperature excursion was
sufficient to eradicate the lower lines of attack. A comparison of the
attack on refractory 39 in this test with the attack on refractories
19 and 20 (similar composition and structure) in test 5 indicates that
the conditions in Run 6 were quite severe. In light of this severity,
the corrosion resistance of the fused-cast alumina-chromia brick
(number 38) may be quite good at 1500 C, and therefore it will be
retested in the future. As evident from the posttest photographs,
bricks 2 and 39 contained substantial porosity, which provided an easy
avenue for penetration and corrosion. This type of porosity may be
atypical for brick 2 and therefore other bricks of this composition
will be sectioned and examined. Also evident are numerous thermal-shock
cracks that occurred in the three fused-cast refractories (numbers 2, 38,
and 39). No such cracks were found in the sintered brick (number 40).
Microstructural evaluation of these bricks is in progress.

Test Run 7 with alumina-chromia and alumina-silica refrac-
tories was completed as of October 20, 1977, and the results will be
presented in the next report. Test Run 8 will evaluate four ramming
mixes; two alumina-silica, an alumina-chromia, and a chromia-alumina.
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TABLE I. Relative Resistance of Refractories Exposed to Slag Attack in Run 5

Maximum Depth Depth of Obvious Depth of Microstructural
of temovai~a mmPenetration.ammAlterationam

Attack Full- 3/4- 1/2- Full- 3/4- 1/2- Full- 3/4- 1/2-
Composition No. Line length length length length length length length length length

LC0(53)-Cr203(20)-Al 203 (17)-Fe203(S)- 19 Top 7 8 7 9 9 9 52 41 37

8102(2)-Ca0(l) Bottem 7 7 8 9 11 11 47 35 33

0(59)-Cr2 03(l9)-A 203 (l3)-1e203(7)- 20 Top 7 6 5 11 7 6 52 41 31

S102 (1.5)-Cao(0.5) Bottom 8 6 4 10 8 9 43 36 31

!g0(63)-Cr 2 03 (l8)-A1203(5)-7e 203 (12)- 29 Top 7 8 5 8 9 6 44 32 28

5102 (1)-Ca0(l) Bottom 6 7 6 7 9 6 36 28 26

Mg0(60)-Cr 2 03(15.5)-A120 3 (15)-Fe2 0 3(7)- 35 Top 9 9 4 9 10 5 53 37 32

Si02 (1.5)-Ca0(1) Botto 16 17 9 20 21 14 53 39 32

'Measured from the original hot face.



TABLE II. Relative Resistance of Refractories Exposed to Slag Attack in Run 6
(Preliminary Results for 3/4-length Bricks)

Depth of Depth of
Composition No. Removal,a mm Penetration,a mm

Al203 (99.3)-Na20(0.4)-Ca0(0.1) 2 18b 50b

Al203(60.4)-Cr203(27.3)-Fe203(4.2)- 38 8 10

Si02(1.8)

Mg0(56.5)-Cr203 (20.0)-Fe0(10.5)- 39 28 32

A1203 (8.0)-Si02 (2.5)-

Ti02 (1.5)-Ca0(0.5)

Mg0(60.8)-Cr203 (18.6)-Fe203(ll.O)- 40 27 32
A1203 (6.6)-Ca0(1.9)-

Sio2(1.1)

aMeasured from the original hot face.
bMeasurement possibly atypical.
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Fig. 5. Cut Sections of the Refractories Exposed to Slag Attack
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Task B -- Evaluation of Ceramic Coatings for Coal-conversion Plants
This task has been discontinued.

Task C -- Application and Development of Nondestructive Evaluation
Methods for Coal-conversion Processes (W. A. EllingSon,
W. J. Shack, and C. A. Youngdahl)

1. Erosive-wear Detection and Monitoring

a. Metallic Transfer Lines

(1) Ultrasonio Studies. Development of nondestructive,
in-situ, erasive-wear detection methods for metallic lines and fittings
has continued with emphasis on the improvement of the field installa-
tions at the Synthane and Bi-Gas coal-gasification pilot plants.
Changes in wall thickness are being monitored with experimental ultra-
sonic pulse-echo instrumentation on elevated-temperature components
subject to erosion by two-phase (particulate-gas) mixtures in the
process piping of the plants. The measurement systems have been dis-
cussed in previous quarterly reports.2-6 The present report describes
the progress and results for the period July-December 1977.

A second-generation elbow, instrumented with improved acoustic
waveguides and a simpler design for in-situ monitoring of erosive wall
thinning, was installed at the Synthane Plant in the main coal-feed line
during a planned shutdown in August. The 900, 0.3-m (12-in.) center-
line radius elbow was fabricated from 1-in., Schedule 80, Type 304
stainless steel pipe. Eleven newly designed waveguides were attached
at 9 intervals along the extrados of the elbow by means of an electric-
arc stud-welding process. A 7.5-MHz, 3/8-in. diameter ultrasonic trans-
ducer was acoustically and mechanically coupled to the end of each wave-
guide by epoxy cement. The bond was reinforced by a bolted clamp on each
waveguide. The instrumented elbow is shown in Fig. 6.

The transducers were connected to the plant-located scanner,
which is connected via '61 m (200 ft) of RG58 coaxial cable to the
pulser-receiver in the control room. Base-line measurements of the
distances between the waveguide shoulders and the inner surface of the
pipe were then obtained ultrasonically.

Subsequently, the measurement survey was repeated on 11/29/77
after initial operation of the elbow in the plant system. The exposure)
of the second-generation elbow was reported by DOE personnel at the plant:
32.7 x 103 kg (36 tons) of Illinois No. 6 coal were transferred at a tem-
perature of 'i120 C and a nominal gas flow rate of 6.1 m/s (20 ft/s);
temperatures of "290 C were measured when only gas (C02 and steam) was
present in the line. (Increased temperature and flow rate and the addi-
tion of oxygen in the line are contemplated for future process experi-
ments.) The ultrasonic survey indicated losses in wall thickness of
only 0-0.13 mm. An error limit of 0.13 mm is considered applicable to
each field measurement of shoulder-to-inner surface distance.
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The scanner control system was modified for more reliable
operation at subfreezing temperatures. Decoder and inverter integrated
circuits, conforming to military specifications, were substituted for
the commercial units in the scanner.

The first-generation elbow was removed from the plant in
August after being in service for 14 months and was returned to ANL
for examination. The outer protective sleeve of the elbow assembly
was removed, and the waveguides were sheared free at the relatively
brittle braze joint at the outer surface of the inner pipe. The 1-in.
Schedule 80, Type 304 stainless steel inner pipe was then sectioned and
inspected.

Surface undulations were observed on the bore extrados; the
waves were, in general, oriented laterally to the flow direction as
shown in Fig. 7. The inner surface of the pipe in the affected region
was observed to be polished smooth, whereas the opposite side of the
inner surface appeared to be similar to the as-received condition.
Conditions of erosive exposure7 are given in Table III.

Dimensional data for the pipe sections are given in Tables III
and IV, and Figs. 8 and 9 display a portion of these data in graphic form.
Lack of perfect initial concentricity (before bending) should be consid-
ered when interpreting the results. Data from the relatively unaffected,
straight sections at the ends of the elbow provide a basis for inter-
polation of this error at various positions along the bend. In addition,
the 90 bending of the pipe to form the elbow would be expected to cause
a change in wall thickness of 0.1-0.15 mm (4-6 mils) at the inner and
outer curves of the bend.

When the foregoing corrections are made to the data of Fig. 3,
the net amount of wall thinning at the extrados was "0.076-0.76 mm
(3-30 mile) from 9 to 90 into the bend; the wall-thickness minima were
distributed along the bend, as described above and in Table IV and Fig. 9.

Mechanisms that may be responsible for the results, particu-
larly the surface waves, are being considered. One aspect of the consid-
eration is the possible influence of the fabrication history of the elbow
on the posttest condition of the inner surface of the elbow.

The installation of ten Type 304 stainless steel waveguides on
the stainless steel blocked tee in the off-gas line6 at the Bi-Gas pilot-
plant was completed. The appearance of the tee with waveguides in place
is shown in Fig. 10. (Thermal insulation on the tee was subsequently
replaced.)

Waveguides were welded in place by means of an electric-arc
stud-welding technique by Nelson Stud Welding Service of Lorain, thio,
using welding parameters optimized in cooperation with ANL.
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Preliminary work at ANL had demonstrated the suitability of a
modified design for the fabrication of stainless steel waveguides. To
reduce signal attenuation, the distance from the transducer face to the
waveguide shoulder was changed from the 171 mm (6-3/4 in.) length used
previously for carbon steel waveguides to 111 mm (4-3/8 in.). It was
also determined that stainless steel waveguides fabricated from as-
received (wrought) stock were superior to those made of solution-
annealed material, with respect to signal-attenuation properties.

A set of 7.5-MHz ultrasonic transducers has been installed on
the waveguides at the stainless steel tee. The transducers were epoxy
coupled and mechanically clamped to the waveguides. The use of 7.5 MHz,
rather than the previous 5-MHz frequency, is in accordance with current
activity at ANL where interpretation of the roughness of acoustic re-
flecting surfaces by echo analysis is being developed.

The 5-MHz transducers at the carbon steel elbows and blocked
tee in the main coal-feed line were removed to repair the acoustic
couplant bonds to the waveguides. The Eastman 910 couplant material,
which had been degraded by weather, was removed, and an epoxy couplant
was employed as the transducers were replaced. The bonds were addi-
tionally protected with Scotchkote and a fillet of RTV silicone rubber.
A small sheet-metal roof was also provided for the tee.

The erosive-wear measurement system was prepared for reliable
operation at subfreezing temperatures. The console was insulated and
provided with a thermostatic heater. The remote scanner modules were
equipped with decoder and inverter integrated circuits that conform to
military specifications (-55 C) as a replacement for the commercial
(0 C) units formerly used.

Selected areas on the outer surface of the main coal-feed-line
tee were cleaned and used for direct-contact ultrasonic wall-thickness
determinations. The measurements were made on September 8, 1977 at sites
located 25.4 mm (1 in.) outboard of each waveguide site. The results are
given in Table V. Figure 11 shows the location of the waveguides on this
tee. The wall-thickness values may be compared with the nominal starting
values for the tee and connecting line. The wall thickness of the tee
is greater than the nominal starting value; however, ASTh specifications
allow up to 12.5Z variation from nominal values.

Waveguide shoulder-to-pipe outer surface distances were deter-
mined ultrasonically with the pulser-receiver, which was temporarily taken
to the roof location of the subject tee for the previously mentioned direct
wall-contact measurements. Measurements of shoulder-to-inner surface
distances were made with the calibration transducer coupled sequentially
to the waveguides. The direct wall-contact results were then subtracted
out to yield the shoulder-to-outer surface distances. An attempt was made
in November to verify the latter results by making molded rubber impres-
sions of these sites and measuring the distances directly from the
impressions. Agreement was within 0.7 m (27 mile). The check may be
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repeated when the weather is more conducive to making accurate replicas
with the dental impression material.

These ultrasonically determined shoulder-to-outer surface data
were subtracted from shoulder-to-inner surface data taken from the li-Gas
8th floor console on September 9, 1977, after the assembly at the main
coal-feed-line blocked tee had been repaired. These differences are shown
in Table V for comparison with the direct-contact wall-thickness results.
The two sets of data are generally consistent when the 25.4 - (1-in.)
offset of sites is considered. The consistency show that the measure-
ments are essentially independent of the effects of specific transducers
and long lengths of cable.

The overall erosive-war data from the main coal-feed-line tee
between September 10, 1976, and September 11, 1977 indicate, after temper-
ature corrections, a net reduction of 1.32-1.83 -e (52-72 mile) in the tee
wall and "1.07 m- ("42 mils) in the downstream pipe wall. The data, however,
show interim trends that are not given credence at this time. The direct
readings of 9/77 provide a firmer basis of confidence. It is concluded that
the actual erosive wear was relatively small and that back-extrapolation of
subsequent wear should be used to confirm or modify the previous wear results.

At the upper elbow of the main coal-feed line, data for sites
17, 19, and 20 showed overall erosive war of 0.051, 0.127, and 0.178 -
(2, 5, and 7 miles , respectively, as of 9/9/77. The waveguide attacmnt
". site 16 is unsatisfactory; and site 18, a "noisy" site, displayed an
anomalous, apparent gain. Again, interim trends were exhibited that are
object to clarification as additional wear is experienced. At the lower
elbow, no erosive wear was detected during the same period. Direct wall
readings will be obtained along this one to correlate to waveguide data.

The erosive conditions applicable to the main coal-feed line
were reported to AL by Phillips Petroleum personnel at the li-Gas Plant.
In summary, the cumulative coal throughput was as follows: 9/9/77, 237 x
103 kg (261 tons); 10/14/77, 373 x 10 kg (411 tons); and 12/1/77, 564 x
10 kg (622 tons). The msximnm feed rate of the Rosebud coal was 2.72 x
103 kg/h (3 toms/h). Typical gas-flow velocity was 12 m/s (40 ft/s) with
line temperatures near 290C (554V!) and a pressure of %5.5 We (800 psi).
Gas opposition wa primarily A2, CO 029 20, and M2 with 4-82 CR4 and
<12 R28.

Results of ultrasonic surveys at the Si-Gas Plant on 10/14 and
12/1/77 will be discussed in the next quarterly report.

The participation of plant persomns in assembly and repair
activities at the Bi-Gms and synthans plants is gratefully acknowledged.
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TABLE III. Synthane Instrumented Elbow I Posttesta Wall-thickness Data.
Mechanically Determined at Sites Unaffected by Brase Resi-
dues. Units, Mils (1 all - 0.001 in. - 0.0254 am)

Angular Position on Pipe Cross Section, deg

Bend Angle, 0 45 90 135 180 225 270 315
deg (Extrados)

Inlet 183 179 179 182 188 187 185 184

0 178 175 182 181 187 185 190 -

2 177 - 178 - 188 - 188 -

9 171 170 185 186 188 187 182 -

23 150 182 183 18 185 165 164 -

24 160 - 182 183 185 185 165 164

27 164 169 181 186 185 184 185 -

36 163 - - - - - - -

41 149 - 178 189 187 185 181 174

42 160 - - 178 186 184 184 176

44 170 - - - - - - -

51 167 - - 186 186 186 170 169

63 168 168 176 181 186 186 185 -

71 163 - - - - - - -

72 172 169 182 184 189 181 178 -

86 171 169 182 - 189 - 173 -

89 166 181 184 - 184 - 182 -

Outlet 178 174 174 182 184 180 181 180

tmrosive ure his eaulative coal O tana Rosebud) throughput
2.18 s I 136 s(2400*2150 tes) dry wit= coal feed rate
1.36 x 130-2.72 s i b(1.5-3 toes/h(2 to 2-112 typ.); gas flow
velesity 46 u/s (420 ftls), t eratue 40 C and pressure 4.1 Wa
(600 psi): osaveylag gas 002.

14



Synthane
Depth of
("Ml

Instrumented Elbow I Posttesta Bore Undulation Data.
wave trough below adjacent wave crests in mili
0.001 in. - 0.0254 a4) .

Bend Angle, Angular Position on Pipe Cross Section, deg
dog

330 345 0 .15 20 27-30

4.1
4.7
6.9

10.0
10.2
12.6
14.2
14.4
17.1
18.4
19.2
22.2
22.5
23.8
24.6
27.4
2705
31.0
31.1
33.2
33.3
36.3
36.7
40.3
40.7
43.6
45.5
46.2
48.6
49.3
51.3
5105
52.5
52.7
52.9
53.4
53.6
55.6
55.7
56.0
56.6
56.7
57.9
58.2

9.2

1.7

5.1

3.8

8.0

2.0
5.9

6.2
4.3

5.9

25.3

8.2

1406

1.7

7.6

1.3

7.6

1.6

0.6

6.6

4.1
3.0

3.2
7.1

3.5
2.9

2.7
7.5

(-2)

11.5

27.8
3.3

5.4

14.4

7.8

3.0

7.3

8.6

8.3

6.6

-
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15.2
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TABLE IV (Contd.)

Bend Angle, Angular Position on Pipe Cross Section, deg
deg . 330 .. . 345 . .... 0. ..... 15. .. .20 27-30

58.5 7.5 - - -

58.9 - - - 3.8 -

59.0 - - - - - 4.3

60.3 0.9 - -

61.4 - 4.0 -

61.5 - - 7.0 6.9 -
61.8 - - - - - 2.2

63.4 2.9 - - - -

64.1 - 5.4 4.0 0.7 . .
64.6 - - - - - 1.7

66.8 - - 3.4 - 1.4 -
70.3 - - 9.5 - 12.1 -
73.1 - - 4.0 - . -

74.0 - - - - 3.3 .
75.6 - - 7.1 . . -
77.0 - - 0.6 - . -

78.9 - - 4.1 - 8.3 -
81.1 - - 12.9 - . -
81.2 - - r - (-0.9) -
86.5 - 6.1. . 10.8 - .

erosive exposure conditions are listed in the footnote to Table III.

Note: Undulation profile data were obtained from molded plastic impres-
sions by means of an optical comparator. All data have been
corrected for bend curvature. Bore surface finish posttest (all
bend angles): extrados 5 ain., intrados 40 pin.
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Table V. Wall Thickness
Tee, September

Waveguide
Number Component

21

22

23

24

25

26

27

28

29

30

31

Pipe

Pipe

Pipe

Pipe

Pipe
(Weld)

Tee

Tee

Tee

Tee

Tee

Tee
(Weld)

Data from Bi-Gas Main Coal Feed Line Blocked
9, 1977

Wall Thickness from Wall Thickness
Console Sh-BW Minus Direct Contact U7

UT Sh-FWa 25.4mm(l in.) OffsE
mm mils mm. mils

20.04 789
20.04 789

19.81 780
19.89 783

20.17 794

32.8

32.8

33.3

32.6

33.4

34.0

1291

1290

1310

1285

1316

1338

20.14

20.12

24.4

32.7

32.6

33.2

33.0

33.3

34.0

793

792

962

1287

1285

1307

1298

1311

1337

1t,
eta

aSh-BW: distance from waveguide shoulder to ultrasonically
reflecting back wall (inner surface of pipe wall). Sh-FW:
distance from waveguide shoulder to front wall (outer surface
of pipe). Additional explanation in text.
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I 1

Fig. 6. New Coal-feed-line Elbow during Installation at the Synthane Pilot Plant,
Instrumented for Erosion :Monitoring.



FLOW - -

Fig. 7. Metal Surface Undulations in Extrados Region of
Bore in Section of Synthane Instrumented Elbow I. ANL
Neg. No. 306-78-115.
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Fig. 8. Synthane Main Coal-feed-line Elbow I Posttest
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Fig. 9. Synthane Instrumented Elbow I Posttest Bore
Undulation Data from Table IV. ANL Neg. No. 306-78-117.
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Flow

O"Flow

Fig. 10. Waveguides Installed on Bi-Gas Plant Off-gas
Line Blocked Tee.
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WAVEGUIDE I I I 11
__13 99 93 24 5267 9Y 3El

ENTIFICATION TEE

dj = 50 mm di 4 d, d, d ANOM. WALL 31.75mm(,25 In)

d3= 100 mC
,5,., , I"P , e '-.. CLOSURE
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Fig. 11. Schematic of Waveguide Placement on Carbon Steel
Blocked Tee in Bi-Gas Main Coal-feed Line. ANL Neg. No.
306-78-118.
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b. Refractory-lined Transfer Lines

(1) Infrared. A final report on phase I of the application
of infrared imaging for quantitatively determining the erosive-wear
cavity from surface-temperature patterns has been completed. This
report is presently being prepared for release.

(2) Ganma Radiography. A field study of the lining of the
pressure vessel at the Babcock and Wilcox Research Center was made this
quarter. These results are being analyzed and will be reported next
quarter. A final report on the findings of the gamma-radiography study
is being prepared, and a first draft has been completed. This will be
issued in final form within the next six months.

2. Refractory Installation Practices

a. Detection of Thermally Induced Acoustics from Refractory
Materials

Work has continued this quarter on the use of acoustic emission
as a means to control the firing schedule of thick castable refractory
concrete linings of the type envisioned for the main process vessels in
coal-gasification, liquefaction, and fluidized bed plants. Previous
work on this program has shown that a "Kaiser-" type effect is acous-
tically detected if mechanically unloaded samples are theally cycled.
This is consistent with the results reported by Schuldies for mechani-
cally loaded high-density structural ceramic specimens. Also, previous
data obtained in this program indicated that, for thermally cycled,
uniformly heated samples under no mechanical load, most of the acoustic
activity during initial heating occurred at temperatures below 500-600C.
Although data have also shown that different cool-down schedules signif-
icantly affect the acoustic-emission output, tc date these data have not
been correlated with a damage-indicating factor. These results are in
qualitative agreement with industrial observations that show signifi-
cantly more macrocracking occurs if cool-down is not controlled and lso
agrees with data obtained on a large monolithic (1.5 x 2 x 0.25 m) panel,
which was fired using a continuous-firing schedule.

To compare the characteristics of acoustic emission of small
samples with the large panel tests, samples similar to those used in
the thermal-cyclying experiments were continuously fired. The depth of
embedment of the fused silica acoustic waveguide was reduced to 6 -
from the previous 12 mm, since acoustic coupling was satisfactory at
this depth. The refractory concrete materials KAOTAB, Castolast-G, and
Lightweight-26 castables were reexamined. The acoustic-emission data
obtained from the continuous firing of the 95 and 60Z A1203 materials
are shown in Figs. 12 and 13. Note the dual spikes in the count-rate
curves. These are in agreement with the data previously obtained and
reported. 1  The temperatures at which the two spikes occur i inter-
esting from the standpoint of shrinkage. Initially, Crowley looked at
shrinkage of insulating refractory concretes and notet h occurrence of
a significant shrinkage reversal. In recent studies, 2,l this
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shrinkage reversal has been determined for specific refractory concretes
of interest to coal conversion. The shrinkage reversal sets up internal
stresses in the material.14 These internal stresses are the result of
differences in the thermal expansion coefficient between the aggregate
and the cement. These highly localized stresses will be sufficiently
large to cause microcracking,15 and thus the total detected acoustic
activity will undoubtedly be increased during the period when the stress
levels are such that fracturing of low-strength bonds occurs.

Recently, two shrinkage curves were determined for the same
insulating refractory concrete (Lite-cast 75-28) by two independent
laboratories. A comparison of these curves is shown in Fig. 14. A
comparison of the shrinkage curve for Lite-cast 75-28 with acoustic-
emission data for Lightweight-26 is interesting from a trend point of
view. In Fig. 15, acoustic-emission data for Lightweight-26 and Lite-
cast 75-28 show the same high level of acoustic activity in the tempera-
ture region where shrinkage recovery is taking place. The significance
of this recovery is greater when taking into account the thermal gradient
that will exist in a full-scale design, i.e., the major portion of the
insulating refractory concrete thickness would be in the critical
temperature zone between 150 and 500C. Related work on a heat-transfer
program at Battelle12 has shown a typical thermal profile on a dual-
component lining. The experimentally determined profile is reproduced
in Fig. 16, which shows 60% of the thickness of the insulating concrete
is in the critical temperature region where shrinkage reversal is
occurring and significant acoustic activity would probably be evident.
Thus, significant acoustic activity could be expected from such a lining
when steady-state conditions at the hot face are such that the majority
of the insulating concrete is in the critical region. Because of the
significant acoustic activity generated during shrinkage reversal, the
separation of acoustic-emission signatures of hot face and insulating
concretes is a necessity. This will be examined in more detail in this
test program.

Samples of various refractory concrete materials, which had
been acoustically monitored during thermal cycling, were subjected to
four-point-bend tests to determine the modulus of rupture. The 2.5 x
2.5 x 26 cm samples were placed in a four-point-bend fixture in an
Instron tensile machine and run at a crosshead speed of 0.125 cm/s.
Table VI shows the results of the tests. These results were then com-
pared with acoustic parameters to ascertain if a correlation existed
between an acoustic-emission parameter and a modulus of rupture. Table
VII shows the relation between the modulus of rupture and the total
ringdown counts. It is interesting to note that the higher the total
number of ringdown counts the lower the modulus of rupture value. This
suggests that the detected acoustic activity is a form of mechanical
degradation such as microcracking.

As an additional study of the sensitivity of acoustic-emission
degradation, runs made this quarter with continuous firing were analysed
using amplitude distribution analysis. Also, the acoustic-emission
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signature obtained directly from the preamplifier was recorded on a
broadband magnetic tape recorder. Data were automatically recorded
for 90 s every 90 min. Analysis of the magnetic-tape data has shown
that the acoustic-emission activity is quite continuous and has an over-
lap of individual bursts, and thus separation of individual bursts is
difficult.

An acoustic-emission parameter indicative of the nature of
the cracking being detected was first reported by Pollock.16 Pollock
indicated that, if the peak burst amplitudes are selectively recorded
in individual recording channels (such as a multichannel analyzer),
the number of detected events, n(a), with peak amplitudes larger than
a may be fitted to a power law relation of the general form

n(a) (ai )-b 
(1)

0

where ao is the lowest detectable threshold amplitude (voltage), ai is
the peak voltage in selected channels, and b is an empirically derived
constant. The information to be obtained is the value of the exponent b,
which has been shown to be indicative of the nature of the cracking being
detected in brittle as well as ductile materials. The reported values of
b16,17 range between 0.4 and 2.0. The lower values are indicative17 of
failure processes preceded by a small number of large events, and the
higher values are indicative of failure processes preceded by a large
number of small events. Also, the utility of the b value is greater because
the value of b does not change, if all emissions are changed by the same
factor.17

Figures 17-19 show amplitude distributions for different tem-
perature ranges during the heating cycle. These data were obtained by
summing the amplitude distribution at the end of critical temperature
zones determined on previous runs. In general, all data show maximum
event counts during the 100-500*C heatup period and again during the
500-100 C period on cool-down. All plots show lower channel voltage
threshold values. The value for ao was 13.82 mV, thus channel one, which
accepts voltage levels between 11 and 19.9 mV, has a partial counting.

Analysis of the amplitude distribution data has been complete
by summing the amplitude distributions over the entire firing schedule
and then plotting log10 n(a) versus log1 0 (h') to obtain the b values.
These plots are shown in Figs. 20-22. Note that the values of b are in
the expected range from 1.5 to 1.9. Additionally, Figs. 21 and 22 are,
respectively, the plots for a 175-kHz transducer and a broadband trans-
ducer (200 kHz-1.5 MHz). These data agree with the Stone and Dingwall17

analysis that equal attenuation of all values does not change the "b"
value. It is to be noted however that these values of b are for the
lumped channels, as noted, and thus are not to be taken as absolute
values. The interesting point to be made is that, in addition to other
parameters such as count rate, time-dependent amplitude distribution
analysis may hold the potential as a second parameter which can be used
to predict large crack formation. During the next quarter, a panel test
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will be conducted that will include thermal gradient and fast heating
to develop large cracks. Both count rate and amplitude distribution
will be examined as precursors to crack development.
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TABLE VI. Four-point Modulus-of-rupture
Data for Various Refractory Concretes

Modulus of Rupture
Modulus of Rupture for Exponential Manufacturer's
for Linear Cooling, (Natural Furnace). Specifications.

Refractory MPa psi lPa psi MPa psi

MAO= 6.129 889 7.025 1019 6.895- 9.653 1000-1400
6.101 885 6.750 979

Castolast G 11.024 1599 12.265 1779 11.720-15.860 1700-2300
11.362 1648 12.169 1765

Ligbtweigbt-26 0.916 133 1.227 178 0.620- 1.034 90- 150
0.945 137 1.269 184



TABLE VII.
Rupture

Relation between Modulus of
and Total Ringdown Counts

Roos-temperature
Modulus of Total Ringdown

Cooling Rupture, Counts at End of
Refractory Schedule MPa (psi) Run 10009C Cycle

KAOTAB Linear 6.1014.129 10.206 9 3932 x 103
(885-339 30)

Furnace 6.750-7.025 0.413 11 2675 x 103
(979-1019 60)

Lightweight Linear 0.916-0.945 0.082 12 262 x 103
26 (133-137 12)

Furnace 0.227-1.269 0.089 13 192 x 103
(178-184 10)
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3. Component Inspection

a. Acoustic Monitorinof Valves

During this quarter, the theoretical model of Lighthill,18

which was discussed in an earlier quarterly report,3 was reexamined and
compared with our experimental data. Additional tests were also carried
out on a full-size valve at the Morgantown Energy Research Center (MERC)
valve test facility.

From the theoretical model of Lighthill it is possible to
deduce the following dimensional relationship for the noise generated
by a subsonic turbulent jet:

S i p U8A /2C5, (2)

where S is the acoustic power, pj is the density of the gas in the jet,
U is the velocity of the jet, Aj is the cross-sectional area of the jet,
and Co is the ambient sonic velocity. The basic validity of the Light-
hill model has been well established for free jets discharging into the
atmosphere (see, for example, Ribner19 and Lighthill20), and evidence
exists that the model is reasonably descriptive of the noise generated
by throttling valves (Baumann,21 Jenvey,22 and Small23). However, it
is important to note that Eq. (2) predicts the acoustic power radiated
by the jet in the audible frequency spectrum. Its extrapolation to the
description of the high-frequency (175-750 kHz) spectrum of interest for
valve leak detection is difficult to justify rigorously, but some inter-
esting preliminary results can be obtained from Eq. (2) that can be
compared with the experimental data. It is convenient to rewrite Eq.
(2) in the form

S/Q U7/2C , (3)

where

Q - p UA (4)

is the mass flow rate through the orifice. Ideally for a leak-detection
system,

S/Q - constant,

i.e., the acoustic output is directly proportional to the mass flow
rate and independent of the leak geometry. However, Eq. (3) shows
that the relationship between the acoustic output and the flow rate is,
in fact, highly dependent on the leak geometry. Ignoring compressibility
effects, Eq. (3) suggests that
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S/Q ti 1/A7,0 (5)

where A is the effective cross-sectional area of the leak. Since, in
practice, A is unknown, Eq. (5) suggests that attempts to develop a
quantitative acoustic leak-detection system are unlikely to be success-
ful for incompressible flows. For gas flows at high pressure where
compressibility effects are important, the situation is more encour-
aging. If the pressure drop across the valve or orifice is sufficiently
high, the flow through the orifice will be choked, i.e., the flow at the
throat of the orifice will be sonic. In this case, Eq. (3) suggests
that

S/Q - constant, (6)

which is promising from the viewpoint of developing a leak-detection
system.

Tests have been carried out on three orifice plates with
right-circular cylindrical orifices and orifice diameters of 1/16, 1/64,
and 1/100 in. (ti 1.6, 0.4, and 0.2 mm). The 1/64-in. (0.4-mm) orifice
appears to be a reasonable laboratory model for the volume of leakage
expected in practice. The 1/16-in. (1.6-mm) orifice was included to
represent the case in which the flow is subsonic everywhere, and the
1/100-in. (0.2-mm) orifice was included to represent the case where the
leakage is somewhat less severe than the MERC limit.

It is well known (see, for example, Shapiro24) that, when the
flow is choked, the mass flow rate Q is linearly proportional to the prod-
uct of the upstream pressure p and the area of the orifice A

Q tipA. (7)

The experimentally measured flow rate as a function of pA is
shown in Fig. 23 for the three orifice plates. The two smaller orifices
are choked over the entire pressure range examined (a linear least-
squares fit of the data gives a coefficient of correlation r " 0.999).
The flow through the 1/16-in. orifice is unchoked over the entire
pressure range examined, although at higher pressures it is approaching
the choked flow limit.

Equation (3) predicts that, for unchoked flow, the ratio of the
acoustic output S to the flow rates is proportional to the seventh power
of the velocity U at the orifice unroat. In our experiments, U can be
estimated for low velocities where the flow is nearly incompressible from
continuity considerations as

U " Q/A, (8)

where Q is the flow rate, and A is the cross-sectional area of the
orifice. However, for U > 150 m/s, a more complex calculation that
incorporates the effect of compressibility is required. Reasonably
accurate valuff for unchoked flows can be obtained from the work of
Hall and 0rme'a on the flow of a compressible fluid through a sudden
enlargement in a pipe.
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The experimental results for the dependence of S/Q on U are
shown in Fig. 24. Least-squares fits through the data points give

S/Q ti U2. 5  175-kHz transducer

S/Q i U2.6 375-kHz transducer

S/Q ti U2 .2  750-kHz transducer.

The dependence of the acoustic output on the jet velocity is
much weaker than predicted by theory. However, the experimental results
seem to support the conclusion that quantitative leak measurements for
unchoked flows are unlikely because the relation between the acoustic
output and the flow rate is dependent on the actual ldff geometry
(size), which is unknown in practice.

The variation of acoustic output S with flow rate Q for the
three orifice sizes examined is shown in Figs. 25-27. For the choked
flow case, theory predicts S N Q. The experimental data points were
least-squares fit by curves of the form S i Qm. The results of the
curve fits are summarized in Table VIII. For the 1/64- and 1/100-in.
orifices, which are choked, the exponent m ranges from 1.1 to 2.5, but
in most cases it is < 1.5. Additional examination of the data for the
choked-flow cases shows that not only is the variation of acoustic
output with flow rate similar in both cases, but also the amplitudes
of the acoustic output for a given flow rate for the two orifices are
sufficiently close to suggest that, although the acoustic output may
not be completely independent of orifice size as predicted by theory,
the dependence is fairly weak and at least a semi-quantitative corre-
lation may be obtained.

Additional experiments are planned to examine the 1/16-in.
orifice in the choked-flow regime and thus extend the range of orifice
sizes considered. Also, rectangular slit-type orifices will be examined
to investigate the effect of orifice shape on the acoustic output.

The results of the tests on the 6-in. Sigmon ball valve at
MERC are summarized in Table IX. For convenience in analyzing the data,
the tests have been ordered in terms of increasing plenum pressure.
Scatter exists in the data, but the basic agreement is good with a
coefficient of correlation r(S,Q) " 0.802. A similar analysis can be
carried out for the 4-in. Jamesbury ball valve discussed in a previous
quarterly. Data for this valve are summarized in Table X. The corre-
lation between the acoustic signal level S and the flow rate Q is not
particularly good [r(S,Q) " 0.5411. Note, however, that a much better
correlation exists between the signal level S and the upstream pressure
P [r(S,P) " 0.856]. Thus, in these tests, the acoustic signal level
seems to be a better measure of the driving pressure than the flow rate.
It is our current feeling that a large part of the relatively poor
correlation between the acoustic signal level and the observed leakage
is due to the relatively low pressures involved. For a leak of fixed
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geometry operating in the choked-flow (high pressure) condition, the
leakage rate should be proportional to the pressure. However, the
correlation between the leak rate and the pressure is poor for the
4-in. valve [r(Q,P) = 0.411], although similar to the correlation

Seen S and Q, it is much better for the 6-in. valve [r(Q,P) =
0. 99]. At the higher pressures encountered in practice, Q should be
proportional to the pressure, and the situation should be much closer
to the orifice flows studied in the laboratory.
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TABLE VIII. Variation of Acoustic Output S with Flow Rate Q; S i Qm

Orifice Transducer Exponent Coefficient of
Size, Frequency, m Correlationa
in. kHz

1/16 175 3.8 0.979

375 4.3 0.981

750 4.0 0.973

1/64 175 1.1 0.828

375 2.5 0.992

750 1.4 0.949

1/100 175 1.1 0.991

375 1.5 0.999

750 1.4 0.999

aThe coefficient of correlation r is a measure of the goodness of fit
of the assumed form S = KQm to the experimental data points; if r - 1
the correlation is exact, if r = 0 the points are uncorrelated.
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TABLE IX. Acoustic-emission Testing
on a 6-in. Full-port Ball Valvea

Signal Level Flow Rate Pressure
Test S,mV Q,im3 /s P,MPa

1 30 472 0.70

2 70 613 0.99

3 70 566 1.01

4 90 660 1.08

5 140 613 1.09

6 140 707 1.14

7 130 566 1.17

8 150 660 1.21

9 190 755 1.23

aAll tests were carried
ducer (AET FC-175).

out with a 175-kHz resonant-type trans-
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TABLE X. Acoustic-emission Testing
on a 4-in. Full-port Ball Valvea

Signal Level Flow Rate Pressure
Test S,mV Q,pm3 /s P,MPa

1 0 406 0.85

2 30 439 0.87

3 0 420 0.88

4 1 401 0.89

5 233 439 0.90

6 230 443 0.91

7 110 424 0.91

8 144 396 0.92

9 415 462 0.94

10 682 434 0.95

a1l1 tests were carried
ducer (AET FC-175).

out with a 175-kHz resonant-type trans-
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Task D -- Corrosion Behavior of Materials in Coal-conversion Processes
(K. Natesan)

The objectives of this program are to (1) develop uniaxial
tensile data on four selected commercial alloys during exposure to
multicomponent gas environments, (2) experimentally evaluate the high-
temperature corrosion behavior of iron- and nickel-base alloys in gas
environments with a wide range of oxygen, sulfur, and carbon potentials,
and (3) develop a systems approach based upon available thermodynamic
and kinetic information so that possible corrosion problems in different
coal-conversion processes can be evaluated.

1. Uniaxial Tensile Properties

The experimental program that involves the generation of
uniaxial tensile data on four iron- and nickel-base alloys during expo-
sure to the multicomponent gas environments has been discussed in de-
tail in an earlier report.6 Results of the initial corrosion exper-
iments on Type 310 stainless steel, Incoloy 800, Inconel 671, and U. S.
Steel Alloy 18-18-2 in the selected gas mixtures were reported earlier.26

Uniaxial tensile data obtained for the four alloys in the as-received
condition at temperatures of 750, 871, and 982 C were reported in the
last quarterly report.1  The 1000-h exposure of corrosion and uniaxial
tensile specimens to gas mixture lA at 750 C has been completed. The
scale morphologies in the exposed specimens are being examined by means
of scanning electron microscopy. Postexposure tensile tests of the
specimens have conducted, and the results will be reported in the next
quarterly. At present, the specimens are being exposed to gas mixture
]A at 871 C and to mixture 2A at 750 C. The specimens exposed to gas
mixture .A have accumulated 810 h and those in mixture 2A "320 h. The
run at 871 C with gas mixture IA, which was started in early October, is
being repeated, since in the earlier run, a malfunction developed in the
water-pump operation that resulted in extensive sulfidation of the reactor
and specimens.

2. Oxidation-Sulfidation Behavior of Iron-Chromium-Nickel Alloys

The principal materials used in the elevated-temperature regions
of coal-gasification andpetrochemical processes are iron-base alloys
with chromium as a major constituent. The gas environments in these
processes are, in general, complex multicomponent mixtures that contain
sulfur-bearing gases (H2S and S02) in addition to oxidants (C02/CO and
H20/H2). The corrosion behavior of iron-base alloys in such complex
environments is strongly influenced by the gas composition and tempera-
ture.27 ,28 The corrosion rates carn be significantly different, depending
upon the mode of attack, i.e., sulfidation versus oxidation. Since the
sulfide layers are, in general, not protective and have growth rates
orders of magnitude larger than the oxide layers, it is beneficial to
establish relationships between the mode of attack and the alloy compo-
sition, temperature, and gas composition.
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The objective of the present work is to evaluate the oxida-
tion-sulfidation rates of Fe and Fe-Cr-8Ni* alloys that contain 4, 12,
and 22 wt % Cr (Table XI) at temperatures of 750 and 875*C as functions
of oxygen and sulfur partial pressures in the gas environment.

3. Kinetic Behavior

The oxidation and sulfidation rates for different alloys were
determined from the weight gain of test samples after specified times of
exposure to gas mixtures that contained CC, C02, CH 4, H2, and h 2 S. The
weight-gain data plotted versus the square root of exposure time showed
straight-line behavior, which is indicative of parabolic kinetics for the
corrosion process in these alloys. The parabolic rate constants kr, were
determined for different alloy specimens as a function of exposure
environment. Figures 28 and 29 show the variation in the parabolic rate
constant as a function of alloy composition at 875 and 750C, respectively.
The figures show that, for a given sulfur potential, an increase in the
oxygen partial pressure in the environment causes a decrease in the
parabolic rate constant. The reacti.cn rate constant for low-chromium
(0-12 wt %) and high-chromium (>15 wt %) alloys can vary by approximately
one and three orders of magnitude, respectively, by altering the composi.-
tion of the gas mixture. These data also show that an increase in the
chromium content of the alloy in the range 0-12 wt % increases the reac-
tion rate; however, an additional increase in chromium concentration
results in a decrease in the rate.

Figure 30 shows the temperature dependence of parabolic rate
constants derived from data in the literature for oxidation29-32 and
sulfidaticn33- 38 of "pure" chromium. The parabolic rate constant for
the oxidation of chromium is dependent upon the partial pressure of
oxygen. The kp value for chromium oxidation increases with an increase

in oxygen pressure in the P02 range of 10-19 to 10-26 atm.32 However,
the values at low oxygen pressures are greater than those at P 2 "0.1.
atm. The kp values for chromium sulfidation vary by factors of 10 and
50 at temperatures of 750 and 875*C, respectively. The kp values for
chromium sulfidation, evaluated from the data of different investiga-
tors, do not show any systematic variation with sulfur pressure in the
test environment. A range of kp values can be assigned for chromium
oxidation and eulfidation from the data in Fig. 30, and these values are
shown in Figs. 28 and 29 for comparison with the rate data on Fe-Cr-8Ni
alloys. The results show that the experimentally measured rates for the
Fe-22Cr-8Ni alloy are lower than the rates for chromium sulfidation and
are somewhat higher than those for chromium oxidation. Additional exper-
imental work is needed to evaluate the effect of chromium content above
22 wt % in the alloy on the resistance to oxidation and sulfidation.

*All compositions are given in weight percent unless specified otherwise.
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In general, the rates of oxidation and sulfidation are strongly
influenced by the type of external scale (oxide versus sulfide) formed on
the alloy, the adhesion of the scale to the base metal, and the internal
oxidation or sulfidation of the less-noble elements in the base metal.
Alloy additions such as manganese, silicon, and molybdenum diffuse
rapidly through the base metal and segregate at the external scale/alloy
interface, thus altering the adhesion characteristics of the scales. In
the present work, Fe-Cr-Ni alloys with negligible concentration of ele-
ments such as Mn, Si, and Mo were used to evaluate the role of major
alloying additions on the oxidation-sulfidation behavior of the materials.

4. Microstructural Observations

Figure 31 shows SEX photographs of samples of iron that were
exposed to gas mixtures 1 and 3 (Table XII) for 25 h at 750 and 875*C.
The x-ray image and the Fe and S distributions in the scale/alloy inter-
face region of the samples were also obtained with at energy-dispersive
x-ray analyzer attached to the SE. The external scales in all samples
were predominantly iron sulfide, which indicates that the sulfur poten-
tials established in. these experiments were higher than for the Fe/FeS
ecuil.ibrium. For a 25-h exposure at 750 C, the thickness of the sulfide
layer increased from 235 to 370 -p as the oxygen potential in the gas
mixture decreased from 2.8 x 1 0-2 to 3.7 x 10-24 atm. For a 25-h
exposure at 875*C, the thickness of the sulfide layer increased from 90
t6'410 um as the oxygen potential in the gas mixture decreased from
7.6 x 10-20 to 2.8 x 10-22 atm.

Figures 32-34 show the SEM photographs of Fe-Cr-8Ni alloy
specimens that have been exposed to gas mixtures 1 through 3, respec-
tively, for 5 and 25 h at 750*C. At oxygen and sulfur partial pressures
that correspond to gas composition 1, the Fe-4Cr-8Ni and Fe-12Cr-BNi
alloys developed an external iron sulfide scale. The alloys also
exhibited (Fe,Cr) sulfide particles in the interior of the specimens,
predominantly in the intergranular regions of the specimens. In the
same environment, the alloy that contained 22 wt % Cr developed a
Cr-rich oxide scale with negligible internal sulfidation. A decrease
in oxygen partial pressure in the gas mixture to values that correspond
to gas mixtures 2 and 3 results in the formation of an outer scale
layer of Fe or (Fe,Cr) sulfide with internal sulfide particles of Cr or
(Fe,Cr) along the grain boundaries. In general, the thicknesses of the
outer scale and internally affected layers were 30 to 50 times greater
for the alloys that exhibited sulfidation when compared with the oxida-
tion mode of interaction.

Figures 35-37 show SEM photographs of the cross sections of
different Fe-Cr-8Ni alloy specimens that have been exposed to gas mixtures
1 through 3, respectively, for 5 and 25 h at 875 C. The photographs show
that all the alloys, except those containing 22 wt % Cr exposed to mix-
ture 1, developed an external scale of Fe or (Fe,Cr) sulfide and internal
sulfide particles in the intergranular regions of the alloy specimens.
The alloy with 22 wt % Cr developed a Cr-rich oxide scale upon exposure
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to mixture 1. As before, the thicknesses of the external layers and
internally affected zones were significantly greater when the alloys
exhibited sulfidation rather than oxidation behavior in the gas
environment.

Figures 32-37 also show that the effect of carbon activity
(ac) in the range 0.096-0.468 is strongly dependent upon the type of
external scale formed in the specimens as well as the chromium content
of the base metal. For example, when the alloys develop a Cr-rich
oxide scale, as in the Fe-22Cr-8Ni alloy exposed at 750 and 875*C
(Figs. 32 and 35), only internal sulfide particles were observed. On
the other hand, when the alloys developed sulfide scales, internal
carburization was virtually absent in alloys that contained 4 and 12
wt % Cr, and significant carburization in advance of the sulfidation
front was observed in the 22 wt % Cr alloy specimens (Fig. 33). As
the carbon activity is lowered, i.e., from mixture 1 to mixture 3,
the extent of carburization in the 22 wt % Cr alloy specimens decreases,
as evidenced by a much smaller volume fraction of carbides in the base
metal ahead of the sulfidation front.

5. Discussion

The results obtained on the oxidation-sulfidation of Fe and
Fe-Cr-Ni alloys showed that the scales formed during exposure to the
mixed-gas environment were strongly adherent to the base metal. Before
discussing the corrosion behavior and mechanisms of scale growth in these
alloys, it is helpful to consider the thermodynamic conditions and
kinetic factors that determine the types of phases which will form on
the surfaces of the different alloys during exposure to multicomponent
gas mixtures. Thermochemical diagrams, which depict the stability of
the condensed phases for a given metal as functions of the thermodynamic
activities of oxygen and sulfur in the gas mixture, can be used to
examine the types of phases formed on the specimens in the present
experiments. Figures 38 and 39 show the oxygen-sulfur thermochemical
diagrams at 750 and 875 C, respectively, for Fe-Cr-8Ni alloys with
chromium concentrations of 4, 12, and 22 wt %. The diagrams were
developed from recent thermodynamic data for chromium oxide,39 chromium
sulfides,3 5 and iron sulfide.4 Also shown in these figures are the
oxygen and sulfur partial pressures calculated from the gas mixtures
used in different experiments; the environments are identified as 1,
2, and 3, which correspond to the same gas mixtures in Table'XII. The
thermochemical diagrams for the oxygen and sulfur partial pressures
used in the experiments are such that the scale layers formed in Fe-
Cr-8Ni alloys with 4 to 22 wt % Cr can be chromium oxide, a mixture of
chromium and iron sulfides, or a combination of the three phases. The
relative affinity of substitutional elements (e.g., Fe, Cr, and Ni) and
reactive elements (e.g., 0 and S) as well as the relative growth rates
of the reaction products (oxide versus sulfide) are important contrib-
utors to the establishmer.t of a specific phase in the scale layers of
a given alloy. Based on the thermodynamic data for the Cr-Cr203 system,
the chromium concentrations required for the formation of Cr2 03 are in
the range from 0.003-0.2 wt %, since Cr203 is the only oxide phase in
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equilibrium with an Fe-Cr-8Ni alloy at oxygen partial pressures between
7.6 x 10-20 and 2.8 x 10-22 atm at 875*C. The chromium concentrations
that are needed at 750*C are 1-40 ppm for oxygen partial pressures
(2.8 x 10-22 to 3.7 x 10-24 atm) used in the present experimental work.
However, these chromium concentration values are insufficient to form
a coherent film of Cr203. A similar calculation, based on Cr-Cr3S4
equilibrium, shows that chromium concentrations of t'3 and 0.4 wt % are
needed at 875 and 750 C, respectively, for the formation of Cr3S4 sulfide
at the sulfur partial pressures used in the present experiments.

Thermodynamic considerations indicate that both Cr203 and Cr3S4
can form on all Fe-Cr-8Ni alloys used in the present investigation. The
experimental results show that sulfide layers form in alloys containing
4 and 12 wt % Cr in all environments of the present study. In alloys
with 22 wt % Cr, a thin oxide layer was observed on specimens exposed to
mixture 1 at 750 and 875 C, and (Fe,Cr) sulfide layers were observed on
specimens exposed to mixtures 2 and 3.

The preferential formation of sulfide scales in alloys that
contained 4 and 12 wt % chromium can be explained on the basis of the
oxidation behavior of these alloys. It is fairly well known that, in
Fe-Cr and Ni-Cr alloys with (l8 wt % Cr, the oxide layers which form
are discontinuous, and the mode of interaction is internal oxidation.4 1 ,42

In alloys with >20 wt % Cr, a continuous external layer of oxide has been
observed. Wagner4 3 and Rapp44 examined the transition from internal to
external oxidation of a less-noble element in an alloy. Wagner used the
volume fraction of precipitated oxide as a parameter to determine whether
the oxide will be formed as a continuous layer or as an internal precip-
itate and arrived at a critical volume fraction of oxide above which a
continuous layer will be formed. The influence of low oxygen pressures
(used in the present experiments) on the value of the critical volume
fraction of oxide is not known, but a chromium concentration of 18 to 20
wt % will be required at temperatures of 750 and 875*C.

The present data show that an alloy with a composition of
Fe-22Cr-8Ni produces oxide layers at higher P02 values (i.e., 7.6 x 10-20
atm at 875*C and 2.8 x 10-22 atm at 750*C) and forms (Fe,Cr) sulfide
layers at lower P0 2 values (i.e., 3.6 x 10-21 and 2.8 x 10-2 atm at
875*C, and 1.6 x 10-23 and 3.7 x 10-24 atm at 750*C). This indicates an
oxygen partial pressure in excess of that established by Cr-Cr203 equi-
librium (at a given sulfur pressure) is required for the formation of a
stable oxide layer. The ratios of oxygen partial pressures used in the
experiments to those for Cr203-Cr3S4 equilibrium at the pS2 values for
different runs are listed in Table XIII. The experimental observations
indicate that threshold oxygen partial pressure ratios for the formation
of a continuous protective oxide layer on the Fe-22Cr-8Ni alloys at 875
and 750*C are El02 and 103, respectively.

The kinetic data on the sulfidation of the alloys and the
microstructural evaluation of the exposed specimens can be used to analyze
the mechanisms of scale formation. In the Fe-4Cr-8Ni alloys, the scales

56



formed were predominantly iron sulfide and were independent of the com-
position of the gas environment. Since ferrous sulfide (Fei..xS) is a
metal-deficient p-type semiconductor, 4 5 the migration of iron in the
scale occurs via diffusion of cation vacancies and electron holes.
The scale growth rate in these alloys is primarily controlled by the
diffusion of ferrous ions. The chromium present in the alloy reacts
with sulfur and forms either Cr sulfide or (Fe,Cr) sulfide spinel at
the scale/alloy interface.

As the chromium concentration in an alloy increased to 12 or
22 wt %, the x-ray analyses of the exposed specimens showed the presence
of Fe sulfide or (Fe,Cr) sulfide in the scale layers that depend on the
gas composition. The scales in these specimens showed two or three
zones (Figs. 32-37) and considerable porosity near the scale/alloy
interface regions. The sulfidation behavior of the alloys in our ex-
periments is in qualitative agreement with the results of earlier in-
vestigators.35,4b The outer layer of scale grows by outward diffusion
of iron ions and electrons from the substrate, and the transport of
chromium in this layer is minimal. The formation of Cr-rich sulfides in
the inner layer occurs via reduction of iron sulfide by chromium, which
results in additional iron being transported to the outer layer for
reaction with sulfur. Additional experimental work to determine the
precise compositions of the phases formed as well as a knowledge of the
diffusivities for different species is needed to establish the mech-
anisms of sulfidation in high-chromium alloys.
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TABLE XI. Composition of Iron and Iron-Chromium-Nickel Alloys
(Concentrations are in wt %)

Alloy Cr Ni C N 0 Fe

Fe <0.004 0.012 0.002 0.001 <0.007 Bala,b

Fe-4Cr-8Ni 3.89 7986 0.004 <0.001 0.010 Bala

Fe-12Cr-8Ni 11.96 7.96 0.003 <0.001 0.012 Bala

Fe-22Cr-8Ni 21.86 7.92 0.003 0.002 0.009 Bala

aBal indicates balance; spectrographic analyses for Mn, Mo,
Ti, Zr, V, Co, and Cu indicated <0.01 wt %.

bManganese concentration in high-purity iron was 0.05 wt %.

Si, Nb,
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TABLE XII. action Potentials Established in Different Experimental Runs

Gas Gas Composition, vol % Reaction Potentialsa

Temperature, Identification
C Number CO CO2 H2  CH4  H2S p02,atmPatm ac

875 1 20.2 8.9 67.4 3.1 0.4 7.6 x 10-20 2.8 x 108 0.226

2 3.4 1.5 94.1 0.5 0.56 3.6 x 10-21 3.2 x 10-8 0.181

3 0.6 0.3 98.5 0.1 0.58 2.8 x 10-22 3.2 x 10-8 0.096

750 1 23.9 10.0 61.5 3.7 0.36 2.8 x 10-22 3.2 x 109 0.468

2 1.9 0.8 96.4 0.3 0.57 1.6 x 10-23 3.4 x 109 0.180

3 0.7 0.3 98.3 0.1 0.58 3.7 x 10-24 3.2 x 109 0.096

aThe oxygen partial pressures for Fe/FeO equilibrium at 875 and 750C are U2 x 10 and 6.7 x 1021

atm respectively. The sulfur partial pressures for Fe/FeS equilibrium atf875 and 750*C are 5.4 x

10- and 1.2 x 10-10 atm, respectively.
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TABLE XIII. Ratios of Oxygen Partial Pressures Used in the Experiments to Those

Calculated from Cr-Cr203 Equilibrium for an Fe-22Cr-8Ni Alloy

e
P2 at
2 Ratios of p0  e

PS , 23 2 2

Temperature, 2 Equilibrium, Mixture Mixture Mixture

*C atm atm 1 2 3

875 "3 x 10- 8  3.2 x 10-22 240 11 0.9
Oxide Sulfide Sulfide

750 "3.2 x l09 1.6 x 10-25 1800 *100 23
Oxide Sulfide Sulfide
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Task E -- Erosion Behavior of Materials in Coal-conversion Processes
(W. J. Shack and J. Y. Park)

The erosion-testing apparatus built by Solar Corporation
under a subcontract from ANL was received. The apparatus consists of
a motor-driven rotating slinger arm and a belt-feed mechanism in a sealed
test chamber, which permits operation at elevated temperatures and con-
trolled atmospheres. After examination, it was apparent that substantial
repairs and modifications were necessary before a test program could be
undertaken. To date, the following repairs have been made: the rotor
shaft for the slinger arm was straightened, a cracked refractory liner
was removed, and a new cooling coil was installed. To improve the reli-
ability of the apparatus during long-term tests, the design of the bearing
and the bearing seal of the slinger rotoshaft is also being modified. In the
next quarter, additional repairs and modifications will be made, and the
apparatus will be reassembled for initial checkout.
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Task F -- Component Performance and Failure Analysi (S. Danyluk and
G. M. Drage

The activity during this quarter involved the examination of
components from the HYGAS Pilot Plant, the Institute of Gas Technology
Steam-Iron System for Hydrogen Production Pilot Plant, and the Synthane
Pilot Plant. The results of these analyses are summarized below.

1. Pump Shaft and Capscrew Failure (GA-207) (Synthane Pilot Plant)

A 3.18-cm (1.25-in.)-diam AISI Type 4140 steel shaft and an
AISI Type 4037 steel capscrew from water pump GA-207 failed by complete
separation after "500-800 h operation. The pump circulates high-temper-
ature water between the Venturi scrubber and the scrubber surge tank at
the Synthane Pilot Plant. A replacement capscrew, Type 4037 steel, also
failed by shear after a shorter operating time (2.5-5 h). A schematic of
the pump shaft, capscrew, impeller, and failure locations is shown in Fig.

40. Figure 41 shows the fracture and machined surface of the shaft and a
fractured capscrew. Both failures are associated with fatigue. The
probable failure sequence is as follows (this sequence is essentially
unchanged from what was hypothesized by Synthane personnel):

(a) The capscrew fractured by fatigue and surface defects
provided the initiation sites for the crack. Laboratory
investigation confirmed the capscrew manufacturer's sus-
picions that the capscrews were improperly heat treated
during production. Vickers hardness numbers of "490
kg/mm1 were recorded, which are higher than the Vickers
values of 220-310 kg/mm2 specified after tempering from
200-650 C.

(b) The shaft, still engaged to the impeller through the
keyway, began to slide after the capscrew failed and was

subjected to a torsional load due to this slippage and

carbon fine buildup on the impeller.

(c) A fatigue crack initiated at the keyway fillet radius

(Fig. 42). The radius is smaller (0.021 m)4than what is

normally recommended practice (0.067 cm), ' and a

stress riser is present. Although the increase in stress

due to the radius of curvature of the fillet alone would

not cause the failure, this stress would aggravate and

intensify any existing overload condition and might be

expected to lead to crack initiation at the keyway fillet.

(d) The fatigue crack propagated toward the center threaded

hole and branching of the fillet crack occurred (Fig. 43).
A catastrophic failure occurred shortly thereafter and the

shaft broke in two.
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Using the fatigue-striation-spacing measurement at the shaft
fracture surface, the upper limits on the number of revolutions for
complete separation to occur is 15,000-70,000 revolutions. Since the
shaft rotates at 3600 rpm, the crack propagated through the shaft di-
ameter within an hour. This estimate and the fact that the shaft
fracture surface was shiny support the conclusion that the shaft failed
a short time after the capscrew failed.

The recommendations were (a) the capscrew must be properly
heat treated so that this component possesses the proper toughness,
and (b) the fillet radius should be machined to a value prescribed by
standard engineering practice. Byron Jackson, the pump manufacturer,
has implemented a design change at the capscrew end of the shaft. The
OD of the shaft will be threaded and attached to the impeller with a
nut. This design change and proper heat treatment of the components
should alleviate further problems.

A final report of this analysis will be distributed in the
coming quarter.

2. Welded "Tee" Fitting from the Char Carrier Line (HYGAS Pilot
Plant)

A welded Type 316 stainless steel "Tee" fitting from the char
carrier line, developed cracks on the internal surfaces. The fitting
was part of the original installation of the HYGAS Pilot plant, and the
estimated time of service is 'x6 years. The char carrier line carries
steam at a pressure of 6.8 MPa and a temperature of 260C (1000 psig,
500*F), with occasional hot gas at 870*C (1600*F), from the steam-oxy-
gen zone of the gasifier for relatively short periods of time <600s
(<10 min). The preliminary failure analysis was carried out by the
AMOCO Research Center, Naperville, Illinois, and it was deduced that
thermal shock was the probable cause of crack initiation. The ANL
analysis confirmed this diagnosis. The cracks were most probably caused
by overheating to '760*C ("1400*F) and rapid cooling to 260C (500*F)
with nitrogen.

3. Tubing from Line 322 in the aecond-stage Gasifier Reactor
(HYGAS Pilot Plant)

A 7.5-cm (3-in.) OD, Schedule 40 Incoloy 800 pipe that was
part of line 322 in the second-stage gasifier reactor at the HYGAS Pilot
Plant developed cracks at the ID after "1.5-2 years of service. A
67.5-kg (150-lb) AISI Type 316 stainless steel flange was welded to each
end of the pipe. The pipe transports char and gas at 815*C (1500*F)
with a nominal gas composition of 72% H20, 9% H2, 9% CH4, 4% CO, 3% C02,
3% N2, <1% H2S. A fracture and complete break of the pipe occurred
immediately adjacent to the OD weld of the upper flange. This fracture
was not examined.
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The cracks at the ID surface were numerous, and a cross section
of one of the cracks is shown in Fig. 44. As can be seen, this crack is
initially intergranular and, as it progressed, the mode changed to trans-
granular. This change in mode may be due to an increase in the effective
stress as the depth of the crack increases, chemical effects at the ID
(carburization), or chemical changes at the crack tip.

4. Pit Formation at Thermowells (Synthane Pilot Plant)

Pits found at the OD of a Hastelloy C-276 thermowell located
above the distributor cone in the Synthane gasifier were reported in a
previous quarterly report.' The thermowell is constructed from a 47.5-
mm-diam tube with a 5-mm wall thickness. An endplug is welded on the
tube end that is inserted into the gasifier. Pitting was observed along
the length of the thermowell but was considerably more severe in the weld
region. Plant personnel suspected that clinker was in contact with the
OD of the thermowell and therefore were concerned that the pitting might
lead to premature failure of the thermowell. A photograph of the OD of
the thermowell and a micrograph of a polished and etched section contain-
ing the tube and endcap are shown in Fig. 45. Severe pitting can be
observed in the weld region. The micrograph shows the endplug, weld
metal and tube, oxide scale, and pitted regions. The microstructure of
the endplug appears different from the tube. The chemical analyses of
the tube and endplug are shown in Table XIV. Some chemical differences
are evident between these two materials, notably cobalt, vanadium, and
silicon, although the concentrations fall within the manufacturer's
specification. The conclusions of this investigation are that clinke
deposition caused the pitting, and the more severe pitting at the end-
plug was caused by the difference in chemistry of the endplug and heavier
clinker deposition.

It was recommended that the chemistry of the endplug be checked
prior to replacement. The thermowell was recapped with a Hastelloy C-276
endplug and is now %51 cm shorter than the original length. Since the
thermowell is shorter, the possibility for clinker formation has been
decreased.

5. Internal Cyclone from the Ash-agglomerating Gasifier (HYGAS Pilot
Plant)

A Type 310 stainless steel internal cyclone from the Ash-
agglomerating Gasifier (AAG) of the HYGAS pilot plant developed a perfo-
ration at an angle of "20-30* relative to the inlet axis of the cyclone
at the wall of the internal shell. The total service time was "20 days.
The particle-size loading for the cyclone is 100-0 mesh, with an average
gas inlet velocity of 120-160 ft/s. The system was operated with coke
for three cycles (5-7 days/cycle) and coal for one cycle (3-5 days/cycle).
A photograph of the cyclone with the perforation is shown in Fig. 46.
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The failure is attributed to erosion due to solid-particle
impingement. The recommendation, at present, is to fabricate an insert
of Haynes Stellite Alloy 6B in the eroded section and/or to reduce the
particulate velocity. Additional investigation will be conducted in
the coming quarter to deduce the erosion rate and spacial variation.
These data will provide input to Task E of this project.

6. Chloride-assisted Stress-corrosion Cracking in Type 316 Stainless
Steel Tubing (HYGAS Pilot Plant and Steam-Iron Plant for Hydrogen
Production)

Leaking cracks were observed in 1.27- and 0.64-cm Type 316
stainless steel tubes that were steam traced, insulated, weather stripped,
and exposed to the weather. In two cases, 1.27-cm (0.5-in.) OD tubes
(labeled LT-342 and LT-477) transport high-pressure city water and are in
the vicinity of the main gasifier section of the HYGAS Pilot Plant. A
third tube, 0.64-cm (0.25-in.) OD, was used as a gas-sample line and is
attached to the upper reducer section of the Steam-Iron reactor. In all
three cases, the tubes are pressurized and operate at specified nominal
temperatures of 150-200 C. The cracks occurred predominantly near bends,
and were branched and transgranular. The cracks originated at the OD in
tubes LT-342 and No. 6411 and at the ID in tube LT-477. Figure 47 is a
photograph of gas-sampling line No. 6411. Circumferential cracks are
visible, and some expansion has occurred as a result of internal pressure.
Figure 48 shows a typical cross section of tube No. 6411. The cracks are
transgranular and branched and are due to chloride-assisted stress-
corrosion cracking.

The chlorides were attributed to the asbestos insulation used
in weather stripping tubes LT-342 and No. 6411. Chlorides were leached
by occasional drenching in city water and exposure to the weather. City
water was the most probable source of chlorides in the failure of tube
LT-477. Stresses were provided by the internal pressure and residual
stresses at bends in the tubes. The following recommendations were
suggested:

(a) The replaced insulation should contain a lower soluble
chloride content.

(b) The tube material should be changed to an alloy that is
more resistant to chloride stress-corrosion cracking.
Nonsensitized Incoloy 800 is a reasonable choice.

(c) The occasional drenching by city water should be avoided.

A final report on this analysis will be issued in the coming quarter.
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TABLE XIV. Composition of Hastelloy C-276

Manufacturer's
Nominal Chemical Analysis (Wet Method),a wt %

Specification,
Element wt % Tube Endplug

Silicon 0.05 0.02 0.09
Manganese 1.0 0.43 0.41
Total Carbon 0.02 0.008 0.007
Phosphorous 0.03 0.010 0.009
Sulfur 0.03 0.012 0.005
Nickel Balance 58.16 58.60
Chromium 15.5 15.16 15.29
Molybdenum 16.0 14.50 14.30
Iron 4-7 5.80 5.60
Aluminum - 0.13 0.18
Colbalt 2.5 0.48 1.02
Columbium/Tantallum - <0.05 <0.05
Titanium - <0.01 0.02
Tungsten 3.8 3.72 3.54
Vanadium 0.35 0.06 0.19

aAnalysis performed by Charles A.
Illinois 60153.

Kawin Company, 2671 Gardner, Broadview,
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SchIematic of the Pump Shaft and Capscrew from the
Scrubber Recycle Water Pump GA-207 at the Synthane
ANL Neg. No. 306-77-406 (Revised).
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Fig. 41. The Fracture and Machined Surface of the
Pump Shaft. The keyway crack is visible in the
photographs. ANL Neg. No. 306-78-43.
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Fig. 42. Cross Section of the Shaft Showing the Morphology
of the Fractured Surface and Crack in the Keyway. ANL Neg.
No. 306-78-44.
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Fig. 43. Photograph of a Fillet in the Keyway Showing a
Crack Extending along the Length of the Keyway. ANL
Neg. No. 306-78-45.
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Fig. 44. Crack That Had Initiated at the ID of
Line 322 in the Second-stage Gasifier Reactor
from the HYGAS Pilot Plant. The material is
Incoloy 800 and the crack mode changes from
intergranular to transgranular. ANL Neg. No.
306-78-62.
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Fig. 45. Hastelloy C-276 Thermowell from the Synthane
Pilot Plant. The OD (a) and etched cross section (b)
containing the endplug, weld metal, and tube are shown.
Neg. No. ANL 306-78-42.
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Fig. 46. Internal Cyclone from the Ash-

agglomerating Gasifier of the HYGAS Pilot

Plant. The internal shell and the perfo-

ration are visible. ANL Neg. No.

306-77-543 (Revised).

Fig. 47. Extensive Cracking at the OD of Line

6411. Circumferential cracks are seen. Some

expansion of the cracks is seen. ANL Neg. No.

306-78-61.
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Fig. 48. Cross Section of 6411. Transgranular and

branched cracks are visible. ANL Neg. No. 306-78-41.
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