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SUMMARY 

Waste-glass castings generated from engineering-scale developmental 
processes at the Pacific Northwest Laboratory are generally found to have sig­
nificant levels of cracks. This report discusses the causes and extent of 
fracturing in full-scale canisters of waste glass as a result of cooling and 
accidental impact. The work was performed at the Pacific Northwest Laboratory 
under the High-Level Waste Container Development Project, part of the U.S. 
Department of Energy's Long-Term High-Level Waste Technology Program techni­
cally coordinated by Savannah River Laboratory. Although the effects of 
cracking on waste-form performance in a repository are not well understood, 
cracks in waste forms can potentially increase leaching surface area. If 
cracks are minimized or absent in the waste-glass canisters, the potential for 
radionuclide release from the canister package can be reduced. Additional 
work on the effects of cracks on leaching of glass is needed. In addition to 
investigating the extent of fracturing of glass in waste-glass canisters, 
methods to reduce cracking by controlling cooling conditions were explored. 

In this report, thermal fracturing is studied in canisters of glass pro­
duced by continuous melting and in-can melting. Although both processes have 
been considered for the solidification of nuclear wastes, the continuous-melt­
ing process is currently receiving much interest in the United States. Thus, 
continuous melting-produced canisters are emphasized here. 

The extent of fracturing in continuous-melting-produced canisters cooled 
at different rates and using fixed amounts of insulation without auxiliary 
heating or cooling (called "passive cooling") is discussed. Results show that 
the ratio of crack surface area to the surface area of a monolithic cylinder 
is 18 for continuous melting-produced canisters cooled in about 50 hours from 
peak glass temperatures (about 850oC). Surface area increases by a factor 
of 7 for a canister cooled in 100 hours. In addition, fracturing in a canis­
ter with internal carbon-steel fins is examined. Although fins increase heat 
transfer, thus lessening thermal gradients in the glass, the extent of 
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cracking is not significantly reduced because of the difference in glass and 
metal fin thermal expansion rates. 

Since accidental impacts can occur during handling or transportation of 
canisters, surface area measurements (from particle size analyses) were taken 
of cracked glass in two dropped in-can-melting-produced canisters. These 
measurements were compared to the analysis of glass from a nonimpacted 
in-can-melting canister. Canisters 40 cm and 30 cm in dia were dropped from 
9- and 30-m heights, respectively. The glass in both canisters had roughly 7 
times the surface area of that of the nonimpacted canister. 

Experiments were also performed on scaled-down canisters to study effects 
of casting and cooling techniques on cracking. A 17-cm-dia canister was filled 
from a laboratory-scale melter and cooled such that the glass was nearly crack­
free. Extrapolation of the cooling time from this size to full scale indicates 
that 18 to 20 days of cooling would be required to form a crack-free 60-cm-dia 
waste-glass casting. 

It was found that when bench-scale canisters were cooled in three stages, 
cooling time could be shortened over "passive" times without increasing frac­
ture damage. This was accomplished by first rapid-cooling during filling, 
which quickly brought down glass temperatures. Next, large radial gradients 
were reduced by slow cooling immediately after filling. Finally, rapid cool­
ing was employed to bring the glass to handling temperatures. 

Overall, the study shows that the extent of glass cracking in full-scale, 
passively-cooled, continuous melting-produced canisters is strongly dependent 
on the cooling rate. This observation agrees with res~lts of previously 
reported Pacific Northwest Laboratory experiments on bench-scale annealed 
canisters. Thus, the cause of cracking is principally bulk thermal stresses. 
Fracture damage resulting from shearing at the glass/metal interface also con­
tributes to cracking, more so in stainless steel canisters than in carbon steel 
canisters. This effect can be reduced or eliminated with a graphite coating 
applied to the inside of the canister. 

Thermal fracturing can be controlled by using a fixed amount of insulation 
for filling and cooling of canisters. In order to maintain production rates, a 
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small amount of additional facility space is needed to accomodate slow-cooling 
canisters. Alternatively, faster cooling can be achieved using the multi­
staged approach. Additional development is needed before this approach can be 

used on full-scale (50-em) canisters. 
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INTRODUCTION 

Large-scale waste-glass castings are susceptible to significant fractur­
ing as experience has shown at engineering-scale process development facili­
ties. In this document, the cause and extent of fracturing are reported for 
canisters of glass produced from continuous melting (CM), and to a lesser 
extent, for glass produced from in-can melting (ICM). In the CM process, 
canisters are filled with molten glass produced in a continuously operating 
furnace. The rCM process is a batch operation in which waste glass is formed 
in the canister with externally supplied heat. Both processes have been 
considered as a means of solidifying wastes although the CM process is cur­
rently receiving the most interest. This report focuses on thermal fractur­
ing; however, impact fracture data that accompany the accidental drop of an 
ICM canister are presented. Fracturing in dropped CM canisters has been 
described previously by Bunnell (1978). 

Although specific criteria pertaining to cast-glass integrity have not 
been established, it is desirable to produce a casting with as few cracks as 
practical. Relative to highly fractured castings, waste glass with few or no 
cracks has low surface area to allow leaching of radionuclides. However, 
cracked surface area is not necessarily as readily available for leaching as 
an open-glass surface. Perez and Westsik (1980) found leaching from cracks 
after 40 days to be one-third to one-half as fast as leaching from open-glass 
faces. Below certain crack widths, no leaching was observed, although large 
uncertainties were reported in their data. Although compressive forces of the 
canister wall tend to keep glass fragments in place, if and when a canister 
fails, significant crack separations may develop. Ethridge, Clark, and Hench 
(1979) discuss the deleterious effects of water trapped for days between sepa­
rated glass and note pH excursions and increased glass corrosion rates. 
Absence of cracks, or few cracks, may simplify and improve confidence in leach­
ing calculations used for repository analysis. Requirements for high­
integrity barriers may be lessened if cracks in the waste glass are reduced. 

The benefits of few or no cracks in a glass-filled canister must be 
weighed against added costs resulting from the complexities in the 
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vitrification plant that will be incurred during production of these canis­
ters. The effect of different process options on degree of fracture is 
explored in this report, and this information may be useful in a cost-benefit 
analysis. 

The first section of the report discusses full-scale (60-cm-dia) waste­
glass canisters. The effects of cooling are examined by analyzing temperature 
gradients and radial cross-sections of the canisters. Also, impact fracture 
is examined in 30- and 40-cm-dia IeM canisters via particle size analysis. In 
addition, the relative importance of bulk thermal stresses and metal canister­
imposed stresses is discussed. Modeling of glass/canister interaction, 
described in Appendix A, is useful in providing a perspective on thermal­
versus canister-imposed stresses. 

The second section describes experiments that used bench-scale (17-cm-dia) 
canisters, which are relatively inexpensive and convenient to perform. In 
this section, different cooling methods and canister designs are investigated. 
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CONCLUSIONS 

In this work, the causes and extent of fracturing in waste-glass have 
been investigated. The principal findings of this report are summarized below: 

• Bulk thermal stresses are the predominant cause of fracturing in 
glass poured by continuous melting into insulated canisters where 
glass/metal bonding is not extensive. 

• Some damage occurs at the glass/metal interface as a result of ther­
mal expansion differences and is more severe in stainless steel 
canisters than carbon steel canisters. This damage can be reduced 
by preventing bonding and reducing friction using a graphite coating 
on the inside of the canister. 

• The surface area increase due to fracturing was determined by examin­
ing cross sections that were obtained by slicing full-scale (60-cm­
dia) eM glass castings. A cooling period of 100 hours resulted in 
an increase of surface area over exterior canister area by a factor 
of 7, and cooling for 50 h resulted in an increase of 18. This 
cooldown time applies to a passive, single-stage condition where a 
fixed amount of insulation is used for filling and cooling. (a) 

• Thermal gradients in glass can be diminished while glass is still 
above its softening point (550oC) by cooling in three stages. 
This method was found to significantly speed cooling over single­
stage cooling without significantly increasing the level of cracks. 

• Carbon-steel fins that fill 5% of the internal volume reduce thermal 
gradients but, due to thermal expansion mismatch between the glass 
and metal, do not reduce cracking significantly. 

(a) Previous work has shown that the cooling of canisters without insulation 
takes about 25 h and results in an increase in surface area of 27. 
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• Drop-test results show that fracture surface area increased by less than 
an order of magnitude when IeM canisters were dropped from 9- and 30-m 
heights. 

Thermal fracturing can be controlled by applying insulation to the canis­
ter during filling and cooling. A projected cool down period of about 20 days 
is needed in order to completely eliminate thermal cracks. Fairly low levels 
of fracturing will result from a 4-day cool down (factor of seven increase as 
mentioned above). Space requirements to hold canisters for 4 days should not 
be very significant in a processing plant although this judgement will depend 
on specific processing details. To decrease this space by speeding cooling 
without increasing cracks, more complicated schemes are required such as the 
multistaged cooling method described above. The full impact of cooling methods 
on a waste solidification process needs to be addressed before specific cool­
ing procedures can be recommended. 
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FRACTURING IN FULL-SCALE CANISTERS 

Thermal fracturing in continuous melting-produced (CM) canisters of glass 
is discussed in this section through an examination of crack patterns in glass 

and their comparison with the thermal history of the glass. Fracturing of 
glass in an in-can-melter (ICM) canister is discussed, although only qualita­
tively in comparison with the CM canisters (the thermal history of the ICM 
canister is not discussed). Additionally, impact fracture damage to two ICM 
canisters is examined using the technique of Bunnell (1978). Samples of cross­
sectioned canisters are analyzed to determine the cause of fracturing (drop­
tested canisters were not cross-sectioned). 

The glass compositions of cross-sectioned specimens are Savannah River 
simulated waste compositions, similar to either ToS-211 or ToS-131 as described 
by Dierks et al. (1980). The CM canisters were fabricated from carbon steel 
and have a 60-cm 00 and a 0.64-cm-thick wall. Internally located thermocouples 
provide temperature profiles and history. The thermally fractured ICM canister 
has a 60-cm 00 x 1.6-cm-thick wall and is made from 304L stainless steel. The 
impact-fractured canisters are 30- and 40-cm 00 x 0.64-cm-thick wall and were 
filled with PW-7 waste glass. 

The principal method of canister examination was to saw radial cross-sec­
tions with commercial concrete-cutting equipment. A subcontractor performed 

canister sectioning with 90-cm-dia diamond-impregnated blades. Figure 1 illu­
strates the arrangement for cutting the 60-cm-dia canisters (a 40-cm-dia canis­
ter is being cut here). To reduce blade wear, a 2.5-cm-wide metal strip around 
the canister perimeter at the cut location was removed via air-arc torch. 

CONTINUOUS-MELTING CANISTERS 

A fairly wide range of cooling conditions is represented by the four CM 
canisters (see Table 1 for canister process information). During filling and 

cooling, canisters were placed in an enclosure insulated with 8 cm of ceramic 
fiber insulation (conductivity = 5 x 10-4 W/cm-oK). The enclosure was 
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FIGURE 1. Radial Cross-Sectioning Arrangement for Full-Scale Canisters 
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TABLE 1. Glass-Filled Canister Process Information(a) 
Average 

Fi 11 Weight Centerline 
Can i ster Date Rate, Length, (Canister + Melter(b) Cooling 

Number Filled ~ cm Glass}z kg Used Conrnents Rate z °C/h 

144 5/5/81 50 290 1300 LFCM Slow cooled in 8 
double enclosore 

150 7/14/79 60 290 2110 LFCM 10 internal fins, 20 
forced-air cooled 

151 1/15/81 100 290 1750 LFCM Cooled in single 14 
enclosure 

200 6/11/79 56 240 1760 CFCM Forced-air cooled 15 
after filling 

(a) All canister casings are of carbon steel, 60 cm dia with 0.64-cm-thick walls. 
(b) LFCM--Liquid-Fed Ceramic Melter; CFCM--Calcine-Fed Ceramic Melter. 

designed to hold up to a 90-cm-dia canister so that an 15-cm-wide annulus 
existed between a 60-cm canister and the enclosure inside wall. This large 
annulus provided a significant pathway for heat loss to the environment. The 
double enclosure indicated for CM Canister 144 was 2.5-cm-thick insulation 
wrapped tightly around the canister before the canister was placed in the 
enclosure. Forced-air cooling was accomplished by passing room temperature 
air through the annulus at ~300 CFM, or at a velocity of about 400 cm/s. 

Canister 150 was constructed with 10 internal carbon-steel fins (0.64 cm 
thick) that extended 2 cm from the wall to 8 cm from the center. These fins 
were equally spaced (36 0 apart) and ran the length of the canister. Inter­
nal fins were originally developed for heat transfer during processing and 
storage of waste canisters with high thermal loads. 
used to reduce temperature gradients during filling. 

In this case, fins were 
Stainless steel fins 

were found to cause significant fracture damage in 20-cm-dia canisters as a 
result of the large thermal expansion mismatch between stainless steel and 
waste glass (Simonen and Slate 1979). 

Centerline temperatures during filling and cooling of CM canisters are 
shown in Figure 2 for individual mid-axis locations. These temperature tran­
sients are average for the canister. Due to the time it takes to fill canis­
ters with glass, the top of the canister is, in terms of the progress of 
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cooling, 10 to 15 h behind the bottom of the canister. Zero on the time scale 
refers to the instant that molten glass, upon entering the canister, covered 
internal thermocouples. A major part of cooldown occurs during the filling 
stage. Internal fins in CM Canister 150 increased the cooling rate substan­
tially, as Figure 2 shows. In the absence of fins, cooldown times ranged from 
50 to 90 h. 

Figure 3 shows the crack pattern representative of glass cooled at rela­
tively fast rates in a CM canister. The cooling history and temperature pro­
files are given in Figures 2 and 4. Axial gradients in full-scale canisters 
are generally 1.5 to 2.50C/cm, whereas radial gradients are typically greater 
than 20 oC/cm in the outer radial positions. During cooling of Canister 200 

8 



.. 
FIGURE 3. Sixty-Centimeter-Diameter Cross Section of Canister 200, 100 cm 

from Bottom 

i n the f irst 15 h (Figure 2), slight natural convection occurred since small 
ports at the bottom of the enclosure were open to air ; after 15 h, forced air 

wa s used. Sharp gradients developed compared to those of Canister 144, which 
was wel l insulated. Glass fragments resulting from fracturing are roughly 
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constant in size from about mid-radius to the wall, with perhaps smaller 
fragments within 1.3 to 2.5 cm from the wall. These fragments are 1.5 to 
2.5 cm in size; many have 5- to 8-cm-long axes oriented concentrically. A 
small amount of the fracture damage near the wall can be attributed to thermal 
shock from air-arc torch removal of a strip of the canister before sawing. 
Inwards from mid-radius, larger fragments are encountered, and the center 
region of the canister (about 1/3 of the radius) consists of several very 
large, 8- to 16-cm-size fragments. As Figure 4 shows, temperature gradients 
determined for the outer radius are quite high between 4 to 10 h after the 
thermocouples were covered, and range from 20 to 40 0C/cm. These gradients 
exist while the glass is undergoing transition from the soft or molten state 
(about 5500 C) to the brittle state. 

When the glass finally cools, reverse strain develops (Slate et al. 1978; 
Pincus and Holmes 1977), which is relieved by glass fracture. A series of 
radial cracks spaced every 30 to 40 0 apart and extending from about mid­
radius to the wall is evident in Figure 3. These cracks are probably the 
result of hoop stresses. 

The radial cross-section and temperature profiles for Canister 151 are 
not shown since they resemble those of Canister 200. The same insulation as 
in Canister 200 was used in Canister 151; no forced-air cooling was used. 

Figure 5 shows the result of fairly slow cooling (Canister 144). Tem­
perature gradients are greatly reduced when the canister is wrapped with 2.5-cm 
insulation, in addition to being placed in the enclosure as seen in Figure 6. 
The damage is much reduced compared to that of Canister 200 (Figure 3), which 
was cooled about twice as fast. The cross section in Figure 5 is characterized 
by large fragments that have edges of 10 to 20 cm. Glass fragments 5 to 15 cm 
in size fell away from this cross-section plane, leaving depressions. Frac­
turing is generally more severe near the wall, but in a few locations a large 
fragment borders with the metal canister. The slow cooling apparently caused 
some crystallization in the glass since brown discoloration is visible, espe­
cially near the wall. Crystals evidently nucleated on the iron oxide coating 

of the carbon steel canister. Westsik et al. (1979) have shown that devitri­
fication has a minimal effect on glass leaching. 
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FIGURE 5. Sixty-Centimeter-Diameter Cross Section of Canister 144, 60 cm 
from Bottom 

Because of difficulties encountered when sawing through steel fins , on ly 
a partial cross section is available for finned Canister 150 (see Figure 7). 
The use of internal carbon-steel fins was effective in reducing gradients i n 
Canister 150, as Figure 8 shows. Gradients near the wall were steep because 
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FIGUR E 7. Partial Section of Canister 150 (60 cm dia) with Ten Internal 
Fins, 130 cm from Bottom 

the fi ns extended only up to about 2.5 cm from the wall as Figure 7 shows. 
Profil es through the bulk of the radius are quite similar to t hose of Canister 

144, which t ook 90 h to cool (the finned canister only took 35 h t o cool). 
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Fracturing in this canister is fundamentally different than that in 
canisters without fins. Cracks seem much more randomly oriented compared to 
cracks in the cross-section in Figures 3 or 5. More fracturing occurs near 
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the outside wall, which can be largely attributed to a fairly sharp tempera­
ture drop through this region (see Figure 8). The gradients 5 to 8 cm from 
the wall are fairly flat and are similar to gradients found 5 to 10 cm from 
the center of Canister 200, as Figure 4 shows. However, the fracturing is 
much more extensive at this wall location in Canister 150 that at the center 
of Canister 200. Thus, in addition to thermal stresses, interaction between 
carbon steel and glass, which have different thermal expansion coefficients, 
probably accounts for fracturing. Cracks run parallel to the fins, particu­
larly to the middle fin in Figure 7, which may have been caused by shearing of 
the glass. Glass is well bonded to the fins, as the right side of the figure 
shows. Here an exposed fin is covered with adhered glass. A major difference 
between this radial section and those of canisters without fins is the tight 
compression of fragments that occurs in this canister. Sawing did not vibrate 
any fragments and widen the cracks as occurred in the canisters without fins. 
Also few, if any, fragments could be extracted from the cross-section, whereas 
in other canisters many fragments tended to fallout. Apparently, fins com­
press against the glass and offer structural support. 

SURFACE AREA MEASUREMENTS FOR CM CANISTERS VERSUS COOLING TIME 

In this section, a quantitative measure of the increase in geometric sur­
face area resulting from glass fracture is reported. Surface area is measured 
from cross sections of canisters that were cooled in 100 h (Canister 144), 55 h 
(Canister 151), and 45 h (Canister 200). Surface area for Canister 150 with 
fins was not determined. Cracks, which appear as line segments in the cross­
section photographs, are added up and then divided by the superficial area of 
a cylinder (per unit length; ends are neglected), 2rrr, to give a relative area 
increase. Fines are not accounted for but are minimal in these canisters. In 
practice, several representative wedges of about 25 0 are measured. The sur­
face area increase of a single axial location is extrapolated for the entire 
canister. This approximation is reasonable since most of the canister experi­
ences a similar thermal gradient history. This technique is subject to errors 
due to the resolution of the photographs and approximations made in measuring 
crack lengths. Based on repeated measurements, surface areas are estimated to 
be ±25% of reported values. 
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For the fast-cooled Canisters 200 and 151, the estimated relative surface 
areas are 17 and 18; for the slower-cooled Canister 144, a value of 7 is found. 
A CM canister filled and cooled without insulation cools down in about 25 h 
(Chapman et ale 1979). Slate et ale (1978) measured the surface area of such 
a canister by excavating out fragments and performing a particle-size analysis. 
At the glass-metal interface, they found extensive fracturing; for the whole 
canister, a relative increase of about 27 was obtained. Much of this damage 
is attributed to thermal shock of hot glass contacting cool metal, which gen­
erated fine particles. Due to those fines, about 1 wt% of the glass contrib­
uted to 50% of the surface area. Without fines, the relative surface area 
would be about 14. These data are plotted in Figure 9 as a function of cool­
down time. Considering the uncertainty shown in Figure 9, there is no signifi­
cant difference between the surface area for Canister 151, Canister 200 and 
Slate1s measurement without fines. A straight, flat line has therefore been 

drawn between these data. The point at 450 h represents a crack-free glass 
monolith; the cooling time required is estimated based on experiments with 

17-cm-dia canisters. 

Figure 9 can be used as a "trade-off" curve when considering the practi­
calities of a production facility and the desire to reduce cracks. The dis­
advantage of long cooling times is that additional space is needed to hold 
cooling canisters before subsequent handling. Fines represent a small per­
centage of the inventory and may be considered unimportant. If this is the 
case, then in terms of bulk cracks, the no-insulation case can be grouped with 
canisters that have been moderately insulated (see the solid line, Figure 9) 

and there is thus, no incentive for moderate insulation. There is a greater 
advantage, however, in going to 100 h of cooling, but beyond this the curve 

flattens out again. 

The impact of prolonged cooling on processing depends upon details of 
post-fill canister-handling procedures and facilities. It is beyond the scope 

of this document to discuss the details of various handling options and their 
costs. However, it is worth noting the minimum space requirements for cooling 

over long periods. The number of canisters undergoing cooldown is the cool down 
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time multiplied by the production rate. The Savannah River Laboratory refer­
ence CM process calls for 1 to 1.5 canisters per day. Thus, for a 100-h coo1-
down, as in Canister 144 discussed above, 4 to 6 canisters at any given time 
would be cooling down. Leaving room for insulation and cooling air, this would 
require about 4 to 6 m2 of floor space. This is about 5% of the mechanical 
cell space ~n·the preliminary design of the Savannah River Defense Waste 
Processing Facility. 

IN-CAN-MELTING CANISTER 

The radial cross-section of Canister ICM-7, produced at the Savannah 
River Laboratory (SRL) TNX development facility, is shown in Figure 10. Dur­
ing inspection, many loose fragments fell away, but enough of the cross-section 
remains intact to permit characterization. Some similarities are evident 
between this canister and Canister 200 (Figure 3). The center is essentially 
intact, and similar to Canister 200, concentrically oriented fragments prevail 

from about mid-radius to the wall. Within about the last inch up to the canis­
ter wall, fracturing becomes rather extensive, and cracks are less than 0.32 cm 
apart. This type of fracture is inherently different than the type found in 
the CM canisters where much larger fragments are observed. It is likely that 

the thermal expansion mismatch between the stainless steel and glass caused 
shear stresses and thus fractured the glass. During cool down, shear forces 
due to resistance to movement of the canister relative to the glass are deter­
mined by their difference in thermal expansion coefficient. This difference 
is 8.2 x 10-6/ oC between 304L stainless steel and TDS-411, whereas for 
carbon steel, the difference is only 3.1 x 10-6/ oC. Also, stainless steel 
bonds to glass much more aggressively than does carbon steel, probably due to 
the absence of a thick oxide layer on stainless steel. Futhermore, ICM canis­
ters are subjected to higher temperatures (1050 to 11000 C) than CM cans, 

which increases enameling of glass to the canister wall. 

SIZING OF GLASS IN AS-FILLED AND DROP-TESTED ICM CANISTERS 

Drop or collision impact of a waste-glass canister is a possible accident 
during handling and transportation. This is a continuation of impact testing 

19 



FIGURE 10 . Partial Section of Canister ICM-7 (60 em dia) , 60 em from Bottom 

done previously at PNL by several investigators. In 1977, Slate (see Simonen 

and Sl ate 1979) performed extensive impact testing of metal-canister integrity 

bu t did not report the extent of glass damage. Bunnell (1 978) evaluated the 

fr act uring of several CM eans dropped by Slate using partic le- size analysis. 
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Smith and Ross (1975) studied fractured glass in impacted annealed 17-cm-dia 
dropped canisters. In this section, results of drop tests performed by Slate in 
1977 on commercial full-scale (30- and 40-cm-dia) ICM canisters are reported. 
Particle-size analyses are performed on glass from two dropped canisters and 
are compared to the analysis of an ICM canister that was not dropped but which 
underwent similar processing thermal history. 

Sieve sizing was performed on glass-fragment samples from three rCM canis­
ters of simulated nuclear waste glass. The three canisters are briefly charac­
terized as follows: 

• Canister 39--As-fi11ed; not drop tested; 30 cm 00; 304L SST canister 
• Canister 45--0rop-tested; 30 m height; 40 cm 00; 304L SST canister 
• Canister 8--0rop-tested; 9 m height; 30 cm 00; 304L SST canister. 

Sampling was done by the judicious use of hammers and screwdrivers to pry 
fragments out of place with minimal force to avoid generating more fines. The 
outer 2.5 cm of glass nearest the canister wall were sampled separately from 
the rest of the glass in order to note any size differences. Coarse sieving 
was done using an orbital shaker and large (20-cm-dia) screens. For sieve 
sizes finer than 0.85 mm, a sonic sifter was used. A 30-min shake time was 
used for coarse particles (1 h for fines). A plot was constructed of cumula­
tive weight percent finer than a given sieve size for each canister, and are 
included as Figures 11 through 13. The results were first plotted on log-nor­
mal paper after the work of Mecham, Jardine, Pelto and Steind1er (1980), since 
this method produces an easily extrapo1atable line. In this case, however, a 
straight line did not result, which indicated that the size distribution did 
not follow the statistical normal curve. In the two test cases used, more 
fine particles were evident than in a normal distribution. As a result, the 
data are plotted on log-log paper simply as a convenient way to show all data. 

When comparing the glass sizes of the two dropped canisters with that of 
the as-filled canister, the effect of impact testing is obvious. Originally, 
the mass-median particle size in the as-filled canister was about 27.6 mm, 
including one suspect data point. If this point is ignored, the median size 
is 22.6 mm. Both of the dropped canisters have median sizes close to this 
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FIGURE 11. Particle-Size Distribution for Various Axial Positions in 30-cm­
dia ICM (Not Drop-Tested) Canister 

value at the upper region of the canister, which is virtually unaffected by 
impact--17.8 mm for Canister 45 and 21.5 mm for Canister 8. In contrast, 
impact testing produced a grossly different size distribution in the heavily 
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FIGURE 12. Particle Size Distribution for Various Axial Positions in 40-cm­
dia Canister Dropped from 30-m Height 

damaged zone, which is estimated at not more than about 0.7 m in height. The 
glass in the heavily damaged region had a mass median size of 3.0 mm (Canister 
8) and 3.5 mm (Canister 45). Note that the greater impact energy and velocity 
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FIGURE 13. Particle Size Distribution for Various Axial Positions in 30-cm­
dia Canister Dropped from 9-m Height 

of the higher-dropped canisters have made little if any difference in the size 
distribution, as if a saturation effect had limited the production of more 
fines in a single impact. Because of the difference in size and weight of the 
two canisters, it is probably a mistake to make detailed comparisons. 
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When sampling at two radial locations, it was noted that little size dif­
ference was evident between inner and outer glass (see Figure 11). Using 
screen sizing and the density of the glass in the canisters (~3.2 g/cm3), 
and assuming spherical particles, some rough geometric surface areas can be 
calculated. The numbers are shown on the appropriate figures and vary from 
0.68 cm2/g for the as-filled canister to 6.27 cm2/g for the impacted glass. 

CAUSE OF FRACTURE 

The cause of cracking in waste-glass-filled canisters has been discussed 
by Slate et ale (1978). Fracturing results from either thermal gradients or 
the bonding coupled with thermal expansion mismatch at the glass/metal inter­
face. In thermal fracturing, the extent of cracking increases with the magni­
tude of the temperature gradients. This relationship is clearly evident when 
comparing the gradients of Canisters 200 and 144 (Figures 4 and 6) with their 
cross sections (Figures 3 and 5). These gradients are established during 
casting when glass is "soft" (nonbrittle). When glass finally cools, reverse 
strain develops (Pincus and Holmes 1977), which leads to fracturing. The 
dependence of cracking level on cooling rate was shown in Figure 9. 

At shorter cooling times than used for Canisters 151 and 200 (see Figure 
9), as with Slate's data without fines, the bulk-glass fracturing does not 
increase. Evidently a limiting cooling rate has been achieved. It is possible 
that glass fractures into minimum-sized fragments at these higher cooling rates 
due to the distribution of weaknesses in the casting. Owing to their small 
size, these fragments may be impervious to the higher cooling rates possible 
under these processing conditions. 

If glass/canister interaction were the dominant cause of fracture damage, 
then the extent of cracking would be largely independent of cooling rate (and 
thus temperature gradients). In Appendix A, cracks resulting from glass/canis­
ter shear stresses are modeled. The conclusion is that the glass/metal thermal 
expansion mismatch will result in damage over a region no more than the wall 
thickness of the canister. This type of damage is not seen in the cross sec­
tions of CM canisters (carbon steel), but is observed in the rCM canister 
(stainless steel), which was cross-sectioned. 
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Thus, thermal stresses are the most important cause of fracture in eM 
canisters made of carbon steel. Stainless-steel eM canisters could potentially 
develop glass/metal shear fracture. This could be reduced if a coating, such 

as the graphite tested in a small-scale canister, was used. In IeM canisters, 
both shear and thermal stress are important. The shear fracture is confined 
to about the outer 2 cm of the glass. 

In the drop-tested IeM canisters, most of the impact damage was confined 
to the bottom portion of the canisters where impact occurred. The top zones 
were nearly unaffected; most of the fracturing in this region was due to ther­
mal gradients from the cool down. 

It is doubtful that the effects of sawing action cause much of the evident 
fracturing. First, the crack patterns at the cutting interface resemble those 
observed 8 to 10 cm underneath the cutting interface when a section of frag­
ments is lifted out. It is not likely that fracturing caused by the sawing 
would propagate this far and result in similar crack patterns. Second, the 
distribution of cracks through the canister radius is what could be expected 
based on the nature of the cooling process. The sawing action does, however, 
tend to increase crack widths because of mechanical vibration of glass 

fragments. 
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BENCH-SCALE EXPERIMENTS ON GLASS COOLING AND CRACKING 

A series of tests on a bench scale (17-cm-dia canisters) was performed in 
order to conveniently examine how different casting and cooling methods affect 
glass cracking. The primary objective of these tests was to gain a qualitative 
understanding of the effects of cooling rate on various canister designs and on 
graphite coating used on the inside wall of metal canisters. Smith and Wiley 
(1981) at SRL have investigated the effects of various liners and cooling rates 
on 5-cm-dia castings produced by in-can melting. Higher glass temperatures in 
this process aggravate both the glass/metal bonding problems and the thermal 
gradients upon cool down. Ross (1975) studied cooling of 17-cm-dia canisters 
but used an in-can melting-casting method. The continuous melting casting used 
in this study more closely resembles a full-scale continuous melting process. 

Glass-filled canisters were cast from an existing PNL one-third-scale 
joule-heated melter. The normal filling rate was 30 kg/h. Canisters were 
made from 17-cm-dia pipe (0.34-cm-thick wall), either carbon steel or 304L 
stainless steel. Thin-walled canisters were also used (0.16-cm-thick wall). 
The 80-cm-long canisters were open at the filling end. A cooldown receptacle 
was designed to apply varying degrees of insulation. 

In this study, the effects of cooling rate were experimentally determined 
by measuring the extent of cracking from cross sections as done for full-scale 
canisters. These experiments also provide an estimate of glass.strength. A 
cooling procedure that involves three stages is then discussed. Finally, 
damage due· to glass/metal interaction is discussed. 

EFFECTS OF COOLING RATE 

The effects on cracking of cooling at different rates can be seen in the 
first three cross sections of Figure 14A-D. 

Canister 1 (Figure 14A) was filled and cooled with 5 cm of ceramic fiber 
insulation (conductivity, 5 x 10-4 W/cmoK) around the cooling pod. The 

centerline temperture was 1000C after 40 h. This was the slowest cool down 
performed during the bench-scale tests. Except for some gouges caused by 
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a) SLOW COOLlNG--40 h b) INTERMEDIATE COOLING RATE--28 h 

c) RAPID COOLlNG--7 h d) MULTI STAGED COOLlNG--15 h 

FIGUR E 14A-O. Cross Sections of Bench-Scale, 17-cm-dia Canisters 
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aggressive cutting, the cross section of this canister is nearly crack-free. 
Canister 2 (Figure 14B) cooled in 28 h with 2.5 cm of kaowool insulation and 
was clearly damaged from cracks. 

A rapid cool down was accomplished for Canister 3 (Figure 14C), which was 
~ filled and cooled without insulation. The centerline was initially 8500C 

and the wall only 4500C. The centerline reached 1000C after 6.5 to 7 h. 
Extensive fracturing occurred as Figure 14C shows. The crack pattern in this 
cross section has many of the features seen in full-scale Canister 200 (Fig­
ure 3). Concentric cracks prevail at outer radii, and the center is rela­
tively crack free. 

The relative surface area increase for these canisters is plotted on 
logarithmic coordinates as a function of cool down time in Figure 15. Shown 
for comparison is the full-scale canister curve which is somewhat parallel to 
the bench-scale data. The bench-scale data includes a point by Ross (1975). 
Surface area reported by Ross was obtained by particle-size analysis; however, 
in this study crack lines from cross sections were measured. Evidently the 
two methods give similar results. The bench-scale curve begins to slope 
downward at longer cooling times. 

The thermal history of these tests can be used with stress analysis to 
estimate the tensile strength of the waste glass. The maximum centerline-to­
wall temperature drop for Canister 2 was about 1400C; for Canister 1 this 
drop was about 70 0C. Thermocouples along the radius of 1 show that a para­
bolic temperature profile is established within minutes after the thermocouples 
are covered with glass. For an initial parabolic profile, the residual hoop 
stress 0e is proportional t~ the maximum centerline-to-wall temperature dif­
ference ~T as shown in Appendix B: 

cr - 1 a E~T 
e - 2" (I-v) 

where a is thermal expansion of glass (9 x 10-6/ oC); E is Young's modulus 
(7.6 x 104 MPa); and v is Poisson's ratio (0.3). The strength of the glass 
in Canister 1 was not exceeded significantly during cool down, whereas in 
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Canister 2, thermal stresses clearly overcame the strength of the glass. Using 
a 6T value of 70 0C in Equation (1), the estimated strength of the waste 
glass is 34 MPa. This agrees quite well with measurements of 38 MPa on small 
laboratory specimens as reported by Slate et ale (1978). Although a different 
waste glass composition was studied, Slate et ale paint out that strength is 
almost independent of glass composition for borosilicate waste glasses. 

The stress Equation (1) is not dependent on the radius of the cylindrical 
sample, so that a 6T of 70 0C is a critical value for a glass strength of 
34 MPa. For a 60-cm-dia canister, ,the cool down time required such that 6T 
never exceeds 70 0C is estimated to be 18 to 20 days. This value is based on 
cooling of a cylinder at an initially uniform temperature at a variable rate 
that is determined by a constant heat-transfer coefficient (Newman 1936). If 
the heat transfer coefficient is kept constant, then the cooling rate drops 
off naturally due to decreasing gradients in the glass. The cooldown could 
theoretically be maintained constant using progressively higher film coeffi­
cients without glass quality being compromised since the initial 6T of 70 0C 
could be maintained until the canister is within 100 0C or so of room tem­
perature. Based on the initial cooling rate where a 6T of 70 0C occurs, 
cooldown would then take 9 to 10 days, or about half of the passive cool down 
period. Cooling can thus be speeded using a dynamic rather than passive 
method. 

Multistaged Cooling 

Another alternative to the passive, single-stage method that speeds pro­
cessing is to cool in several stages. If large gradients exist while the glass 
is cooling through its softening point (500 to 6000 C), residual stresses will 
develop when the canister reaches thermal equilibrium with the environment. 
This can lead to fracturing (Slate et ale 1978). Thus, it is important to 
reduce radial gradients while the glass is still above softening temperatures. 
Conceivably, cooling can be speeded up without sacrificing glass integrity by 
rapidly cooling to near-softening temperatures, followed by slow cooling 
through this point, and then resumption of fast cooling. Such a multistaged 

cooldown was performed on Canister 4 as shown by its temperature history in 
Figure 16. Light insulation (0.64-cm ceramic board around the cooling pod) 
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was used for the first hour. After the canister was filled, heavy insulation 
(8 cm thick around the pod) was applied, thereby reducing the gradients in the 
canister •. The centerline-to~wall temperature difference was reduced from 
200 0C to 400C with the use of this heavy insulation. After 3 h, the heavy 
insulation was removed and fast cooling was resumed with light insulation, as 
during the filling. The centerline reached 1000C in about 15 h at the axial 
midpoint of the canister. 

The extent of cracking in Canister 4 can be seen in Figure 140 and is 
slightly greater than in Canister 2 (Figure 148) although Canister 2 took 28 h 
to cool down. Figure 15 shows that the surface area-cooling time co-ordinate 
for the multistaged cool down of Canister 4 is improved over the trend for the 
single-stage cooling. 

This multistaged cooling has not been demonstrated on a full-scale canis­
ter although the concept should still apply. It is important to keep the walls 
above the softening point temperatures. This would be more difficult on a 
full-scale CM canister, particularly towards the bottom of the canister where 
cooling will progress significantly as a result of the long periods required 
for filling. Additional insulation on the bottom portions of the canister may 
be needed during filling. 

The multistaged approach is more complicated than the passive approach but 
takes up less space due to shorter cooling times. The canister must either be 
transferred quickly to different insulating overpacks, or a single package must 
be used that will provide varying degrees of insulation using forced air or 
movable layers of insulation. The operating costs of such a system in a hot 
cell may be considerable. 

GLASS/METAL INTERACTION 

Cracking due to glass/metal interaction was discussed earlier for full­
scale ICM canisters. This problem is not as severe in full-scale CM canisters 
made with carbon steel. However, the problem may exist in CM canisters made 
of stainless steel. In radial cross-sections of stainless steel bench-scale 
canisters, the glass seems to be intact. However, when a wall section of 
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Canister 1 (made of 304L stainless steel) was removed by sawing, the under­
lying glass was fractured into 3- to 4-mm-wide x 15- to 30-mm-long splinters. 
(A determination was made that sawing did not cause this damage when a section 
from the same canister was removed by electrolytic dissolution. Similar 
splintering was observed, although the glass had undergone appreciable attack 
from the phosphoric acid electropolishing solution.) Splinters of glass were 
bonded to the removed canister section. rt was, therefore, decided to reduce 
or eliminate bonding by using a mold release agent, such as graphite on the 
inside of the canister wall. 

Canister 5 was filled and cooled exactly as Canister 1, but prior to 
filling with glass the lower half of the canister was coated with a graphite 
paste (water/ethanol base). A wall section was then removed, which exposed 
both coated and uncoated regions. As Figure 17 indicates, the condition of 
underlying glass was greatly improved using graphite. The glass surface was 
smooth over the coated section. Also, no bonding occurred where graphite was 
applied; bonding did occur without the coating. 

There was some concern about the stability of graphite under the tempera­
ture conditions of a full-scale CM canister-filling process since graphite can 
react with air. A graphite residue from the paste was found to remain adhered 
to a piece of stainless steel at 500°C for 18 h. This conservatively simu­
lates the conditions during filling of a full-scale canister so that graphite 
should be feasible in this application. Once covered by molten glass, graph­
ite will not react with glass at canister process temperatures. Previous 
experiments at Pacific Northwest Laboratory have shown that graphite reacts in 
air at the rCM process temperatures; therefore, it is not feasible as an rCM 
canister coating. 
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SHEAR STRESSES AND BONDING AT THE GLASS/CANISTER INTERFACE 

In examination of canisters of simulated waste glass at PNL, an outside 
surface region of extensive cracking is characteristically noted. From obser­
vations of slow-cooled canisters filled by in-can melting, it appears that such 
cracking occurs even for very slow cooling rates. The proposed cause of this 
cracking has been high stress that develops during cooling as a result of the 
coefficient of thermal expansion mismatch between the glass and canister. In 
particular, the glass and canister are strongly bonded, and the differential 
contractions in length between the canister and glass during cooling result in 
severe shearing-type stresses at the glass-canister interface. 

Calculated levels of stress in the region of the glass-canister interface 
have been reported previously. Stress levels have been calculated for specific 
glass and canister properties (elastic modulii and thermal expansion coeffi­
cients), and cooling temperatures and interface conditions (bonding and slid­
ing with various coefficients of friction). The results clearly show that 
cooling of a canister of glass to room temperature results in glass stresses 
that are well in excess of the tensile and shear strengths of the glass. In 
recent work, finite-element calculations have been extended to predict the 
extent of glass cracking that occurs as a result of the high cooling stress 
levels. 

GLASS CRACKING MODEL 

Figure A.l shows the finite-element model used for the predictions of 
glass-cracking patterns. The mesh represents the top portion of a 60-cm-dia 
canister where predicted stresses at the glass-canister interface are the 
greatest. The canister material was assumed to be 304L stainless steel. 
Stresses and cracking were the result of slow cooling of the canister of glass 
from temperatures above the glass softening point (assumed to be 575 0F). 

-~ The following input parameters were selected: 
• Canister wall thickness = 1.3 cm 
• Canister inside dia = 60 cm 
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• Cooling range = S7SoF to Room Temperature 
• Expansion coefficient of glass = 9.0 x 10-6/ oC 
• Expansion coefficient of canister = 17.0 x 10-6/ oC 
• Elastic modulus of glass = 7.6 x 106 MPa 
• Elastic modulus of canister = 1.93 x 106 MPa 
• Shear strength of glass = 200 MPa 
• Implied compressive strength of glass = 400 MPa. 

The elements of the mesh shown in Figure A.l were allowed to "crack" 
individually once the shear stress exceeded the threshold level of 200 MPa. 
In cracking, the elements were assumed to fragment so that they could no longer 
support shear stresses. However, the fractured elements were allowed to sup­
port bulk compression stresses (i.e., hydrostatic pressure). In the calcula­
tions, the elastic constants of the fractured elements were assigned as 
foll ows: 

Shear Modulus = G = G' -+ 0 

Poisson's Ratio = v 

Elastic Modulus = E = E' = 2GI (1 + Vi), 

where Eo and Vo are the elastic modulus and Poissonls ratio for the uncracked 
glass. 

A tensile cracking model was also evaluated, but predictions of cracking 
using this model proved to be unsatisfactory. It was assumed that each element 
cracked on the plane of maximum tensile stress at a prescribed threshold (the 
tensile strength of the glass). After cracking, stresses could be carried 
parallel to the direction of cracking, and this feature of the model proved to 

: be unacceptable. Refinement of the tensile cracking model to allow complete 
stress relief through secondary cracking was beyond the scope of the present 
effort. Instead, the simplified shear-cracking model as described above was 
adopted. 
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PREDICTED GLASS CRACKING 

Figure A.2 shows predicted crack patterns along the glass-canister inter­
face. Cracking has been indicated by computer graphics with a crack-like sym­
bol drawn parallel to the canister wall at the centroid of each cracked 
element. 

Cracking starts at the top outside corner of the glass, which is the loca­
tion of maximum shear stresses. In the computer simulation, the cracked region 
advanced stepwise as the shear stress in successive elements exceeded the 
threshold level of 200 MPa. As the local peak in the shear stress was 
relieved through cracking, the shear stress peak simply advanced down the 
interface to a new location with each step in the cracking. Cracking then 
occurred at the new location. This process of repeated cracking is thought to 
explain how, in practice, glass becomes cracked along the entire length of the 
canister. 

At step 10 of Figure A.2, the progress of cracking came to be arrested in 
the computer simulation. At this point, the predicted cracking could not 
extend into the coarse mesh region of Figure A.l (the element dimensions were 
greater than the canister wall thickness). In the coarse mesh, the numerical 
stress solution could not represent the high local shear stresses. However, 
it can be safely concluded that with sufficient mesh refinement, the computer 
simulation would predict cracking along the entire length of the canister. 
The cost of such a full-scale computer calculation with a fully refined mesh 
would be prohibitive. 

CONCLUSIONS 

A stress-analysis model has been developed that predicts glass cracking 
near the glass-canister interface to a depth of somewhat less than the thick­
ness of the canister wall. The predicted cracking is in good qualitative 
agreement with the cracking observed in experimental canisters. 
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FIGURE A.2. Predicted Outside Surface Cracking in Glass of 60-cm-dia Canister 



The calculations show that stresses resulting from differential thermal 
contractions in length between the glass and canister are probably a major 
cause of glass cracking in the region near the canister wall. This cracking 
could be reduced with a better match between the glass and canister thermal 
expansion coefficients, and by eliminating bonding of the glass to the 
canister wall. 
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RESIDUAL STRESSES DUE TO A PARABOLIC 
TEMPERATURE PROFILE IN A CYLINDER 

Stresses in a cylinder are related to temperature distribution according 
~o the following equations found in Timoshenko (1951): 

or = B(~2 oJ
b 

Tr 
1 fr dr - -- Tr 
r2 0 

dr) 

°e = S (L Jb Tr dr + 12 fr Tr dr - T) 
b2 0 r 0 

(J = B (L fb Tr dr - T) , 
Z b2 0 

where ° is stress in three directions; r is radial position; b is radius; 
and T is the temperature distribution. The coefficient S is the grouping 
aE/(l - v) where a is thermal expansion; E is Young's modulus; and v is 
Poisson's ratio. For a parabolic temperature profile: 

r2 
T = T + (TC - T )(1 -~) , w L w b 

where Tw is the wall temperature and Tt is the centerline temperature. 
Insertion of this into the stress equations results in a relation between 
stress and the centerline to wall temperature drop, ~T. The largest stress is 
found to be in the e-direction (hoop stress). It is given by 

° = 1 aE~T e 2 1 - v • 
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