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INTRODUCTION 

This  paper desc r ibes  t h e  r e s u l t s . o f  t e s t s  t h a t  eva lua ted  
t h e  compa t ib i l i t y  of h igh-s t rength ,  o x i d a t i o n - r e s i s t a n t  a l l o y s  
with mel t s  of Savannah River  P lan t  (SRP) waste and glass-forming 
a d d i t i v e s  under in-can melt ing condi t ions .  They were c a r r i e d  
out  t o  eva lua te  high temperature a l t e r n a t i v e s  t o  Type 304L s t a i n -  
l e s s  s t e e l  f o r  u se  a s  in-can mel t ing  c a n i s t e r s .  The compa t ib i l i t y  
of  candida te  c a n i s t e r  a l l o y s  with s imulated waste g l a s s  dur ing  
both waste-form f a b r i c a t i o n  and during cond i t i ons  expected i n  
long-term s to rage  i s  being ~ h a r a c t e r i z e d . " ~  

Two processes  f o r  incorpora t ing  h igh- leve l  r a d i o a c t i v e  waste 
i n t o  g l a s s  waste forms a r e  being developed a t  Savannah River 
Laboratory (SRL). In  t h e  primary process;  continuous, melt ing,  
g l a s s  f r i t  and ca lc ined  s ludge a r e  melted i n  a  joule-heated me l t e r  
and t h e  g l a s s  i s  then  c a s t  i n t o  t h e  c a n i s t e r .  In  t h e  backup 
process ,  in-can melt ing,  f r i t  and ca l c ined  s ludge a r e  melted i n  
t h e  c a n i s t e r  and allowed T O  s o l i d i f y  i n  place.  

Reactions between s i ~ n u l a t e d  waste g l a s s  and c a n i s t e r  a l l o y  
dur ing  in-can mel t ing  have a  g r e a t e r  e f f e c t  on t h e  c a n i s t e r  than 
r e a c t i o n s  f o r  con t inuo~ i s  melt ing,  because in-can melted waste 
forms a r e  a t  h ighe r  temperatures  f o r  a  longer  t ime.  Reactions 
under t h e s e  condi t ions  must be cha rac t e r i zed  i n  o rde r  t o  s e l e c t  
t h e  c a n i s t e r  a l l o y  and e s t a b l i s h  t h e  f ab r i ca t ion -pa rame te r s  t h a t  
w i l l  ensure  t h e  product ion of h i g h - i n t e g r i t y  waste forms. 

' *  The information contained i n  t h i s  a r t i c l e  was developed dur ing  
t h e  course of  work under Contract  No. DE-AC09-76SR00001 wi th  
t h e  U.  S. Department of  Energy. 



SUMMARY 

The resistance of candidate canister alloys to penetration 
under the most severe conditions expected during in-can melting 
was directly proportional to the chromium content of the alloy, 
and inversely proportional to the Na2O content of the glass melt. 
Specimens were exposed for 24 hours, which is the time required 
for in-can melting full-size waste-glass forms based on tests 
carried out at Pacific Northwest Laboratories (PNL) and at SRL. 

The penetration resistance to Frit 211 (Table 1) at 1150°C 
for 24 hours of most alloys tested was satisfactory. The amount 
of penetration would not affect the integrity of the waste form. 

InconeZ* 625, HasteZZoy** X ,  and Inconel 601 were penetrated 
(20 mils. This was considered excellent. 

IncoZoy* 801, Type 310 stainless steel, Type 304L stainless 
steel, InconeZ 600, and Type 347 stainless steel were penetrated 
<40 mils. This was considered good. 

HasteZZoy C-4 was penetrated >I00 mils by a glass composed 
.of 65 wt % Frit 21 and 35 wt % composite sludge (with uranium) at - 1150°C for only 7 hours. This amount of penetration of an in-can 
melting canister would not be satisfactory. 

BACKGROUND 

One series of coupon tests was completed previously.' In 
these tests three alloys (low-carbon steel, Type 304L stainless 
steel, and InconeZ 601) were exposed to Frit 21 base-glass con- 
taining composi.t.e or high-aluminum sludge (Table 2) at up to 
1150°C for up to 7 hours. 

Alloys were selected fur testing because of their oxidation 
resistancc, cost, and high=temperati~re strength. Type 304L 
stainless steel has good compatibility with glass-waste and may 
have sufficient strength if the in-can mel.ting temperature -is 
51050~~. InconeZ 601 was chosen as a high-temperature alternative 
to Type 304L stainless steel because it is more resistant to 
oxidation in air and because it has more strength at. elevated 
'temperatures (>1050"~). 

* Trademark of the International Nickel Company. 
** Trademark of the Cabot Corporation. 



Type 304L stainless steel exhibited good resistance to 
attack by being penetrated only 5 mils.' But, low-carbon steel 
and Inconel 601 were not as resistant to attack. Penetration 
of low-carbon steel of 65 mils was not surprising. But, penetra- 
tion of Inconel 601 of 27 mils (mostly intergranular) was not 
expect.ed . .... 

Additional tests were carried out to find a high-temperature 
alternative to Type 304L stainless steel. The creep resistance 
and oxidation resistance of Type 304L stainless steel may be in- 
adequate if glass-waste compositions require temperatures above 
1050°C to produce high-integrity waste forms. The intergranular 
penetration of Inconel 601 under these conditions, revealed in 
the first test, made the recommendation of this alloy questionable. 

DISCUSSION 

A1 1 oys Tested 

Alloys were selected for testing based on their resistance 
to oxidation, strength, fabricability, and cost. Compositions 
and properties of the alloys are given in ~ables. 3 and 4. 

Austsnitic Stainless Steel 

Austenitic stainless steels exhibit strengths at elevated 
temperatures superior to those shown by martensitic and ferritic 
stainless steels. The compatibility of Type 304L stainless 
steel with glass-waste has been shown in previous tests. ' Two 
additional austenitic stainless steels, Type 310 and Type 347, 
were also chosen for testirig because they have greater high- 
temperature strength than Type 304L. Type 310 stainless steel, 
however, contains 0.25 wt % carbon which will cause sensitization 
in applications which require cooling. This problem would have 
to be addressed if Type Y l U  stainless steel were chosen f o r  
canister fabrication. 

Type 347 stainless steel is a niobium-containing, stabilized 
grade of stainless steel recommended for corrosion-resistant 
parts requiring welding. It is also recommended for parts which 
are intermittently heated and cooled to temperatures between 800 
and 1600°C to avoid intergranular embrittlement. It has slightly 
greater creep resistance at elevated temperatures than Type 304L, 
and its oxidation resistance is as good or Letter. 



Cr-Ni-Fe AZZoys 

Higher chromium and nickel contents than austenitic stain- 
less steel give Cr-Ni-Fe alloys greater high-temperature oxidation 
resistance. The availability of IncoZoy 801, which was included 
in these tests, is limited. Its composition is similar to the 
composition of InconeZ 800. Its behavior in these'tests is expected 
to be representative of Cr-Ni-Fe alloys. At in-can melting tempera- 
tures, these more expensive alloys have only slightly better creep 
resistance than austenitic stainless steels. 

N i - C r  AZZoys 

Reduct.ion of the iron content gives InconeZ 600, 601, and 
625 greater high-temperature oxidation resistance than the Cr-Ni-Fe 
alloys. At in-can melting temperatures, the creep resistance of 
these more expensive alloys is only slightly better than austenitic 
stainless steels. 

Ni-Base Supera Z Zoy s 

The high-temperature oxidation resistance of HasteZZoy C-4 
and HasteZZoy X is excellent. But, the creep resistance of these 
more expensive a1loy.s is only slightly better than austenitic 
stainless steels. HasteZZoy C-4 has been recommended for other 
components of the melter system. 

Glass Compositions 

Two basic types of glass were used in these tests: (1) 65 
wt % glass frit (Table 1) combined with 35 wt % simulated sludge 
(Table 2), and (2) purc glass frit. 

Glass Fri.6 Combined with SZudge 

This glass was co~nposed of glass frit thoroughly mixed with 
sludge before melting. Two types of sludge were used: (1) simu- 
lated composite sludge (with uranium), and (2) simulated composite 
sludge (without uranium). These sludges are identical except for 
the uranium content. No significant difference in the results of 
either expected. Use of the sludge without uranium facilitated 
specimen preparation and evaluation. 



Pure Glass F r i t  

The pene t r a t ion  o f  candida te  c a n i s t e r  a l l o y s  by pure g l a s s  
f r i t  during in-can  melt ing was cha rac t e r i zed .  Experimental 
product ion of  f u l l - s i z e  in-can melted glass-waste  forms a t  PNL 
showed t h a t  t h e  p e n e t r a t i o n  of c a n i s t e r  a l l o y s  by pure  g l a s s  f r i t  
i s  much more severe  than  t h e  pene t r a t ion  by mixtures  of  f r i t  and 
s ludge . 

Desc r i p t i on  o f  Tests 

Coupon t e s t s  and thermocouple t e s t s  were used t o  c h a r a c t e r i z e  
t h e  a t t a c k  of candida te  c a n i s t e r  a l l o y s  by molten g l a s s  during 
in-can melt ing.  

Coupon Tests 

Test  assemblies  f o r  coupon t e s t s  (Figure 1)  c o n s i s t  o f  metal 
rods  suspended i n  a  c r u c i b l e  of  molten g lass -was te  by a  ceramic 
top  a t tached  t o  t h e  specimen. The c r u c i b l e  i s  p a r t i a l l y  f i l l e d  
with a  f r i t - s l u d g e  mixture a t  room temperature,  t h e  specimen i s  
p u t  i n  p l ace ,  and t h e  assembly i s  pu t  i n  a  furnace  e q u i l i b r a t e d  
a t  t h e  t e s t  temperature.  When t h e  des i r ed  t ime e x p i r e s ,  t h e  
assembly i s  removed from t h e  furnace and t h e  specimen i s  removed 
from t h e  melt .  

Thickness measurements and microscopic examination o f  t h e  
specimen a r e  c a r r i e d  out  t o  determine t h e  ex t en t  of  a t t a c k .  
First,  t h e  specimen with t h e  top  a t tached  i s  photographed. Epoxy 
r e s i n  i s  thcn  poured over  t h e  specimen t o  hold t h e  oxide ,  g l a s s ,  
and metal i ~ i  p o s i t i o n .  Af t e r  t h e  r e s i n  hardens,  t h e  ceramic t o p  
i s  broken o f f ,  and t h e  e n t i r e  specimen i s  mounted i n  p1a . s t . i~ .  
The specimen i s  then ground and pol i shed  t o  show t h e  e f f e c t  of  
t h e  exposure of  t h e  r o l l e d  su r f aces .  

The th ickness  of  heated specimens i s  measured with a  
t r ave l ing - s t age  microscope. The th ickness  i s  measured every 
0.100 inc.h along i t s  length .  These measurements a r e  grouped 
i n t o  a r eas  according t.o exposure ( t o  g l a s s ,  a i r ,  and a i r  p l u s  
g l a s s ) .  This  grouping i s  based on measurements taken from t h e  
o v e r a l l  photograph o f  t h e  specimen a f t e r  it i s  hea ted .  Average 
dimensional changes f o r  each of  t h e  t h r e e  exposure a r e a s  a r e  
c a l c u l a t e d  f o r  each specimen. Each specimen i s  examined a t  h ighe r  
magni f ica t ions  t o  measure t h e  depth o f  any i n t e r g r a n u l a r  penc t ra -  
t i o n .  This  va lue  i s  added t o  t h e  dimensional change i n  each 
specimen t o  g ive  t h e  t o t a l  pene t r a t ion .  



The attack of the canister by three types of exposure can 
be characterized by these coupon tests. The end of the specimen 
outside the crucible is exposed to air oxidation as the outside 
of a waste canister will be during in-can melting. The bottom 
of the specimen is exposed to molten vitrified glass-waste repre- 
sent.ative of the exposure of the bottom inside a canister during 
melting. The portion of the specimen inside the crucible between 
the molten glass and the ceramic top is exposed to both air oxida- 
tion and molten glass. This condition would exist near the top 
of a canister of glass-waste. 

Themocoup Ze Tests 

Test specimens for thermocouple tests consist of clad thermo- 
couples, 118-inch-diameter rods, or small strips cut from plate. 
Replicate specimens are suspended over the side of small canisters 
made of 1-inch-diameter Type 304L stainless steel pipe, or 
Type 304L stainless steel pipe caps. The canisters are then 
filled with pure frit or a frit-sludge mixture at room temperature 
(Figure 2). Next the canisters are put into a muffle furnace 
equilibrated at temperature. When the desired time expires, the 
canister is removed from the furnace and a replicate specimen is 
removed. The canister is then returned to the furnace. 

The thermocouple test is used to evaluate the attack of the 
canister alloy only at the glass-metal interface. Thickness 
measurements and microscopic cxamination of metallographic sections 
are carried out to determine the extent of attack. First, epoxy 
resin is poured over the specimen to hold the surface films and 
adhering glass in position. After the resin hardens, the section 
of the specimen containing the glass-metal interface (the point 
of maximum penetration) is removed with an abrasive cutoff wheel. 
This scction is mounted longitudinally to show the effect of 
exposure on the rolled surfaces. It is prepared for examination 
on the metallograph. The point of minimum thickness is measured 
on a traveling-stage microscope. The rype of arrack is charac- 
terized by metallograph and scanning electron microscope (SEM) 
examination. 

'Tes t  Matrix 

Specimens were exposed to molten glass as shown in the tesr 
matrix in Figure 3. The tests were carried out in the following 
order : 

(1) Coupon tests of Typc 347 stainless steel, IncoZoy 801, 
InconeZ 6 2 5 ,  and HasteZZoy C-4 were carried out to find a 
high-temperature alternative to Type 304L stainless steel. 



(2) Thermocouple tests were carried out to determine the 
relative corrosiveness of the pure frits and frit-sludge 
mixtures under consideration at SRL. 

(3) Thermocouple tests were carried out to determine the 
penetration of the candidate alloys at the most severe 
conditions (at the highest temperature with the most 
corrosive frit) expected during waste-form fabrication 
by in-can melting. 

RESULTS 

Durability of Candidate AZZoys 

The maximum penetration of a11 alloys tested are listed in 
Table 5 and plotted in Figure 4 in the order of decreasing resist- 
ance to penetration by molten Frit 211 at 1150°~, the most 
corrosive frit composition available, at the highest temperature 
tcsted. 

These results show that the resistance to penetration of 
alloys tested is proportional to the chromium content of the 
alloys. The metallographic examination of the coupon test 
specimens showed that chromium oxide was more resistant to disso- 
lution by molten glass than any other oxide formed on the specimen 
surface. All other oxides, such as Fe or Ni, dissolved in the 
glass and were found in spinels that precipitated during cooling. 
Other oxides such as Mo were dissolved and found in the glass 
matrix. The oxide film remaining on the surface of the alloy 
exposed to molten glass contained only Cr. 

These results are in agreement with similar tests by Wicks 
to determine the resistance of candidate refractories and candi- 
date electrode alloys to penetration by molten glass in the 
joule-heated melte~.~ In these tests the refractories with the 
highest chromium oxide content. were the most resistant to pene- 
tration. And the resistance to penetration of candidate electrode 
alloys was proportional to their chromium content. 

Corrosiveness of Glass Melts 

The amount of attack of canister alloys by the pure frit 
under in-can melting conditions .is directly proportional to the 
Nan0 content of the frit (Tables 3 and 6 and Figure 5). The ratio 
between the amount nf penetration of Type 304L stainless steel and 
the Na20 content of Frits 411, 21, and 18 is almost constant. 
There are differences in the composition of Frits 411, 21, and 
18 other than the Na20 content. But, the Na2O content is the 



only component that is consistently different in the three frits. 
The Na2O content of Frit 18 is almost double the NazO content of 
Frit 411. The NazO content of Frit 21 is intermediate. 

Coupon Tests 

Coupon tests of Type 347 stainless steel, IncoZoy 801, 
IneoneZ 625, and HasteZZoy C-4 were carried out to find a high- 
temperature alternative to Type 304L stainless steel. The 
appearance and maximum penetration of Type 347, IncoZoy 801, 
Incone2 625, and HasteZZoy C-4 specimens exposed. to 65 wt % 
Frit 21 and 35 wt % composite sludge without uranium for up to 
7 hours at up to llOO°C is shown in Figure 6. 

The maximum penetration of each specimen occurred. in the 
part exposed to both glass and air at the glass-metal interface. 
This phenomenon was seen in previous tests at SRL.' Metal oxide 
is relatively soluble in molten glass. At the glass metal inter- 
face there is a portion of the oxide above the glass that contacts 
the glass. Molten glass is drawn up into this oxide film by 
capillary action.. Evidently the presence of the glass in the 
metal oxide reduces the film's ability to protect the metal from 
further oxidation. 

Each specimen was examined on the metallograph and the SEM 
to characterize the attack. The results of these examinations 
are discussed in the following paragraphs. 

Type 347 StainZess Steel  Tests (Figure 7 )  

A i r .  The portion of the specimen exposed to air was covered 
with an oxide film composed of Cr, Fe, and Ni oxide. No selective 
penetration was observed of this portion of the specimen. 

Glass Ail.. The portion of thc spccimcn cxposod to glass 
and air was covered with types of material. There was, a layer 
of Cr oxide adjacent to the metal. Adjacent to this laycr was a 
layer composed of the components of both Cr, Fe, and Ni oxide and 
glass. There was only a small amount of selective penetration. 

Glass. The glass had spalled off the metal. There was, 
I.iowe.ver,,evidei~ce of a Cr oxide layer adjacent to the metal. 
There was only a small amount of intergranular penetration. 

IncoZog 801 Tests (F?:gure 8 )  

A i r .  The outside film covering the portion of the IncoZoy 
801 specimen exposed to air was composed of several layers. The 



l a y e r  ad jacent  t o  t h e  metal was composed of  on ly  C r  oxide.  Adja- 
c e n t  t o  t h i s  l a y e r  was a  l a y e r  composed of  a  mixture o f  C r ,  Fe, 
and N i  oxide.  

GZass and A i r .  This  po r t ion  o f  t h e  specimen was covered 
wi th  an oxide f i l m  composed of on ly  C r  oxide. This  i n d i c a t e s  
t h a t  t he  oxide l a y e r  composed of C r ,  Fe, and N i  oxides on t h e  
specimen had d isso lved  i n  t h e  glass-waste .  There was s e l e c t i v e  
pene t r a t ion  of t h e  specimen under t h e  oxide f i l m .  

GZ.ass. This  p o r t i o n  of t h e  specimen was a l s o  covered by an 
oxide f i lm  composed o f  only C r  oxide. There were s p i n e l s  i n  t h e  
glass-waste  ad jacent  t o  t h e  specimen. These s p i n e l s  contained 
C r ,  Fe, and N i  from t h e  oxide l a y e r  t h a t  d i s so lved  i n  t h e  g l a s s -  
waste.  

InconeZ 625 Tests (Figure 9 )  

A i r .  The po r t ion  o f  t h e  specimen exposed t o  a i r  was covered 
with a  C r - N i  oxide.  

Glass and A i r .  The po r t ion  of  t h e  specimen exposed t o  g l a s s  
and a i r  was covered with a  mater ial .made up of  C r ,  N i  oxide,  and 
g l a s s .  

Glass. A l l  t h e  g l a s s  had s p a l l e d  o f f  t h i s  p o r t i o n  o f  t h e  
specimen. There was a  C r  oxide f i l m  adjacent  t o  t h e  metal .  
And t h e r e  was a  small  amount of  i n t e r g r a n u l a r  p e n e t r a t i o n  i n  t h e  
metal .  

HasteZZoy C-4 Tests (Figure 1 0 )  

A .  The oxide l a y e r  covering t h e  end of t h e  specimen 
exposed t o  a i r  was composed o f  many small p a r t i c l e s .  Most o f  
t h e s e  p a r t i c l e s  f e l l  o f f  t h e  specimen when it. was removed from 
t h e  c r u c i b l e  of  molten g l a s s .  A band of  p a r t i c l e s  remained 
ad jacent  t o  t h e  meta.1. X-ray energy spectrometry (XES) a n a l y s i s  
showed t h a t  t h i s  ma te r i a l  was composed of  Mo, C r ,  and N i .  

A i r  and Glass. There was severe  a t t a c k  i n  t h e  a r e a  of  t h e  
specimen exposed t o  a i r  and g l a s s .  Many l a r g e  p i t s  were formed. 
A band o f  Mo, Cr, a.nd N i  n x i d e  ex i s t ed  ad jacent  t o  t h e  metal .  
A f i n e  p a r t i c u l a t e  Mo-Ni oxide was t rapped i n  t h e  p i t s .  

The appeara.nc.e of  t h i s  po r t ion  of  t h e  specimen i s  c o n s i s t e n t  
with Kofs tad ls  d e s c r i p t i o n  o f  an a l l o y  undergoing c a t a s t r o p h i c  
oxida t ion .  This phenomenon i s  accompanied by t h e  formation of  
l i q u i d  oxide phases such a s  MooJ (m.p. 79S°C). 



Glass. A layer of Cr oxide remained on the surface of the 
metal. There were Cr, Fe, and Ni spinels in the glass adjacent 
to the metal. These spinels formed because of localized super- 
saturation of Cr, Fe, and Ni caused' by dissolution of these 
elements from the oxide films into the glass. The Mo from the 
dissolved oxide films was incorpora.t.ed in the glass matrix rather 
than into the spinels. There are small areas in the glass matrix 
adjacent to the metal that contain Mo while the bulk of the glass 
matrix contains no Mo. There was no Mo in the glass frit or the 
sludge. 

ThermocoupZe Tests 

Tests a t  1050 O C  

Thermocouple tests were carried out at 1050°C to determine 
the relative corrosiveness of the pure glass frits and frit-sludge 
mixtures under consideration at SRL. The penetration of Type 304L 
stainless steel by glass frit combined with sludge arid by several 
compositions of pure frit was determined as shown by the test 
matrix in Figure 3. Test specimens were heated for up to 24 hours 
because experimental production of full-size waste-forms at PNL 
showed that this was the required heating time. 

Penetra&ion. Maximum penetration of all specimens occurred 
just above the glass surface where the specimen was exposed to 
both air oxidatiorl and glass. This phenomenon has been seen in 
previous tests at SRL. ' The penetration of the specimens is given 
in Table 7 and plotted against time in Figure 11. 

During in-can melting, pure Frit 411 penetrated Type 304C 
stainless steel appruxin~ately an order of magnitude faster than 
a mixture of Frit 411 and Savannah River Plant (SRP) simulated 
composite-sludge, based on penetration of specimens exposed to 
molten glass for 24 hours. Dimensional changes of specimens with 
the longer exposure times is beiieved to be more reliable ~Iian 
dimensional changes of specimens exposed for shorter times. 
Penetration by pure Frit 411 was 13.5 111ils in 24 hours. In 
companion specimens, penetration by a mixture of Frit 411 and SRP 
simulated composite-sludge was less t.han 2 mils. Penetration of 
the Type 304L stainless steel by the pure Frit 411 increased with 
time at a linear rate (Figure 11). 

Penetration of Type 304L stainless steel by pure Frit 21 and 
pure Frit 18 also proceeded a t  a linear rate. B.u.t, peneti-ation 
of Type 304L stainless steel by these frit compositions was faster 
than the penetration by pure Frit 411. 



A Type 304L s t a i n l e s s  s t e e l  specimen exposed t o  pure F r i t  411 
a t  1050°C f o r  24 hours  was examined on t h e  SEM (Figure 12) .  This  
specimen was taken from near  t h e  p o i n t  of  maximum pene t r a t ion .  
The metal oxide l a y e r  on t h e  specimen had been completely impreg- 
nated with g l a s s .  The po in t  of  maximum p e n e t r a t i o n  o f  t h e  t e s t  
specimen would have been j u s t  above where t h i s  metallography 
specimen was taken.  . A t  t h a t  p o i n t  t h e  metal oxide l a y e r  would 
have been only p a r t i a l l y  impregnated with g l a s s .  The presence o f  
g l a s s  i n  t h e  metal oxide l a y e r  reduces i t s  e f f e c t i v e n e s s  t o  p r o t e c t  
t h e  metal from f u r t h e r  ox ida t ion .  

The g l a s s  impregnating the  metal oxide l a y e r  was enriched i n  
chromium. And t h e  g l a s s  ad jacent  t o  t h e  metal oxide l a y e r  con- 
t a ined  many l a r g e  p a r t i c l e s .  Metal oxide i s  r e l a t i v e l y  s o l u b l e  
i n  molten g l a s s .  The chromium i n  t h e  g l a s s  impregnating t h e  metal 

" * '  oxide l a y e r  could be from metal oxides t h a t  dibsolved i n  t h e  g l a s s  
from t h e  metal oxide l aye r .  There i s  no chromium i n  t h e  g l a s s  
f r i t  o r  t h e  s ludge.  The p r e c i p i t a t e s  t h a t  formed dur ing  cool ing  
due t o  t h e  l o c a l i z e d  concent ra t ion  of  m e t a l l i c  elements from t h e  
metal oxide d isso lved  i n  t h e  g l a s s .  These p a r t i c l e s  a r e  common 
i n  glass-waste  conta in ing  l a r g e  amounts o f  m e t a l l i c  elements.  6 

They have a  d i s t o r t e d  i r o n  oxide s t r u c t u r e  and e f f e c t  t h e  leach-  
a b i l i t y  of  t h e  glass-waste .  

Tests at 11 50 OC 

Thermocouple t e s t s  were c a r r i c d  out  a t  1150°C t o  expose t h e  
candida te  a l l o y s  t o  t h e  most severe  cond i t i ons  expected dur ing  
waste-form f a b r i c a t i o n  by in-can mel t ing .  In  t hese  t e s t s ,  t h e  
a l l o y s  were exposed t o  pure F r i t  211 which has  t h e  h ighes t  NazO 
content  (20.6 w t  %) of  any g l a s s  f r i t  a v a i l a b l e .  Specimens were 
exposed f o r  24 hours which i s  t h e  time r equ i r ed  f o r  in -can  mel t ing  
f u l l - s i z e  wastc g l a s s  forms based on t e s t s  c a r r i e d  out  a . t  PNI,.  

Maximum pene t r a t ion  of  a l l  specimens occurred a t  t h e  g l a s s  
su r f ace  where t h e  specimen was expused Lu Lutl i  a i r  oxidation and 
g l a s s .  This  phenomenon has been seen i n  previous t e s t s  a t  SRL. 1 

The penet ra t ior i  of t h e  specimen i s  given i n  Table 8 .  
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TABLE 1 

Composition o f  Glass F r i  t s  

Amount i n  F r i t ,  w t  % 

Metal Oxide 18 2 11 2 1 41 1 

Si02 52.5 58.3 52.5 58.3 

Nan0 22.5 20.6 18.5 12.5 

B203 10.0 11.1 10.0 11.1 

Ti02 10.0 - 10.0 - 
CaO 5.0 5.6 5.0 5.6 

Li - 4.4 4.0 12.5 

TABLE 2 

Composition o f  SRP Simulated Sludges 

Amount i n  Sludge, w t  % 
Composite Composite 

Element (WithUraniwn) (Without Uraniwn) 

Total 39.5 
Metallic 
El ement s 



TABLE 3 

Al loys ~ e s t ' e d  fo r  In-Can Melt ing 

A2  loy Composition Type Q p e  Pjpe ~ n c o l o ~ ~  ~ncone la ~nconel' ~ncone la  hhste 2 loyb Haste l loy  b 
( w t  % of element) 3043 SS 310 SS 347 SS 801 -- 600 ' 601 625 C- 4 X 

Element 

Fe 

N i  

C r 

Cb + Ta - - Trace - <3  - 4 - - 

a. Trademark of t h e  In t e rna t iona l  Nickel Company. 

b. Trademark of t h e  Cabot Corporation. 



TABLE 4 

Properties o f  Candidate Alloys for In-Can Melting Canisters 

Penetration by 
0;cidation i n  
1000 hr a t  Rupture Strength Cost, $ 

Materia Z 11 OO°C, m i l s a  a t  1090°C, pia per Zba 

A u s t e n i t i c  100 
S t a i n l e s s  S t e e l  
(Types 347 and . 

304L) 

Cr-Ni-Fe Alloy 5.5 
(Incoloy 80.1) 

1000 (Type 347) 1.50 

700 (Type 3 0 4 ~ )  

N i - C r  Alloy 2.6 1800 5.50 
(Inconel  625) 

N i  - Base 2.4 
Supera 1 loys 
(Hastelloy C-4) 

a. Representa t ive  of  t ype  of  m a t e r i a l .  Not n e c e s s a r i l y  f o r  
s p e c i f i c  a l l o y  l i s t e d .  



TABLE 5 

Penetration of Canister A1 loys by Pure Frit 21 1 at 1 150°C 

. Penetmtinn, W t  % Test 
AZZoy mi 2s Cr Condition Remarks 

Little selective penetration 
as found in previous test. 

Incoloy 801 >19.0 ' 20 Specimen completely penetrated. 

2 5 Type. 310 25.2 . 
Stainless Steel 

Type 304L 25.9 13 
Stainless Steel 

Type 347 38.3 18 
Stainless Steel 

HasteZZoy C-4 110 16 7 hr at 15 wt % Mo reduces resistance 
1 1 5 0 ~ ~ ~  to penetration. 

a. HasteZZoy C-4 exposed to 65 wt % Frit 21 and 35 wt % composite sludge 
(wit11 uranium) . 



TABLE 6 

Penetration of Type 304L Stainless Steel by Pure Frit 

Penetration in 
24 Hours at 

Identification Wt %Nan0 1050°C, mils 

F r i t  411 12.5 13.5 

F r i t  21 18.5 16.5 

F r i t  211 20.6 25.9 

F r i t  18 22.5 26.0 

TABLE 7 

Penetration of Type 304L Stainless Steel 
During In-Can Melting 

Time at 1050°C, 
hours + 

Glass Composition 

Pure F r i t  411 

75 w t  % F r i t  411, 
25 w t  % SRP 
Simulated 
Composite Sludge 

Pure F r i t  21 

Pure F r i t  18 

Pure F r i t  211 

Penetration, mi 2s 

1 .3  1.8 3.9 4.5 13.5 

1.1 0.9 0.6 0.8 1 .7  



TABLE 8 

Penet ra t ion  o f  Can is te r  A1 l o y s  by Pure F r i t  41 1  
i n  24 Hours a t  1150°C, m i l s  

A Thicknessa . Intergranular 
2 + Penetration = Total 

Type 310 '23.2 2.0 
S t a i n l e s s  S tee l  

Type 304L . 16.6 
S t a i n l e s s  Stee l  

Type 347 37.3 1.0 
S ta in less  S tee l  

- - 

a. Thickness before heat ing - Thic.kness a f t e r  heat ing = A Thickness. 

A Thickness 
2 i s  penet ra t ion  of one s i d e  of  specimen . . .  

b.  The Ifworlel 001 specimcn was completely penet ra ted .  



m ~ e s t  Specimen 

Ceramic Crucible 
. . 

and 

25.4 mm 

(1 in.) 

FIGURE 1. Coupon Test  Assembly 



Test Specimen 
Small Canister 
With Replicate 
Specimens 

FIGURE 2. Thermocouple Test Assembly 



TYPE 
TEST 

GLASS TEST TYPE TfPE TYPE INCOLOY INCONEL INCONEL INCONEL HASTELLOY HASTELLOY TESTING 
COMPOSITION . CONDITIONS 304L 310 347 80 1 600 601 625 C-4 X ORDER 

SS ss SS 

COUPON 65 wt & F r i t  21 1050, 1100 5 1150°C 
35 w t  % Composite f o r  
Sludge (with 3. S & 7 hours 

' uranium) 

THERMO- Pure ' F r i t  18 1050°C X 
COUPLE f o r  

2,  5, 10 & 24 hours 

Pure F r i t  211 1050°C X 
f o r  

2,  5 ,  10 & 24 hours 

Pure F r i t  21 1050'C X 
f o r  

2,  5 ,  10 & 24 hours  

Pure F r i t  411 1050-C X 
f o r  

2. 5. 10 & 24 hours 

75 w t  % F r i t  411 l05C OC X 
25 rt % Composite f o r  
Slucge (without  2, 5, 10 ' 24 hours 
uranium) 

Pure F r i t  211 1 150°C ' X X X X X X X 
f m  

24 hours 

TEST 1 

TEST 2 

X TEST 3 

FIGURE 3 .  Test  M a t r i x  



Type 347 . - I  

Incotze Z 600 

Type 304Lf Stainless 
Sta in less  , 

625 HasteZZoy X 
IncoZoy 801 

I I I 

FIGURE- 4. Penet ra t ion  o f  Can is te r  A l l o y s  by Pure F r i t  211 
a t  1150°C vs. Chromium Content o f  t h e  A l l o y s  



FIGURE 5. Penetrat ion o f  Type 304L Sta in less  Steel  by 
Pure F r i t  i n  24 Hours a t  1050°C 



Type 347 Stainless Steel "Incoloy" 801 "Inconel" 625 "Hastelloy" C-4 

d 

5.6 mi ls  6 .9  mils 9.8 mi ls  

Maximum Penetration 

110 mi ls  

* 
Specimens exposed t o  65 w t  % F r i t  21 and 
35 w t  % composite sludge (with uranium) 
f o r  up t o  11 50°C. 

FIGURE 6. Appearance o f  Typical Coupon Test Specimens 



5 . 6  mils 

mils 

FIGURE 7. Typical Type 347 
Stainless Steel 
Specimen 



- --i 

U.(n  mil FIGURE Typical ImoZoy 801 
Specimen 



Mrt~ntinc ~ a t c r i n l  . I Dxide 

1- ------' 
1 . 0  mil 

)--.- -, 
0 . 6  mil 

Mounting Uetrrial &fetal 

(Glass Snal led  Off M e t n l l  

Typical ImoneZ 
Specimen 



i 

.-- , 
0.5 inch 

,--- -. 
3.3 m i l k  0 . 3  inch  

FIGURE 10. Typical HasteZZoy C-4 
IX V!ith hk, 

Specimen 



O Frit 41 1 
0 Frit 21 
A Frit 18 

Frit 211 n 
I I I I 

' 2  5 10 24 
Time, hours 

FIGURE 1 1 .  Penetration o f  Type 304L Stainless Steel 
by Pure Frit at 1050°C 



Type 304L Metal Oxide Distorted I ron  Oxide 
Stainless Impregnated Precip i ta te  Part ic les  
Steel ~ o d  With Glass (wi th  chromium) i n  Glass 

*Total penetr,ation 13.5 mils 

-. 
22 mils 

Mounting 
Mater ia l  

FIGURE 12. Transverse Section Through Type 304L Stainless Steel 
Rod Exposed t o  Pure F r i t  411 a t  1050°C f o r  24 Hours 




