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MATERIALS TECHNOLOGY FOR COAL-CONVERSION
PROCESSES: THIRTEENTH QUARTERLY REPORT,

JANUARY-MARCH 1978

HIGHLIGHTS

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

The preliminary results of run 6 have been revised and are presented.
Although a temperature excursion to ' 1700-1800 C that occurred during this
test makes intertest comparison difficult, refractory number 38, a fused-cast
A1203-Cr203 composition, exhibited promising corrosion resistance and will be
retested.

Test runs 7 and 8 were completed. The corrosion resistances of
Al203-Cr203 bricks (numbers 23, 852, and 260) and ramming mixes (numbers 18 and
88) were very good, although several bricks (numbers 260 and 852)seemed to
possess poor thermal-shock characteristics.

Several samples of slag and the slag outlet block were obtained from
the Bi-Gas pilot plant in Homer City, PA. The composition of the CaO-fluxed
Montana Rosebud slag from Bi-Gas was found to be very close to that of the
simulated Montana Rosebud slag utilized in tests 5-8. The slag outlet block
showed only minimal corrosion in 114 h of operating time.

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

The HYGAS external cyclone separator was again ultrasonically
inspected after an additional 1092 hours of operation (total exposure now
3142 h). The erosive wear was shown to be significant and will be more
frequently inspected for optimizing replacement time. Additional results
from ANL Instrumented Elbow II in the main coal feed line of the Synthane
pilot plant after transfer of 133000 kg of coal indicated small amounts of
erosive wear comparable to the error band of the field measurements
(ti 0.13 mm/measurement). Data from the Bi-Gas plant transfer lines have
been refined by further measurements and analysis, and the amount of
erosion appears to have been very small: techniques have been introduced
to improve the measuring accuracy in order to detect the wall-thickness

changes. In-service tests of the operation of the erosive-wear monitoring
system are planned. Improved methods of attachment of ultrasonic wave-
guides to specimen piping are being tested. Experiments and analysis to
develop methods for characterization of eroded metallic surfaces by exami-
nation of reflected ultrasonic pulse echos are in progress.

Amplitude-distribution analyses of acoustic emissions from two thick
refractory-concrete samples, one fired at a slow heating rate (ti 50*C/hr)
and one at a fast heating rate (t 300*C/hr), suggest that this parameter may
be a useful real-time indicator. The fast heating rate produced consistently

x



lower characteristic slope values than the slow heating rate; however,
significant acoustic activity was detected during cooling of the slowly
heated panel, whereas little additional activity was detected during
cooling of the panel with the faster heating rate.

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

Uniaxial tensile data were generated for Incoloy 800, Type 310
stainless steel, U.S. Steel Alloy 18-18-2, and Inconel 671 in the as-received
condition and after 1000--h exposures to multicomponent gas mixtures that
simulate a coal-gasification environment. The results, obtained at 871 and
750*C, showed a decrease iP the flow stress of the material after exposure
to complex gas mixtures, when compared with that of the as-received material.
The preexposure of the materials to complex gas mixtures resulted in a de-
crease in 0.2% yield stress and ultimate tensile strength with only minimal
increases in the uniform stra-' n over the range of % 4 to 10%.

Task E -- Erosion Behavit rW Mterials in Coal-Conversion Processes
(W.J. Shack and c/. . Park)

The erosion test apparatus was assembled for preliminary check out
and room-temperature calibration. New rotor designs were completed to allow
higher particle speeds and better control of particle impingement angle.
Preliminary room-temperature erosion tests were performed on six materials with
50-pm Al203 particles at a velocity of 70 m/s and at five impact angles.

Task F -- Component Performance and Failure Analysis (S. Danyluk, G.M. Dragel,
W.J. Shack, and J.Y. Park)

Failed components from the HYGAS Pilot Plant (hydrogen-compressor
leaf spring and pump hinge-pin), the HYGAS Ash Agglomerating Gasifier (internal
cyclones), and the Grand Forks Energy Research Center (taphole cooling coil)
were examined in this quarter.

xi





MATERIALS TECHNOLOGY FOR COAL-CONVERSION
PROCESSES: THIRTEENTH QUARTERLY REPORT,

JANUARY-MARCH 1978

ABSTRACT

This broad-base materials engineering program, begun
in 1974, includes studies on ceramic (refractory) and metal-
lic materials presently being used or intended for use in
coal-conversion processes. The program entails studies
of erosive wear, nondestructive testing, corrosion, re-
fractory degradation, and failure analysis. Appropriate
laboratory and field experiments are integrated such that
the results have impact on present pilot-plant and proposed
demonstration-plant designs. This quarterly report, for the
period January-March 1978, presents the technical accomplish-
ments 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 infor-
mation base required for materials selection in plant design for the operating
environments of various coal-conversion processes is extremely limited. Hence,
reliable selection and life-time prediction methods of materials under these
conditions are not available. This project is signed to provide part of
the materials information necessary for successful 'iteration of coal-conversion
systems. The present report is the thirteenth quarterly progress report sub-
mitted by ANL to the Division of Coal Conversion under project Number 7106,
"Materials Technology for Coal Conversion Processes."

The project includes six tasks: (A) evaluation of commercial re-
fractories exposed to coal slag under conditions typical of those encountered
in slagging gasification processes; (B) evaluation of erosion/corrosion-
resistant coatings when exposed to prototype operating environments; (C) de-
velopment, evaluation, and application of nondestructive evaluation methods
applicable to coal-conversion systems; (D) evaluation of the corrosion be-
havior of commercial alloys; (e) development 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.
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Task A -- Evaluation of Ceramic Refractories forSlagging Gasifiers
(C.R. Kennedy, R.J. Fousek, D.J. Jones, and R.B. Poerpel)

As reported previously , the sixth run, which was designed to evaluate
the corrosion resistance of three fused-cast bricks (numbers 2, 38, and 39) and
one high-density sintered brick (number 40) to a simulated Montana Rosebud slag,
has been completed. Cut sections of the 3/4-length bricks and the temperature
history of the test have also been described.1 Note that after % 300 h at 1500C,
a malfunction caused the furnace plenum temperature to reach 1700-1800 C.
The detailed chemical analysis from run 6 has been received and is shown in
Table I. The preliminary results from run 6 have been revised and are presented
in Table II.

In light of the severe conditions in this test, as indicated by the
large depth of removal and penetration in the other compositions, refractory
number 38, a fused-cast solid solution of alumina-chromia within a complex
alumina-chromia spinel, exhibited good corrosion resistance. However, extensive

thermal-shock cracking parallel to the hot face occurred in both numbers 38 and 2
during the test.

Test run 7 exposed alumina-chromia and alumina-silica refractories
to a simulated Montana Rosebud slag, the composition of which is presented as a
function of time in Table III. Full-, 3/4-, and 1/2-length bricks of four
different refractories listed in Table IV were first exposed to a slag pool
(% 30 mm in depth) at 1500*C for 48 h (see Fig. 1). Then additional slag was
added to the bath until it was 80 mm in depth, and the refractories were held at
1500*C for 480 h. Oxygen partial pressure was maintained at 'i10-3 Pa throughout
the test. The thermal profile that existed within each refractory on October 12,
1977 is shown in Fig. 2. The refractory-slag interfacial temperature was 1380-
1430*C as determined by a pyrometer. Two lines of slag attack are visible on
refractory number 17 (see arrows on Fig. 3b), the least corrosion-resistant
refractory, whereas only one line of slag attack (corresponding to the exposure
for 480 h at 1500*C) is visible on the other three refractories. The two
alumina-chromia refractories (numbers 23 and 852) performed the best, exhibiting
only slight attack after 480 h (2-4 mm on the full-length bricks). These results
are in contrast to those in test run 3, in which uncooled bricks of refractories
23 and 852 performed somewhat poorly. As with the silicon carbides, the cor-
rosion resistance of the alumina-chromia refractories improved significantly with
water cooling. Comparison with results of test 5 reveals that, when exposed to
an acidic slag, the alumina-chromia refractories outperformed the magntsia-
chromia refractories with respect to corrosion resistance. However, as a result
of the thermal gradient, the front faces of the number 852 bricks cracked at an
t 450 angle to the top front edge.

Test run 8 evaluated 1/2- and full-length specimens of five ramming
mixes (two alumina-silica, two alumina-chromia, and one alumina-magnesia) and
one sintered alumina-chromia refractory, number 260 (Table V). Wedge-shaped
bricks were produced from the five as-received mixes by hand-ramming into a rigid
mold with removable sides. Care was taken to minimize lamination of the material.
Each set of bricks was dried and cured according to the manufacturer's instruc-
tions. The cured bricks were then placed in the slag corrosion furnace and the
hot face was heated to 1500 C for " 2 h while the cold face was maintained at
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.L 80 c. The furnace was then cooled to room temperature and the initial charge
of slag was introduced to a depth of 15 mm.

Also included in this test was a 115-mm x 64-mm x 54-mm piece of

refractory number 2. This specimen was placed in the slag bath near the center

of the furnace and was not water-cooled (Fig. 4). Its purpose was to serve as

a standard by which intertest comparisons could be made. Similar specimens will

be included in all future tests. The densities of this standard (nmber 2)

and future standards are presented in Table VI.

The temperature history of run 8 is presented in Fig. 5. A simul.ited

Montana Rosebud slag (B/A = 0.7) was introduced to a depth of - 15 mm, and the

plenum temperature was raised to 1600*C for 24 h with a partial pressure of
oxygen (ppO,) of L 10- Pa. The temperature of the brick-slag interface was added
'4 ris. ti- lev,: to 60 mm. The furnace was held atA 1500*C (brick-slag
irtertatc 1400-1430 C) for 475 h with a pp 0 of % 1U~3 Pa. The temperature pro-
files within each refractory at mid-depth are shown for furnace-plenum tem-

peratures of 1610 C (Fig. 6) and 1520cc (Fig. 7). A detailed analysis of the

:,mposit ion of the slag as a function of titre wi ll be presented in the next
report. Examination of the refractories and t standard reveals two lines of slag

itwtck Vigs. 8-10). Since the vert it alI therr. grad ient in the sla g pool is steep
( 7 C/mm), the 475-h hold at 1500*C had a negligible effect on the bottom slag
line. Thus, the bottom line of attack corresponds to 24 h at 1600*C whereas
the top line of attack is the result of the 475-h exposure at 1500*C. Table V
summari.ws the relative resistance of the refractories tested in ru' 8. The
alumina- hromia compositions exhibited superior corrosion resistance, even during

the short exposure at 1600*C. Brick number 260, a sintered A1203-Cr203 com-
position, showed almost no attack, although a number of deep thermal-shock cracks
developed during the test. Note that a crack parallel to the hot face of brick
number 260, ^ 20-30 mm from it (Fig. 9a), completely separated the hotter and
cooler (not shown) portions of the brick. Refractory number 18, an A1 203-Cr203
ramming mix, also exhibited negligible corrosion but substantial cracking which
may have resulted from either thermal shock or physical growth. Since the
amount of slag penetration in refractories 260 and 18 was difficult to determine
visually because of their dark color, energy-dispersive X-ray analysis will be

performed in an attempt to quantify the penetration. The other A1 203-Cr203
ramming mix, number 88, did not crack and was also very resistant to corrosion
although it did suffer considerable penetration. The A1203-SiO2 ramming mixes,
numbers 90 and 95, and the A1 203-MgO ramming mix, number 220, did not exhibit
any thermal shock cracks, but were much less resistant to corrosion than the
A1203-Cr203 ramming mixes. These results are nearly identical to tne results of
run 7, which evaluated the relative corrosion resistances of A1203-SiO2 and
A1203-Cr20 sintered refractories.

In order to insure the applicability of the results from ANL's slag
corrosion tests to pilot-plant conditions, several samples of slag and slag-
outlet block were obtained from the Bi-Cas Plant in Homer City, PA. The slag-
outlet block, fabricated from refractory number 2 by fusion casting and grinding,
was t 380 mm (15 in.) wide by ti 255 mm (10 in.) high and had a conical interior
hole with a minimum diameter of 152 mm (6 in.). The block had experienced
114 h of coal feed before it was removed from the slag outlet assembly on

3



August 25, 1977.3 During removal, it was fractured into numerous pieces, not
all of which were received by ANL. Those pieces that were received were fitted
together and are shown in Fig. 11. Many thermal-shock cracks, in addition
to the fractures that occurred during removal, are evident. The hot faces of
the block were covered with coal char, which had also penetrated into the thermal-
shock cracks. Surprisingly, only a small amount of slag had adhered to the
hot face, with little evidence of corrosion. A possible explanation for this
observation is that a carbonaceous layer may have formed on the hot face of the
refractory during startup, preventing the slag from adhering to the refractory.
A core-drilled specimen was taken from an area where the slag had adhered to
the refractory, and will be examined by scanning-electron microscopy (SEM). The
diameter of the central hole was t 150 mm (6 in.), indicating that only minimal
material loss had occurred in the short time of operation. Three slag samples
were also obtained from Bi-Gas and have been chemically analyzed VTable VII). The
slag from Bi-Gas test G2P was from a Rosebud coal with no fluxing agent. How-
ever, since difficulties were experienced at Bi-Gas with plugging of the outlet
hale by the slag, CaO was added to the coal to reduce the slag viscosity. Slags
from tests G3 and C3E were from Rosebud coal with a CaO flux; the compositions of
these slags are very similar to that of the simulated Rosebud slag utilized by
ANL for tests 5-8.
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TABLE I. Composition of Slag (wt %) During Corrosion
Test Run 6

Exposure Time, h

Component 8 137 303

SiO2

Al 203

Fe203

FeO

CaO

MgO

Na20

K20

Ti02

Other

(S)

(A)

(F1 )

(F2)

(C)

(M)

(N)

(K)

(T)

40.6

18.0

1.2

6.0

23.5

6.9

1.4

1.1

1.1

0.2

0.7

15

B/A Ratioa

b
Ferritic Content ,%

40.1

17.8

1.4

5.8

24.7

6.9

1.2

0.8

1.1

0.2

0.7

17

35.5

24.8

1.6

5.0

24.7

6.9

0.2

0.1

0.9

0.3

0.6

22

aBase-to-acid ratio B/A - (F + F2 + C + M + N + K)/

(S + A + T).

b cwt % Fe203
bFitic Content * wt % Fe203 + 1.11 wt % FeO + 1.43 wt % Fe

5



TABLE II. Relative Resistance to Corrosion of Refractories Exposed to Slag Attack in Run 6

Depth of Obvious Depth of Microstructural
Depth of Removal, mma Penetration, mma Alteration, mm

Refractory Full 3/4 1/2 Full 3/4 1/2 Full 3/4 1/2
lumber Composition Length Length Length Length Length Length Length Length Length

2 A1203(99.3)-Na20(0.4)-CaO(0.1) 20 18 16 52 50 "50 - - -

(Fused Cast)

38 A1203(60.4)-Cr203(27.3)-Mg0(6.0) 10 8 9 '12 10 '10 - - -

-Fe203(4.2)-Sib2 (1.8)
(Fused Cast)

39 gO(56.5)-Cr203(20.0)-Fe203(10.5) 25 28 24 65 32 %70 -105 118 v95

-A1203 (8.0)-Si02(2.5)

-Ti02(1.5)-CaO(0.5)
(Fused Cast)

40 MgO(60.8)-Cr203 (18.6)-Fe,03 (11.0) 34 27 25 44 32 35 100 70 40

-Al203(6.6)-CaO(1.9)

(Sintered) 5102(1.1)

measured from the original
hot face



TABLE III. Composition of Slag
Test Run 7

(wt %) During Corrosion

Exposure Time, h

Component 7 192 387 499

SiO3 (S)

A1203 (A)

Fe2 3 (F 1 )

FeO (F 2 )

CaO (C)

1go (M)

Na0 (N)

K20 (K)

Ti02 (T)

Other

B/A Ratioa

Ferritic Contentb, %

37.9

18.1

1.3

6.1

25.9

6.4

1.7

1.4

1.0

0.2

0.8

16

aBase-to-acid ratio B/A s (Fl + F2 + C + M + N + K)/(S + A + T).

b wt % Fe203
Ferritic content * wt % Fe203 + 1.11 wt % FeO + 1.43 wt X Fe

7

40.6

16.6

2.9

4.6

26.1

6.2

1.0

0.7

1.1

0.2

39.7

17.2

3.5

4.5

25.6

6.8

0.9

0.5

1.2

0.1

39.4

16.4

3.6

4.4

25.8

6.3

1.5

1..3

1.2

0.1

0.8

43

" " ". ..

0.7

31

0.7

42



TABLE IV. Relative Resistance to Corrosion of Refractories Exposed to Slag Attack in Run 7

Maximum Depth of Maximum Depth of
Re-.moval? MMPenetration, mm

Refractory Attack Full 3/4 1/2 Full 3/4 1/2
Number Composition Line Length Length Length Length Length Length

14 A1203 (91.6)-S102 (8.0)-Fe203(0.15)- Top 9 5 6 10 6 7

Alkali(O.15)
(Sintered)

17 A1203(83.9)-S102 (9.0)-Fe2 03(1.0)- Top 13 11 11 17 16 14

Ti02(2.3)-PF05(3.6) Bottom 3 4 3 - - -

(Chemically Bonded)

23 A1203 (89.7)-Cr2 03 (10.0)-SiO2(0.1)- Top 4 2 2 7 7 6

Fe203(O.1)-Alkali(0.1)
1Sintered) 23

852 A1203(81.1)-Cr203(16.6)-P,05 (0.8)- Top 2 2 1 8 9 4

Si02(0.5)-Fe,03(0.5)-

Na,0(0.5)
(Chemically Bonded)

m easured from the original hot face.



TABLE V. Relative Resistance to Corrosion of Refractorih -edi to Slag Attack in Run 8

Maximum Depth of Maximum Depth of
Removal? mm Penetration? mm

Refractory Attack Full 1/2 Full 1/2
Number Composition Line Length Length Length Length

18 Cr203(39.6)-A1203(21.4)-Fe2O 3 (22.6)- Top 1l 2 45? 30?
2Bottom %il ? 30??
MgO(9.6)-Si02(2.5)-

TiO 2 (0.6)-P205(3.7)
(Ramming Mix)

88 A1 2 03 (85.2)-Cr 2 03( 9.7)-Si0 2 (1.9)- Top 3 1 20 12

Fe203(0.5)-Na20(0.4)- Bottom 4 2 12 10

P2 05(2.3)

(Ramming Mix)

90 A120 3 (89.5)-Si0 2 (6.0)-Alkali(0.2)- Top 8 ' 11 5

P2 05 (3.7)-Other(0.6) Bottom 9 7 14 8

(Ramming Mix)

220 A1203(89.6)-MgO(3.4)-SiO,(0.7)- Top 8 7 23 20

P205 (6.2)-Alkali(0.1) Bottom 9 7 24 10

(Raming Mix)

95 A1 20 3(95)-SiO.(0.2)-Na 20(0.2)- Top 10 7 40 32

Fe2 03 (0.05)-P 2 05 (4.55) Bottom 9 10 42 32

(Ramming Mix)

260 A1203-Cr20 3 (Sintered) Top 1 2 20? ?
Bottom 2 2 ? ?

measured from the original hot face.



TABLE VI. Apparent Density and Open
Porosity of Standards Cut from
Refractory Number 2 Bricks

Apparent Open
Density, Porosity,

Number g/cm3  %

1 3.64 0.7

2 3.66 0.6

3 3.62 0.8

4 3.61 0.8

5 3.66 0.7

10



TABLE VII. Composition of Slag (wt %) from Bi-Gas Pilot Plant

Sample Number

Component G2P G3 G3E

AiO

A1203

Fe203

FeO

C,10

Ilgoy

Na 20

K20

TiO2

Other

(S)

(A)

(Fl)

(F3)

(C)

(NI)

(N)

(K)

(T)

B/A Ratioa

Ferritic Contentb,

46.2

17.5

1.2

i>.1

22.6

5.3

0.4

0.2

0.9

0.6

0.5

17

37.0

20.6

1.8

3.1

30.6

4.0

1.6

0.3

0.7

0.3

0.7

34

42.1

15.3

1.3

5.0

30.2

4.0

0.4

0.4

0.8

0.5

0.7

19

aBase-to-acid ratioB/4 =.JF + F + C + N + N + K)/(S + A + T).1[ , 2

b wt % Fe203
Ferritic content wt % Fe203 + 1.11 wt % FeO + 1.43 wt % Fe

11
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from Hot Face of Each Composition During Test Run 7. Neg. No. ANL-
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12

.

1

o..-

V-
0

%I-O

w
a-

w

I-

" FURNACE ATMOSPHERE
o NUMBER 14

A 17
o " 852
v 23

1300

1200

1100

1000

A Aq

o 82coa
f



1400

1300

1200

1100

1000

900

800

700

600

500

400

30C

0

- 0

0

0

0

)

0 50

DISTANCE FR

(a

--V -- - - -
NUMBER 14

o FULL SIZE
o 3/4 SIZE
A 1/2 SIZE

0

100 15020

OM HOT FACE (mm)

U
0

v

w
1L

14uu

1300 NUMBER 17

0 FULL SIZE

1200 - 0 3/4 SIZE
AnI/2 SIZE

1100

1000 -

0
900 -

n

800 -

700 0

600 L

500

400-

300 - -

0 50 100 150 200

DISTANCE FROM HOT FACE (mm)

(b)

-7
NUMBER 23

0 FULL SIZE
0 3/4 SIZE
a 1/2 SIZE

0
0

A

0

0

A

0

50 100 150

DISTANCE FROM HOT FACE (mm)

(c)

U

W

2

200

1400 -

1300

120C --

1100

1000 -
0

900 -- 0

800

700

600 --

500

400

300

1
0

NUMBER 852 -
0 FULL SIZE
o 3/4 SIZE -
AI/2 SIZE

0

o -

I I
IMy"ISO

50 100 150

DISTANCE FROM HOT FACE (mm)

(d)

200

Fig. 2. Temperatures in Bricks at Midheight During Test Run 7 at Four Locations
in Full-length Bricks and at Three Locations in 3/4- and 1/2-length Bricks.
(a) Alumina-silica (Number 14), (b) alumina-silica (Number 17),
(c) alumina-chromia (Number 23), and (d) alumina-chromia (Number 852).
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Fig. 3. Cut Sectior.s of the 3/4-length Refractories Exposed to Slag Attack in
Run 7. (a) Alumina-silica (Number 14), (b) alumina-silica (Number 17),
(c) alumina-chromia (Number 23), and (d) alumina-chromia (Number 852).
The vertical face on the right-hand side of each brick was exposed to
the slag. Two lines of slag attack Tsee arrows in (W)l are visible
on brick number 17.
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Standard Specimen of Refractor. :umber . :ote that the

furnace has been partially disassembled, tie insulating

upper wall has been removed, and the cooling cans for

the 1/2-size bricks have been detached.

A 76-rmn x 127-mm (3-in. x 5-in.) file card has been
placed next to the specimen to illustrate the depth

of corrosion.
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Fig. 8. Cut Sections of the Full-length Refractories Exposed to Slag Attack
in Test Run 8. (a) Number 90 (bottom slag-attack zone is broken off),
(b) Number 95, (c) Number 18 (bottom slag-attack zone is broken off),
and (d) Number 220. The vertical faces toward the center of the pagv
were exposed to two levels of slag.
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Fig. 9. Cut Sections of Refractories Exposed to Slag Attack in Test Run 8.
(a) Number 260 and (b) Number 88. The left-hand vertical face was exposed.
Note that number 260 fractured ,20 mm from the hot face (the cooler section
of the brick is not shown).
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Fig. 10. Posttest Photograph of the
Standard Specimen of Refractory Num-
ber 2 That Was Partially Immersed in
the Slag Bath Without Water Cooling
in Test Run 8. Note the two lines of
slag attack extending around the specimen.

Fig. 11. Slag Outlet Block Obtained from Bi-Gas
Pilot Plant, Homer City, PA.
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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. EZingson, K.J. Teimann
W.J. Shack, and C.A. Youngdahi)

1. Erosive-wear Detection and Monitoring

a. Metallic Transfer Lines

(I) Ultrasonic Studiec - Pilot Plant'. The periodic examinations of
the HYGAS cyclone separator for erosive wear were continued with an additional

ultrasonic survey during the reporting period; development of systems and tech-
niques for ultrasonic monitoring of erosive wear in metallic lines and fittings
has progressed. The separator from the HYGAS pilot plant was examined after
1092 hours of operation since the previous survey, i.e., 2842 hours since the

first inspection. Additional results of erosive-wear monitoring of the Mark II
instrumented 90*-bend elbow in the main coal feed line of the Synthane pilot

plant were obtained during the quarter. Further measurements and analysis have
refined the wall-thickness monitoring results from experimental pulse-echo
instrumentation on the transfer lines and fittings of the Bi-Cas pilot plant.
Efforts to improve the method of field attachment of ultrasonic waveguides to
metallic lines are in progress, and noncontacting devices (EMATS) for deter-
mining wall thicknesses of high-temperature metallic lines are being investi-
gated. Experiments are in progress to develop methods for the characterization
of eroded metallic surfaces by analysis of reflected ultrsonic pulse echos.

The HYGAS cyclone separator 2,4,5was delievered to ANL on March 10
1978, for examination of the progress of erosive wear. The stellite-lined
inlet region and the 0.51-m-long Type 316 stainless steel internal cone were
inspected by ultrasonic and x-ray techniques, and a molded impression of the

erosion pattern at the solids outlet was made with rubber and measured micro-

scopically.

Wall thicknesses in the stellite-lined region of the cyclone were
measured ultrasonically with a 5-MHz, 1/2-in. diameter Aerotech gamma trans-
ducer, Apiezon-L couplant, and Branson 303B pulser-receiver equipped with a time-
analog gate. The measuring sites were the same as those previously monitored,

defined by a matrix plate welded to the outer surface of the cyclone. Results
of an azimuthal scan near the centerline of the matrix, which includes the matrix
points of greatest thinning, are shown in Fig. 12. The curves were produced by
smoothing in both the axial and azimuthal directions. An initial lack of con-
centricity as well as subsequent erosive wear produced the depression in the
curve between points 5 and 9. The apparent wear in this zone since the first
inspection, obtained by averaging these 3142-h points and subtracting the result
from the average 300-h thickness measured at the same points 'in December, 1975,
was 1.59 mm. The overall rate of wear (0.013 mm/day) was similar to that given
in Ref. 2. It is estimated that 0.168 mm wear took place before the first in-
spection. If the nominal original thickness (3.175 mm) of the stellite lining was
correct for the region defined by points 5-9, about 55% of the stellite has been
eroded from that area.
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An axial groove has developed at azimuthal position -2 of the cyclone,
situated just past the end of the stellite-lined surface (Fig. 12). The material

of the cyclone body is Type 304 stainless steel in the form of 8-in. schedule-160

pipe (original wall thickness 23 mm). Typically the inlet gas velocity is

15 m/s with a 1.8 kg/m 3 loading of 10-60-i'm (about half) and 70-150-prm particles,
according to IGT personnel. (Particle size was determined from samples recovered
after discharge to slurry.) The groove was previously reported in Ref. 5 but
has now become the site of minimum wall thickness in the inlet region. Inasmuch
as the cyclone operates at 6.9 MPa and 316 C, subsequent monitoring of this zone
may become important in terms of safety as well as material economics.

A substantial amount of erosion of the 0.51-m-long cone structure
within the cyclone has occurred. The location of the Type 316 stainless steel
cone in the assembly is shown in Fig. 13. The erosion process has produced a
large-scale sawtooth ridge pattern on the inner surface of the long cone, with
the ridges running generally in the axial direction and spaced 20-25* apart
azimuthally. Ridge edges were irregular, as shown in an X-ray view exposed through
the entire assembly and reproduced in Fig. 14. A schematic sketch of an end view
of the sawtooth structure is shown in Fig. 15 together with thickness data based
on a small number of determinations made ultrasonically with a 25-M4Hz Aerotech
1/4-in.-diameter alpha transducer fitted with a delay line, attached to a probe,
and inserted to a depth of 0.5 m into the cyclone from the solids outlet flange.
The limited data suggest that as much as 40% of the original 6.35-mm thickness
of the cone has been eroded away.

Considerable erosion of a stainless steel solids outlet liner that had
been added to the cyclone since the last examination was evident, and a molded
replica was made of the erosion pattern. A photo of the replica is given in
Fig. 16. A longitudinal sawtooth pattern similar to that seen in the long cone
section (Fig. 15) was present, superimposed on the helical grooves. The peak-
to-valley distances on the replica were typically " 1 mm, with some as large as

2.5 mm.

The foregoing results were reported to responsible personnel at the
HYGAS plant. They have tentatively concluded that operation of the cyclone can
be resumed but preparation of a replacement cyclone should be considered.

1 Further results of erosive-wear monitoring of the Mark II instrumented
elbow in the main coal feed line of the Synthane pilot plant were obtained during
the reporting period. The 0.3-m radius 90*-bend elbow, made of 1-in. schedule-80
Type 304 stainless steel pipe, was installed in the line in August, 1977, and
used until February, 1978, to convey Illinois #6 coal into the process system.
Wall thicknesses at sites on the extrados of the elbow were monitored ultra-
sonically from the control room by means of the ANL erosive-wear monitoring
system described previously, operated in the manual mode. The scanner was ad-
vanced manually to allow time for adjustments of gain and timing controls of the
Branson 303B pulser-receiver and time-analog gate in accordance with previous
photographs of the waveforms and control settings. Such adjustments are needed
because of variations in signal attenuation and noise generation at welds used to
attach the ultrasonic waveguides to the elbow. (Effort to improve the method of
attachment is noted in a later paragraph.) The same transducer and standards
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used at the times of installation and subsequent measurements were used to

calibrate the time-analog gate during the most recent survey on January 28, 1978.
Under these conditions, assuming that the properties of the material and re-
flecting surfaces are not significantly changed with time, an error limit of
0.13 mm is considered applicable to each field measurement of shoulder-t"-inner-
surface distance. The results from the Mark II elbow are shown in Table VIII.
The erosive conditions reported by DOE personnel at the plant are described in
footnotes to the Table. The apparent wear was very small. If the error limit
is fully applied, the total wear was between 0 and 0.61 mtr (0 to 24 mils). To
accommodate a process change at the Synthane plant, the elbow was removed from
service in February and returned to ANL. Other applications are being con-
sidered to provide additional in-plant operating experience as the monitoring
system is more fully automated.

Further ultrasonic measurements and analysis have refined the wall-
thickness monitoring results1 from the carbon steel lines and fittings on the
main coal feed line at the Bi-Gas pilot plant. Additionally, results have been
obtained from the monitoring installation at the stainless steel blocked tee

in the product off-gas line on the eighth floor of the plant. The most recent
ultrasonic measurements of wall thickness of these components were obtained during
a plant visit on March 29, 1978. At the same time the several reference blocks
that have been used for machine calibration were checked magnetically for
material verification and by micrometer for dimensional accuraev. It was found
that one reference block that may have been used previously for carbon steel
calibration was nonmagnetic and thus not of carbon steel. When calibration s

done with other standards verified as noted, and distances from waveguidc
shoulder to component inner surface were determined ultrasonically, the results
shown in Tables IX and X were obtained. These values, considered with some of
the corrected previous results and the nominal starting dimensions, indicate 'hat
little erosive wear has been experienced at the various measuring sites. Th
references in Tables IX and X to X/2 correction are discussed below. For
perspective it is pointed out that the refinement of results is negligible from
the standpoint of operating safety but significant in terms of erosive wear and
material economics.

The half-wavelength (A/2) corrections of Tables IX and X were intro-
duced because of the fine structure of the waveforms of the ultrasonic echos. The
echo from each reflecting site consists of a brief train of waves of differing
amplitudes, which is rectified and displayed on the receiver oscilloscope; the
time-analog gate is triggered by the oscilloscope signal voltages. Ordinarily
the timing is adjusted to show the waveguide shoulder and pipe inner-surface
reflections in the same display frame, and the wave train of each reflection site
appears as a discrete entity in which the half-waves are not clearly resolved.
It is important to standardize the number of half-waves of each echo that are
included in calibration and measurement, because, for example, each 5-MHz half-wave
interval is the equivalent at room temperature of 0.58 mm (23 mils) of carbon
steel (annealed). In practice, it is often unnecessary to consider the fine
structure of each echo because calibration standards are used that are of similar
geometry to that of the specimen. However, for measurements via waveguides that
are welded to the specimen by the present technique, the amount of acoustic scat-
tering from the weld zone varies greatly from waveguide to waveguide, so that the
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amplitude of the waveguide-shoulder echo relative to that of the inner-surface
echo differs greatly from site to site. Thus, as machine gain is adjusted to
compensate for scattering, the measurements can be affected by the inadvertent

inclusion of smaller-amplitude half-waves that typically precede the half-waves

of largest amplitude within a given wave train with the apparatus presently used.

Under certain other conditions, e.g., when the shoulder echo is relatively
small, one or more half-wave intervals can be lost. Identification of corre-

sponding half-waves in the wave train of each of the shoulder and inner-wall

echos, when feasible, provides a basis for avoidance of or compensation for the
half-wave errors. This identification is made through inspection of the echo
patterns at a sweep rate high enough to resolve the half-waves and with gain
adjustments as needed to compare the patterns. When patterns are changed by

the curvature or roughness of a reflecting surface, such identification is
doubtful. The overall problem would be reduced by elimination of smill-
amplitude leading waves; this appears to be feasible with a different type of

tr3nsiucer and is being studied. Improved methods for attachment of waveguides
to specimens, discussed in a later paragraph, may also be helpful. In addition,
a method of rationally accounting for patterns of echos reflected from surfaces
roughened by erosion is under development (see below). At present, the
problem is being managed by photographing the oscilloscope displays to provide
references for subsequent measurements and by half-wave corrections, when feasible,
to specify the correct distances at any time. Table IX shows the values measured
by the time-analog gate (TAG) and tentatively corrected by the number of A/2
intervals judged appropriate from inspection of echo wave trains.

Table X gives results from the waveguide sites at the Type 304 stainless
steel blocked tee in the product off-gas line on the eighth floor of the Bi-Gas
plant. The agreement with past data is within 0.025 mm (1 mil) in several in-
stances. The small apparent changes shown may be caused in part by a lack of
explicit A/2 information for the 9/77 data. It is concluded that the erosive wear
was negligibly small.

The automatic scanning node of the erosive-wear monitoring system will
be tested during plant operating periods in the next quarter, following repairs
to some of the connecting cables of the system which were damaged after a burner
rupture in February. The anticipated effect of specimen (pipe) temperature on
indicated thickness will be verified, and the effects of any physical and elec-
trical interference from the plant will be observed. The effectiveness of
measures designed to improve the accuracy of wear measurements, described above,
will be tested. Several measuring sites are not suitable for automatic scanning
and will not be included in these tests. Also, the effect of the temperature of
erosive-wear detection-system components on signal amplitude and measurement
accuracy will be measured in the laboratory.

An improved method of waveguide attachment to specimens in the field
is being sought to reduce the effect on the measuring process of the structural
details at the attachment site. Solid acoustic contacts are desired that will
not deteriorate with time at elevated temperature and that are substantially
free of voids, inclusions, or other phases which produce significant and variable
amounts of ultrasonic scattering and spurious pulses from site to site. A minimal
effect of attachment on the integrity of the specimen metal is another require-
ment. Most of the attachment welds of vaveguides in the existing field instal-
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lations are satisfactory for ultrasonic thickness determinations performed

manually by an operator who can make the necessary compensating adjustments

of the instrument from point to point. The goal of comprehensive automatic

operation of the scanning system, continous or intermittent, requires that such

readjustments be unnecessary or be made automatically. It is believed that

automatic compensation will not be needed if the method of waveguide attachment

is improved.

A stud-welding firm is preparing specimens by the same method used

in the existing field installations, using well-characterized materials and

best-effort procedures to determine whether the method or the field imple-

mentation needs improvement for this application. If changes in the method

are found to be necessary, the use of inert gas cover and/or a modified

profile of waveguide tips is planned. Concurrently, experiments with stud

attachment by percussion welding are in progress at ANL. The feasibility of

friction welding of studs in the field is being considered, as are percussion

brazing and a mechanical method of attachment that would use gold as a couplant.

Characterization of the roughness of reflecting surfaces by ultrasonic

echo analysis is under study, both to enhance the capability for nondestructive

evaluation and to provide a rational basis for improving accuracy when thickness

measurements by pulse-echo technique involve an eroded reflecting surface. One

possible approach employs a relatively broad-band transducer driven by pulsed
sine waves at various frequencies, one at a time, with observation of amplitude

and phase changes within the reflected echos from smooth and roughened surfaces.

A 3.5-MHz "special alpha" transducer has been fabricated for this purpose by KB
Aerotech; its sensitivity to off-resonant frequencies is not inhibited by the

customary backing material on the crystal. (It is noted that this transducer

does not produce small-amplitude, leading half-waves and therefore poses less

risk of A/2 errors as previously discussed.) Preliminary tests with this approach
are promising. However, another technique has been more extensively explored

during the quarter and is described in the following subsection.
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TABLE VIII

Changes in Distance from Waveguide Shoulder to Elbow Inner Surface

at Sites on Synthane Mark II Instrumented Elbowa

Change, 8/26/77 to
11/29/77

mils tu

Change, 8/26/77 to
1/28/78

mils mm

c

-2 -0.051

(noisy)

-4 -0.102

(noisy)

-3

-2

-5

-2

0

-2

-0.076

-0.051

-0.127

-0.051

0

-0.051

-8.5 -0.216

-13.6 -0.345

-7.5 -0.191

-6.3 -0.16

-9.5 -0.241

-7.6 -0.193

-4.8 -0.122

(uncoupled) -

alnstalled in August, 1977. Material: Type 304 stainless steel. Erosive
conditions: 8/26/77 to 11/29/77, 41256 kg (45.5 tons) (380 g/s max) of
Illinois #6 coal conveyed by CO2 at 3-11 m/s and 120*C mixed temperature;
11/29/77 to 1/28/78, an additional 91593 kg (101 tons) (380 g/s max) conveyed
by CO2 and steam at 11-15 m/s and 120-260*C mixed temperature.

bNumbers increase in direction of flow: No. 1 begins bend from horizontal to
vertical flow.

cNo. 1 was damaged during operations in the area, as was No. 11 between 11/77
and 1/78.
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TABLE IX

Ultrasonically Measured Distance from Waveguide Shoulder to Inner Wall of

Carbon Steel Components in BI-GAS Main Coal Feed Linea

Sh-BW
3/29/78

in. mm

A/2

correct )tlt'

Waveguide

Number

Sh-BW :/2
3/29/ 78 corrections

in. mm

1.052 26.72

1.060 26.92

1.121 28.47

1.116 28.35

(open) -

(noisy) -

1.083 27.51

(1.158) (29.41)

1.076 27.33

1.051 26.70

2

2

2

2

21

22

23

24

25

26

27

28

29

30

31

0

I

2

0

(open)

1.057

1.117

1.122

1.282

1.612

1.610

1.610

1.616

1.620

1.625

26.85

28.37

28.50

32.56

40.94

40.89

40.89

41.05

41.15

41.28

1

1

1

1

1

1

1

1

1

1

aThe pulser-receiver was located at the reed relay box associated with each set

of waveguides: Nos. 11-15, lower elbow, 6th floor; Nos. 16-20, upper elbow, 10th
floor; and Nos. 21-31, upper tee, served from the 10th floor. Waveguides

are numbered in the direction of flow except at the upper tee, where the
order is reversed. Shoulder-to-outer-surface distance for most sites is
%6.35 mm (1/4 in.)

bNumber of acoustic half-wavelengths added to the value shown by the time-
analog gate to produce the Sh-BW dimension listed. The basis for the
correction is explained in the text.

cValues for site No. 18, a noisy site, are less certain.
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TABLE X

Ultrasonically Measured
of Stainless Steel

Distances from Waveguide Shoulder to Inner Wall
Blocked Tee in Bi-GAS Product Off-gas Line

aWaveguide
Number /2h

correct ionb

Corrected
TAG
value

Corrected
Value

x 0.9750

Adjusted
Value for

9/77d4

1.308e 0.001 0.025

1.321 0.000 0

1.305 0.002 0.051

1.316 0.000 0

1.296 0.013 0.330

1.291 0.013 0.330

1.142 0.025 0.635

1.119 -0.002 -0.051

1. 343

1."3 i9

1. 340

1.350

1.343

1.337

1.213

1.162

1.162

[.173

1.343

1.355

1.340

1.350

1.343

1.337

1.197

1.146

1.146

1.157

1.309

1.32]

1.307

1.316

1. 309

1.304

1.167

1.117

1.117

1.128

from waveguide shoulder to inner wall of Type 304 stainless steel tee or pipe,
as measured by time-analog gate (TAG) calibrated in inches of carbon steel. A 3-point
calibration had been used with standards verified magnetically and dimensionally, and
with compensation for verified half-wave shift as required during calibration. The
pulser-receiver was located at the site of the subject tee.

b Half-wave shift correction needed during measurement, determined by inspection of echos
at high sweep rates on Branson 303B oscilloscope. Frequency is 7.5 MHz for trans-
ducers at this tee.

c
Measured correction factor for several Type 304 SS standards; converts carbon steel
calibration to Type 304 SS calibration.

dFrom data of 9/8/77 taken with a stainless steel-calibrated pulser-receiver at the tee
site, corrected for use of a 19.456-mm (0.766-in.) standard marked ".741" and for
A/2 as indicated.

eincludes A/2 addition.
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1.117 0.000

+0.016

-0.016

-0.016

-0.016

-0.016

0

1.108 0.020 0.508
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10 mm ON X-RAY FILM
AXIAL DIRECTION

Fig. 14. Erosion Pattern of Longitudinal Sawtooth Ridges in 0.51-m-long
Cone of Type 316 Stainless Steel Within Body of HYGAS Cyclone
Separator. X-ray view exposed through the entire assembly.
Neg. No. ANL-306-78-463

FLOW

5.84 mm
4.88 mm

Fig. 15. Schematic of- End \' of Long Cone WiLhin Body of IilYAS
Cyclone Separator, Showing Sawtooth Erosion Pattern and
Dimensions at Sites 0.5 m from Solids Outlet Flange. Original
thickness of the cone was 6.35 mm. Neg. No. ANL-306-78-537
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Fig. 16. Rubber Impression of Eroded Inner Surface of Liner in Solids
Outlet Neck of HYGAS Cyclone Separator. Long dimension corresponds
to axial direction and width includes a portion of the azimuthal
surface, with outlet flange at right. Small divisions of ruler are
millimeters. Neg. No. ANL-306-78-566
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(2) Ultrasonic Studies - Scattering of Acoustic Waves from
Rough Surfaces. Measurement of erosion rates in coal-conversion

plant components by means of noninvasive ultrasonic techniques is an important
technique for optimizing component design and material selection. The accuracy
of the ultrasonic measurements will be strongly dependent on the backscattering
properties of the reflecting surface, e.g. the eroded inside surface of a tube.
Moreover, in severely gouged surfaces a knowledge of the gouge depth is
imperative, since the minimum wall thickness at the bottom of the groove will
determine the lifetime of the component. The present study is aimed at identi-
fying and quantifying surface-roughness effects on ultrasonic wall-thickness
measurements and at establishing a viable technique to measure the effective
value of surface roughness.

Scattering of acoustic and electromagnetic waves from rough surfaces
has aroused the interest of investigators during the last two decades mainly
because of its applicability to topographical terrain mapping and ultrasonic
visualization of biological tissues. Eckart7 developed a theory of ultrasonic
scattering from stochastic surfaces such as the surface of the sea. Horton
et al.8,9 reviewed Eckart's theory, examined some surfaces using various o-
variance functions, and performed model studies. Other investigators 1

elaborated on the theory and measured the scattering of acoustic waves. More
recently, deBilly and coworkers 13-1 5 performed backscattering measurements of
rough surfaces under conditions closely related to nondestructive testing. Using
angular dependence of the backscattered acoustic energy and "signature" analysis
of back scattered acoustic signals from periodically rough surfaces, they compared
their experimental results with theory, which is still limited to particular cases,
and with various approximations or models. Their experimental findings showed
that the scattering of ultrasonic waves at a given frequency becomes more diffuse
if the surface roughness increases and the same effect is observed at a given
roughness if the ultrasonic frequency increases. Surfaces with spatial period-
icity exhibit peaks in their spectral "signature", which can be correlated with
the grating spacing constant by the autocollimation equation

2 sin 0 = m - (1)

where 6 = angle of autocollimation,

A = wavelength,

A = grating spacing constant,
and

m = order of diffraction (integer).

The results of deBilly et al. show that calibration curves must be established
for random rough surfaces if the rugosity of unknown surfaces is to be determined.
In the case of complex surfaces with some periodicity, computer-averaging tech-
niques must be employed in order to bring out the grating spacing peaks. In
their discussion of the experimental results, deBilly et al. point out that most
of the theoretical calculations were not applicable to their findings. One
reason was the placement of the rough surface in the near field of the trans-
ducer. Another reason was the application of a pulsed transmission, which causes
repartitioning of the ultrasonic field. A third reason is the large variation of
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Beckman's roughness parameter in the experimental results. This parameter
does not take into account the autocorrelation distance L, and in some
experimental conditions the inequality L > A is not satisfied.

Even though the investigations of deBilly and coworkers are applicable
to nondestructive testing, the conditions encountered in ultrasonic measurement
of erosion differ in several important respects from the experimental conditions
they employed. First of all, in coal-conversion components the scattering sur-
face is a metal-gas or metal-slurry interface instead of a water-metal boundary.
Secondly, the energy will often travel through a waveguide in a fixed position

so that no angular scattering dependence can be measured. Thirdly, the scat-
tering surface will often be a curved surface and not a flat interface. Finally,
the surface will sometimes exhibit very deep gouging, which reduces the accuracy
of effective-roughness measurements. By dealing with these four problems, the
present scattering study will lead to the development of an adequate model and
establish techniques to measure rugosity and periodicity of rough surfaces.
Ultimately this will lead to improvements in the accuracy of wall-erosion measure-
ment on actual, in-situ components.

Measurements of the angular dependence of scattered energy from period-
ically roughened flat samples, using longitudinal and shear-wave transducers of
different center frequency and bandwidth, will be compared with results obtained
by deBilly et al. This will allow evaluation of the applicability of their
model. At the same time, ultrasonic spectroscopy will be used to establish the
feasibility of determining rugosity and periodicity of rough surface by this
type of signature analysis. Wall-thickness measurements of these rough samples
with conventional equipment, and comparison of results with rugosity measurements,
will establish the needed correction factor for such measurements. The effort
will then be expanded to include randomly roughened samples, curved samples,
and the effect of waveguides.

Six specimens were fabricated as shown in Fig. 17 to evaluate the
effects of rough surfaces as encountered in eroded coal-gasification components
(neck of cyclone separator). Specimens I-III were made with sharp groove corners,
while the groove corners in specimens IV-VI were rounded. The groove dimensions
are listed in Table XI.

Some preliminary ultrasonic spectroscopy experiments were performed
on specimen II, using a 0.5-in.-OD, 5-MHz center-frequency transducer. Figure 18
shows the frequency spectrum of the echo obtained from the smooth part of
specimen II; the spectrum of an echo from the medium (sharp-cornered) grooves
is exhibited in Fig. 19. Interference from the surface structure at discrete
frequencies is very obvious. These interference patterns have their origin in
phase shifts caused by path-length differences and in lobe structures of direc-
tivity patterns.

A 1800 phase shift will occur between points where the path-length
difference equals half the wavelength. For the structure under consideration,
this will occur for frequencies
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f _ 2n - 1 c
n 2 h

_ 2n - 1 c

n 2 d

n = 1, 2, ...

where

c = velocity of sound

and
h and d are as defined in Fig. 17.

Interference by directivity patterns can have many causes, taking into account
different surface-structure features. For example, area directivity will occur
for frequencies

f = nc

n a sinO0
n = 1, 2, ... ; (4)

and dipole radiation (sharp corners) will occur for frequencies

f = N - i c
n N a sine6

n = 1, 2, ... (5)

where

a = pole spacing or flat-surface width (for a 900 included

groove angle, a = d v)

0 = angle between sound beam and surface normal.

Interference frequencies were calculated by means of these equations for the
medium grooves of specimen II (sharp-cornered), using the measured sound-velocity
value of c = 5.7 x 103 m/sec. They are listed in Table XII along with the
measured interference frequencies. The agreement between measured and calculated
frequencies is quite good, considering that nonlinearity exists in the hori-
zontal frequency scale of Figs. 18 and 19. Moreover, interaction between di-
rectivity patterns of two adjacent reflecting surfaces will modify the overall
response (similar to dipole and N-tuple pole directivity differences).

A more systematic evaluation of spectral responses will be pursued
during the next reporting period.
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TABLE XI. Dimensions of Grooves in Test-block Specimens

Sharp- Round-
Cornered Groove Dimensions, mm Cornered Groove Dimensions, mm

Specimen Grooves d h Specimen Grooves d h

I Shallow
Medium
Deep

II Shallow
Medium
Deep

III Shallow
Medium
Deep

1.59
1.59
1.59

3.18
3.18
3.18

4.76
4.76
4.76

0.51
0.79
1.24

0.97
1.63
2.59

1.32
2.29
3.84

IV Shallow
Medium

Deep

V Shallow
Medium

Deep

VI Shallow

Medium
Deep

wx

1.59
1.59
1.59

3.18
3.18
3.18

4.76
4.76
4.76

0.41
0.64
0.94

0.74
1.22
1.78

1.02
1.68
2.46



TABLE XII. Measured and Calculated Interference Frequencies for Specimen II

Measured Calculated
Frequency, Frequency,

MHz MHz Inteference Model

1.75 1.8 Dipole, n = 1

2.95 2.7 Phase Shift by h and d, n = 2

2.95 3.2 N-tuple pole, n = 1 and N = 8

3.7 3.6 Area directivity, n = 1

4.2, 4.9 4.5 Phase shift by h and d, n = 3

5.6 5.4 Dipole, n = 2

6.1 6.3 N-tupple pole, n = 2 and phase shift,
n = 4

7.5 7.2 Area directivity, n = 2

8.2 8.1 Phase shift by h and d, n = 5
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1.59 mm
A =16 mm, 8=28.6 mm,C =31.75 mm,D: 3.18 mm

4.76 mm

2.6 mm

I SET SHARP

i SET WITH
RADIUS :1/6 D h

Fig. 17. Schematic of Test-block Specimen
Neg. No. ANL- 306-78-486
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Fig. 18. Spectral Response From Smooth Surface of Specimen II
Neg. No. ANL-306-78-519
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Fig. 19. Spectral Response From Rough Surface (Medium Grooves)
of Specimen 11. Neg. No. ANL-306-78-517
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2. Refractory Installation Practices

a. Detection of Thermally Induced Acoustics from Refractory
Materials

Work has continued during the present quarter on evaluation of the

use 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 in coal-conversion (gasification, liquefaction) and fluidized-bed

(atmospheric and pressurized) plants. Previous reports1 have discussed the

acoustic-emission parameters, i.e. ringdown count and count rate, which have been

analyzed for application to this type of structure. Most recently, however,

amplitude distribution has been of particular interest because of its potential

ability to predict a priori the occurrence of large damaging events.

During this quarter, two high-density Castolast-G panels, 15 cm thick,
were fired using electrical-resistance heating elements as the heat source. Panel

I was 91 cm long x 61 cm wide; Panel II was smaller (36 x 36 cm) because the

available furnace was smaller. The panels were cast with a water content of 117

and were cured in an environment of 957 relative humidity by enclosing each

casting in a large polyethylene bag for three days. They were then allowed to

cure in air for three more days prior to firing. Each panel had a 2.5-cm-thick

steel-plate backing. Four conventional "Y"-type refractory hangers were used to

keep the refractory and steel plate from separating. On each of three of the

hangers, Type K thermocouples were placed at 2.5-cm intervals throughout the

thickness. This provided a means of establishing the thermal gradient through the

refractory at steady state as well as the dynamic temperature during heating and

cooling. In addition, the thermocouple data yields the rate at which the com-

pressive/tensile interface moves back from the hot face.

Two acoustic-emission waveguides of quartz, 23 cm long with a 2.5-cm OD,
were coupled to each steel plate (see Fig. 20), one for a 175-kHz resonant trans-

ducer and one for a broadband transducer. Both transducers were in an acoustic-

emission data-acquisition system which yielded total ringdown counts, total event

counts, and amplitude distribution. A block diagram of the system is shown in

Fig. 21. The test panels were acoustically isolated from the furnace by means of

high-temperature rubber seals.

The panels were fired using an automatic temperature-control system.

The intent was to fire panel I at a high heating rate to induce large-crack for-

mation, so that acoustic-emission parameters for this process could be identified.
However, problems with the heating elements caused the heating rate to be very
low rather than very high as desired. The maximum heating rate was about 75*C/h
(150 F/h). The actual temperature history of the hot-face thermocouple is shown
in Fig. 22. For panel II, a maximum heating rate of 500*C/h was achieved, but
only for a brief time (see Fig. 23). The typical rate was 300C/h. Panel II
reached 1000*C in 14 h for an average rate of 71*C/h, while panel I required 44 h
(about three times longer) to reach 1000 C for an average rate of 25*C/h.

Figures 24a and 24b show the count rate, dn/dt, for panel I as a function
of time, obtained from the 175-kHz and broadband transducer, respectively.
Figures 25a and 25b show the count-rate data for panel II as a function of time,
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obtained from the 175-kHz and broadband transducers, respectively. The sensi-
tivity of the 175-kHz transducer is 30 db greater than that of the broadband
transducer; however, the data obtained with the two transducers are qualitatively
similar. The difference between the relative heating rates of panels I and II
is reflected in the count-rate data. The value of the count rate for the slowly
heated panel (panel I) fell to less than 20,000 counts/h during the apparent
critical heating region up to 500*C (Fig. 24), whereas for panel II, most of
the count-rate values during heating in the apparent critical region were above
30,000 counts/h and several peaks were in the 70,000-100,000 counts/h range
(Fig. 25a). When each panel reached 1000 C, it was allowed to cool by turning
the furnace off, yielding an exponential temperature decay. Panel I showed
irked increase in acoustic activity during cooling, as evidenced by the count-

r.te values. ilowever, panel II, which had significant acoustic activity on
fhat lp, s-owed little activity even when cooling at a fast rate. This suggests

mi ht ' " -rack damage on panel I occurred during cooling while that on panel II
S r ur intg the fast heat ing.

Additional evidence of acoustic-activity difference between the panels
is vro'ided by a comparison of the amplitude distributions. Amplitude-distribution
datr were taken at intervals of nominally two to four hours, as this appeared to
b' an adequate time interval for accumulation of activity. Figures 26 and 27 show
to. characteristic slope, b, for panels I and II, respectively, obtained as a
:enrt~ v nof the heating and cooling schedule. What is perhaps significant is

: iabs'lute value of the characteristic slope, which correlates reasonably well
I "ount-rate data. low values of the characteristic slope correspond to large

nt e rtceded by a small number of small events, whereas a large characteristic
.1 'c value corresponds to a large number of small events. For panel I, lowest

iluec occur early in the schedule. The fact that none of these values is much
-s tian one indicates that significant damage did not occur in this period;

finding is consistent with the count-rate data. Panel II, which was sub-
et ted to a much more severe thermal gradient than Panel I, shows much lower
vales of b (Fig. 27). Note that the characteristic slope values are closer to
the 0. - 0.75 range during initial heating. During cooling, values of b closer
I I are noted; this may indicate that little additional degradation occurs. In

the pre :ious report', initial amplitude-distribution results were obtained on
uli ornlv heated samples. The values obtained for the characteristic slope were
in the expected range of 1.6 to 2.0. These data, however, were obtained by
summing the distribution over the entire firing, i.e., during both heating and
cooling. The importance of the amplitude-distribution analysis lies in its
potential ability to predict the formation of large cracks.6 To have this
predictive value, the characteristic slope must be obtained as a function of time.

The emphasize the potential detection capabilities of the b values, the
change in b value was plotted as a function of time during the firing. The
comparison between the data for panel I and panel II is shown in Figs. 28 and 29.
Clearly, the largest negative change in b value for panel II occurs during heatup
to 500 C, which is the period of maximum acoustic activity as evidenced by
previous studies.1 In contrast, (with the exception at 24 h) larger changes in
b values for panel I occur during the cooling period, when significant acoustic
activity was also detected in count-rate. Thus there is a suggested correlation
between the higher count rate for each panel and the value of the change in time
dependent b values.
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Clearly the heterogeneous structure of the refractory concretes makes

any quantitative analysis difficult. However, it is because of the heterogeneity

of the material that high acoustic activity is present.

Work on acoustic emission from refractory concretes under cold-cracking,
thermal-shock, and high-amplitude cyclic torsional testing has recently been

17reported by Davis. This work also shows the high acoustic activity of re-
fractorv concretes.

In summary, this quarter's work has shown that amplitude distribution
is a time-dependent parameter which can perhaps be correlated with other acoustic

parameters and degradation mechanisms and shows promise of providing a way to
pred ict large-crack format ion.
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Fig. 20. Acoustic Waveguides Coupled to Steel Panel of Refractory
Concrete Test Sample

THICK REFRACTORY PANEL

STEEL BACKING PLATE

QUARTZ ACOUSTIC
ACOUSTIC EMISSION - RINGDOWN COUNTS
WAVE GUIDE AMPLIFIER

PRE
AMPLIFIER

INPUT
HEAT

TRANSDUCER AMPLITUDE EVENT COUNT
DISTRIBUTION

-- MODULE AMPLITUDE DISTRIBUTION

Fig. 21. Simplified Schematic of Test Setup to Measure Thermally
Induced Acoustic Emissions. Neg. No. MS 65255
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3. Component Inspection

a. Acoustic Monitoring of Valves

Work has continued on the correlation of acoustic output with mass
flow rate for orifices of different sizes and shapes in the choked and unchoked
flow regimes. These results will be reported in the next Quarterly. Estimates
are being obtained on the cost of modifying commercially available acoustic-
emission equipment to produce a prototype leak-detection instrument for more
extensive field testing.
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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 commercial alloys upon 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 used to generate uniaxial tensile data on

four iron- and nickel-base alloys upon exposure to multicomponent gas environ-

ments has been discussed in detail in an earlier report.18 The composition of

the alloys is given in Table XIII. The gas mixtures (Table XIV) contain CO,

CC2 , H2, H20, and H2S with additions of CH4 and/or N2. The temperatures for
the exposure of tensile specimens in the present program are 750*C (1380F),

871*C (1600*F), and 982*C (1800*F); the test pressure is 0.1.01 MPa (1 atm).
Figure 30 shows a photograph of the experimental system used for the pre-

exposure of corrosion and mechanical test specimens. The details of the specimen

support arrangement are shown in Fig. 31. Results from initial corrosion ex-

periments on Type 310 stainless steel, Incoloy 800, Inconel 671, and U.S. Steel

Alloy 18-18-2 in the gas mixtures given in Table XIV were reported earlier.4

Details of the specimen design and fabrication and the test procedure, as well as

data on the tensile properties of the four alloys in the as-received condition at

temperatures of 750, 871, and 982 C, were given in an earlier report.2 A listing

of the experimental runs to be conducted in the present program is given in

Table XV.

During the present quarter, 1000-h exposures of corrosion and uniaxial

tensile specimens to gas mixture lA at 750 and 871*C and to gas mixture 2A at

750*C were completed. Postexposure tensile tests of the specimens were conducted

in vacuum at an initial strain rate of 4.1 x 10-4 s~1. The load-elongation data

from the tensile tests were converted to true stress-true strain curves for the

alloys in the as-received condition and after exposure to the multicomponent gas

environments. Figures 32-35 show the true stress-true strain curves for Incoloy 800,

Type 310 stainless steel, U.S. Steel Alloy 18-18-2, and Inconel 671, respectively,
in the as-received condition and after 1000-h exposures identified as runs A01A750

and E12A750. In general, the flow stress of the material decreases after exposure

to complex gas mixtures when compared with that of the material in the as-received

condition. Thermochemical calculations showed that all the alloys should develop

protective oxide scales upon exposure to the gas mixtures. Microstructural ob-

servations on the type and morphology of scale layers and the extent of inter-
granular penetration of sulfur in these alloys are presented later in this report.
Since < 10-um-thick oxide layers developed in these alloys, the lower flow-stress
values observed in the preexposed specimens may be the result of microstructural
changes that accompany thermal aging of the specimens. After prolonged exposure at
the test temperature, high-chromium alloys of the type used in the present investi-
gation develop sigma phase, i.e., an intermetallic (Fe,Cr) compound, preferentially
at grain boundaries. To clarify this point, specimens of different high-chromium
alloys will be thermally aged for 1000 h in an argon environment at temperatures
of 750, 871, and 982*C.
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Figures 36 and 37 show the true stress-true strain curves for Type 310

stainless steel and Inconel 671, respectively, in the as-received condition and

after a 1000-h exposure to a complex gas environment at 871*C (run A01A871).
The results show that the preexposure leads to a decrease in flow stress and a

substantial increase in axial strain. Incoloy 800 specimens that were exposed
along with the other specimens in this run were fully embrittled, and specimens

of U.S. Steel Alloy 18-18-2 were completely corroded.

The load-elongation data from the tensile tests were also used to

evaluate engineering tensile properties such as 0.2% yield stress, ultimate

tensile strength (UTS), uniform strain, and total elongation. Tables XVI and
XVII show listings of these properties for the alloys in the as-received condition

and after 1000-h exposures to complex gas mixtures at test temperatures of 750
and 871 C, respectively. Data in Tables XVI and XVII show that preexposure of
the materials to multicomponent gas mixtures results in a decrease in 0.2% yield
stress and UTS with only minimal increases in the uniform strain over the range

of % 4 to 10%.

2. Microstructrual Observations

After the mechanical tests were completed, the cross sections and
fracture surfaces of uniaxial tensile specimens were examined by SEM with an
energy-dispersive x-ray analyzer. Figures 38-41 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 1000-h exposure to a complex gas mix-
ture (run A01A750). Also shown in these figures are the metallic element (chromium,
silicon, and manganese) and sulfur (if present) distributions in the scale/alloy
interface regions of the samples. Figures 38-40 show that the scales developed
on Incoloy 800, Type 310 stainless steel, and Inconel 671 in run A01A750 are
predominantly Cr-rich oxide; virtually no sulfur was detected. The thickness of
the oxide scale in these specimens ranged between 3 and 5 pm, and the depth of
intergranular penetration in the alloy ranged between 3 and 10 um. On the other
hand, the U.S. Steel Alloy 18-18-2 developed a much thicker two-layered scale
after exposure to the gas mixture in run A01A750. The outer scale layer con-
sisted of Ni-rich sulfide and the interior layer was of Cr-rich oxide. The thick-
ness of each layer was %40 pm, and the depth of intergranular penetration was
% 20 pm. The sulfidation mode of attack in this alloy is consistent with earlier
corrosion data4 for this alloy in complex gas mixtures. The metallic-element-
distribution photographs in Figs. 38-41 also show a predominant transport of Mn
and Si toward the scale; the extent of Si migration is greatest in U.S. Steel
Alloy 18-18-2, probably due to a larger initial concentration of Si in this
material.

Figures 42 and 43 show the SEM photographs of the fracture surfaces of
Incoloy 800 and Type 310 stainless steel tensile specimens after 1000-h exposure
to the gas mixture in run A01A871 at 871*C. The X-ray analyses showed that two
types of phases, i.e., (Fe,Cr) sulfide and Fe,Ni) compound, were present in the
fracture surface of Incoloy 800. In Type 310 stainless steel specimens, the X-ray
analyses showed that the scale was predominantly Cr-rich oxide. There was evidence
of an (Fe,Cr) intermetallic compound, probably the sigma phase, which is pre-
valent in iron-base alloys with high-Cr content. The sulfide phase was of the
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type (Cr,Mn)S ; distinct particles of this phase were observed on t ' fracture

surface. Additional examinations of these specimens and analyse' of the 'hases
are presently being conducted.

Figures 44 and 45 show the SEM photographs of the fra:tasre surfaces
of Incoloy 800, Inconel 671, Type 310 stainless steel, and U.S. Steel Alloy
18-18-2 tensile specimens after a 1000-h exposure to gas mixture lA a, 750*C
(run A01A750). The results show the presence of Cr-rich oxide scales in all
the alloys with the exception of U.S. Steel Alloy 18-18-2. Additional experi-
ments are being conducted to evaluate the tensile behasior of these alloys
after exposure to the gas mixtures listed in Table XIV.
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TABLE XIII. Composition (vt ") of Alloys for L'niaxial Tensile Tests

Alloy Cr mi Se Mn Ti Al C Fe

Incoloy 800 20 3 . a 0.35 0.75 0.38 0.38 0.05 balance

Tvpe 310
staiu!, s.tee1 25 20 0.. 1.5 - - 0.25 balance

inconel 671 48 50 - - 0.35 - 0.05 -

''.S. Stct4
Allov 18-18-2 18.S 17.8 2.05 1.25 - - 0.06 balance

TABLE XIV. Goupos it iona of (as

Tensile Sptcimens
Mixtures for Exposure of Corrosion and Uniaxial

Gas Mixture

Bipte ics 1A 1

CO 11.7 9.

C0, 15.4 12.

H, 13.0 10

H2O 17

H2S 1.0 1

CU 10.0 30

Vol 2 at room tperature

.1

.0

.0

.9

.0

0

2A 2,

17.3

11.5

23.0

37.2

1.0

10.0

13.4

8.9

17.8

1.0

30.0

3B

20. 1

11.5

20.1

1.0

30.0

26.r

14.9

26.0

22. 1

1.0

10.0

_ .



Experimental Runsa

Run Gas

Identification Mixture Remarks

AO 1A
BO 3A Complement to Runs 1-4 of Battelle
El 2A

CO 1B
DO 3B Complement to Runs 5-8 of Battelle
E2 2A

EO 2A Complement to Runs 13-16 of Battelle
FO 2B

aTotal number of runs: 24 (8 runs at each of the three temperatures)

Exposure :ime for each run: 1000 h

Run Code: AO 1A 982

Run as fx eExposure

Identification Identification Temperature, *C
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TABLE XVI. Uniaxial Tensile Properties of Four Alloys in the As-received Condit ion

1000-h Exposures toMulticomponent Gas Environments at 750*C
and After

Uniform Total

0.2% Yield Ultimate Tensile Strain, Elongation,

Alloy Treatment Stress, MPa Strength, %Pa

Incoloy 800 As-received 91.0 226.7 4 136
A01A750 53.3 204.2 10.8 100.4
E12A750 40.5 200.0 8.8 70.4

Type 310 As-received 49.2 257.9 4 38
Stainless A01A750 43.2 219.4 8.1 36.4
Steel E12A750 36.1 222.9 9.4 27.5

U. S. Steel As-received 63.5 191.2 8 70
Alloy 18-18-2 A01A750 57.6 181.9 12.3 64.5

E12A750 43.7 182.6 9.8 62.5

Inconel 671 As-received 49.2 339.0 9 32
A01A750 48.5 265.3 3.9 77
E12A750 45.1 256.9 5.9 54.1



TABLE XVII. Uniaxial Tensile Properties of Four Alloys in the As-received Condition and After

1000-h Exposures to Multicomponent Gas Environwient at 871*C

Uniform Total
0.2% Yield Ultimate Tensile Strain, Elongation,

Alloy Treatment Stress, MPa Strength, MPa

Incoloy 800 As-received 30.7 119.7 4 123
A01A871 Sample Embrittled

Type 310 As-received 43.0 138.5 3 48
Stainless A01A871 20.0 106.5 8.9 76
Steel

U. S. Steel As-received 36.8 94.5 3 71
Alloy 18-18-2 A01A871 Sample Corroded

Inconel 671 As-received 42.0 141.1 5 87
A01A871 27.3 105.9 4.9 172

00



i4

I

r*2
7iA*

yq\'t'4

I,

IL

4r

I

\!II

r I

-. I

i1

Fig. 30. Photograph of Experimental System Used for Exposure of

Corrosion and Mechanical-test Specimens

59

*

J

r
I

t

f

rL

I

11

I.. -9

L7'~ f
ri idj 1

i

1 1



I
N\IJL~#,~

if
n

& E

-- I

C,
L

Fig. 31. Photograph Showing Specimen Support Arrangement

I

V

r

41'

1\



0Q-

U

-

150

100

0
0 20 40 60 80

250 INCOLOY
750

o AS-REC
A AOIA75C
* E12A75

100

TRUE STRAIN (%)
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Steel Specimen After a 1000-h Exposure to a Complex Gas Mixture at 750*C

(Kun A01A750). In the distribution pictures, light regions indicate
high concentrations of the respective elements. Neg. No. ANL-306-78-343
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U. S. Steel Alloy 18-18-2

-' - T 90 1 X "

140

s

r

! ~ S e 4

Fig. 41. X-ray Photograph and Cr, S, and Si Distribution in U.S. Steel Alloy

18-18-2 Specimen After a 1000-h Exposure to a Complex Gas Mixture at

750*C (Run A01A750). In the distribution pictures, light regions

indicate high concentrations of the respective element.. Neg. No.

ANL-306-78-338
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I ncoloy 800

Fig. 42. SEM Photograph of Fracture Surface and X-ray Identification of Phases
in Incoloy 800 Specimen After a 1000-h Exposure to a Complex Gas
Mixture at 871C (Run A01A871). Neg. No. ANL-306-78-342
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Fig. 44. SEM Photograph of Fracture Surfaces and X-ray Identification of
Scales in Incoloy 800 and Inconel 671 Specimens After a 1000-h
Exposure to a Complex Gas Mixture at 750 C (Run AOIA750). ANL
Neg. No. 306-78-341
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Fig. 45. SEM Photographs of Fracture Surfaces of Type 310 Stainless Steel and
U.S. Steel Alloy 18-18-2 After a 1000-h Exposure to a Complex Gas
Mixture at 750*C (Run A01A750). Neg. No. ANL-306-78-336

w'~

/

K2
r'4

4,



Fig. 46. Erosion-test Apparatus, Assembled with a

Transparent Plexiglass Coverpi ate for
Calibration

TARGET

D-

MASK

ROTOR TIP

Fig. 47. Angular Dispersion Analysis of Particles
Neg. No. ANL-306-78-564
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Task F -- Component Per iornance and Fr i lture Anal vsis .i_;;. .V:t

The activity during this quarter involved the exmtii nat ion of componentS

from the HYGAS Pilot Plnt , the IYGAS Ash Aggiomerat 1ng Cisifier, Ind the
(rand Forks Energy Research Center.

1. HYCAS V I ve Assenh l Lefi Sprin l'1iltire

A Tpe 416t) st iinC1,eSS steel eaf spring trom a three-stage r1ci procat ing

&olpj)ressor tail ed af ter 3-r5 months of intermit tent operat ion. T1K t total l pe r iod
of service was 1000 Ih ( 42 days) . These hetIi cal springs are used in the

suet i on and discharge valve assembl1itis of the third st age uf th K(ompresst)r, whi ch
WaS used to (omllpriss, ;IS usual lv cansist ing of H), C(1and traces of C0 and l)0.
Four or five IdaVs prior to the failure, the gas consist ed of 82-84 mole 112,
',- 1 Ie CO, and t races of (C0 and H). Trhe sue t Ion t emperatt ire was 24 C'

7F V) while the dislih irge temperature was 1040C (21 9F). The discharge pressure
was 7.' M'a (1O%)O psi). After the failure occurred, chemical analysis verified
that the leaf spring was of Tvpe 416 stain I ess steel. However, thee measured

carbon content was I.igh (0.34 wt 2, versus the recummeirded value ) 0. 1 5wt 7). Micro-
hrardness values showed Vickers' hardness numbers of 540-630 kg/mm' both near to
and far from the fractunred end. The recornimended valItie for hardened and tempered
T' pe '41 6 stain I (ss steel is 180-360 kg/mm'-.

The let spr ing is shown in Fig. 50; the fracture surface and gouge are
ev ident. In Fig. 51, a more detailed view of the fracture surface and gouged area;

hits are also visible at the surface.

An opt ical in icrograph of Lite spring in the as-received condition is
shown in Fig. 52. The surface shows many small pits and surface irregularities.
A crack is seen emanat ing from a gouge. Figure 53 shows this same crack in the

pol ished and etched condition; four additional cracks are also seen. Micrographs
of one crack, showing branching and a crack tip, are shown in Fig. 54. The micro-
structure of the base material is tempered martensite.

The failure most probably resulted from improper tempering in conjunction
with chemical and mechanical causes. Improperly tempered martensite is prone to
cracking. Hydrogen-induced embrittlement could not be verified, and hydrogen
attack does not appear likely. Electron-microprobe analysis could not verify
whether hydrides, halides or sulfides were involved in the failure. Carburization

and oxidation are discounted because of the low operating temp rature. The role

of the observed pits in the failure is not understood.

Although the exact cause for the failure could not be pinpointed, proper

tempering and a careful check of the surface finish should minimize the possi-
bility of a recurrence. Shot peening or electroplating may be advisable. If the
latter is chosen, a hydrogen-relief treatment is advised.

2. HYCAS Hinge Pin Failure

A RA-330 stainless steel hinge pin from a solids-transfer valve, LV-339,
was found to be bent, corroded and galled. The valve is immersed in the steam-
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oxygen region If th Kl1idi zed bed 1 the 'is if ier . The hinge pin, which

supports a 1ink, is held by two end brat kets and is free to rotate. The

operat inog temperat ure was 1O()10-109l"(: (18 50-200 F))() ; t he pressure was 6. 9 MPa

(1000 1sig).

A photograph of the as-received pin is shown in Fig. 55. [he diameter

is out of round and the p in is bent . Add it i ona 1 photographs of sr face pit t ing

and galling are shown in Fig. )6. Considerable damage is evident at the hinge

end ''. lh pit depth and gal l ing are al1s o shown in Ii g . 57. The galled regi(n5

were shity; this indicates that the pits formed prior to the galliing. Grain-
boundary penetrat ion (most probably by sol1f ides) and internal corrosion were

also found; these resin t s are shown in Fig. 58. A heavy corrosion scale is seen

at the 01), and the gra in boundaries and twins are outined with corros ion product.
Conf i rmat ion of the nat ure of the corros ion produce t is in progress.

This analysis confirms thee pilot plant's prelIiminary finding that the
hinge p in had been exposed to ('xcesS i ve loids. The p itt ing corros ion, at t h is
time in the service life, is not as serious a problem as the overloading.
Redact ion of the appsiid loads and replacement of the hinoe pin with a harder
material are recommended.

3. IlYGAS Ash Ag lomerat ing(as i fi r tllt crna (ye nc a i _iuris

a. Tpe 310 Stainless Steel Cy(lone

An internal cyclone wall, of 0.64-cm (0.25-in.)-thick Type 310 stainless
steel, was eroded by coal-particle impingement and failed by perforation. The co:t 1-

particle velocity was 25-50 m/s (1.20-160 f/s) and the operat ing temperature was
927-982 C (1700-1800 F). The total service life was 480 h (20 days). The typical
gas composition (mole 7) with air/steam was 10 CO, 10 112, 8 CO2, 62 N2, balance

steam; the composition with steam/oxygen was 30 CO, 45 1), i5 CO, and 10 N.l. The

average particle size was 0.0425 cm (40 mesh).

A photograph of the cyclone, showing the part ile inlet and the eroded
sect ion, is shown in Fig. 59. The perforation occurred at an angle of 20-30
relative to the inlet axis of the cyclone; wall thinning is observed around the

perforat ion. A photograph of the eroded region, as seen through the cyclone inlet
is shown in Fig. 60. The topography of the internal surface appears nonuniform.
The eroded regions were sectioned for optical, scanning-electron, and transmission-
electron microscopy. A photograph of a pol ished cross section from the region

indicated in Fig. 59 is shown in Fig. 61. The direction of particle impingement
is indicated; wall thinning is readily seen.

Photographs of the internal surface and a cross section of the polished
and etched region are shown in Fig. 62a and b, respectively. Figure 62a shows
ridges that have developed as a result of particles plastically deforming the

surface. Figure 62b shows a region made hollow by particle impongement and

erosion. The micrograph also reveals grain-boundary precipitates. However, the

precipitation apparently did not contribute to the failure.

SEM photographs of the internal surface from an area similar to that
shown in Fig. 62 are given in Fig. 63. Ridges due to particle "plowing" are
visible in Fig. 63a. Figure 63b shows the termination points of the particle
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travel. The ridged areas (tracks) caused by rmova 1 of base imat i i1 eh' tihe
impinging particles are similar to the ones shlowni in Fig. (Ki. Part ic le sizes
of 0.20-0.30 mm are estimated from the widthI of the tracks. Corrosion wit'

breakdown of the corrosion scale does not app ir 0 be t he princ ipa li echaiii smi
for erosion in this case.

b. Clone wit h RA-"33(1 Stainless St eel1 Insert

An internalI v'1one with a U..m (O. '-ijn.)-thick insert mode of
Tvpe RA-330 stainless steel failed due to a conmi nation of erosion jul corrosion
of the insert. The insert is a patch that was welded into t he Type 11) st;1 i 1ess

steel cyclone described above after the cvclone had fHiiled due to erw ion. Num-

her 1.82 weld ing rods, with a nominal compos it ion (wt ") of 7 Ni , O. (C) C,

7.75 Mn, 7.5 Fe, 1' Cr, 0.1 Cu, 0.4 Ti , 1.75 Cl , .nd () .r Si, were used to weld
the insert. The cyclone was operated for a total of % 288 Ii ( 14 (ays) at a
gas temperature of 81 h-927C C( ( 1500--17000 F) before the fLii lure wis dIi scovered.
During operation, cool-part icle sizes ringed from O to 0.042) )'pi (C-4() mesh)

nld the overage gas veloc ity at t he inlet to t he y lone was 2 }loiJ7 m/s (7590 fps) .
The eve lone was operated wit hcoke and subbitumi ims coal feed with air, which

produced a gas composit ion (hol7e ) of 52. 1 N1 , 16.0 (3), . /2 c , 14.34 11,
1.O CH4 , and 6.91 H0; and :i .I? oke And hittuminois ;oil oeed (I1II i no is No. 6
ihi gh-sul fur coal) , which produced a gas comIposit ion (mole 7') of 52.5 N, 12. 12 CO,
8.45 CO), 9.43 H1, 0./1 CI4, 0.17 H2S' and 16.59 I, .

Optical micrographs of the internal surface of the insert , and a schematic
of the patched cyclone, are shown in Fig. 64. Perforations and a rough, uneven
surface are visible. A cross-sect ional view of the weld and insert in the pol ished
and etched condit ion is shown in Fig. 65. The heat-affected-zone (HA) ad jacent
to the weld can he seen. Particle ilipingenment is from the direct ion inid icated
and is reflected in the topography of the internal surface. The weld and HAZ
are not as severely eroded as the insert material, as shown in Fig. 66 where the
HAZ is observed to be protruding beyond the severely eroded region of the insert
material. The grain boundaries of the base material are decorated with preci-
pitates, as shown in Fig. 67; however, the precipitation, which results from heat
treatment or operation at high temperatures, did not contribute to the failure.

Optical micrographs of the corrosion scale and grain-boundary pene-
tration that had occurred at the ID of the insert are shown in Fig. 68. The
corrosion scale in (b) has separated from the base material. This separat ion, during
pilot plant operation, allows the corrosive environment to further attack the base metal.

The RA-330 stainless steel insert failed because of a combination of
corrosion and erosion, in contrast to the Type 310 stainless steel failure. The

weld used in repairing the cyclone was not as severely affected as the insert

material. This is attributed to the positioning of the weld relative to Lhe
cyclone inlet axis.

c. Cyclone with Hard-faced Type RA-330 Stainless Steel Insert

An internal cyclone with a 0.64-cm (0.25-in.)-thick insert of Type RA-330
stainless steel hard-faced with a cobalt-based material (a patch welded to repair
the two previous failures described above) failed due to erosion-corrosion of the
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weld region. The weld,ande with a No. 182 welding rod, was more severely af-
fected than the base material because of its position relative to the cyclone
inlet axis. The cyclone was operated for a total of "32 h before the failure
was discovered, with particle sies of up to 0.0425 cm (40 mesh), a gas velocity at
the cyclone inlet of 23 to 27 m/s (75 to 90 fps) and a gas temperature of 927+C
(% 1700'F). Coke and bituminous coal feed were used and produced a gas com-
position (mole 2) of 46.3 N2, 20.4 CO, 8.38 C0 2, 18.6 N2, 1.72 Cg, 4. 3 20,
and 0.26 H2S.

Optical photographs of a portion of the insert are shown in Fig. 69.
Figure 69a is an overall view, while (b) and (c) are higher magnifications of
two selected areas. The perforations occurred in the weld region (Fig. 69b);
surface roughening of the weld is visible in Fig. 69c. A photograph of a polished
and etched cross section of the insert is shown in Fig. 70. A heavy corrosion
scale is visible at the weld, while the insert is relatively free from corrosion
and erosion.

The cobalt hardfacing is shown in cross section in Fig. 71. The
microstructure consists of precipitates and a grain-boundary eutectic phase. The
interface between the hardfacing and the substrate shows recrystallized base
material. A higher-magnification micrograph of the icrostructure of the coating
and the interface between the coating and substrate is shown in Fig. 72. The
microstructure of the coating is similar in appearance to iron-base alloys that
contain ferrite and pearlite. Carbides have pecipitated to the grain boundaries
of the substrate, probably when the herdfacing was deposited. The precipitation
did not apparently affect the erosion resistance of the insert.

A composite cross section of the coating is shown in Fig. 73. This
figure indicates that the coating thickness was not uniform over the internal
surface of the insert.

se two micrographs in Fig. 74 show cracking in the base metal near the
coating-substrate interface (a) and corrosion and grain-boundary sulfide formation
near the weld (b). Both these phenomena will contribute to the degradation of
the insert.

The failure of the RA-330 hard-faced insert is due to erosion and
corrosion of the weld metal itself. PNsion-line cracking was not observed in
the section examined, and carbide precipitation did not apparently contr ibute to
a decrease in the resistance to erosion-corrosion. The hard-faced ID of the insert
withstood the erosion very well.

4. Grand Forks hlaeriy Beasr-% Center Taphole Cooling Coil Failure

A 0.64-cm (0.25-im.)-OD N stelloy G coolins coil that carries water and
is used in controlling slag flow in the Grand Forks bergy Research Center
Gasifier developed a leaking intergramular crack and large hole. The inlet water
temperature is % 27'C ( 80!) while the outlet temperature is % 93C ( 200F).
The temperature in the combustion snoe ranges from 482 to 2132C (900 to 2250F).
The crack initiated at the 00 where slag is solidified. The tmperature at the
00 of the cooling coil is uskmora. The cracking is attributed to stress corrosion



(ICSCC) caused by sensitization (precipitate or solute segregation to the grain
boundaries) and by residual and thermal stresses.

A schematic of the sagging fixed-bed gasifier with an enlarged view'

of the hearth (just below the oxygen-steam tuyeres) and slag-flow control system
is shown in Fig. 75. The water-cooled taphole is formed to assume the proper
shape at the pilot plant. Optical photographs of the tube, including a cross
section through its centLr portion, are shown in Fig. 76. The circumference
is out of round, and consequently the tube is severely cold worked. A gross
section of the tube at higher magnification is shown in Fig. 77. Sur t.wc in-
perfections and localized corrosion at the OD are clearly visible. These regions
most probably were the initiation sites for the crack. A polished and etched
cross section of the tube, containing an intergranular crack that had initiated
at the OD, is shown in Fig. 78. The crack had penetrated $07 of the wall
thickness in this region. A higher magnification micrograph of this crack is
shown in Fig. 79. The crack proceeds from the OD to the ID along grain bound;r i e
that apparently contain precipitates.

Scanning-electron micrographs of a fracture surface are shown in
Fig. 80. The fracture surface in Fig. 80a contains circular depressions alini
which the crack propagated. These de'r.ssions were also visible at the outer
surface; Fig. 80b shows several such expressions that contain a nonconducting
phase. X-ray fluorescence spectroscopy showed that this phase contained the

element HsMg, Si, Ca, S, and Cu.

The failure of the Hastelloy G tube is attributed to ICSCC. From dis-

cussions with Cabot Corporation personnel, it was concluded that the alloy
Hastelloy C-276 would be more resistant to ICSCC, especially since the tube is
cold worked and exposed to a sulfur environment.
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GOUGE

72' . r

141

A, j1  4 1

0.03 cm

Fig. 53. Polished nd tched Stiurf.ic of HYCAS Valve Assembly L.eaf Spring,
Showing Cracks Originat in;g in a Gouged Reti-pi. Neg. No. AN.-306-78-574
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1.8 cm

Fig. 55. Photograph of HYGAS Hinge Pin TCT-77-D. The pin is bent.
Pitting is seen along its leng h and abrasion and galling
are visible at one end. Neg. No. ANL-306-78-592
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ABRASION

Fig. 56. Photographs of the HYGAS Hinge Pin. Pitting corrosion, galling,

and abrasion are visible. The abraded region is shiny.

Neg. No. ANL-306-78-
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PIT

41
(a)

(b)

Fig. 57. Ph:)tographs of a Pit and An Abraded Region of the HYGAS Hinge Pin.
The pit depth is shown in (a); abrasion is visible in (b). The
abraded region is shiny, indicating that abrasion occurred after
the pits had formed. Neg. No. ANI,-306-78-578
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Fig. 58. Micrographs of Corroded Regions of the 11YGA) Hinge Pin. The OD
is severely corroded and grain boundaries and twins are outlined
with corrosion product, most probably a sulfide phase.
Neg. No. ANL-306-78-569
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ERODED SECTION

SECTION 1
SHOW NFIG. 61\

Fig. 59. Photograph of the Type 310 Stainless Steel Internal Cyclone. The
particle impingement direction and the eroded section are indicated.
ANL Neg. No. 306-77-543
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Fig. 60. Photograph of the Eroded Regi on of the Internal Cyclone. The view
is through the particle inlet section. Wall thinning is seen at the
near section and material buildup is seen at the far section of the
perforation. ANL Neg. No. 306-77-541
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Fig. 61. Photograph of a Polished Cross Section trom the Region Indicated in

Fig. 59. Thinning of the wall is readily seen. ANL Neg. No. 306-78-579
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Fig. 62. Photographs of the Internal Surface (a) and a Cross Section (b) of the
Cyclone. The ridges in (a) were formed by the impinging particles.
The hollow region in (b) was caused by particle bombardment. Sensi-
tization of the steel (carbide precipitation at the grain boundaries)
is also visible in (b). ANL Neg. No. 306-78-581
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Fig. 63. Scanning-electron Microgr.ipms ot thet Erodud Surldve. Ridges in
(a) are caused by particle deformat ign of the surface. The micrograph
in (b) shows the terminat ion points of part icle trajectories.
Neg. No. ANL-306-78-582
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t ion~al View of the Eroded Stainless Steel Insert in the
and Etched Condit ion. The heat-affected zone (HIAZ) and the

readi Iv seen. The surface topography reflects the incoming
trajectories. Neg. No. ANL-306-78-570

HAZ WELD

BASE MATERIAL

4

0.12 mm

Fig. t0. The IAX and Stainless Steel Insert at the 11). The IAX has not eroded
to the same extent as the insert material. Neg. No. AN-306-78-591
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Fig. 67. Microstructure of the Stainless Stel Insert Mater i;il . Cra in bound;gr ies
are decorated with carbides as a result of sensit i;at ion.
Neg. No. AN!.- 306-78-59O
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Corrosion at thet II) (if ow Staiinhess Steel The grain boundaries
are embr i tt l ed, probably by stul f ides. Neg. No. ANI.-306-78-589
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Fig. 70. Photograph of a Po] ished and ('t ched Cross Sect ion of the llard-faced
Insert. The weld and insert material :ire shown. Neg. No. ANL-306-78-587

COBALT COATING

. .INTERFACE

V.m

BASE MATERIAL

Fig. 71. Micrograph of ;I Cross Sect ion of the Cobal t l Hrdfa Ing. The mirro-
structure in the co-It in; dppesars similar to Ferri te and pearl ite that
are formed in iron-based alloys. Neg. No. AN-306-78-586
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Fig. 72. Microstructure of the Cobalt Hiardfacing and the Inter-
face Between the Coating and Substrate. The micro-
structure in the coating appears similar to ferrite and
pearlite that are formed in iron-based alloys. ANI. Neg.
No. 306-78-584
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Fig. 74. Micrographs of Cracks at the Interface Between the Coating and Sub-
strate (a) and Corrosion and Sulfide Formation Near the Weld Region
(b). ANL Neg. No. 306-78-585
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Fig. 76. Optical Photographs of the Taphole Cooling Coil: Overall view (a),
Cross-sectional View (b), and Top Vie-, (c). The tube ID is out of
round, and the outer surface contains many imperfections. ANL Neg.
No. 306-78-572
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Fig. 79. Enlarged Micrographs of the lntergranular Crack Shown in Fig. 78.
Recrystallization is visible at the OD where the crack initiated,
and precipitates are observed at the grain boundaries. ANL Neg.
No. 306-78-576
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Fig. 8U. Scanniini, -eics tiL.' :Ii 1 r apIs t Lh. fLracLure Surface (a) and the

Outer Surface (b). Circular regions on the fracture surface in (a)
contained non-conducting phases as shown in (b). ANL Neg. No. 306-
78-571
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