
6.0 MELTER STRESS ANALYSIS

An analytical model of a ceramic-lined glass melter was developed to

investigate the stress levels possible in refractory desiqns similar to the

LFCM and to predict the effects of the different operating modes on the stress

profiles. This model was based on the LFCM refractory design, temperature

profiles, and containment box. The modeling was performed with a two-dimen-

sional, finite-element code, ANSYS, with in-plane strain capabilities. The

melter simplification required for a two-dimensional model implies that speci-

fic planar cuts within the refractory must be selected to investiqate the local

stress profiles of interest. The two-dimensional model also implies that the

modeled structure is long enough in the third dimension to negate end effects,

that there is no thermal gradient in the third direction, and that a stress

gradient in the third dimension does not occur.

6.1 MODEL DESCRIPTION

The cuts (sections) selected for the analytical model were in the north-

south direction through the LFCM refractory. This orientation was selected

because of the major differences in appearance between the north and south

walls after the melter was drained. These cuts meet the model restriction for

length in the third direction. However, the changing geometry of the melter

in the riser block region, the heating of the upper levels of the riser block

from the overflow drain heaters, and the lack of containment shell cooling in

the overflow drain region, all give rise to an east-west temperature, and thus

stress gradient in these regions. The effects of the temperature and stress

gradients in the third dimension are not included in this model.

A possible limitation of a finite-element analysis of the refractory

stresses is the inherent linear elasticity assumption of this model. This

assumption essentially implies that the modeled material does not fail.

Ceramic materials tend to initiate cracks that propagate in a manner charac-

teristic of brittle materials in a moderate to high tensile stress field.

Little plastic strain energy is absorbed in the propagation of the crack as
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the strain required to fail ceramic matrices is very small. Modeling this type

of failure requires a specialized computer routine, very small finite elements,

and considerable data on the structural materials beinq modeled. Generalized

codes, such as ANSYS, will not accurately model crack development because the

matrix is assumed to be continuous. In actuality, after the development of a

crack, the tensile load normal to the crack must be zero and the material is

no longer continuous. Also, this type of analysis requires that the refractory

characteristics related to fracture failure be well defined. These data are

not generally available for refractory ceramics (not available for the Monofrax

K-3 and Alfrax 66 in particular) as common design practices do not employ these

materials when flexure stress levels are likely to create failures.

Notwithstandinq these limitations, a linear-elastic, finite-element model

of the refractories will generate results that can be used to assess stress

levels within the melter and to determine possible crack initiation sites.

The linear-elastic analysis will also indicate the direction of crack propaga-

tion once it is initiated. Brittle materials tend to propagate cracks in the

direction normal to the orientation of the maximum tensile stress in the mate-

rial. If relaxation of the stress creating the crack occurs because of the

crack propagation, and the direction of the maximum tensile stress changes,

the crack will tend to follow the direction normal to the new maximum tensile

stress.

Therefore, the constant stress contours generated by the ANSYS model

should predict the initial crack direction and the nature of the resultinq

stress field. Additionally, the ANSYS code does not require the fracture

mechanics' characteristics of the refractories. This eliminates the need to

assume these values and thereby reduces the potential for modeling error.

Two models, based on the ANSYS code, were used to predict the refractory

stress levels in a design similar to the LFCM with various boundary conditions.

The initial, simplified model, shown in Figure 52, is based on 15.2-cm Monofrax

K-3 walls and floor assuminq no Alfrax 66, fiberboard, or containment box.

This model was given temperature boundary conditions and allowed to expand
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FIGURE 52. Simple Model of Melter Used in Preliminary Calculations

freely, but was not permitted translational or rotational motion. With these

conditions very low refractory stresses were produced, but the upper corners

of the walls were displaced outwards roughly 5 cm. In the next simulation, an

additional boundary condition was added which constrained the upper refractory

ends from moving. These assumptions produced stresses as high as 345 MPa.

The published Monofrax K-3 ultimate compressive strength is 138 MPa

(Carborundum Company 1980). The degree of thermal strain allowed in the
structure, therefore, will determine the magnitude of the thermal stresses.

If the refractory is allowed to expand thermally without restraint, the ther-
mal stresses will be low. Conversely, if the refractory is constrained, the

thermal stresses will be high and will generally cause failure of the material.

The second model based on the LFCM refractory design comprises elements

representing the Monofrax K-3, Alfrax 66, Zirmul, and the fiberboard. In this
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FIGURE 53. Finite-Element Model of Cut Through Melter to
East (or West) of Riser Block (Cut #1)

model, three cuts through the melter were analyzed. The modeled refractory

planes are depicted in Figures 53 through 55. Figure 53 is to the east or

west of the riser block; Figure 54 is cut through the riser block, but to the

east or west of the drain riser; and Figure 55 is a plane slicing the refrac-

tory through the riser centerline. Between the refractory layers and at the

junctions of the blocks, spring or truss elements were employed to model the

interaction between refractories or blocks. These trusses have a stiffness

that is associated with the contact stiffness at each junction. Each refrac-

tory element, therefore, was allowed to transmit a force to the surrounding

refractory elements.

Outside the insulating layer of castable Alfrax 66 in the LFCM design, a

layer of crushable fiberboard was installed to accommodate thermal expansion

of the refractories. This fiberboard was modeled using soft trusses of 1.3-cm

length between the outer layer of the refractory and a fixed set of nodes.

This fixed set of nodes models the stainless steel containment box.
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FIGURE 54. Finite-Element Model of Cut Through Melter to East
(or West) of Riser Within Riser Block (Cut #2)
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FIGURE 55. Finite-Element Model of Cut Through Melter Centerline,
Including Riser (Cut #3)
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The physical properties of the refractory materials required by this

analysis are not readily available from the literature. The elastic constants

for Monofrax K-3 (Chan and Nicholson 1978), Zirmul, and Alfrax 66 are listed

in Table 2. The elastic properties of Zirmul and Alfrax 66 were estimated by

the method suggested by Van Vlack (1964).

6.2 ANALYSES RESULTS

The analytical refractory model was subjected to boundary conditions

representative of steady-state idling and liquid-feeding operating modes. The

third operating mode, calcine feeding, was not simulated because this mode

would present temperature profiles somewhere between the idling and liquid-

feeding extremes. A discussion of the transient conditions present at liquid-

feeding initiation is also presented.

6.2.1 Idling Mode

The first two cuts through the refractory were analyzed for temperature

boundary conditions representative of idling conditions. The temperature pro-

files calculated for the model were obtained by performing a steady-state

thermal conduction calculation based on an assumed internal face temperature

of 1200 0C and temperature data from LFCM thermocouples. The predicted tem-

perature profiles are presented in Figures 56 and 57. These calculated ther-

mal patterns were used for temperature conditions for the stress analysis.

The predicted stress contours for the two cuts are shown in Figures 58

through 61. These plots represent the locus of points with constant horizon-

tal or vertical stresses. Tensile stresses are represented by positive num-

bers, compressive stresses by negative values. For these stress predictions,

TABLE 2. Material Properties of Each Refractory

Young's Thermal Thermal
Modulus, Poisson's Expansion, Conductivity,

Material MPa Ratio cm/cmOK W/m°K

Monofrax K-3 1.4 (106) 0.4 7.97 (10-6) 2.6 (10-8)

Zirmul 6.9 (105) 0.4 6.66 (10-6) 1.7 (10-8)

Alfrax 66 Castable 3.4 (105) 0.4 9.0 (10-6) 2.1 (10-8) )
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FIGURE 56. Temperature Profiles for Cut #1 Idling--°F (OC)
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FIGURE 57. Temperature Profiles for Cut #2 Idling--0F (0C)
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the walls and floor are constrained from horizontal motion by the representa-

tion of the containment box in the model. Vertical growth is not restricted.

Several observations can be made from these predictions. Of soecial

interest are the high compressive stresses at the inside surface of the

refractory and the fairly hiqh tensile stresses near the outside of the

Monofrax K-3. These stresses are to be expected because of the restraint

imposed upon the refractory by the steel jacket. The crushable fiberboard

does not provide sufficient allowance at the top of the melter for the walls

to freely expand. The compressive stresses predicted do not exceed the 138-MPa

rupture strength of the Monofrax K-3, but the tensile stresses at the outer

edge of the Monofrax K-3 are as high as 41 MPa. Although the tensile stress

is relatively small, ceramic materials are notorious for failure under tension

loads, and this stress level may be sufficient to nucleate cracks. The hori-

zontal stress contours of Figure 60 are also relatively hiqh. They are again

compressive at the inside surface and tensile at the outside surface. This

indicates that the center of the floor atempted to bow upwards but was con- I
strained by the refractory walls.

The north wall of the second cut through the melter displays temperature

and stress patterns similar to the first cut. Note, however, that the south

wall has fairly low stress levels. The refractory is free to move upward in

the model, relieving any thermal stresses in that direction. In the actual

melter, the lid contacts the upper surface of this refractory. This interac-

tion was neglected because of the difficulties in accurately modeling the

force transmitted at the interface between lid and refractory block.

The effect of restraining the thermal expansion of the riser block on the

refractory stress levels is graphically shown in Figure 62. The magnitude of

the stresses predicted with this additional boundary condition are nearly twice

the rupture strenth of Monofrax K-3 and reach 551 MPa in the Zirmul flooring.

Neither of these two boundary conditions (total or no restraint from vertical

expansion) are likely to represent the actual conditions present in a melter

of the LFCM design. The actual stress level is probably a transient function
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FIGURE 62. Vertical Stress Profiles for Cut #2 Idling with UDper
Portion of Riser Block Constrained

of the lid and refractory temperatures. Clearly, the magnitude of the refrac-

tory stresses is directly related to the degree of restraint from free thermal

expansion.

6.2.2 Steady-State Liquid-Feeding Mode

The liquid-feeding analysis was based on the temperature assumptions of

1200 C below 48 cm (nominal glass level) and 149 C above the 48-cm level.

These temperature conditions are due to the presence of the cold cap on the

glass surface and are the values assumed for earlier LFCM numerical modeling

efforts (Hjelm and Donovan 1979). As in the idling simulations, the refrac-

tory walls are restrained from north-south expansion, but no vertical expan-

sion constraint was included.
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The effect of the change in temperature boundary conditions from the idl-

ing mode is readily apparent in Figures 63 through 65. The constant stress

contours for this combination of conditions are plotted in Figures 66 through

71.

The thermal stress output by the model for the first two cuts are not

significantly different from those in the idling mode. The thermal strains,

however, are significantly different. These quantities, unfortunately, are

not output by ANSYS, but a short analysis of the thermal strains during the

transition to the liquid-feeding mode is presented in Section 6.2.3.

The vertical stress profile predicted in the analysis model for Cut #3

through the riser is of particular interest. The section of Monofrax K-3 that

appears to be separated from the rest of the structure is actually tied to the

melter through a series of trusses (see Figure 55). The rigidity of these

trusses is related to the stiffness of the Monofrax K-3 that surrounds the
riser channel. This is the best modelinq technique to simulate the modeled

melter geometry and stiffness with a two dimensional model. The high compres-

sive stresses on the inside surface of both sides of the riser channel and the

tensile stresses on the qlass-contact surface of the riser block indicate that

the inside portion of the riser block is attempting to bow toward the center

of the melter at the top (to the right in Figure 70), but is restrained by the

surrounding refractory. This stress pattern, assumably, is created because

the surface of the riser is at glass temperature (\1200°C), whereas all but

the lower tip of the discontinuous refractory section is at 149 0 C. This is

another possible source of fracture in the inside surface of the Monofrax K-3.

6.2.3 Transition to Liquid-Feeding Mode

Performing a transient, finite-element analysis of a refractory model

based on the LFCM design was not within the scope of this study. Analytical

modeling of these effects requires an iterative solution for each of the ele-

ments and thus was prohibitively expensive. Along with the reduction of the

surface refractory temperature, the major effect of the cold cap is the estab-

lishment the local heat flux from the refractory. This heat flux is a
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function of the cold cap depth, the vaporation rate of the refactory surface,

the refactory/cold cap thermal contact resistance, the cold cap thermal con-

ductivity, and the porosity of the cold cap. Currently, these cold cap pro-

perties are not well defined. However, simplified calculations were performed

to predict the probable upper limit of the transient thermal stress and

strains.

When a hot material is cooled rapidly from its outside surface, the out-

side surface will attempt to shrink. The hot interior resists this shrinkage

and surface tensile stresses are created, which can initiate cracks. For

example, if a heated marble is plunged into ice water, cracks form at the sur-

face of the marble as the surface shrinks against the hot interior. This

effect is the most probable source of cracking in the Monofrax K-3 at the

level of the cold cap.

Calculation of the surface tensile-stress upper limit is fairly straight

forward. The maximum stress, caused by thermal loading of a member constrained

from thermal expansion or contraction can be calculated by:
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5 = E (a) AT

where

a = thermal stress

= thermal expansion coefficient

E = Young's modulus

AT = difference in temperature between the cool outside and hot inside of

the refractory.

The thermal stress can be calculated using this equation if a temperature

gradient into the refractory is assumed. In this case, the solution assumes

an infinite solid initially at 12000 C and an instantaneously applied surface

temperature boundary condition of 150 0 C. Using a one-dimensional, heat-trans-

fer solution, the temperature gradient 5 cm into the refractory is calculated,

as well as the thermal stress developed between the surface and this depth.

The results are presented in Table 3.

The thermal stress calculations indicate that a sudden temperature change

of as little as 115 0 C exceeds the rupture strength of the Monofrax K-3.

-This demonstrates the necessity of slow temperature changes within the refrac-

tory to prevent excessive thermal-shock tensile stresses.

Another calculation producing similar results is the thermal strain in

the Monofrax K-3 created by changing temperatures. The thermal strain is cal-

culated by:

E = a (AT) (E = thermal strain)

= (7.92 cm/°C) (1056 0 C)

= 0.84% strain

In contrast, the strain induced in a ceramic at failure in a standard

compression test is defined as:

E (at failure) = ultimate stress E = Young's modulus
E

- 0.1% strain
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TABLE 3. Temperatures and Upper Bound Thermal Stresses at Varying
Times at a 5 cm Depth into the Refractory

t (minutes) T (°C) (MPa)

0 1204 1152

0.25 1089 1026

0.5 1029 960

0.75 970 896

1 914 836

5 263 146

10 159 11

This quantity is significantly smaller than the strain the refractory

undergoes in the transition from idling to liquid feeding. This does not mean

that heating or cooling the ceramic will cause it to fail. A rapid change in

temperature will, however, cause a rapid strain rate. Ceramic materials are

inherently susceptible to fracture at high strain rates. Thus, the high strain

rate in the transition from idling to liquid feeding is the probable source of

the fractures and perhaps of the spalling of the Monofrax K-3 seen in the LFCM

when it was disassembled.

6.3 MELTER LID

Cracks were discovered in each of the four corners of the melter lid fol-

lowing removal from the LFCM. The positions of these cracks are shown in Fig-

ure 72. The lid was fabricated from 0.5 cm Inconel 601 plate with 2.5-cm by

5-cm-type 304L stainless steel stiffeners welded to the exterior to increase

the materials resistance to bending moments. These stiffeners (strongbacks)

run along all four sides of the vertical box portion of the lid-and extend to

the edges of the lid. The long-side strongbacks are continuous bars, but the

shorter side strongbacks are welded to the long stifteners in sections. It is

at these welds that the melter lid developed cracks.

The failures were the result of diffential thermal expansion and exces-

sive thermal stresses in the stiffeninq members. Because the melter lid was
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FIGURE 72. Melter Lid Indicating Position of Strongback Weld Cracks

externally insulated, the lid temperature would approach the qlass temperature

during idling conditions. Assuminq that the stainless steel stronqback is at

approximately the same temperature as the Inconel plate, the total length

change required in the short-side strongback for it to be stress-free can be

calculated as follows:

AL = LaAT

= 0.72 in.

where

AL = length change due to temperature increase

L = length of heated portion of strongback = 91.4 cm
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= thermal expansion coefficient of 304 stainless = 18 x 10- 6 /cm/cm°C

T = temperature change from room temperature to 10940 C.

The strongback obviously cannot freely expand as it is constrained by the

Inconel vertical plate (which has a lower expansion coefficient), and by the

outside walls of the melter. These walls are held at a much lower temperature

than the lid by the water-cooling jackets. Compressive stresses will, there-

fore, develop in the strongbacks during idling periods. Assuming that 75% of

the thermal expansion can be accommodated by the structure, the magnitude of

the compression stress in the stronqback can be estimated as follows:

a E aT

a!1034 MPa

The magnitude of this compressive stress indicates that some active plas-

tic flow must occur in the strongback. As metals are heated, they tend to be

able to accommodate more of this type of plasticity and also to creep rapidly.

Essentially, this strongback will deform plastically and creep to relieve the

compression stress. When the melter is placed in the liquid-fed mode and a

cold cap develops, the lid cools to roughly 150 0 C. The strongback will tend

to contract as it has already relieved the high compression stresses by creep

and deformation. Therefore, tensile stresses will be developed in the strong-

back of the same order of magnitude as the original compressive stresses.

These tensile stresses will produce the weld failures observed in the short-

side strongback.

As Inconel 601 has a lower thermal expansion coefficient than type 304L

stainless steel, welds between these materials will result in a similar situa-

tion as the strongback problem just discussed. During heating to idling tem-

perature, the Inconel will expand less than the stainless steel and will

develop tensile stresses (or compression stresses in the steel). The load

transfer between the Inconel plate and the stainless steel must occur at the

weld joint along the strongback. As such, this weld joint is also suspect and

could fail in a melter lid.
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The qross deformation and warping of the lid was due to thermal, plastic,

and hiqh-temperature creep-related deformations and residual stresses, as dis-

cussed above.

o-

9
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7.0 MELTER CORROSION INVESTIGATION

Samples from many of the melter construction materials were analyzed in

the laboratory. The observations of melter material and the dismantling and

structural analyses were correlated to enable an analyses of the construction

material condition, which is discussed in this section. The melter components

that were examined in detail include: the Monofrax K-3 glass-contact refrac-

tory, the castable Alfrax 66 refractory, the power electrodes, the riser plate

(a piece of Inconel 690 installed in the Alfrax 66 layer above the riser block

for structural support), the pouring tip, the ionic booster electrodes and

flexible bellows, and a section of offgas ductinq.

7.1 REFRACTORY CORROSION

The Monofrax K-3 installed in the floor was apparently well protected

from glass corrosion by the layers of precipitates that formed during the

operating period, since no decrease in the Monofrax K-3 floor brick thickness

was observed. The Zirmul bricks were covered with a thin layer of glass in

the center of the floor and glass Denetrated the joints between the Zirmul

bricks. Glass also penetrated into cracks found in the Zirmul near the freeze

drain. Visual examination of the Zirmul revealed no interaction between the

glass and the Zirmul refractory in general, but did show discoloration of the

bricks to a depth up to 0.5 cm. Other than the discoloration, no adverse

effects were observed in the Zirmul. Thus, the refractory corrosion investi-

gation emphasized determining the mechanisms that caused more severe degrada-

tion of the other refractory components.

7.1.1 Monofrax K-3 Wall

A series of core samples were removed from the refractory walls to study

the effects of the three-year operating period on the Monofrax K-3. The core-

sampling locations are shown in Figure 73.

Monofrax K-3 is a fusion-cast refractory composed primarily of Al2 03 and

Cr2 03. The fused refractory is cast into the desired shape and cooled into

blocks with relatively dense outer edges and porous interiors containing
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FIGURE 73. Locations of Core Samples Removed from Glass Contact Walls

shrinkage voids. The cooled refractory is a solid solution of two phases.

These phases are visible in Figure 74. The light-qray phase is primarily com-

posed of alumina (A12 03 ) with chromium oxide. The darker-qray phase is
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FIGURE 74. Monofrax K-3 Mtcrostructure

rich in Cr2 O3 with oxides of Fe, Al, and Mg. The compositions of these phases

are presented in Table 4.

In service both phases are attacked by the glass; however, the high-

chromia phase appears to be more severely affected. This conclusion is based

on two observations common to each of the core samples investigated. First,

at the refractory-glass interface, the glass-contact face is composed primar-

ily of the high-alumina (dark-gray) phase. In several cases, this high-alimina

phase retains sharp definition at the original phase boundaries. The chromla

phase appears rounded where it contacts the glass, Indicating dissolution.

These two observations are shown in Figure 75. The preferential attack of the

chromia phase is also Indicated by the compositional changes of the glass In

refractory cracks, such as those shown in Figures 76 and 77. The mole percent-

ages of the glassy-phase constituents at the positions indicated in the figures

are listed in Table 5. From the glass-phase compositional data, the increase

in Al content is clear. Also apparent is the nearly universal absence of Cr
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TABLE 4. Composition of Monofrax K-3 Microstructure Phases

Concentration Mol•..

Element
Na

Mg

Al

SI

Ti

Cr

Mn

Fe

Zn

0

Phase A
(Light ,Gray)

0 to 2

0 to 11

19 to 23

O to 1

0

10 to 21

0

2 to 5

0 to 1

49 to 59

HIGH Cr PHASE

Phase B
(Dark Gray)

0 to 1

0 to 5

26 to 36

0

0 to 8

0 to 10

0 to I

0 to 3

0

55 to 56

*I

6

0.1 ym HIGH Al PHASE /
ACCELERATED CORROSION
AT Cr PHASE AT GRAIN
BOUNDARIES

FIGURE 75. Corrosion of Monofrax K-3 High-Chromia Phase 9
98



*4

C

F 0M 1jm

FIGUkE 76. Glass-Filled Crack in Monofrax K-3

and Mg, as well as the decrease of Fe present in the glass with increasing

distance into the refractory. The facts that the trace components of the

high-chromium phase are not present in the glass, and that the alumina con-

centration of the interior glass phases is relatively high indicate that the

chromia and the trace species are forming the crystals visible at the refrac-

tory/glass reaction zone. This was supported by microprobe analysis.

The preferential attack of the chromia phase also accounts for several

other phenomena associated with the crystalline phase present at the
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FIGURE 77. Glass-Filled Crack in Monofrax K-3

refractory surfaces. Figures 78 and 79 show typical examples of the crystals
growing on the glass-contact faces. The composition of these precipitates and
the glass phases present -in this layer are shown in Table 6. As with the
refractory cracks, the alumina content of the glass phase increases with dis-
tance from the bulk glass. Also, the crystals nearest the refractory are pri-
marily Cr2 03 and progress to a Ni-Fe-Cr spinel across the layer. The
Ni-Fe-Cr gradients across this crystalline boundary are clearly displayed in
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TABLE 5. Composition of Glass Phases Identified in Figures 76 and 77

Mole%
Phase--Figure 76 Phase--Figure 77

.. a

Element

Na

Mg

Al

Si

S

K

Ca

Ti

Cr

Mn

Fe

Ni

Zn

0

A

13.6

0

2.7

17.4

0.1

0.1

2.1

0

0

0.8

3.3

0.2

0.1

59.7

B

13.7

0

3.2

17.3

0.3

0.1

2.0

0

0.1

0.8

2.9

0.1

0.1

59.4

C

13.3

0

9.4

15.5

0

0.1

0.8

0.1

0

0.2

1.3

0

0.1

59.1

D

13.0

0

6.4

16.1

0

0.1

1.6

0.1

0.1

0.4

2.2

0

0.1

59.9

E

14.1

0

4.1

16.9

0.2

0.1

1.0

0

0.1

0.6

2.6

0.1

0.2

59.5

F

13.2

0

4.4

16.5

0.1

0.1

1.7

0.1

0.1

0.5

2.5

0

0.1

60.7

A

14.0

0

4.6

17.2

0.2

0

1.7

0

0.1

0.6

2.4

0.1

0.1

58.3

B

16.9

0

16.4

16.3

0

0.1

0.4

0

0.1

0

0.3

0

0

49.5

C

16.8

0

14.8

13.2

0.3

0

2.5

0.1

2.9

0

0.2

0

0.1

49.1

D

16.1

0

16.3

17.0

0.1

0.3

0.4

0

0.1

0

0.4

0

0

49.2

Figure 80. As the refractory is corroded by the glass (primarily by alumina

dissolution), the chromia content of the refractory is precipitated at the

point of dissolution. The glass phase present in this boundary layer serves

as the diffusion path for Al and Cr away from the refractory, and the Fe and

Ni oxides present in the glass combine with the Cr203 to form the spinels.

A particularly interesting feature of Figure 81 is the crystalline and

glass phase present in the large pore at left center. Table 7 lists the phase

composition at the positions indicated. This region is of interest because of

the uniformity of the phases present. Location A of the figure was represen-

tative of all of the crystals present in this band. This band is also much

more similar in composition with respect to the larger crystals (phase C) than

similar phases at the refractory/bulk glass boundary. This information, com-

bined with the relatively high Zn content of the phases present (Zn has not

been a component of the glasses produced with LFCM since May 1977; see Appen-

dix B) and the similarity of the glass compositions (phases B and D), indicates
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FIGURE 79. Spinel Crystals at Monofrax K-3/Glass
Interface

that this region was filled with glass very early ný the operating cycle and

had come to chemical equilibrium. The fact that chemical equilibrium is indt-,

cated in such a large pore relatively close to the glass contact face Implies

that glass penetration into the bricks will not lead to greatly accelerated

refractory corrosion.

From the data gathered during investigations of the Monofrax K-3 corro-

sion, it can be concluded that the refractory corrosion rate is directly

related to the ability Of theAl in-the bricks tot diffuse froM the corrosion

interface to the bulk glass. This conclusion is supported by the corrosion

pattern in the crack shown in Figure 77., Extensive crystal growth is apparent

at location A where alumina diffusion to the bulk glass would be most rapid,

but progressively fewer phases are present at B, C, and D. This corrosion

gradient is shown in Figure 82.

Therefore, to protect the Monofrax K-3.from glass corrosion, the alumina

diffusion away from the refractory surface must be minimized. This is best

accomplished by maintaining the layer of spinel crystals On the glass-contact
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TABLE 6. Composition of Phase of Monofrax K-3/Glass Reaction Zone Identified
in Figures 78 and 79

Mole%
Phase--Figure 78 Phase--Figure 79

Element A B C D E F A B C D

Na 16.3 0 0 15.5 15.2 0 0 0 0 0

Mg 0 0 0.8 0 0 0 0 0 0.7 0

Al 3.1 1.9 2.1 3.3 5.4 2.0 2.3 2.0 1.9 2.1

Si 20.2 0.5 0.7 20.5 20.0 0.8 0.8 0.7 0.6 0.8

S 0.2 0 0 0.2 0.1 0.1 0.1 0 0 0

K 0 0 0 0.1 0.1 0 0 0 0 0

Ca 2.2 0.1 0 2.2 1.8 0.1 0.1 0.1 0.1 0

Ti 0 0 0 0 0 0 0 0 0 0

Cr 0 1.7 7.8 0.1 0.1 9.4 12.4 11.2 6.6 1.0

Mn 0.9 3.8 3.3 0.8 0.6 3.6 3.5 3.1 2.8 3.8

Fe 3.1 24.3 17.9 2.6 2.0 13.3 11.8 13.6 18.8 24.3

Ni 1.1 12.3 10.3 0.1 0 8.0 7.5 6.4 10.4 12.3

Zn 0.1 0 0.2 0.1 0.1 0.4 0.4 0.3 0.1 0

0 53.8 55.4 56.9 54.6 54.5 62.3 61.2 60.7 58.0 55.6

faces. This spinel layer prevents convective mass transport at the refractory

face, thereby reducing the rate of alumina transport. Because this layer is

composed of discrete crystals suspended in a high-Al glass phase (higher Al

content in glasses implies increased viscosity at constant temperature), the

temperature of this layer is critical to the corrosion rate. Should the tem-

perature of this glass phase rise, thereby reducing the viscosity to the point

that the convective motion of the bulk glass could sweep it from the refrac-

tory face, the corrosion rate will be significantly increased. This effect

would also be magnified as both the diffusion rate and the velocity of the

convective currents present in the melter are strong functions of temperature.

7.1.2 Alfrax 66

During the melter disassembly the Alfrax 66 castable refractory was found

to contain many glass-filled cracks. Alfrax 66 corrosion was expected because
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FIGURE 81. Pore in Monofrax K-3 Core
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TABLE 7. Composition of
Pore of Figure

Phases Identified in Monofrax K-3
81

Mol e%
Phase

.5P
Element

Na

Mg

Al

Si

S

K

Ca

Ti

Cr

Mn

Fe

Ni

Zn
0

A

0

0

3.2

0.4

6

0

0.1

0.1

14.7

3.2

9.6

1.0

5.1

62.6

B

13.3

0

5.5

17.8

0.3

0.1

1.7

0.1

0.2

0.3

1.9

0

0.5

58.6

C

0

2.6

4.0

0.4

0

0

0.1

0.2

17.5

1.8

6.9

0.9

6.9

58.7

D

13.3

0

5.0

17.8

0.1

0.1

1.8

0.1

0.1

0.4

2.2

0

0.5

58.5

Alfrax 66 is almost entirely alumina (Al 203 ) and alumina solubility in the

glass has been demonstrated. The expected alumina dissolution of the Alfrax

66, combined with the decreasing temperature profile with distance from the

bulk glass, suggests that this refractory could stop glass penetrations, if

the glass is in contact with the Alfrax 66 long enough for alumina saturation.

Because glass migration through the Alfrax 66 layer was observed in the

LFCM (possibly due to development of the cracks early in the operating history

or due to cracking large enough for fresh (not Al-saturated) glass to flow

into the crack), samples of the fractured Alfrax 66 were removed from the

riser block region and from near the glass pool (discovered on the north wall)

to study the nature of the Alfrax 66 and the glass in the cracked regions.
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FIGURE 82. Enlargement of Areas A, B, C, and D on Figure 81
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W These samples were examined by SEM techniques to determine the magnitude of

the corrosion and the origin of the glass in the cracks.

The Alfrax 66 refractory is composed of a pure, crystalline A12 03 phase

* 00 suspended in a continuous phase of aluminum and calcium oxides. Figure 83

shows the Alfrax 66 microstructure. The light-gray region In the center is a

glass-filled crack. The glass phases in the samples investigated contained

FIGURE 83. Glass-Filled Crack in the Alfrax 66 from North Wall
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considerable quantities of Al, Zn, and devitrification products. The high Zn

conceftration supports the early crack formation hypothesis; therefore, the

glass would not have had sufficient time for alumina saturation, thUs preclud-

ing the crack plugging mechanism predicted.

From examination of Figure 83 it is apparent that the Ca phase is

attacked more: severely than are the alumina crystals, This can be seen by
comparing the fracture surfaces at the edge of the sample to the surfaces
exposed to the glass. At the sample edges, the majority of the: alumitna crys.

tal surfaces retain some of the continuous calcium oxide phase. The alumina

crystals at the glass-crack interface do not have this coating. Also, the

continuous phase appears to have been dissolved away from several of the crys-
tals, leaving the aluminum oxide phases jutting out into the glass. This

effect is more clearly seen in Figure 84 where a section of the Alfrax 66, has

4,

•C

0.5 )AM

FIGURE 84. Enlargement of Zone I, Figure 83
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m apparently broken away from the main body of the refractory. The glass has

preferentially dissolved the darker, Ca phase, leaving the alumina phase

behind. The major devitrification products found in the glass phase are

labeled in Figure 85, and the compositional data of the refractory, glass, and

devitrificatton phases are listed in Table 8.

This examination of the cracked Alfrax 66 does reveal corrosion of the

refractory. Based on the absence of significant quantities of alumina crys-

tals in the glass phase, which would result from substantial dissolution of
the continuous calcia phase, Alfrax.66 demonstrated good resistance to glass

corrosion. Therefore, Alfrax 66 can provide excellent long-term services as a

backup refractory, especially If the Alfrax 66 installation is designed with
the crack-reducing techniques described in Section 5.3,2.

D----

E-"

-- F

-G

"H.

ILI
O.5SYM

FIGURE 85. Typical Devitrification Phases in Alfrax 66
Crack, Zone II of Figure 83
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TABLE 8. Composition of Refractory, Glass, and Devitrification Phases of
Figures 84 and 85

Mole%
Phase

a .

Element

Na

Mg

Al

Si

S

K

Ca

Ti

Cr

Mn

Fe

Ni

Zn
Zr

La

Ce

Nd

0

A

0

0

44.7

0.5

0

0

0

0

0

0

0

0

0

0

0

0

0

54.8

B
1.1

0.5

2.8

11.4

0

0.1

2.1

6.8

0

0.7

1.9

0.3

0.4

0.7

4.3

0

1.3

65.5

C

0

0

25.7

0.3

0

0

2.2

0

0

0

0

0

0

0

0

0

0

71.8

D E F G H

14.5

0

4.2

17.6

0

0.1

1.8

0.2

0

0.6

2.0

0

0.4

0.1

0

0

0

58.4

0

0

2.5

1.1

0

0.1

0.1

2.2

8.0

3.8

8.6

3.2

3.2

0

0

0

0

66.4

9.2

1.2

1.5

21.7

0

0.1

3.1

0.2

0

0.8

7.7

0.5

0.1

0.1

0.5

0

0

53.9

18.8

0

11.5

14.4

3.0

0

0.4

0

0.2

0

0.6

0

0

0

0.1

0.1

0

50.9

0

0

7.9

2.4

0

0

0

0

0

0

0.8

0.1

0

1.7

0

26.7

0

60.4

7.2 CORROSION OF METALLIC MELTER COMPONENTS

Samples from the melter electrodes, riser plate, pouring tip, ionic boos-

ter electrode and bellows, and a section of offgas ducting were studied to

determine the mechanisms producing the corrosion observed.

7.2.1 Electrodes

The LFCM electrodes were fabricated from the Inconel 690 nickel-chromium-

iron alloy. Following their removal from the melter, the east primary and

secondary electrodes were sectioned near the centerline and a sample was

9
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P removed from each for detailed examination. Figures 86 and 87 are these
polished and etched samples.

Chromium is alloyed with steels to improve the oxidation resistance of
the alloy by allowing selective oxidation of the Cr ion at the corrosion

interface. The CrZ0 3 layer thus produced at the interface is relatively stable
and Impermeable to ox.ygen diffusion. This precludes further degradation of
the material. At high temperatures the formation Of the oxide layer creates a

region in the alloy that is chromium-depleted. This leads to diffusion of

chromium from the body of the material to the surface. This chromium diffu-

sion process continues until the chromium content of the alloy is depleted to
12 to 14 wt% (11 to 13 mole%) and the formation of a passivating layer is no

longer possible (Cowan and Tedmon, Jr. 1973).

Jim4

FIGURE 86. East Primary Electrode Reaction Zone
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FIGURE 87. East Secondary Electrode Reaction Zone I

To examine in detail the performance of the electrodes, the samples
removed from the east set of electrodes were analyzed by SEM techniques. As
the corrosion process is the same for the primary and secondary electrodes,

only the primary electrode is discussed here.

The effects of three years of exposure to borosilicate glasses are appar-
ent in Figure 88. The elemental composition of the areas marked on the figure
are listed in Table 9, along with the manufacturer's published composition for

Inconel 690.

As noted in earlier descriptions, the electrodes were found to be covered

with a layer of material that contained spinel crystals on the surfaces exposed
to the glass., Remnants of this layer are evident in Figure 88 and are labeled

as Area A. Based on the compositional data, this phase is primarily composed
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FIGURE 88. Enlargement of East Primary Electrode
Reaction Zone

of (Mn,Ni)(Cr,Fe) 2 04 spinels. Also, as Mn was detected only in trace quanti-

ties in the electrode base alloys, the presence of Mn indicates that this phase

was in contact with the molten glass.
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TABLE 9. Composition of Zones Labled in Figure 88

Mole% Metal far

Elemental Base Alloy from Reac-
Composition (Appendix A) A B C D E F G H tion Zone

Al 0.5 0.2 0.3 4.4 0.8 0.6 1.0 0.4 0.2 0.6

C 0.14 ---. . .. . ...

Cr 32.3 2.8 38.0 32.5 14.9 14.8 19.0 27.6 3.5 29.6
Fe 9.5 26.7 1.3 0.0 8.6 8.8 9.0 8.9 1.01 8.7
Mn --- 1.2 0.8 0.2 0.0 0.0 0.0 0.0 0.0 0.3

Ni 57.3 12.6 0.5 0.4 66.7 66.4 62.0 55.0 5.4 54.6

0 --- 55.9 58.9 58.8 7.0 7.7 7.3 6.7 48.1 4.0
Si 0.6 0.4 0.4 1.9 1.5 1.7 1.3 0.7 1.9
Ti 0.3 0.1 0.6 3.3 0.6 0.1 0.0 0.1 41.0 0.3
Fe/Ni 0.2 2.1 2.8 0 0.1 0.1 0.1 0.2 0.2 0.2

Cr/Ni 0.6 0.2 80.8 81.3 0.2 0.2 0.3 0.5 0.6 0.5

Area B of Figure 88 is composed of (Fe,Ni)Cr 2 04 and Cr203 . In this

region, the Fe exists only in the ferrous state. The most interesting aspect

of this layer is the decrease of the Mn concentration and the high Fe/Ni ratio
relative to the base metal. The high Fe/Ni ratio implies that the FeO present

in the glass diffuses across the outer layer and slowly forms the FeCr 204

spinel. This observation is supported by the large value of the diffusion

coefficient, 52 cm2 /s, for diffusion of iron through NiFe 2O4 over the tempera-
ture range of 850 to 11900C (Kubaschewski and Hopkins 1962). This data indi-

cates that the Fe, Mn, and Ni present in this layer came from the glass rather
than from the base metal. (The early formulations contained much greater quan-
tities of iron than of nickel or manganese; see Appendix B.) The high Cr/Ni

ratio shows that this is the passive chrome oxide layer predicted by corrosion

theory. This layer varies in depth from 'u30 to 50 Pm.

The presence of phase C is also predicted by corrosion theory. In aus-

tenitic metals (face-centered cubic-crystalline structure), the solubility of

carbon is low (<0.03% for an 18-8 stainless steel). The solubility limit
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of carbon decreases with increasing Ni content (Cowan and Tedmon, Jr. 1973);

therefore, for a 60-wt% Ni austenitic alloy, the solubility limit can be

expected to be very low. In alloys such as Inconel 690, where carbon is pre-

sent as an impurity, the excess carbon above the solubility limit accumulates

at the grain boundaries. Chromium, very reactive with carbon, tends to dif-

fuse to the boundaries and form carbides (Cr 23 C6 ). Formation of the chrome

carbides can leave a chromium-depleted zone near the grain boundary. This

process is termed "sensitization" and can lead to disastrous consequences if

the Cr content of the metal at the grain boundaries falls below the 12 to

14 wt% required for passivation. To prevent the formation of chromium car-

bides (Cr 2 3 C6 does not provide corrosion passivation), Inconel 690 includes

0.25 wt% titanium. The free-energy of formation of titanium carbide is more

negative than chromium carbide; therefore, the Ti phase forms preferentially.

This carbide model explains the high Ti concentration in phase C.

Because of the nature of the SEM, elements lighter than sodium are very diffi-

cult to detect; therefore, the oxygen concentration is obtained by subtraction,

and trace qualities of other light elements are probably present. Proceeding

with the assumption that all of the Ti is present as the carbide, and readjust-

ing the mole percentages to reflect this, phase C composition is TiC, MnO 2,

Al203, NiO, SiO2 , and Cr2 03. The Al present in the Inconel 690 alloy is added

to increase the corrosion resistance of the alloy, most notably to SO2

attack; therefore, increased Al203 formation at the grain boundaries is not

surprising (Kubaschewski and Hopkins 1962).

Regions D, E, F, and G of Figure 88 indicate the composition of the base

metal away from the reaction zone. The most notable features of these zones

are the randomly arranged voids and large gaps at the grain boundaries. These

voids arise from the diffusion of the Cr atoms to the reaction zones faster

than the austenitic lattice can fill the resulting vacancies. The vacancies

coalesce at the grain boundaries and lattice imperfections and form the voids.

This mechanism of subsurface void formation is the Kirkendall effect (Kroger
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1974). The assumption on which this effect is based is that different atomic

species can move at different velocities in an alloy. This difference in

species-diffusivity can be seen by comparing the Cr concentration in the alloy

with respect to position, Figure 89, to the constant Fe/Ni ratio for these
regions (Table 9).

The remaining phase, H (in Figure 88), is the alloy formed by the Ti

inclusions in the alloy. These inclusions are distributed throughout the

grains and are probably the nucleation sites for the in-grain Kirkendall voids.

7.2.2 Riser Plate

An Inconel 690 structural member, termed the riser plate, was placed

above the melter drain to reinforce the castable refractory (Alfrax 66) in the
region. This member was exposed to the ambient conditions above the melt for

the entire operating period. This component was selected for analysis because

the corrosion experienced at this location is probably representative of all

the Inconel components above the melt, such as the externally insulated lid. 4
A section of the riser plate was removed and examined by optical and SEM

techniques. Figure 90 is a picture of this sample. The swellinq at the bot-

tom and the rough edge are broken weldmelts.

The presence of the internal voids in the sample resembles the corrosion

of the electrodes, but a fundamental difference exists in the corrosion mechan-
isms. It is apparent from inspection of Fiqure 91 that a continuous layer of
Cr203 is not present and that base metal is exposed to the melter environment.

This is due to the low Cr concentration at the metal/gas interface. Examina-

tion of the compositional data presented in Table 10 reveals that the Cr con-

tent at the interface is very near the lower limit required for formation of

the oassivating layer. Figure 92 illustrates the concentration of Cr versus

depth into the riser plate.

Because the metal near the interface is deficient in Cr, and only isolated

pockets of Cr203 formation are evident, a mechanism for the removal of Cr spe-

cies must exist. This phenomenon is almost certainly tied to the temperature
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FIGURE 90. Section from LFCM Riser Plate

cycling inherent to the melter plenum. In this region, the nominal temperature
range is,8500 to 9500C, but during glass processing tests, the temperature
varies from about 1000 to 1°000C.

Among the possible chromium removal mechanisms are chromium dissolution

in condensed nitric acid during slurry feeding, formation of volatile chrome
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FIGURE 91. Enlar.gment of RIses Plate Riiftton Zone

chlorides, and formation of chromium crarbortyl. 'Cbdensed water vapor forming

on the riser plate during fully flooded slurylyfedihg tests Would react-wth

NOx (assuming an acid-feed solutlon) to f'orm (Itreic acf8. Chromtum 'coUld be

leached from the alloy by this acid S'Olutoft and then 'could 'drip onto thl cold

cap surface. Chloride Impurities a4e found'in the i(dk) 2-ompbund used' in

the HLW simulation. This chlorine could react with the chromium, producing a
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TABLE 10. Compositions of Riser Plate Reaction Zone Locations

Mole%

Elemental
Composition

Na

Mg

Al

Si

S

K

Ca

Ti

Cr

Mn

Fe

Ni

Zr

Mo

0

Fe/Ni

Cr/Ni

Base Alloy
(Appendix A)

0.5

0.3

32.3

57.3

0.2

0.6

A

0

0

1.72

0.31

0

0.08

0.14

0.61

33.97

0

0.42

0.30

0.09

0

62.37

1.40

113.2

B

0
0

1.98

1.90

0

0

0.22

0

11.71

0

6.77

49.37

0

0

28.05

0.14

0.24

C

0

0

1.80

1.58
0

0.1

0

0

11.13
0

6.16
41.29

0

0

37.93

0.15
0.27

D

0

0

2.45

1.57

0

0

0.11

0.009

18.01

0

6.73

43.42

0

0

27.61

0.15

0.41

E

0

0

2.36

1.46

0

0

0.23

0.19

21.62

0.08

7.10

42.79

0

0

24.17

0.17

0.51

F

0

0

2.37

1.58

0

0

0.12

0

27.37

0.18

7.59

46.64

0

0

14.16

0.16

0.59

Metal far
from Reac-
tion Zone

0.5

0.3
29.6

0.3

9.5
57.3

4.0

0.2
0.5

volatile species. Carbon monoxide formed during carbonate feed decomposition

potentially could react with the surface chromium to form chromium carbonyl

(Cr(Co) 6 ), which is also known to be a volatile chromium compound.

To test these hypotheses, several x-ray maps of the riser-plate samples

were completed (see Figure 93). In Figure 93, several localized Cr phases can

be seen near the surface. An x-ray map was performed for chlorine, but the

results were inconclusive. This was expected as metal chlorides generally have

high vapor pressures. If volatile Cr/Cl compositions were created, they cer-

tainly would have vaporized during the idling period before the melter shut-

down. Also, analysis of the high Cr phase does not predict Cr2 03 , but an alloy

with a higher 02 /Cr ratio. This is probably due to the residual oils (the

samples were polished using a light oil solution before the photomicroscopy)

a

0
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FIGURE 92. Chromium Gradient in Riser Plate Sample

present in this sample from the polishing process. As outlined earlier, the

oxygen concentration reported from SEM analyses is obtained from subtraction

of the total concentration of elements heavier than Ne from 100%. Therefore,

any residual hydrocarbons would be included in the oxygen concentration.

7.2.3 Pouring Tip

The melter pouring tip (the point at which the glass falls from the mel-

ter drain to the canister) was fabricated from Inconel 690. The glass is

poured down the face of the pouring tip along a machined groove. A sample of

the pouring tip was removed and then examined using the same methods as the

electrodes and the riser plate. Figure 94 shows the appearance and design of

the pouring tip. Some residual glass is evident in the notched section.

The actual corrosion of the base metal is similar to that found in the

electrodes and riser plate. The Kirkendal voids are evident in Figure 94, and
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FIGURE 94. Section of LFCM Pouring Tip

the metal displays a similar Cr-concentration profile as detected in the pre-

vious samples. The elements present in the various zones indicated in Figure

94 are compiled in Table 11.

As with the electrode, the pouring tip forms a protective layer of Cr

oxide at the surface of the metal. On this layer, the familiar (Ni,Mn)
0
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TABLE 11. Composition of Phases in Pouring-Tip Reaction Zone

Mole% in Reaction Zone:
.4

Elemental
Composition

Na
Mg

Al

Si

S

K

Ca

Ti

Cr

Mn
Fe

Ni

Zn

Mo

0

Fe/Ni

Cr/Ni

A

15.2

0

3.5

18.3

0.1

0.1

2.2

0

0.21

0.8

1.8

0.1

0.1

0

57.6

18

2.1

B C D E

8.9 0 0 0

1.7 0 0 2.37

0.6 1.0 1.12 3.49

22.6 0.96 0.54 2.05

0 0 0 0

0 0 0.08 0.13

3.7 0 0.15 0.13

0 0 0.57 0

0.3 1.36 36.36 21.14

1.1 3.37 1.65 0

7.0 25.75 0.60 8.63

0.9 12.67 0.72 57.15

0 0 0.14 0

0 0 0 0

54.89 54.89 59.56 4.91

7.78 2.03 0.83 0.15

0.33 0.11 50.50 0.37

F

0

0

2.13

1.86

0

0

0.13

0

19.64

0

8.91

59.14

0

0

8.18

0.15

0.33

G
0

0

2.15

2.06

0.33

0

0.26

0

24.02

0
7.65

57.27

0

0

6.26

0.13

0.42

Metal tar
from Reac-
tion Zone

0.6

1.9

Base AIloy
(Inconel 690)
(Appendix A)

0.5

0.3

29.6

0.3

8.7

54.6

1.9

0.2

0.5

0.3

32.3

9.5

57.3

0.2

0.6

(Fe,Cr) 2 04 spinel zone has formed. Attached to this phase, as well as precipi-
tating in the glass phase, is a crystalline material very similar to acmite
[(Na,Ce)(Fe,Mg,Mn,Ni)Si20 6].

7.2.4 Ionic Booster Electrode

The ionic booster electrodes were fabricated from 304L stainless steel
pipe. The electrodes were designed to be water-cooled, but pinholes (probably
in a failed weld) in the electrodes prompted forced-air cooling during the

final three months of operation.

Samples from one of the booster electrodes were removed and examined by
x-ray fluorescence. The samples were removed from two locations on the elec-
trode. The first sample was cut from a section of the stainless steel piping

and the second was removed from the weld zone where the piping was sealed.
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The welded zone was of particular interest as this area was especially brittle

following the electrode removal.

The probable corrosion mechanism for this specimen involves sensitiza-

tion, sigma (a) phase formation, and accelerated oxidation along the grain

boundaries. This mechanism is indicated by the analysis and also explains the

brittle failure of one of the electrodes at the weld zone on removal. The

course of events for this corrosion sequence is believed to be the following:

1. During the initial coolant failure the electrode remains in the sen-

sitization temperature range (5000 to 800 0 C) long enough for Cr2 3

C6 to form at the grain boundaries. As significant sensitization

can occur in less than an hour (Fontana and Greene 1978), it is

likely that the electrodes were largely affected in the time

required to vaporize the remaining coolant and climb to the plenum

temperature.

2. The electrodes idled at ambient plenum temperatures ("4000 C) for

several days. This temperature is too high for sulphate attack, but

encourages intergranular oxidation. Oxygen cracking in sensitized

304L stainless steel is also encouraged by minimal amounts of chlor-

ide (Sedricks 1979). Tracers of Cl were found on the metal sur-

face. This temperature is also too low to encourage rapid diffusion

of Cr back into the sensitized alloy.

3. Cooling was restarted and the metal was quenched, retaining the sen-

sitization.

4. A second cooling failure occurred, same events as #1, #2, and #3.

5. Cracking sufficient to produce visible cooling water leaks was

observed and the electrode coolant was changed to air. The air

cooling produced electrode temperatures of %400 0C. This tempera-

ture is too low for sulfide attack, but extended periods produce a

phase precipitate at the grain boundaries (Kubaschewski and Hopkins
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1962). The oxidized grain boundaries and r precipitates (a complex
chromium-iron compound) would produce the observed brittle failure.

This scenario is supported by the experimental results. The samples
examined are pictured in Figure 95. The results of the SEM analysis of
Areas A and B of Figure 95 are presented in Figure 96. These results show the

FIGURE 95. Corroded Ionic Booster Electrode
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FIGURE 96. Microprobe Analysis of Zones Identified on Figure 95
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0
high concentration of Cr relative to Fe (the elemental composition 304L is

presented in Appendix A). The high concentration of Cr at the surface is

indicative of severe sensitization.

The results of the weld zone sample analysis is plotted in Figure 97.

This analysis also shows very high Cr concentration, but Cl and many of the

melter feed chemicals (Si, Al, Ca, etc.) were also detected. The action of

the Cl is outlined above. The presence of the feed chemicals in abundance at

this location relative to the other sample suggests that this surface retained

traces of glass from some glass-foaming period.

7.2.5 Ionic Booster Bellows

The flexible metal bellows, designed to seal the ionic booster penetra-

tions in the melter containment, were corroded by a sulohidation mechanism, as

opposed to the high-temperature oxidation detected in the booster electrodes.

The bellows were exposed to the same operating temperature as the melter cover

plate (8000 to 9000C during idling, variable during operation) at the hot end,

with the temperature decreasing with distance away from the melter. The bel-

lows were also constructed of stainless steel 304L. On removal from the LFCM

the bellows had lost all elasticity and were partially covered with a yellow/

green precipitate.

Because the ionic booster penetrations were in the extreme northeast and

west corners of the cover plate, the bellows would have experienced relatively
cool temperatures during feeding periods. This low temperature would have

encouraged the condensation of melter volatiles, notably NaCl. Because of the
low temperatures, however, little corrosion would have occurred until the mel-

ter was returned to idling. Given these observations, most of the bellows,

corrosion would have occurred under dry, oxidizing ambient conditions.

Type 304L stainless steel generally exhibits good corrosion resistance to

sulphates at 800 0 C (Sedricks 1979) in the absence of a "triggering" species

(Donachie, Jr. et al. 1967). In this case, the corrosion is triggered by the

presence of the chlorine compounds. Sodium chloride that has condensed on the

alloy surface can react with SO2 to form Na2 SO4. These two salts (NaCl,
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0
Na2 SO4 ) then fuse to form a eutectic, and flux the protection Cr20 3 film from

the metal surface. After the protective film has been breached, the base

metal is exposed to the combined chlorine and sulfur attack. The action of

the chlorine is largely catalytic (McKay and Worthington 1946) and because the

metal chlorides that form have relatively high vapor pressures (Shrier 1976),

chlorine is generally not detected among the oxides. Chlorine also prevents

the formation of new passivating chromium phases (Speller 1951). The Ni reacts

with the sulfate forming NiO and NiS. Because sulfates do not form protective

films, the reactions continue until the entire base metal is consumed. Com-

plete reaction of the bellows accounts for the oresence of Na2 SO4 on the exte-

rior and the noted loss of elastic behavior.

Examination of the sample removed from the bellows, pictured in Figure 98,

revealed no general corrosion pattern. The deposits found on the bellows

exterior were determined to be mixed Na2 SO4, Cr2 S3, and Fe2 03. The results of

the SEM investigation of areas A, B, and C of Figure 98 are plotted in Fig-

ure 99. Figure 99 shows nearly complete depletion of Cr and Ni in area A,

nickel depletion and Na2SO4 deposits in area B, and chromium enrichment with

respect to the Fe concentration in area C. The only common feature of each of

the areas analyzed was the high iron concentration. This observation also

suggests sulfate attack, as the Ni and Cr will preferentially form sulfates.

Also, chromium chloride is more volatile than the iron chloride (Shrier 1976),

which would account for elevated Fe concentration.

7.2.6 Offgas Piping

The flexible sections of offgas pipinq connected to the oriqinal LFCM were

fabricated from various austenitic stainless steel alloys (generally 304L or

316) and provided many months of satisfactory service. These pipe sections

were replaced because of mechanical damage from the removal of glass or because

of entrained feed material blockages caused by corrosion.

The initial extended liquid feeding test with the rebuilt LFCM, however,

resulted in rapid failure of the offgas piping. The flexible length of Type
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FIGURE 99. (contd)

304 stainless steel piping failed after 168 h of exposure to idling conditions

and 106 h of liquid feeding. This failure was also caused by combined chlorine

and sulfur attack.

The major change in operating conditions for this meltinq test was the

use of the LFCM lid heaters to aid in evaporation of the liquid feed. This

resulted in offgas temperatures ranginq up to %650 0 C instead of the 1000 to

300 0 C offgas temperatures of previous liquid fed tests.

Samples removed from the failed ductwork contain measurable concentration

of both chlorine and sulfur. Figure 100 is a photograph of a typical section

of the corroded piping. The results of the SEM analysis of regions A, B, and

C of Figure 100 are presented in Figure 101. Each of these analyses show the

Cr and Ni concentrations considerably enriched relative to the Fe concentra-

tion. This result is expected for the following reasons: 1) as outlined in

Section 7.2.5, Cr and Ni are preferentially attacked by sulfur and chlorine,

2) under reducing conditions the exposed Fe would form FeO, and 3) thermal
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FIGURE 100. Sample of Corroded Offgas Ducting
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FIGURE 101. (contd)

cycling of the corroded alloy would result in spalling of the FeO because of

the difference in thermal expansion coefficients between FeO and Type 304L

stainless steel. The thermal expansion coefficient for 304L is 17.3 to

20.0 cm/cm C (see Appendix A) and is 12.2 cm/cm C for FeO (Hancock and Hurst

1974).

The corrosion mechanism for the offgas ductinq is slightly different from

the ionic booster bellows because the active corrosion for the former is

occurring under reducing conditions. Under these conditions and the rela-

tively high operating temperatures, nickel alloys are susceptible to acceler-

ated sulphate attack. In this case, the Cr203 layer is reduced to form

Cr2 SO3 . The sulfate layer formed is less protective than the original oxide

film, and tends to form globules rather than films in a corroded alloy

(Kubaschewski and Hopkins 1962). This exposes the chromium-depleted region

behind the original chromate layer to corrosion by sulfur and chlorine species.
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The chlorine tends to react with the freshly exposed chromium metal to further

inhibit the formation of a continuous passivating chromium phase.

Under reducing conditions, the nickel in the alloy reacts with sulfur to

produce a Ni3 S2 eutectic. This compound melts at 645 0 C (Sedricks 1979) and is

very active at the grain boundaries, exposing metal far from the metal/gas

interface to corrosion. This eutectic nickel sulfide also attacks the remain-

ing Cr2 03 phases, producing new corrosion sites at the interface. Type 304

stainless steel is known to be prone to severe degradation under these

conditions.

7.3 STRUCTURAL INTEGRITY

The results of the refractory stress analysis do not predict the magni-

tude of cracking observed in the LFCM Monofrax K-3. The discrepancy between

the predicted and observed cracking is due to several factors, including

unavailable refractory fracture mechanics properties, difficulty in determin-

ing the degree to which the Monofrax K-3 is restrained from free thermal expan-

sion, and the two- versus three-dimensional modeling of the refractory.

The north and south meltinq cavity walls, pictured in Figures 30 and 31,

are extensively cracked, yet the only stress prediction to indicate stresses

above the 20,000 psi ultimate strength of the Monofrax K-3 is the stress pro-

file of Figure 62. The low stress profiles predicted may be due to the

assumed values for Young's Modulus and Poisson's ratio. Also, the effect of

the operating temperature on these and other material characteristics were not

considered. Inadequate data may affect not only the calculated stresses, but

also the calculated stress required to cause refractory cracking.

The effect of restraining the thermal expansion of the refractory in the

vertical direction can be clearly seen by comparing the predicted stress in

Figure 62 to the other stresses predicted in that section. All of the other

predictions are based on free vertical expansion. Clearly, with the Alfrax 66

cast above the Monofrax K-3 and the lid installed above the Alfrax 66, no ver-

tical restraint is an invalid assumption. Although the actual deqree of
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restraint may be difficult to model, predictions closer to Figure 62 are prob-

able. This would account for much of the observed cracking.

The assumption (required for the calculations performed) that the thermal

gradients are constant in the third dimension is another source of error in

the predicted stresses. This is especially true for stresses caused by the

heated riser region calculated for the south wall. This heat source located

in the middle of the south wall and above the glass level produces thermal

profiles significantly different from those produced in the north wall. The

most important change in the prediction from including this temperature gradi-

ent would be a change in the direction of the isotherms. With this addition,

the isotherms for Cuts #1 and #2 would tend to intersect the refractory/qlass

interface at some vertical angle rather than parallel, as the current model

predicts.

This change in the thermal profile has profound effects. This is the

explanation for the destructive cracking evident on the south wall, whereas

the north wall is also extensively cracked but remained intact. Norton (1949)

discusses at length the tendency for refractories to propagate cracks along

the directions of the principal stress when undergoing rapid cooling. The

principal stresses are parallel and perpendicular to the isotherms. There-

fore, the cracks in the south wall would tend to create sections of the bricks

that would fall out of the wall, but the cracked brick sections would remain

in position in the north wall. This effect is diagrammed in Figure 102.

Two other results are predicted by the stress analysis. The various

stress predictions presume relatively high stresses in the Alfrax 66 layer

around the base of the riser blocks. This accounts for the extensive cracking

in this region. The analyses also predict large tensile stresses in the Zirmul

layer, yet this region was found to be intact. This contradiction is due to

the fact that the Zirmul layer is not continuous, but is composed of many dis-

crete bricks. Therefore, under tensile stresses, the bricks would separate

and negate the effects of the stresses.

0
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7.4 COMPARISON WITH OTHER MELTER CORROSION EXPERIENCE AT PNL

This section compares the results of this investigation with published

results of similar studies.

7.4.1 Electrode Corrosion

Corrosion of Inconel 690 electrodes installed in the Calcine-Fed Ceramic

Melter (CFCM) at PNL (Dierks et al. 1980) and in a melter at the Idaho National

Engineering Laboratory (INEL) (Gombert and Donq 1980) were compared with this

study. The electrodes in the CFCM were reported to have demonstrated excellent

overall service. These electrodes were found to exhibit slight rounding of

machined edges at the metal line, but this was the only deleterious effect

observed. Weld zones of these electrodes were not visually affected by the

exposure to glass attack for about two years.

The electrodes of the INEL melter were reported to have experienced more

severe attack than was observed in the LFCM. These electrodes were reported

to demonstrate a 0.88 mm/mo metal loss. The higher corrosion rate of the

electrodes is probably due to several differences in operating procedures such

as using glasses with different wastes and higher waste loadings, higher elec-

trode current density (0.62 A/cm2 compared with typical idling current den-

sity of 0.34 A/cm2 for the LFCM primary electrodes), higher operating
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temperatures (1100 0 C compared to the LFCM limit of 1050°C), and several com-

plete operating to ambient temperature cycles that may have caused spalling of

the protective film produced on the electrode faces. Each of these variables

could increase the electrode corrosion rate. This report describes a similar

corrosion mechanism as detected in the LFCM.

7.4.2 Metals Exposed to Glass Vapor Attack

Dierks et al. (1980) reports corrosion of the CFCM Inconel 601 lid by

sulfur and chlorine. Examination of the photomicrographs of the corroded

Inconel 601 lid reveals similar corrosive action as detected in the LFCM ionic

booster bellows. The corrosion photomicrographs show classic sulfidation.

The chromium present at the outer edge of the corroded specimen indicates that

a protective film existed at some time. The metal behind the outer layer was

depleted in Cr and was readily attacked by the sulfur. The most important

feature of the micrographs is the Ni and Fe zones in the corroded zone with no

sulfur present. This indicates that this is likely a spinel (NiFe 204 ) and

therefore shows oxidative attack.

The lid of the LFCM does not show signs of this corrosion mechanism, nor

does the riser plate. This is because the LFCM lid was insulated on the out-

side, whereas the CFCM was internally insulated. Therefore, during idling the

LFCM lid operated at%9000 C, which is too hot for significant sulfide attack.

Conversely, certain locations on the CFCM lid were at temperatures that pro-
moted sulfide corrosion.

7.4.3 Refractories

Two major differences between the condition of the Monofrax K-3 in the

LFCM and CFCM are immediately apparent. The first is the extent to which the

LFCM refractory was cracked. Only minor cracking was observed in the CFCM.

Varying construction and operational procedures may account for this dif-

ference. The Monofrax K-3 blocks in the CFCM design were not restricted from

expanding vertically. The stress analysis section of this report shows the

low refractory stresses created with this design concept. Another construc-

tion difference between the melters is the course of Zirmul blocks in the
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walls of the CFCM. This additional layer of insulation would have produced

smaller thermal gradients in the Monofrax K-3, which would lead to reduced

.4 cracking.

Two major differences in the oDerating histories of the melters would

also produce lower refractory stresses in the CFCM and thereby cracking. The

simulated HLW was always added to the CFCM as a calcined product. Thus the

CFCM was not subjected to the thermal shock of liquid-feeding initiation. The

second operational difference was the respective melter startups. The CFCM

was heated to operating temperature over a period of approximately 75 h com-

pared to roughly 22 h for the LFCM. This also would produce lower thermal

stresses in the CFCM refractories.

The other major difference in the melter conditions is the extent that

the CFCM bricks were corroded compared to those the LFCM. The CFCM was

severely corroded in the region of the riser drain inlet nozzle, and the

Monofrax K-3 was generally corroded to a greater extent than the LFCM. The

CFCM riser was corroded by a mechanism known as upward drilling (Dierks et al.

1980). Because the LFCM rise design was based on an inclined riser inlet, no

surface that could trap gas bubbles was present; therefore, upward drilling

corrosion was precluded.

Although the respective analyses have shown similar mechanisms for the

dissolution of the Monofrax K-3, the CFCM displayed considerably more general

corrosion of the glass-contact faces. This is almost certainly due to the

period that the CFCM was operated with >1200 0 C glass temperatures. At this

elevated temperature, the protective spinel layer that forms on the bricks

would be removed by convective glass motion and enhanced Monofrax K-3 dissolu-

tion would be expected.

The CFCM examination document also indicated good resistance to glass

attack by the Zirmul and Alfrax 66 refractories. The CFCM design also used

Zirmul as the refractory installed behind the Monofrax K-3 and no major corro-

sion was reported. The Alfrax 66 cast in the CFCM contained much less crack-

ing than it did in the LFCM. This is probably the result of the more conserva-

tive melter startup procedure of the CFCM described above.
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TABLE A.I. Composition of LFCM Construction Materials

Element

Al

C

B

Cr

Fe

Li

Na

Ni

Mn

Mg

Si

Ti

Zn

P

S

Mo

Cu

C

Zr

Total

Oxide Alfrax 66

Al 203  96

CaO 4

8203 ---

Cr2 03  0.1

Fe2 03 ---

Li20 -

Na20 ---

NiO ---

MnO 2

MgO Trace
SiO2 --

TiO 2

Na2 SO4

ZrO2 ---

Typical
60Incone 1a601, wt% a)

0.48

0.15

16.8

14.1

60.0

0.20

0.16

0.34

0.20

0.30

0.03

92.7

Typical
Incone]

690, wt%4a)

0.25

30.0

9.5

60.0

0.25

0.03

100.03

Typical
316 SS
wt%(a)

16-18

Ba I ance

10-14

2.0

1.0

0.045

0.03

2-3

0.08

Typical
321 SS
wt%(a

17-19

Balance

9-12

2.0

1.0

0.045

0.03

3-4

0.08

Typical
304L SS
wt%(a)

18-20

Balance

8-12

2.0

1.0

0.045

0.03

0.03

Monofrax
K-3, wt%

44.0

0.18

19.0

5.85

0.20

0.06

3.71

0.60

0.16

71.8

Duraboard

51.7

0.15

Trace

0.3

47.6

Zirmul
Refractory,

wt%

70.0

10.2

19.5

99.8

(a) Metallic wt%.



TABLE A.2. Properties of the LFCM Construction Materials

Monofrax K-3

Alfrax 66

Zirmul

Duraboard

Inconel 690

Inconel 601

Stai.nless Steel 304L

Density, Porosity,
g/cc %____

3.9 4

2.72 _- _(a )

3.14 10 - 1 5 (a)

0.46 86

8.19 0

0

7.34 0

Thermal
Expansion, cm/cmOK

x 106
1000C 5000C i000oC

5 6.2 10.0

8 8 8

5 6 7

14.1 15.2 17.4

13.8 15.2 17.8

17.3 18.4 20.0(b)

Thermal
Conductivity, W/mOK

00occ 500 0c 10000c

4.19 3.77 3.69

0.26 0.19 0.16

0.20 0.18 0.17

13.5 21.0 30.1

12.7 19.5 27.8

15.5 22.5 3 2 .0 (b)

Electrical Resistivity, -cm

1000 C 5000c O00ooc

20,000 300

--- --- 3000

10,000 10,000 10,000

1.16 x 10-4 1.24 x 10-4 1.27 x 10-4

1.23 x 10-4 1.20 x 10"a 1.30 x 10-4

0.79 x 10-4 1.06 x 10-4 1.25 x 10-4

(a) Alfrax 66 is a castable refractory, therefore porosity will vary from application to application.
(b) Extrapolated value.

a
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LFCM RUN SUMMARY (1)

Feed
Run No. Date

2/9/77

2/9/77

2/11/77

3/8/77

Composition

Cullet

NaOH

Cul let

76-101 4% Na and 4% Ca (see Run 1)

Amount

815 kg

45 kq

442 kg

45 kq

Glass Poured, kg Duration of Run

Startup

Startup

45 kg Test Run

1 3/10/77 76-101 Premelted Frit, wt%

SiO2  54.9

B203 13.1

Ma 20 10.3 92 wt%

ZnO 6.85j

CaO 2 .76J

TiO2  4.0

Additives, wt%

Na2 O(Na2Co3 ) 4.0

CaO(CaO3 ) 4.0

3/15/77 76-101 Frit +4% Na, +4% Ca (see Run 1)

3/16/77 76-101 + 4% Na + 4% Ca (see Run 1)

3/18/77

3/29/77

4/8/77 76-101 Premelted Frit, wt%

SiO2  32.7

B203 7.781

Na2O 6.14 54.8 wt%

ZnO 4.081

CaO 1.641

T1O 2 2.44)

74 kg

'v91 kg

Run Aborted, Feeder Failure

33 kg, Tilt Pouring Test

22 kg

205 kg

)
2 366 kg--Remainder in

the Feeder



LFCM RUN SUMMARY (2)

Feed
Run No. Date Composit ion Amount Glass Poured, kg Duration of Run

2 (contd) Additives, wt%

B2 0 3 (H3 B03 )

CaO (lime)

Na20 C(NaNO3)

PW-4b Synthetic. wt%

P2 05 (Na3 PO4.12H 20?)

K20

Cr2 0 3

Fe 20 3

Co20 3

NIO

SrO(Sr(N0 3 ) 2 )

ZrO2
MoO3

CdO

TeO2

BaO

RE2 03

4/12/77 See Run 2

13.8
3.45

2.99)

0.45

1.05

0.24

2.27

0.22

0.72

0.73

3.56

4.41

0.07

0.50

1.08

9.80

20.2 wt%

25 wt%

I'
r•j

Remainder in Feeder 93 kg

3 4/22/77 1M HNO3 Liquid Slurry @ 378 L/MTU

76-101 Premelted Frit, wt%

SiO2 33.1

B2 03  7.88
Na 20 6.21

ZnO 4.13

CaO 1.66 75 wt%

TiO2  2.47

Additives. wt%

B2 03 (H380 3 ) 13.7

CaO (lime) 3.0

Na2 0(NaN0 3 ) 3.0

195 L

50 L/h

,u363 kg ?

T f 0
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LFCM RUN SUMMARY (3)

Feed
ComDOsitionRun No. Date

3 (contd)

Amount Glass Poured, kg Duration of Run

PW-4b Waste

PW-O

Ag2 0(AgNO 3 )

BaO(Ba(NO3 ) 2)

CdO(Cd(NO 3 ) 2 .4H 2 0

CoO(Co(NO3)2 " 6H120

Cr2 03 (Cr(N0 3 ) 3" 9H20)

Fe2 03 (Fe(NO3 ) 3.9H20)

K2 0(KNO3 )

Na2 0(NaNO 3 )

NiO(Ni(NO3 )2 ,6H 2 0)

SrO(Sr(N0 3 ) 2)

ZrO2 (ZrO(NO 3 ) 2 -2H 20)

Ce2 03

RE 203
2oo3MoO3

Te2 0

P2 0 3 (12.1M_ H3 PO4 )
K2 0(KNO 3 )

wt%

0.06

1.02

0.06

0.20

0.23

2.14

0.74

0

0.68

0.69

3.22

2.45

6.86

4.08

0.45

0.40

1.16

25 wt%

"3

4 4/26/77 It HNO.3 Slurry @ 378 L/MTU

Fritwt%

76-101 Premelted Frit 58.

82 03 (H3 B02 ) 14.

CaO (lime) 3.

Na20(NaNO3 ) 3.

Waste, wt%

PW-O 20.

%140 L @ 117 L/h 34 kg 1.2 h

1

14

14
.14)

6

43

38

79 wt%

21 wt%TeO
2

p 205 ( 12.IM H 3P04)

0.

0.



LFCM RUN

Feed

SUMMARY (4)

Run No. Date

5 5/3/77

5/13/77

5/14/77

Composition

PW-4b Calcine and Frit (see Run 2)

PW-4b Calcine and Frit (see Run 2 + about
75 lb Cullet)

Amount
183 kq--Remainder in
Feeder

Remainder in Feeder
+ "34 kq

Glass Poured, kq Duration of Run

"%227 kg

None

Demonstration for Vienna
TV n-32 kg?

6 5/18/77 ilM HNO, Slurry
Frit, wt%

SiO2  32.3

Na20(NaN0 3 ) 11.8

B20 3 (H3 B03 ) 21.1 76 wt%

ZnO 4.03

Ti0 2  2.41

Waste, wt%

PW-O 22.9

TeO2  0.48 24 wt%

P2 0 5 (12.1M H3 P0 4 ) 0.42 j

5/27/77 76-101 + NaNO3 + H 3BO3 + CaO (see Run 2) +
PW-7a Calcine

6/1/77 76-101 + NaNO 3 + H3803 + CaO (see Run 2 +
PW-7a Calcine

6/6/77 76-101 + NaNO 3 + H3803 + CaO (see Run 2) +
PW-7a Calcine

6/8/77 IM HNO3 Liquid Slurry (see Run 6)

6/17/77 76-101 + NaNO 3 + H3 BO3 + CaO (see Run 2) +
PW-7a Calcine

%.500 L @ 100 L/H

,-54 kg

n-45 kq

"45 kg

420 L @ 84 L/h

%23 kg

-.14 kg

".200 kq 5 h

None

".5 kg

7 n.136 kg 5h

1/2 h

6/18/77

6/21/77

9 kg

9 kg76-101 + NaNO 3 + H3 BO3 + CaO (see Run 2) +
PW-7a Calcine

U

0
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LFCM RUN SUMMARY (5)

Feed
Run No. Date Composition

1-H 7/7/77 Hanford Waste With Radionuclide Removal--
Chemical Form Undefined

Feed Amount Glass Poured, kg Duration of Run

454 kg @ 220 lb/h 454 kg 4-1/2 h

Glass, wt

CeO3 1.0
P20 5  1.99

Bi205 1.17

MnO 2 0.70

TiO 2 0.23

Al2 03 8.20

Compositi on,
wt%

Fe2 03 4.1

Ni2O3 0.82

Cr20 3 0.47

SrO 2.58

CaO 0.70

Na20 16.29

Glass
Formers, wt%

SiO2 47.53

8203 9.92

2-H 7/11-7/15 Hanford Waste With Radionuclide Removal (see
Run 1-h)

8765 kg @ 93 kg/h 6804 kg

-.45 kg

86 h

7/26/77-
7/29/77

Hanford Waste With Radionuclide Removal 545 kg @

U, 3-H 8/1/77- Hanford Waste Without Radionuclide Removal
8/2/77 Sio 2  55.0 CaO 0.73

Na2 O(NaNO3 ) 20.0 Cr2 0 3  0.13

8203 7.0 Fe2 03  0.25

Al2 03 (AI(OH) 3 ) 6.3 CeO 0.08

Li 2 O 4.25 MnO 2  0.08

TiO2  4.25 Ni 20 3  0.08

P2 05 (Na3PO4 12H 2 0) 1.7 ZrO2  0.08

8/11/77 Hanford Waste w/o RR (see Run 3-H)

,499 kg @ Q32 kg/h

n-91 kg

731 L @ 73 L/h

,-91 kg

2455 kg @ 22 kg/h

531 kg 15 h

2 h

10 hDLF-8 8/15/77

8/19/77

IM HNO3 Liquid Slurry (see Run 6)

Hanford Waste w/o RR (see Run 3-H)

103 kg

Very Little

8/22-9/1 Savannah River Waste 2280 kg 113 h



LFCM RUN

Feed

SUMMARY (6)

Run No. Date

DLF-8
(contd) Calcine, wt%

Fe 2 03  13.47

A120 3  7.97

MnO2 3.59

NiO(NiCO3 ) 1.57

CaO(CaCO3 ) 0.9

Na2 0(Na 2 C03 ) 11.4

posi tion

Frit (Pre-
melted), wt%

SiO2  38.1

Na2 0 2.0

8203 7.25

TiO2  7.25

Li 2 0 2.9

CaO 3.6

Amount Glass Poured, kg Duration of Run

SRL-2 9/8/77 Savannah River Waste

Calcine, wt%

Fe2 03  13.47

Al203  7.97

MnO2  3.59

NiO 1.57

CaU(CaC0 3 ) 0.9

Na2 0(Na 2 C03 ) 11.4

10/5/77 76-199 Frit (see Run

399 kg 241 kg 6.2 h

Frit (Unreacted). wt%

SiO2  38.1

Na2 0(Na 2 CO3 ) 2.0

B2 03 (H3B03 ) 7.25

TiO2 7.25

Li 20(LiOH.H 2 0) 2.9

CaO(CaCO3 ) 3.6

LF-1I) 91 kg

DLF-9 10/6/77 132 lb of Savannah River Waste (see Run
SRL-1) + 18 L of 55.5 wt% HNO3 + Water
for Every 100 L of Liquid Feed

DLF-10 10/10/77 Composition of DLF-9, Except the Last 110 L
had 9.1 L of 55.5 wt% HNO3 Added to Every
100 L of Feed, for a IM HN03 Solution

190 L @ 114 L/h

273 L @ 67 L/h

98 kg

147 lb

None

85 kg

16 kg

10 kg

65 kg

1 h, 40 min

4.1 h

10/11/77

10/12/77

10/13/77

10/25/77 76-199 Frit 45 kg

A *
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LFCM RUN SUMMARY (7)

Feed
Run No. Date

LF-11 11/2/77

Composition

2M HNO 3 Liquid Slurry of PW-7a Waste and -200
Mesh 76-199 Frit

76-199 Premelted Frit

Oxide wt%

SiO2 35.4

Amount Glass Poured, kg Duration of Run

81L @ 54 L/h None 1.5 h

5203

TiO2

A1203
Na20

K2 0

CaO

CuO

PW-7a Liquid Waste

PW-O + PW-7a-2m

A92 0(AgNO3 )

BaO(Ba(N0 3 ) 2 )

CdO(Cd(ND3 )2 .4H 2 0)

CoO(Co(NO3) 2 -6H2 0)

Cr2 03 (Cr(N0 3 ) 3 "9H20)

Fe2 03 (Fe(N0 3 ) 3 -9H2 0)

K2 0(KNO 3 )

Na2 0(NaNO3 )

NiO(Ni(NO3 ) 2 -6H2 O)

SrO(Sr(NO3 ) 2 )

ZrO2 (ZrO(NO3 ) 2 -2H20)

Ce203
RE2 03

MoO 3

P2 05 (12.1M H3 PO4 )

Te0 2

11/3/77 76-199 Frit

9.3

6.0

1.0

8.0

2.0

2.0

3.0

wt%

0.04"

0.76

0.05

0.14

0.17

2.38

0.55

3.33

0.50

0.51

3.01

4.97

10.28

3.07

3.15

0.36

67 wt%

33 wt%

45 kg 26 kg



LFCM RUN SUMMARY (8)

Feed
Run No. Date

LF-12 11/4/77

LF-13 11/8/77-
11/11/77

See Run LF-11

See Run LF-11

Composition Amount

460 L @ 98 L/h

Glass Poured, kg Duration of Run

224 kq 4.7 h

1050 L @ 97 L/h

11/17/77

11/18/77

447 kg

1 kg

72 kg

158 lb

10.9 h run time
over period of
3 days

LF-14 11/22/77 Glass Formers

Oxide (Form)

Sio 2 (S102)

B2 03 (H3 BO3 )

TiO2 (TiO 2 )
Al 2 03 (Al 2 03 )

Na2 O(NaNO3 )

O K2 0 (KNO 3 )

CaO(CaCO 3 - Ca(N0 3 ) 2 )

CuO

130 L @ 110 L/h 1.2 h

wt%

35.4

9.3

6.0

1.0 67 wt%

8.0

2.0

2.0

Not
Available

PW-7a Liquid Waste (see Run LF-11,
11/2/77)

11/28,'77 31 lb

LF-15 11/28/77 Batch Chemical Glass Formers and PW-7a
Liquid Waste (see Run LF-14)

11/77 ---

11/77 ---

11/77 ---

60 L @ 100 L/h 35 min

5 kg

4 kg

463 kg

11/77

11/77

76-199 Frit (see Run LF-11)

76-199 Frit

215 kg

227 kg

*



LFCM RUN SUMMARY (9)

Feed
Run No.

LF-15
(contd)

Date

11/77

11/77

11/77

Composition

76-199 Frit

Amount

34 kq

Glass Poured, kg Duration of Run

8 kg

24 kg

'.0

LF-16 12/13/77 Batch Chemical Glass Formers and PW-7a
Liquid Waste (see Run LF-14)

LF-17 12/28/77 76-199 + PW-7a in 2/1 Ratio

1/3/78 ---

1/6/78 76-199 Frit

1/28/78 76-199 Frit

1/30/78 ---

2/1/78 --

2/13/78

2/14/78 ---

2/21/78 ---

2/22/78 ---

3/6/78 Washout Frit

3/13/78 76-101 - 87 wt% (see Run 2)

Na2 O(Na 2 CO3 ) 4 wt%

CaO(CaCO3 ) 4 wt%

B2 03 (H3 B03 ) 5 wt%

3/14/78 Washout Frit (see 3/6 to 3/13/78)

ý-60 L @ 65 L/h

133 L @ 30 L/h

159 kg

45 kg

1719 kg @ 66 kg/h

62 kg

41 kg

79 kg

29 kg

,,-10 kg

159 kg

142 kg

56 kg

67 kg

1200 kg

55 min

4.4 h

1.1 h

1.9 h

1.1 h

1.0 h

26 h

286 kg @ 119 kg/h 146 kg 2.4 h



LFCM RUN SUMMARY (10)

Feed
CompositionRun No. Date

SRL-3 3/15/78-
3/22/78

Amount Glass Poured, kg Duration of Run

4140 kg @ 47 kg/h 3430 kg 89 hSavannah River
Composite Glass Composition in Chemical
Form, wt%

SiO2 39.4

Na2 O(Na 2 CO3 ) 13.8

TiO2  7.5

82 03 (HB03) 7.5

CaO(CaC0 3 ) 4.6

Li 2 O(Li 2 C03 ) 3.0

Fe2 0 3  8.4

Al203  12.3

MnO 2  2.8

NiO 0.6

Na2 O(Na 2 SO4 ) 0.1

C

SRL-4 3/31/78 Glass Formers, wt%

Si0 2  39.4

TiO 7.5

Na2 0(Na 2CO3 ) 4.1

B2 03 (H3 B03 ) 7.5

CaO(CaCO 3 ) 3.7

L02 0(Li 2 C03 ) 3.0

Spray Calcined Waste. wt%

Na2O(Na 2 CO3 ) 9.8

CaO(CaCO 3 ) 0.9

Fe 20 3 (Fe(OH) 3 ) 8.4

Al 20 3 (AI(OH) 3 ) 12.3

MnO 2  2.8

NiO(Ni(OH) 2 ) 0.6

Na2o(Na2 SO4 ) 0.1

479 kq @ 84 kg/h 414 kg (389 kq theoretical) 5.7 h

is *
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LFCM RUN SUMMARY (11)

Feed
Run No. Date

SRL-5 4/4/78

Composition

Glass Formers. wt%

Si0 2 (Si0 2+CaSi0 3 ) 39

TiO 7

Na2 O(Na 2 B4 0 7+Na,2 CO3 ) 4

82 03 (Na2 B4 0 7 ) 7

CaO(CaSiO3 ) 3

Li 2 O(LiOH.H 2 0) 3

Soray-Calcined Waste. wt%

See Run SRL-4 34

Amount Glass Poured, kg Duration of Run

435 kg @ 75 kg/h 372 kg (401 kg theoretical) 5.8 h

.4

.5

.1

.5

.7

.0

.9

I.-

SRL-6 4/5/78 Glass Formers

218-Premelted Frit, wt%

SiO2

TiO

Na2 O

B203

CaO

Li20

415 kg @ 76 kg/h

39.4

7.5

4.1

7.5

3.7

3.0

395 kg (401 kg theoretical) 5.5 h

Spray-Calcined Waste, wt%

See Run SRL-4 39.4

SRL-7 4/6/78 Glass Formers

21-Premelted Frit, wt%

SiO2

TiO

Na2 0

8203

CaO

Li20

461 kg @ 88 kg/h 451 kg (455 kg theoretical) 5.2 h

39.4
7.5

13.9

7.5

3.7

3.0



LFCM RUN SUMMARY (12)

Feed
Run No. Date

SRL-7
(contd)

Composition

Spray-Calcined Waste, wt%

CaO(CaCO3 ) 0.

Fe2 03(Fe(OH) 3 ) 8.

Al2 0 3 (Al(OH) 3 ) 12.

MnO2  2.

NiO(Ni(OH) 2 ) 0.

Na2 O(Na 2 SO4 ) 0.

Amount Glass Poured, kg Duration of Run

9

4

3

8

6

1

SRL-8
& 9

4/11/78 Glass Formers

21-BX-Premelted Frit, wt%

SiO2  39.4

Na2 0 4.1

B2 03  7.5

CaO 3.7

Li 2 0 3.0

800 kg @ 91 kg/h 794 kg (773 kg theoretical) 8.8 h

.- Eliminated inRun SRL-9
Chemicals, wt%

TiO 7.5

Spray-Calcined Waste, wt%

See Run SRL-4 39.4

SRL-10 4/12/78 Glass Formers

218-Premelted Frit, wt%

See Run SRL-6

Soray-Calcined Waste (TNX), wt%
Awaiting Chemical Analysis

4/13/78 76-199 Premelted Frit

457 kg @ 80 kg/h 460 kg (441 kg theoretical) 5.7 h

91 kg

k b W b t q
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LFCM RUN SUMMARY (13)

Feed __ _________ _

Run No.

76-101
Flushout
Run

Date Composition

4/19/78- 76-101 Premelted Frit 87 wt%
4/20/78 Na2 O(Na 2 C03 ) 4 wt%

CaO(CaC0 3 ) 4 wt%

B203 (H3 B03 or B2 03 ) 5 wt%

5/26/78 76-199 Premelted Frit

6/2/78 76-199 Premelted Frit

6/6/78 76-199 Premelted Frit

Feed Amount Glass Poured, kg

2877 kg @ 85 kg/h 2914 kg

Duration of Run

33.5 h
(Includes 4 h
Shutdown)

136 kg

23 kg

91 kg

64 kg

137 kgLF-21 6/9/78 73-1 Premelted Frit +PW-4b (2M FIN03 ) Waste
in a Glass Weight Ratio of 2.75/1.0

wt%
73-1 Premelted Frit Oxide

SiO2  27.1

ZnO 21.2

B2 03 11.1

CaO 1.5

MgO 1.5 73 wt%

K2 0 4.0

Na2 0 4.073

SrO 1.5

BaO 1.5

-450 L @ •54 L/h 8.4

PW-4b Waste (2.M HN03 )-

PW-O

Ag2 0(AgNO3 )

BaO(Ba(N03)2)

CdO(Cd(NO 3 ) 2 .4H 20)

CoO(Co(NO3) 3 -6H 20)

wt%
Oxide

0.06

1.11

0.07

0.20



LFCM RUN SUMMARY (14)

Feed
Run No. Date

LF-21

Composition

Cr2 03 (Cr(N0 3 ) .9H 2 0 0.24

Fe2 03 (Fe(N0 3 ) .9H 2 0 2.34

K2 0(KN0 3 ) 0.81

NiO(Ni(NO3 ) 2 ,6H 2 0) 0.74

SrO(Sr(N0 3 ) 2 ) 0.75

ZrO2 (ZrO(NO 3 ) 2 -2H2 0) 3.52 27 wt%

Ce2 03  2.7

RE2 03  7.65

MoO3 4.51

Feed Amount Glass Poured, kg Duration of Run

Additives

Te02
P2 05 (12.1M H3 PO4 )

0.53

0.51

6/13/78 3 kg

72 kgLF-22 6/15/78 73-1 Premelted Frit + PW-4b Waste + Full Cs
and 20% Ru Concentration in a Frit/Waste
Ratio of 2.4/1

505 L @ 68 L/h 7.4 h

73-1 Premelted Frit

Si02

ZnO

8203

CaO

MgO
K2 0

Na2 0

SrO

BaO

wt%
Oxide

26.1

20.4

10.7

1.4

1.4 71 wt%

3.9

3.9

1.4

1.4

U
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LFCM RUN SUMMARY (15)

Feed
Run No. Date

LF-22
(contd)

Composition

PW-4b Waste (21 HNO0-

Amount Glass Poured, kg Duration of Run

PW-O

A92 O(AgNO3 )
BaO(Ba( NO3)2 )
CdO(Cd(N N 3)2-4H20)
CoO(Co(NO 3 )2 -6H 20

Cr2o3 CCrC NO3 )3*.9H20

Fe'203 (Fe(N03) 3.9H20
K 2 (KNO3)
NiO(Ni( NO3)2 .6H 2 0
SrO(Sr(N0

3)2)
ZrO 2 (ZrO(N0 3 )2 .2H 20)

Ce2 03
RE 203
MoO

3

Additives

TeO
2

p 205 (12.1M H 3PO04)
Cs20( CsNO3)
Ru02(RU(NO3)2)

wt%
Oxide

0.06

1.07

0.07

0.19

0.24

2.26

0.78

0.72

0.73

3.40

2.64

7.40

4.36

0.50

0.47

3.25

0.41

( 29 wt%

U,

6/22/78 3 kg



LFCM RUN SUMMARY (16)

Feed
Run No. Date

LF-23 7/7/78

7/7/78

Composition

73-1 Frit + PW-4b Waste in a 2/1 Oxide Ratio

Amount

703 L @ 81 L/h

1360 kg @ 65 kg/h

Glass Poured, kg

324 kg

321 kg

643 kg

Duration of Run

8.7 h

21 h7/25/78- Flushout
7/26/78 Glass

76-101 Frit

Na2 0(Na 2CO3 )

CaO(CaCO3 )

B203(H
3 B03 )

8/1/78- 76-101
8/2/78 Na2 0(Na 2 CO3 )

CaO(CaCO3 )

B2 0 3 (H3 BO3 )

8/11/78

wt%
Oxide

87

4

4

5

87
4

4

5

2040 kg @ 92 kg/h 2040 kg 22.3 h

C3%

8/14/78

8/15/78-
8/16/78

76-199 Frit

8 kg

14 kg

1951 kg

31,000 kg

2050 kg @ 104 kg/h

.6560 L, 33, 800 kg

"-50 kg @ 09 kg/h

19.7 h

At Temp. 18 mo
592 h

Reboi 1
Test

8/28/78(a) 76-199 Frit

9/12/78 76-199

9/12/78- ---
10/12/78

10/16/78 Frit 21A (SRL) + Soda Ash Fed Through
Independent Feeders to Get Frit 21 (SRL
Composition)

(a) Because feedrate was intentionally kept low, operating time

"-360 kg @ 113 kg/h

179 kg Frit + -50 kg
Soda Ash

not included in total.

41 kg

362 kg

70 kg

273 kg

5.6 h(a)

3.2 h

1.8 h

p
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LFCM RUN SUMMARY (17)

Feed
Run No. Date

10/16/78

10/18/78

10/18/78

10/19/78

10/20/78

10/25/78

10/30/78

Frit 21A

SiO2

Na2 0

B2 03

TiO 2

Li20

CaO

Na2 O(Na2 CO3 )

Frit 21A + Soda

Frit 21A + Soda

Frit 21A + Soda

Frit 21A + Soda

Frit 21A + Soda

Frit 21A + Soda

Composition
wt%

Oxide

52.8

2.8

10.1

10.1

4.0

5.0

-15.2

100.0

Amount Glass Poured, kg Duration of Run

178 kg + -.45 kg Soda Ash 127 kg 1.5 h

I-.

Ash

Ash

Ash

Ash

Ash

Ash

Through Separate Feeders

Through Separate Feeders

Through Separate Feeders

Through Separate Feeders

Through Separate Feeders

Through Separate Feeders

240 kg Frit + .57 kg
Soda Ash

152 kg Frit +,,45 kg
Soda Ash

205 kg Frit +,,.47 kg
Soda Ash

56 kg Frit + n15 kg
Soda Ash

308 kg Frit (150 kg--
remaining kg Soda Ash(a)

308 kg Frit (150 kg--
remaining kg Soda Ash(a)

-900 kg @ 96.4 kg/h

194 kg

143 kg

218 kg

43 kg

163 kg

35 kg

904 kg

1.9 h

1.5 h

1.6 h

0.5 h

Flushout 11/1/78 PEMCO Frit

SC-2234-P

SiO 2

B2 0 3

CaO

Na2 0

9.3 kg

wt%

56.3

21.5

7.1

14.8

99.7

(a) For all Frit 21A fed to melters from 10/16 to 10/30. the feed was sodium-deficient by (remaining) kg.



LFCM RUN SUMMARY (18)

Feed
Run No. Date Composition

LF-24 11/3/78 73-1 Frit + PW-4b Waste in 2.5/1 Oxide Ratio
Including 20% Ru and 100% Cs Loading

11/9/78

LF-25 11/14/78 73-1 Frit + PW-4b Waste in '3.0/1 Oxide
Ratio. No Cs Added

Amount Glass Poured, kg Duration of Run

415 L 86 kg 7.0 h

18 kg

840 L @ 68 L/h 289 kg 12.3 h

PW-O

H3 PO4

TeO2  9
73-1 Frit

2M HNO 3

wt%
Oxide

23.6

76.4

0.

LF-26 11/16/78 73-1 Frit + PW-4b Waste in ,3.0/1 Oxide
Ratio; No Cs; 2M HNO3 Solution

SRL-11 12/10/78- SRL Composite Synthetic Calcine + Glass
12/15/78 Former 411

Glass Formers

Oxide Form

SiO2  (-200 Mesh Silica)

B203 (Na2B4 07 Anhydrous)

CaO (CaSiO 3 Wollastanite)

Li 2 0 (Li 2 CO3 )

Na2 0 (Na2 CO3 + Anhydrous Borax)

Synthetic Calcine

Oxide Form

A12 0 3  (Alumina)

Fe2 03  (Red Iron Powder)

MnO 2

CaO (CaC0 3 )

NiO (NiO)

430 L @ 65 L/h

6140 kg @ 52 kg/h

90 kg

4962 kg @ 42 kg/h

6.6 h

119 h

wt%
Oxide

43.72

8.32

4.20

9.37

3.72I75 wt%

12.31

8.47

2.73 25 wt%

0.84

0.63



LFCM RUN SUMMARY (19)

Feed
Run No. Date Composition

SRL-12 1/10/79 SRL Composite Synthetic Calcine + Premelted
Frit 411. Glass Former Same as that in SRL-
11 but Premelted.

Amount

733 kg @ 96 kg/h

Glass Poured, kg

753 kg

Duration of Run

7.75 h

LF-27 1/15/79-
1/16/79

PW-4b Liquid Waste + 73-1 Frit in 3/1 Ratio

LF-28 1/23/79 PW-4b Liquid Waste + 73-1 Frit in a 2.8/1
Ratio.

SRL-13 7/23/79 SRL.TDS Calcine Premixed With Premelted
Frit-211
Premelted Frit-211
(-20 + 80 Mesh)

Oxide wt%

SIO2  58.3

Na20 20.6 72 wt% of

8203 11.1 Total

CaO 5.6 Oxides

Li20 4.4

Commercially Dried TOS Calcine

1090 L @ 51 L/h

430 L @ 46 L/h

4900 kg

278 kg

90 kg

4490 kg

21.1 h

8.9 h

114.5 h

I-.

'.0

Oxide

Fe2 03

Al2 03

MnO 2

CaO

NiO

Na2 0

Na2 SO4

Zeolite

Form

(Fe(OH) 3 )

(AI(OH) 3 )

(CaCO 3 )

(Ni(OH) 2 )

(NaNO 3 )

Linde Ion Siv IE-95

wt%
Oxide

14.6

3.2

3.9

1.0

1.7

0.3

0.4

2.9_

28 wt% of
Total
Oxides



LFCM RUN SUMMARY (20)

Feed
Run No. Date Composition Amount Glass Poured, kg Duration of Run

Marble 8/30/79 See Run SRL-13 '140 kg -125 kg 5.7 h
Machine
Run

Marble 9/6/79- See Run SRL-13 .90 -,80 9.6 h
Machine 9/7/79
Run

SRL-14 10/1/79- See Run SRL-13 Except Between 0.5 to I wt% -.2400 kg 64.5 h
10/4/79 Cornstarch on a Total Oxide Basis was

Added

SRL-LF-I 1/14/80- SRL TDS Waste + Premelted Frit-211 2900 L 1050 kg 65.5 h

1/17/80

Oxide wt%

Fe(OH) 3  17.5

Al(OH) 3  4.38

MnO 2  3.5

Ni(OH) 2  1.88

CaCO 3  1.6

NaNO3  0.73

Na2 S04  0.35

Zeolite 2.6

RuNO(N0 3 ) 3  0.51

Sb2 03  0.020

TeO2  0.006

Cs2 CO3  0.059

Sr(N0 3 ) 2  0.042

Cornstarch 1.8

Bentonite 1.95

Frit-211 64.5
(see SRL-13)

I. S
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