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WASTE SOLIDIFICATION DEMONSTRATION 

PROGRAM: 

CHARACTERIZATION OF NONRADIOACTIVE 
SAMPLES OF SOLIDIFIED HIGH-LEVEL WASTE 

R. J. Thompson, J. E. Mendel, and J. H. Kleinpeter 

ABSTRACT 

The Waste Solidification Demonstration Program is a 

cooperative program involving the Pacific Northwest Laboratory, 

the Brookhaven National Laboratory, and. the Oak Ridge National 

Laboratory to provide the technological bases which will enable 

industry to convert to a safer solid form the high-level liquid 

waste from the reprocessing of nuclear fuel. The work has cul- 

minated in the operation of the Waste Solidification Engineer- 

ing Prototypes by Battelle-Northwest, wherein engineering-scale 

radioactive demonstrations are being conducted with three 

alternative solidification systems: phosphate glass, spray 

solidification, and pot calcination. 

A major activity associated with the demonstration studies 
is behavior determination of solidified waste products and 

evaluation of the safety and economic aspects of this behavior 

as related to the management of high level wastes. One of the 

means being used to evaluate the solidified waste is charac- 

terization of nonradioactive laboratory samples of phosphate 

glass and spray solids. The product characteristics th.at have 

been measured include leachability, thermal diffusivity, heat 

capacity, density, drip point, thermal shock, dispersibility, 

crystallinity, and linear coefficient of thermal expansion. 

These characteristics have been compared with the processing 

parameters of composition, melt-formation temperature, time at 

melt-formation temperature, rate-of-cooling to storage tempera- 

ture, and storage temperature. 
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The study showed that the process temperature used to pre- 

pare the solid waste and the storage temperature of the samples 

have the greatest effect on the physical, chemical and thermo- 

dynamic properties of the phosphate glass and spray solids. 

The effect of process and storage temperature are most note- 

worthy in the degree of crystallinity of phosphate glass and 

in the physical and thermal properties of both products. High 

process temperature (1200 OC) tends to result in a more vitre- 

ous phosphate glass than does lower process temperature 

(1000 OC). Storage temperatures of 600 OC for 8 weeks promote 

crystal growth within phosphate glass samples, while 100 OC 

for 8 weeks has markedly less effect. The more crystalline 

phosphate glass is tougher, conducts heat better, and is less 

dispersible by mechanical impact than vitreous glass; it is, 

however, more water leachable. 

High process temperature (1100 OC) and to a lesser extent 

long times at process temperature (25 hours) may result in a 

nonhomogeneous spray solid. Lower process temperature (800 to 

1000 OC) produces a tough, durable, ceramic-like material that 

has a higher thermal conductivity on the average than phosphate 

glass. The leachability of spray melt is quite similar to 

crystalline phosphate glass, but is not as good as vitreous 

phosphate glass. 
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W A S T E  S O L I D I F I C A T I O N  D E M O N S T R A T I O N  
P R O G R A M :  

C H A R A C T E R I Z A T I O N  O F  N O N R A D I O A C T I V E  

S A M P L E S  O F  S O L I D I F I E D  H I G H - L E V E L  W A S T E  

R. J. T h o m p s o n ,  J .  E. M e n d e l ,  a n d  J. H. K l e i n p e t e r  

1.0 I N T R O D U C T I O N  

The purpose of the Waste Solidification Demonstration 

Program is to provide the technological bases which will lead 

industry to adopt at the earliest possible time the practice 

of solidifying the high-level liquid waste from nuclear fuel 

reprocessing. It is generally recognized that converting this 

intensely radioactive liquid waste to a solid, less mobile 

form produces a waste that is safer and therefore highly 

desirable. The establishment of soundly based techniques for 

converting liquid wastes to solids has required technical 

developments of processes and equipment, product and container 

evaluation, and techniques to assure the safe and economic 

handling of the secondary waste streams associated with the 

solidification process. Radioactive wastes must be stored for 

very long times under stable, controlled conditions. Five to 

ten centuries are required for the decay of radioactive fission 

products, and a storage period of hundreds of thousands of 

years is required for the small amount of plutonium present as 

a waste loss during reprocessing. Initial guidelines for such 

storage were recently proposed by a notice in the Federal 

Register which stated that all high-level wastes should be 

solidified by the time the spent nuclear fuel (the source of 

the waste) has been at the reprocessing plant for 5 years. In 

addition, the solidified wastes must be shipped to and stored 

in as yet undesignated Federal repositories for final disposal 



w i t h i n  10 y e a r s  a f t e r  r e c e i p t  of t h e  f u e l s  a t  t h e  r ep roces s ing  

p l a n t .  Shipping h i g h - l e v e l  wastes  a s  l i q u i d s  w i l l  no t  be 

pe rmi t t ed .  

A coope ra t i ve  program invo lv ing  Ba t t e l l e - Nor thwes t  (BNW) 

a t  t h e  P a c i f i c  Northwest Laboratory  (PNL), t h e  Brookhaven 

Na t iona l  Laboratory  (BNL), and t h e  Oak Ridge Na t iona l  Labora- 

t o r y  (ORNL) was e s t a b l i s h e d  t o  p rov ide  t h e  r e q u i r e d  technology.  

The program has  reached i t s  cu lmina t ion  wi th  t h e  demons t ra t ions  

of t h e  Waste S o l i d i f i c a t i o n  Engineer ing Pro to types  (WSEP) by 

Ba t t e l l e - Nor thwes t  a t  t h e  P a c i f i c  Northwest Laboratory .  In  

t h i s  f a c i l i t y ,  p i l o t  p l a n t  demons t ra t ions  a r e  being conducted 

wi th  t h r e e  a l t e r n a t i v e  s o l i d i f i c a t i o n  sys tems:  phosphate  

g l a s s  s o l i d i f i c a t i o n ,  sp ray  s o l i d i f i c a t i o n ,  and po t  c a l c i n a -  

t i o n .  The demons t ra t ions  a r e  performed wi th  s o l u t i o n s  which 

have chemical  composit ions and r a d i o a c t i v i t y  l e v e l s  comparable 

t o  t h o s e  which w i l l  e x i s t  i n  h i g h - l e v e l  wastes  from commercial 

p l a n t s  which r ep roces s  power r e a c t o r  f u e l s .  

The main i n c e n t i v e  f o r  conver t ing  h i g h - l e v e l  was tes  t o  

s o l i d  forms i s  t h e  need f o r  improved containment s a f e t y  dur ing  

t h e  c e n t u r i e s  r e q u i r e d  f o r  t h e  s t o r e d  r a d i o a c t i v e  decay t o  

non tox ic  l e v e l s .  The p e r i o d s  of g r e a t e s t  i n t e r e s t  a r e  t h e  

i n t e r i m  s t o r a g e  p e r i o d  be fo re  t h e  waste  i s  p laced  i n  a  l o c a -  

t i o n  f o r  permanent s t o r a g e  where s u r v e i l l a n c e  may be d i s con-  

t i n u e d  o r  g r e a t l y  reduced,  and t h e  t ime dur ing  which t h e  waste  

i s  t r a n s p o r t e d  through populous a r e a s  from i t s  sou rce  t o  t h e  

l o c a t i o n  f o r  permanent s t o r a g e .  The AEC p o s i t i o n  document 

r e q u i r e s  t h a t  bo th  i n t e r i m  s t o r a g e  and t r a n s p o r t  t o  permanent 

s t o r a g e  be completed w i t h i n  10 y e a r s  a f t e r  s o l i d i f i c a t i o n ,  

when h e a t  removal problems, product  t empera ture ,  r a d i o a c t i v i t y ,  

and r a t e  of radiochemical  changes a r e  a t  t h e i r  g r e a t e s t .  



BNW is responsible for: 

Characterizing the pertinent physical and chemical proper- 

ties of the products from three solidification processes 

being demonstrated in the Waste Solidification Demonstra- 

tion Program. 

Performing engineering and safety analyses of the product 

characteristics for direct application to the industrial 

reprocessors on Nuclear Fuels. 

A product evaluation program was established to accomplish 

the above objectives. To provide the data needed to define 

the pertinent properties of the solidified waste products and 

enable engineering and safety analyses of the product charac- 

teristics, the three following types of measurement data are 

being obtained: nonradioactive laboratory, radioactive labora- 

tory, and engineering scale. 

The largest number of samples and measurements are being 

made in the nonradioactive laboratory to obtain maximum data 

(exclusive of radiation effects) at minimum cost. A large 
number of samples are being used to study various effects 

exclusive of radiation. For example, the effects upon product 

quality of the processing parameters (melter operating tempera- 

ture, residence time in melter, cooling rate from melt to 

storage temperature) and storage temperature were studied 

using laboratory-prepared nonradioactive product specimens. 

The product characteristics measured were thermal conductivity, 

density, heat capacity, linear coefficient of thermal expan- 

sion, leachability, dispersibility, crystallinity, thermal 

shock, drip point, and porosity. 

This report summarizes the studies from the nonradioactive 

laboratory sample product characterization portion of the Waste 

Solidification Demonstration Program. The laboratory 



techniques and measurements on phosphate glass and spray 

solids are described in detail.* All pertinent product mea- 

surements are presented in the appendix. 

* Pot c a l c i n e  was n o t  e v a l u a t e d  because  t h e  form o f  t h e  c a l c i n e  
i n v o l v e d  cannot  be r e a d i l y  d u p l i c a t e d  i n  t h e  l a b o r a t o r y ,  and 
some v a r i a t i o n s  i n  p r o c e s s i n g  parameters  cannot  l o g i c a l l y  be  
done for  t h e  b a t c h  p r o c e s s .  



SUMMARY 

The nonrad ioac t ive  l a b o r a t o r y  s t u d i e s  showed t h a t  t h e  

t empera ture  used dur ing  p r e p a r a t i o n  of t h e  s o l i d s  and t h e  

s t o r a g e  temperature  of t h e  samples have t h e  g r e a t e s t  e f f e c t  

on t h e  p h y s i c a l ,  chemical ,  and thermodynamic p r o p e r t i e s  of 

t h e  phosphate g l a s s  and sp ray  s o l i d s .  The e f f e c t s  of p roces s -  

ing  and s t o r a g e  tempera tures  a r e  most evidenced i n  t h e  degree  

of c r y s t a l l i n i t y  of phosphate g l a s s  and i n  p h y s i c a l  and thermal 

p r o p e r t i e s  of both  p roduc t s .  High temperature  of mel t  p r epa ra -  

t i o n  (1200 OC) tends  t o  cause  a  more v i t r e o u s  phosphate g l a s s  

t han  does lower mel t  p r e p a r a t i o n  tempera ture  (1000 OC). S t o r -  

age temperature  of 600 O C  f o r  8 weeks promotes c r y s t a l  growth 

w i t h i n  phosphate g l a s s  samples,  whi le  100 O C  f o r  8 weeks has  

markedly l e s s  e f f e c t .  The more c r y s t a l l i n e  phosphate g l a s s  i s  

tougher ,  conducts h e a t  b e t t e r ,  and i s  l e s s  d i s p e r s i b l e  by 

mechanical  impact than v i t r e o u s  g l a s s ;  however, it i s  more 

wate r  l e achab le  by a  f a c t o r  of approximately  10. 

High s o l i d - p r e p a r a t i o n  temperature  (1100 " C )  and t o  a  

l e s s e r  e x t e n t  long time a t  me l t  (25 hours)  may r e s u l t  i n  a  

nonhomogeneous s o l i d  from sp ray  s o l i d i f i c a t i o n .  Lower me l t -  

p r e p a r a t i o n  temperature  (800 t o  1000 "C) produces a  tough,  

du rab l e  c e r a m i c - l i k e  m a t e r i a l  t h a t  has a  h i g h e r  thermal  con- 

d u c t i v i t y  on t h e  average than phosphate g l a s s .  The l each-  

a b i l i t y  of sp ray  mel t  i s  q u i t e  s i m i l a r  t o  c r y s t a l l i n e  phosphate 

g l a s s ,  bu t  i s  n o t  a s  good a s  v i t r e o u s  phosphate g l a s s .  

The average thermal  c o n d u c t i v i t y  f o r  sp ray  s o l i d s  was 

somewhat h i g h e r  t han  t h e  average thermal  c o n d u c t i v i t y  of t h e  
2 phosphate g l a s s :  1.05 w/(m2) (OC/m) a s  compared t o  0.75 W/ (m ) 

(OC/m). The d e n s i t y  of most sp ray  s o l i d s  was 3 .5  g/cm3 except  

f o r  product  from PW-2 ( s u l f a t e - c o n t a i n i n g )  waste which was 

3.0 g/cm3, whereas phosphate  g l a s s  d e n s i t y  was found t o  be 

approximately  2.9 g/cm3 f o r  a l l  samples.  The average h e a t  



c a p a c i t y  f o r  phosphate g l a s s  was between 0.18 and 0 .23 c a l / ( g )  

(OC) whi le  t h e  average f o r  sp ray  s o l i d s  was between 0 . 1 7  and 

0.19 c a l /  (g) (OC) . 
Measurement of t h e  l i n e a r  c o e f f i c i e n t  of thermal  expan- 

s i o n  showed t h a t  phosphate g l a s s  and sp ray  s o l i d s  have c o e f f i -  
6 c i e n t s  of approximately  1 0  x 1 0  i n . / i n . / " C  which i s  compatable 

w i th  mild  and s t a i n l e s s  s t e e l s .  No d i f f e r e n t i a l  thermal  expan- 

s i o n  problem i s  expected f o r  long- term s t o r a g e .  

Slow l each  t e s t s ,  made a t  25 O C  w i th  samples of known s u r -  

f a c e  a r e a ,  y i e l d  q u a n t i t a t i v e  l e a c h  d a t a  i n  t h e  u n i t s  of grams 
2 leached/(cm ) ( d a y ) .  However, t h e s e  t e s t s  a r e  much more t ime-  

consuming than  t h e  a c c e l e r a t e d  l each  t e s t s .  The l e a c h  r a t e  

v a r i e s  a s  a  f u n c t i o n  of t ime,  o f t e n  dec reas ing  i n  o r d e r s  of 

magnitude dur ing  t h e  f i r s t  few weeks of l e ach ing .  I n d i c a t i o n s  

a r e  t h a t  f o r  many of t h e  WSEP-type p roduc t s ,  pseudo-equi l ib r ium 

l each  r a t e s  a r e  ob t a ined  only  a f t e r  8 t o  9  months of l e ach ing .  

Most of t h e  slow l each  t e s t s  have no t  been taken  t o  pseudo- 

equ i l i b r ium a t  t h e  t ime of t h i s  r e p o r t .  (The remaining l e a c h  

d a t a  w i l l  be made a v a i l a b l e  i n  a  l a t e r  r e p o r t . )  Neve r the l e s s ,  

s u f f i c i e n t  slow l e a c h  d a t a  a r e  a v a i l a b l e  t o  make some conc lu-  

s i o n s .  For i n s t a n c e ,  u s ing  t h e  ca se  and c r i t e r i a  of Watson, 

e t  a l . ,  -- ( 3 )  f o r  WSEP-type p roduc t s ,  t h e  p e r m i s s i b l e  l e ach  r a t e  
f o r  c o n d i t i o n s  of c o n t i n u a l  wate r  c o n t a c t  i s  about 10 -11 

2 3 
g /  ( m 2 )  

(day) .  (Bas i s :  6 f t  / f t  of s o l i d  and water  f low a r e  equa l  

t o  1 g l a s s  volume flow pe r  day . )  The most nonleachable  WSEP 

p roduc t ,  n o n d e v i t r i f i e d  phosphate g l a s s ,  has  a  l e a c h  r a t e  of 
- 6 approximately  10 g /  (m2) (day) .  Thus i t  i s  obvious t h a t  i n  most 

c a s e s ,  even t h e  b e s t  s o l i d i f i e d  waste  p roduc ts  should  be kep t  

s e p a r a t e  from man's environment.  I t  i s  a l s o  important  t o  n o t e  

t h a t  t h e  most non leachable  of t h e  s o l i d i f i e d  wastes  o f f e r  

improved l e a c h  r a t e  p r o t e c t i o n  over l i q u i d  was tes  of approx i -  

mately  1 x l o 5  t o  1 x l o 6 .  I n  a d d i t i o n ,  t h e  package waste  

made up of c o n t a i n e r  and s o l i d i f i e d  waste i s  l e s s  mobi le ,  has  



significantly smaller volume, and is much more physically 

rugged than the liquid waste counterpart. Devitrification of 

the phosphate glass products, which occurs above about 5 5 0  " C ,  

results in products which are somewhat more leachable than the 

microcrystalline spray solidification products. 

The results of the accelerated leach tests on pulverized 

samples in near boiling water corroborate the results of the 

slow leach tests. The total weight loss during accelerated 

leach tests was the least for noncrystalline phosphate glass 

PW-2 samples (nominally less than 5 weight%). Crystalline 

phosphate glass PW-2 and all other phosphate glass products 

showed accelerated leach test weight losses from 20 to nearly 

6 0  weight%. Spray solid accelerated leach test for PW-4m 

product was less than 15 weight%, for PW-2 approximately 

40 weight%, and for PW-1 approximately 5  weight%. The acceler- 

ated leach data show that there is overlap in the leachability 

of various spray solid and phosphate glass products. Phosphate 

glass PW-2 is the least leachable; spray solid is intermediate; 

and phosphate glass PW-4m is probably the most leachable. 

The nonradioactive laboratory study of solidified high 

level waste is the least expensive and potentially the most 

comprehensive approach to the evaluation of solidified waste. 

Pot calcine, borosilicate and fluid bed solids need to be 

studied in more detail. Some external irradiation of nonradio- 

active laboratory samples could provide an important tie-in 

with large-scale solidification. 



3 . 0  EXPERIMENTAL PROCEDURE 

This section describes the experimental procedures and 

techniques used to prepare samples and make measurements for 

product characterization. The waste compositions used were 

chemically the same for the nonradioactive laboratory studies 

as for the large scale demonstrations using radioactive mate- 

rials. Sample preparation consisted of preparing large (300 

to 500 cubic centimeter) pretreated specimens and subdividing 

the large specimens into smaller samples for each individual 

measurement. Standard measurement techniques were used except 

where specialized tests were developed for particular situations. 

3.1 WASTE COMPOSITIONS 

Early in the Waste Solidification Demonstration Program 

it was recognized that the great diversity in possible composi- 

tions of high-level waste solutions would restrict study to a 

few typical compositions, which would encompass the character- 

istics of the most typical in detail. ( 4 )  The compositions 

chosen for detailed study in the nonradioactive laboratory 

portion of product characterization are shown in Table 3.1. 

These waste compositions represent different fuel exposures 

and different fuel reprocessing flowsheets. The PW-1, PW-2, 

and PW-4m types are from light water reactor fuel, and were 

chosen for detailed study. The LMFBR waste composition is 

shown for comparison purposes and except for "burnup" level is 

not greatly different from PW-4m. 

The diverse compositions chosen incorporated processing 

modes, fuel exposure levels, and fuel types. Aqueous reprocess- 

ing of the power reactor fuels by a Purex flowsheet was assumed 

in all cases; the wastes were all nitrate solutions. PW-1 is 

a high salt content waste which would result from dissolving 

iron fuel containers along with the fuel cores. PW-2 is a high 

salt content waste that contains large amounts of sulfate from 



TABLE 3.1. Chemical Compositions of High-Level Liquid Wastes 
for WSEP Demonstration and Nonradioactive Laboratory 
Studies 

Concentration, Molarit 
at 378 liters/tonne(ar 

PW- 1 Constituent PW- 2 PW- 4m LMFBR 

General Chemical Composition of Inert Materials 

Na low high 1 ow 1 ow 
F e high med low low 
S04 0 high 0 0 

Actual Chemical Composition of Inert Materials 

H 3.70 3.90 0.50 0.50 
Fe 0.93 0.44 0.050 0.16 
C r 0.012 0.024 0.012 0.046 
Ni 0.005 0.010 0.008 0.023 
A1 0.001 0.001 0.001 - - 
Na 0.14 0.93 0.10 0.10 
U 0.010 0.010 0.010 0.010 
H g <0.001 <o. 001 <o. 001 - - 
N03 7.5 5.4 2.4 4.7 
so4 - - 0.87 - - - - 

P04 0.003 0.006 0.003 0.060 
si03 0.010 0.010 0.010 - - 
F <o. 001 - -  <0.001 <0.001 

1 (b) 3.03 2.48 0.37 0.83 
M:hem 

kg oxide/ 
tonne 31.7 ~8.1(~) 4.6 9.7 

Chemical Composition of Major Materials from Nuclear Fission 

Core Fuel 
Fuel Exposure in Thermal Reactors Exposure in LMFBR 
20,000 MWd/tonne 45,000 MWd/tonne 100,000 MWd/tonne 

Constituent at 15 MW/tonne at 30 MW/tonne at 200 MW/tonne 

kg oxide/ 
tonne 22.0 

a .  "Tonne" i s  a  m e t r i c  t o n n e ,  1 0 0 0  kg or  2 2 0 5  Zb. 
b .  M+ i s  m e t a l  e q u i v a l e n t s ,  o r  n o r m a l i t y  o f  m e t a l  i o n s  ( d o e s  n o t  

i n c l u d e  a c i d ) .  
c .  Does n o t  i n c l u d e  t h e  s u l f a t e .  I f  s u l f a t e  i s  n o t  v o l a t i l i z e d ,  

a p p r o z i m a t e l y  27 k g / t o n n e  o f  a d d i t i o n a l  o x i d e s  a r e  formed. 
d .  RE i s  r a r e  e a r t h  e l e m e n t s .  



a reprocessing plant using ferrous sulfamate as a reducing 

agent. PW-4m is a "clean" waste with a low nonfission product 

salt content which would be produced by operation with a Purex 

flowsheet designed to add a minimum amount of nonvolatile 

chemicals during reprocessing. PW-1 and PW-2 are wastes from 

LWR fuels with moderate exposures, 20,000 MWdltonne at 

15 MW/tonne; PW-4m is waste from a higher exposure LWR fuel, 

45,000 MWd/tonne at 30 MW/tonne. PW-1, PW-2, and PW-4m contain 

the fission product spectrum from uranium fission. The WSEP 

reference waste composition for Liquid Metal Fast Breeder 

Reactor (LMFBR) fuel is a relatively clean Purex waste stream 

based on the reprocessing of fuel from the core of a fast 

breeder reactor. 

In both the laboratory studies and the engineering-scale 

demonstrations in WSEP, chemical substitutions are being used 

for several of the fission products, wherein use of the actual 

elements would be too expensive, or the elements would be diffi- 

cult to obtain in the amounts required. Molybdenum is sub- 

stituted for technetium, nickel for palladium, cobalt for 

rhodium, sulfur for tellurium, and copper for cadmium and 

silver. Although the process behavior of ruthenium is of 

extreme importance, it is impractical to use the full amounts 

present in the nominal waste compositions shown in Table 3.1. 

Approximately 10% of the nominal concentration is added as 

Ru (No3) 3 Although no other known chemical constituent 

behaves like ruthenium, iron was selected as a substitute for 

the remainder of the ruthenium. 

S A M P L E  P R E P A R A T I O N  

Two steps were required in the preparation of the phosphate 

glass and spray solid samples prior to measurement of specific 

properties. Relatively large samples (300 to 500 cubic centi- 

meters) of the solids were prepared according to process, feed 

type, and processing conditions. First, the aqueous feed was 



c a l c i n e d  t o  d ryness  i n  p la t inum c r u c i b l e s  and f u r t h e r  d r i e d  i n  

an oven f o r  a  s p e c i f i e d  t ime and a t  a  s p e c i f i e d  tempera ture .  

Ruthenium, t h e  only  chemical t h a t  was n o t  inc luded  i n  t h e  

i n i t i a l  f e e d  s o l u t i o n ,  was added t o  t h e  d ry  c a l c i n e  powder i n  

t h e  pla t inum c r u c i b l e  a s  aqueous ruthenium phospha te ,  and t h e  

mix ture  was p laced  i n  an oven. I t  was then  mel ted and h e l d  a t  

t h e  r e q u i r e d  tempera ture  f o r  t h e  planned t ime.  Second, t h e  

f i n a l  s o l i d  was t hen  t r a n s f e r r e d  t o  s t a i n l e s s  s t e e l  beakers  

and cooled t o  t h e  u l t i m a t e  s t o r a g e  temperature  a t  a  c o n t r o l l e d  

cool-down r a t e .  The sample was h e l d  a t  t h e  s t o r a g e  tempera ture  

f o r  8 weeks. A t  t h e  conc lus ion  of t h e  s t o r a g e  i n t e r v a l ,  t h e  

s o l i d  sample was cooled and t r a n s f e r r e d  t o  t h e  measurements 

l a b o r a t o r y  f o r  s u b d i v i s i o n  of t h e  l a r g e  samples i n t o  p i e c e s  

s u i t a b l e  f o r  i n d i v i d u a l  p r o p e r t y  measurements. 

Most of t h e  f i n a l  c u t t i n g ,  p o l i s h i n g ,  and s i z i n g  of cou- 

pons f o r  a c t u a l  p r o p e r t y  de t e rmina t ion  was done i n  t h e  o p t i c a l  

l a b o r a t o r y .  Samples t h a t  were ground and sc reened  p r i o r  t o  

a c c e l e r a t e d  l e a c h a b i l i t y  measurements and d r i p  p o i n t  measure- 

ments were p repared  by t e c h n i c i a n s  involved i n  t h e  a c t u a l  

measurement. 

Most of t h e  s o l i d i f i e d  waste  samples provided e x c e l l e n t  

coupons f o r  c h a r a c t e r i z a t i o n  of t h e  p roduc t .  However, i n  some 

i n s t a n c e s  i t  was n o t  p o s s i b l e  t o  p r epa re  adequate  coupons. ' I n  

t h e s e  c a s e s ,  t h e  problem has  been noted i n  t h e  Appendix and 

where a p p r o p r i a t e  i n  Sec t ion  4 . 0 ,  R e s u l t s  and Conclus ions .  

3.3 M E A S U R E M E N T S  

A s  t h e  non rad ioac t ive  l a b o r a t o r y  samples became a v a i l a b l e ,  

t h e  samples were c u t ,  p o l i s h e d ,  and s i z e d  b e f o r e  proceeding t o  

t h e  s p e c i f i c  sample measurements. A l a r g e  number of measure- 

ments were ob ta ined  f o r  each sample t o  c h a r a c t e r i z e  t h e  sample 

p r o p e r t i e s .  The measurements inc luded  thermal  d i f f u s i v i t y  ( f o r  

c a l c u l a t i o n  of thermal  c o n d u c t i v i t y ) ,  d e n s i t y ,  h e a t  c a p a c i t y ,  



l i n e a r  c o e f f i c i e n t  of thermal  expansion,  l e a c h a b i l i t y  (both  

slow and a c c e l e r a t e d ) ,  d i s p e r s i b i l i t y ,  c r y s t a l l i n i t y ,  thermal  

shock,  and p o r o s i t y .  

3 .3 .1  Thermal D i f f u s i v i t y  (a)  

A f l a s h  method which makes use  of l o c a l l y  b u i l t  equipment 

was used t o  determine thermal  d i f f u s i v i t y .  The ope ra t i ng  

techniques ,  t heo ry ,  and c a l c u l a t i o n s  f o r  t h i s  ins t rument  have 

been d i s cus sed  by Baker (5) i n  d e t a i l  and a r e  summarized h e r e .  

B r i e f l y ,  a  sample of 0 .5- inch  d iamete r  and 0.027- inch t h i c k n e s s  

i s  p laced  i n  a  c o n t r o l l e d  temperature  chamber i n s i d e  a  q u a r t z  

tube .  The q u a r t z  tube  has  a  f l a t  window s e a l e d  on t h e  end 

which f a c e s  t h e  h e a t  sou rce ,  and a  p a i r  of thermocouple w i r e s  

s e a l e d  i n t o  t h e  o t h e r .  The ends of t h e  thermocouple w i r e s  a r e  

sharpened and p laced  approximately  1 m i l l i m e t e r  a p a r t  i n  con- 

t a c t  wi th  t h e  back s i d e  of t h e  sample. Thus t h e  sample com- 

p l e t e s  t h e  e l e c t r i c a l  c i r c u i t  and t h e  temperature  of t h a t  s u r -  

f a c e  is  measured. In  c a s e s  where t h e  sample i s  a  nonconductor 

a  very  t h i n  l a y e r  of meta l  was depos i t ed  on t h e  r e a r  f a c e  of 

t h e  sample. The samples a r e  coa ted  w i th  approximately 

0.01 m i l l i m e t e r  of chromium and go ld .  

The energy source  i s  a  xenon f l a s h  tube which emi t s  a  

f l a s h  of  very  s h o r t  ( l e s s  than  1 m i l l i s e c o n d )  d u r a t i o n  from 

which t h e  sample absorbs  enough h e a t  t o  i n c r e a s e  i t s  tempera- 

t u r e  1 t o  36 O C .  The change i n  sample t e m p e r a t u r e , v e r s u s  time 

i s  fol lowed wi th  an o s c i l l i s c o p e  and i s  recorded  photographi-  

c a l l y .  Thermal d i f f u s i v i t y ,  a ,  i s  r e l a t e d  t o  sample t h i c k n e s s  

and time by Equation ( 1 ) :  

where L i s  t h e  t h i c k n e s s  of t h e  coupon and t 
1 / 2  

i s  t h e  t ime 
.d 

i n  seconds ,  r equ i r ed  f o r  one-ha l f  t h e  temperature  r i s e  recorded.  



Thermal c o n d u c t i v i t y  may be c a l c u l a t e d  from d e n s i t y ,  h e a t  

c a p a c i t y ,  and thermal  d i f f u s i v i t y  wi th  t h e  r e l a t i o n s h i p  

expressed  by Equat ion ( 2 ) :  

The sample d e n s i t y  and h e a t  c a p a c i t y  a r e  determined 

expe r imen ta l l y .  

3 . 3 . 2  Dens i ty  ( p )  

The d e n s i t y  was measured by a  mercury displacement  method 

us ing  an Aminco-Winslow Poros imete r .  With t h i s  i n s t rumen t ,  a  

weighed sample of m a t e r i a l  i s  pu t  i n t o  a  t a r e d  c o n t a i n e r  of 

known c a p a c i t y .  The volume of mercury d i s p l a c e d  i s  c a l c u l a t e d  

from t h e  weight  change. For nonporous samples,  a c c u r a c i e s  i n  

t h e  o rde r  of 0 .1% a r e  p o s s i b l e  wi th  t h i s  ins t rument .  

3 . 3 . 3  Heat Capac i ty  (C ) 
P- 

A Perkin-Elmer (Model DSC-1) D i f f e r e n t i a l  Scanning Calo-  

r i m e t e r  was used t o  determine t h e  h e a t  c a p a c i t y .  With t h i s  

i n s t rumen t ,  t h e  t empera ture  i s  programmed wi th  bo th  t h e  sample 

and t h e  r e f e r e n c e  main ta ined  a t  t h e  same l e v e l .  When t h e  sam- 

p l e  absorbs  (o r  evo lves )  energy,  more ( o r  l e s s )  e l e c t r i c a l  

power i s  needed t o  keep t h e  sample ho lde r  a t  t h e  same tempera-  

t u r e  a s  t h e  r e f e r e n c e  h o l d e r .  The d i f f e r e n t i a l  power, which 

i s  a u t o m a t i c a l l y  and con t inuous ly  v a r i e d ,  i s  recorded .  The 

DSC reco rds  energy requirement  a s  a  f u n c t i o n  of t empera tu re ,  

which when t h e  weight of t h e  sample i s  known, can be conver ted  

t o  s p e c i f i c  h e a t  f o r  t h e  sample. 

3 . 3 . 4  Linear  C o e f f i c i e n t  of Thermal Expansion (LCTE) 

A l o c a l l y  b u i l t  d i l o t o m e t e r  was used t o  measure t h e  

thermal  expansion of t h e  l a b o r a t o r y  samples.  The l i n e a r  expan- 

s i o n  of t h e  s o l i d i f i e d  waste  samples were compared t o  t h e  



expansion of a  q u a r t z  sample of known expansion c h a r a c t e r i s t i c s .  

Both samples were mainta ined a t  t h e  same temperature  through-  

ou t  t h e  measurement c y c l e .  

L e a c h a b i l i t y  

Two types  of exper imenta l  measurement have been used t o  

determine t h e  l e a c h a b i l i t y  of a  sample. One method i s  termed 

t h e  slow leach  and t h e  o t h e r  t h e  a c c e l e r a t e d  l each .  

The slow l each  t e s t i n g  dev ice  c o n s i s t s  of a  smal l  g l a s s  

v e s s e l  a r ranged  wi th  an a i r l i f t  r e c i r c u l a t o r  p a t t e r n e d  a f t e r  

t h a t  used by Paige .  (6 )  Samples of a  known s i z e  and measurable 

s u r f a c e  a r e a  a r e  p laced  i n  t h e  l each  v e s s e l  on t h e  s t a i n l e s s  

s t e e l  s c r e e n  suppor t .  D i s t i l l e d  water  i s  added and c i r c u l a t e d  

p a s t  t h e  sample. The temperature  of t h e  v e s s e l  i s  h e l d  a t  

room tempera ture .  P e r i o d i c a l l y ,  l each  wate r  i s  d ra ined  from 

t h e  v e s s e l ,  c o l l e c t e d  i n  sample c o n t a i n e r s  and analyzed f o r  

chemical composit ion.  

The a c c e l e r a t e d  l each  t e s t  ( 7 )  i s  most u s e f u l  f o r  r a p i d l y  

ob t a in ing  comparative l e a c h a b i l i t y .  Product  samples were 

crushed and s i eved  and t h e  -45 mesh (350 micron) t o  +60 mesh 

(250 micron) f r a c t i o n  was used i n  t h e  t e s t .  This  f r a c t i o n  was 

f r e e d  of f i n e s  by washing wi th  acetone and was weighed a f t e r  

d ry ing  i n t o  approximately  1 gram samples. These 1 gram samples 

were suspended i n  2 0 0  mesh s t a i n l e s s  s t e e l  c l o t h  bags i n  9 5  O C  

water  f o r  t h r e e  24-hour p e r i o d s .  The weight  l o s s  f o r  each 

24-hour pe r iod  and t h e  t o t a l  weight  l o s s  was used a s  a  measure 

of t h e  sample l e a c h a b i l i t y .  

3.3.6 D i s p e r s i b i l i t y  

A c y l i n d r i c a l  sample of mel t  was c u t  t o  3 /4- inch  diameter  

by 1 /2- inch  long and p laced  i n  a  ho lde r  13/16- inch i n s i d e  

diameter  by 1 /4 - inch  deep.  The ho lde r  was p laced  on t h e  con- 

c r e t e  f l o o r ,  and a  2.9 pound weight dropped from a  h e i g h t  of 

5 f e e t  was allowed t o  s t r i k e  t h e  sample. The weight  was armed 



wi th  a  hardened s t e e l  t i p  of 0 .12- inch diameter  and was guided 

i n  i t s  descen t  by a  we l l - ven t ed  t r a n s p a r e n t  t ube .  The sample 

p a r t i c l e s  were c o l l e c t e d  and c l a s s i f i e d  by p a r t i c l e  s i z e  w i t h  

s i e v e s  and d iv ided  i n t o  t h r e e  sample groups:  f i n e s  which were 

p a r t i c l e s  of l e s s  t han  0 .02- inch d i ame te r ,  i n t e r m e d i a t e  0.02 t o  

0 .1- inch  d i ame te r ,  and coa r se  g r e a t e r  than  0 .1 - inch  d iamete r .  

3 . 3 . 7  Thermal Shock 

T e s t  specimens were p repared  from t h e  l a r g e  p recondi -  

t i o n e d  l a b o r a t o r y  samples of phosphate g l a s s  and sp ray  s o l i d .  

The specimen dimensions were 0.75 by 0.75 inches  squa re  by 

0.5 inches  t h i c k .  The specimens were hea t ed  t o  600 O C  i n  a  

v e r t i c a l l y  mounted tube  fu rnace  and dropped d i r e c t l y  from t h e  

fu rnace  i n t o  t r i c h l o r o c t h y l e n e  a t  0 O C .  The specimens were 

then  removed from t h e  quenching medium and photographed (where 

a p p r o p r i a t e )  t o  r eco rd  t h e  r e s u l t s .  The d i s t a n c e  from t h e  

bottom of t h e  fu rnace  t o  t h e  s u r f a c e  of t h e  quenching medium 

was l e s s  t han  1 2  inches  i n  a l l  c a s e s .  

3 . 3 . 8  C r y s t a l l i n i t y  

The de t e rmina t ion  of t h e  degree  of c r y s t a l l i n i t y  was 

accomplished wi th  80X and 40X photomicrographs and by v i s u a l  

i n s p e c t i o n  of t h e  l a b o r a t o r y  samples.  The c r y s t a l l i n i t y  d e t e r -  

mina t ion  i s  t h e r e f o r e  cons idered  q u a l i t a t i v e  r a t h e r  t han  quan- 

t i t a t i v e .  Some e l e c t r o n  microprobe work was done b u t  was 

d i s con t inued  because of t h e  h igh  c o s t .  The photomicrographs 

show t h e  cont inuous  g l a s s y  phase ,  c r y s t a l  and c r y s t a l  growth,  

and vo ids .  

3 . 3 . 9  P o r o s i t y  

The p o r o s i t y  of t h e  samples was ob ta ined  a t  t h e  same 

time t h e  d e n s i t y  measurements were made us ing  t h e  Aminco- 

Winslow Porosimeter .  The amount of mercury f o r c e d  i n t o  t h e  

pores  of t h e  sample was measured a t  s p e c i f i c  p r e s s u r e  i n t e r v a l s .  
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Pressure and volumetric readings are plotted on semi-log paper 

where pore diameter and penetrations are obtained. 

3.3.10 Drip Point 

The drip point is an empirical measurement used as an 

indication of the temperature at which a waste can be pro- 

cessed. The details of the measurement have been described by 

Barton. ( 7 )  In basic outline, the procedure involves powdering 

a sample and placing 10 grams of the powder in a platinum 

funnel. The funnel is mounted vertically in a tube furnace 

and heated at a predetermined rate. The drip point is the 

temperature at which the first drop of molten sample falls 

from the funnel. 



4.0 RESULTS AND CONCLUSIONS 

The largest number of samples and measurements related to 

the Waste Solidification Demonstration Program have been made 

with simulated wastes in the nonradioactive laboratory. The 

main objectives of the nonradioactive laboratory studies are 

to study the effects of waste solidification processing parame- 

ters upon product characteristics and to characterize labora- 

tory prepared samples. The processing parameters selected for 

study were process formation temperature (T,), time at the 

process formation temperature (t,), cool down rate (from pro- 

cess to storage temperature,)(CR), and storage temperature (TS). 

In addition to processing parameters, two products (phosphate 
glass and spray solid) were studied for each of three types of 

aqueous wastes (PW-1, PW-2, and PW-4m). 

Some general observations regarding the experiments and 

the overall effects of the measurements and processing parame- 

ters are in order. Extrapolation of the information provided 

by this study to large-scale engineering work must be done 

with care because duplication of processing parameters between 

the two was not possible. Comparisons using core-drilled 

samples ( 8 )  from the engineering-scale studies will provide 

information on the effect of radiation on the solidified waste, 

and should provide additional data for establishing the rela- 

tionship between hot cell and nonradioactive laboratory 

studies. 

The phosphate glass samples from the three types of 

aqueous wastes were not greatly different. In general, the 

higher process temperatures (1200 OC compared to 1000 OC) and 

longer process times (25 hours compared to 1 hour) resulted in 

a more glassy sample than the samples made at lower process 

temperatures and with shorter process times. Visually, the 

glassy samples were brittle, shiny, and black. Photomicro- 

graphs showed little or no crystal structure in the glassy 



samples,  whereas cons ide rab l e  c r y s t a l  s t r u c t u r e  was observed 

i n  nonglassy samples.  The h igh  s t o r a g e  tempera ture  (600 O C  

compared t o  1 0 0  OC) tended t o  promote c r y s t a l  growth w i t h i n  a  

sample. C r y s t a l  growth seems t o  cause  t h e  most s i g n i f i c a n t  

changes i n  sample p r o p e r t i e s .  

The samples of phosphate g l a s s  which were a t  l e a s t  p a r -  

t i a l l y  c r y s t a l l i n e  tended t o  be tougher  ( l e s s  d i s p e r s i b l e  by 

mechanical  impact)  and tended t o  have i nc rea sed  thermal  con- 

d u c t i v i t y .  Phosphate g l a s s  samples w i th  no c r y s t a l  s t r u c t u r e  

tended t o  be l e s s  l e achab le  b u t  were markedly more d i s p e r s i b l e  

by mechanical  impact .  D i f f e r e n t  cool-down r a t e s  (100 OC/hr 

and 30 OC/hr) seemed t o  have t h e  l e a s t  e f f e c t  on specimen 

p r o p e r t i e s .  

A t  e l e v a t e d  tempera tures  beginning a t  about 350 O C ,  some 

of t h e  phosphate g l a s s  samples a l s o  emi t t ed  o r  " sweated-out"  

a  s t i c k y  m a t e r i a l  t h a t  was r e a d i l y  s o l u b l e  i n  wa te r .  The 

approximate composit ion of t h e  exuded m a t e r i a l  was t h e  same a s  

t h a t  of t h e  o v e r a l l  sample composit ion.  As i n  many of t h e  

o t h e r  measurements, t h e  phenomenon was appa ren t ly  r e l a t e d  t o  

t h e  degree  of " g l a s s i n e s s ."  The more g l a s s y  t h e  sample (hence,  

t h e  b e t t e r  t h e  s o l u t i o n  on me l t i ng )  t h e  l e s s  l i k e l y  t h e  sample 

would "sweat." High q u a l i t y  "good g l a s s"  would appear t o  be 

a  d e s i r a b l e  goa l  f o r  phosphate g l a s s  p roces s ing .  

The sp ray  s o l i d s  from t h e  t h r e e  t ypes  of aqueous waste  

were n o t  t o o  d i f f e r e n t .  The p r o p e r t i e s  of t h e  sp ray  s o l i d s  

were no t  a f f e c t e d  a s  much by t h e  p rocess  parameters  a s  were 

t h e  p r o p e r t i e s  of t h e  phosphate g l a s s .  Th is  d i f f e r e n c e  i s  

probably  due t o  t h e  ceramic c r y s t a l l i n e  n a t u r e  of sp ray  s o l i d .  

High s t o r a g e  tempera ture  (600 O C  f o r  8 weeks compared t o  

100 O C  f o r  8 weeks) seemed t o  i n c r e a s e  thermal  c o n d u c t i v i t y  

f o r  sp ray  s o l i d .  Nonhomogeneous samples (apparen t  phase s epa -  

r a t i o n )  seemed t o  occur more o f t e n  wi th  t h e  sp ray  s o l i d s  t han  

wi th  phosphate g l a s s ;  however, phosphate g l a s s  samples d i d  



exhibit some phase separation. In several cases with the 

spray solids, the molten phase seemed to have drained away 

from the top, leaving a rather open network of cemented crys- 

tals with large voids in between. This phenomenon seemed to 

occur at the higher melt-forming temperatures (1100 O C )  and 

long times at melt temperatures (25 hours). Phase separation 

requires increased care in interpreting the results of the 

studies. Most of the larger test coupons were cut from the 

more solid part of the melt and as a result may not be repre- 

sentative of the entire melt. 

The spray solid tended to have a higher thermal conduc- 

tivity, greater density, and be less dispersible from mechani- 

cal impact than phosphate glass. "Glassy" forms of phosphate 

glass tended to be less leachable than the spray solid. The 

degree of crystallinity of the phosphate glass, which is 

affected significantly by processing and storage temperatures, 

affects the relative positioning of the two products with 

respect to properties. 

4.1 CRYSTALLINITY 

A great deal can be learned of a qualitative nature about 

the phosphate glass and the spray solids through photomicro- 

graphs and photographs. Figure 4.1 shows photomicrographs of 

phosphate glass PW-2 specimens that were subjected to varying 

processing temperatures, times at processing temperature, cool- 

down rates and storage temperatures. The effect of process 

temperature on the crystallinity can be qualitatively evaluated 

by comparing sample pairs 4 and 12, 6 and 13, 5 and 14, and 

11 and 17. For each pair, the 1200 O C  processing temperature 

resulted in fewer crystals in the solid. Sample pairs 12 and 

13, and 14 and 17 indicate that longer times at process tempera- 

ture also results in fewer crystals in the solids. There is 

also some evidence to indicate that slow cool-down rate 

increases the crystallinity, but for the whole laboratory 
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FIGURE 4 .1 .  Phosphate G l a s s  (PW-2) Photomicrographs. 
(Unetched 1 6 ~ )  



program t h e  e f f e c t  of cool-down r a t e  was l e s s  pronounced than  

t h e  e f f e c t  of t h e  f i r s t  two p roces s ing  paramete rs .  

F igure  4 . 1 ,  however, shows t h e  o v e r r i d i n g  e f f e c t  of s t o r -  

age temperature  on t h e  degree  of c r y s t a l l i n i t y  of phosphate 

g l a s s .  Compare samples 4 ,  6 ,  5 ,  11, 1 2 ,  13 ,  1 4 ,  and 1 7 ,  s t o r e d  

a t  100 O C  and samples 7 ,  9 ,  8 ,  16 ,  10,  15 ,  2 ,  and 3 ,  s t o r e d  a t  

600 O C .  The samples s t o r e d  a t  600 O C  e x h i b i t  s i g n i f i c a n t l y  

g r e a t e r  c r y s t a l l i n i t y  t han  t h e  samples s t o r e d  a t  100 O C .  Com- 

p a r i s o n s  w i t h i n  samples s t o r e d  a t  600 O C  a r e  l a r g e l y  masked by 

t h e  massive fo rmat ion  of c r y s t a l s .  Those samples s t o r e d  a t  

100 O C  were t y p i c a l l y  s h i n y ,  b l a c k ,  b r i t t l e  g l a s s  samples.  

Those samples s t o r e d  a t  600 "C tended t o  be more g r a n u l a r ,  

d u l l  i n  l u s t e r ,  and b l a c k  i n  appearance,  w i t h  a  marked tendency 

t o  exude s t i c k y  m a t e r i a l .  

F igure  4.2a shows phosphate g l a s s  PW-1 samples 64 and 65 

and photomicrographs of t h e  samples.  A l l  p roces s ing  parameters  

were t h e  same (Tm: 1000 O C ,  ts: 1 hour ,  CR:  100 OC/hr) except  

f o r  t h e  s t o r a g e  tempera ture .  Sample 64 was q u i t e  s i m i l a r  t o  

PW-2 phosphate g l a s s  specimens (samples) s t o r e d  a t  100 O C  f o r  

t h e  same p roces s ing  paramete rs .  F igure  4.2a shows t h e  t y p i c a l  

sh iny  b lack  phosphate g l a s s .  F igure  4.2b shows a  t y p i c a l  sam- 

p l e  s t o r e d  a t  600 O C  w i th  l a r g e  c r y s t a l  fo rmat ion  and vo ids  

(b lack  spaces  i n  t h e  photomicrograph).  D i s c o l o r a t i o n  and 

c o l o r  v a r i a t i o n  w i th  sample 65 i n d i c a t e s  t h a t  some phase 

s e p a r a t i o n  may have occur red .  

The PW-4m sp ray  s o l i d  (sample 53) shown i n  F igure  4.3 i s ,  

mos t ly ,  t y p i c a l  of sp ray  s o l i d s .  The samples a r e  normally g ray  

t o  b l ack  and r o c k - l i k e  i n  appearance wi th  a  few smal l  po re s .  

The photomicrograph i n  F igure  4 .3  shows uniform l a r g e  c r y s t a l s  

wi th  vo ids  (b lack  spaces )  s c a t t e r e d  th roughout .  P rocess ing  

v a r i a b l e s  seem t o  have l e s s  e f f e c t  on sp ray  me l t s  t han  on phos- 

pha te  g l a s s .  However, a  combination of h igh  mel t  temperature  

(1100 OC) and 25 hours  a t  mel t  temperature  t ends  t o  r e s u l t  i n  a  

nonhomogeneous sample. 
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FIGURE 4.2. Phosphate Glass (PW-1) Samples and Photomicrographs 



SAMPLE 5 3  
PROCESS TEMPERATURE, T,: 1000 OC 

PROCESS T I M E ,  t,: 1 h o u r  

COOL-DOWN R A T E ,  CR: 30 O C / h r  

STORAGE TEMPERATURE, T S :  100 "C 
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FIGURE 4.3. Spray Solid (PW-4m) Sample and Photomicrograph 



Figure  4.4 shows t h e  e f f e c t  of h igh  p roces s ing  tempera-  

t u r e  f o r  long p e r i o d s .  Sample 59 (Figure  4.4a) i s  r ea sonab ly  

t y p i c a l  of s p r a y  s o l i d  i n  g e n e r a l  appearance and shows t h a t  

h igh p roces s ing  tempera ture  a lone  does no t  a p p a r e n t l y  r e s u l t  

i n  nonhomogeneous sample. Samples 60 and 61 (F igures  4.4b 

and 4 . 4 ~ )  show t h e  nonhomogeneity c r e a t e d  by t h e  combination 

of h igh  p roces s  t empera ture  and long time a t  p roces s  tempera- 

t u r e .  Some mel t  appears  t o  have "drained" away 'from t h e  t o p  

s u r f a c e  l e a v i n g  long c r y s t a l - l i k e  need le s  of s o l i d .  The photo-  

micrographs (and subsequent  samples f o r  p r o p e r t y  c h a r a c t e r i z a -  

t i o n )  f o r  samples 60 and 61 came from t h e  more homogeneous 

phase on t h e  bottom. Both of t h e s e  samples were g ray  t o  b l ack  

i n  t h e  bottom p o r t i o n ,  b u t  were a  d i r t y  yel low i n  t h e  t op  

p o r t i o n .  

Sample photographs and photomicrographs of  a d d i t i o n a l  

sp ray  s o l i d s  and phosphate  g l a s s  appear i n  t h e  Appendix. The 

main e f f e c t s  of t h e  p roces s ing  v a r i a b l e s  on t h e  o t h e r  l a b o r a -  

t o r y  p repared  samples a r e  a p p l i c a b l e  t o  a l l  samples.  

T H E R M A L  C O N D U C T I V I T Y  ( k )  

The thermal  c o n d u c t i v i t y  of each of t h e  phosphate  g l a s s  

and sp ray  s o l i d  samples was c a l c u l a t e d  from t h e  expe r imen ta l l y  

determined thermal  d i f f u s i v i t y ,  h e a t  c a p a c i t y ,  and d e n s i t y .  

F igure  4.5 shows t h e  thermal  c o n d u c t i v i t y  of 16 phosphate  g l a s s  

PW-2 samples t h a t  were sub j ec t ed  t o  d i f f e r e n t  p roces s ing  

paramete rs .  A summary of a c t u a l  p rocess ing  c o n d i t i o n s  i s  shown 

i n  t h e  Appendix and i n  F igure  4 . 1 .  The thermal  c o n d u c t i v i t y  

of t h e  more c r y s t a l l i n e  samples i s  g r e a t e r  t han  t h e  thermal  

c o n d u c t i v i t y  of t h e  n o n c r y s t a l l i n e  g l a s s y  samples.  The pro-  

c e s s i n g  parameter  t h a t  c o n t r i b u t e d  most s t r o n g l y  t o  t h e  forma- 

t i o n  of c r y s t a l s  was t h e  s t o r a g e  temperature  (100 O C  v e r s u s  

600 OC). Samples 2 ,  16 ,  7 ,  10 ,  3 ,  9 ,  8 ,  and 15 were s t o r e d  a t  

600 O C  f o r  8  weeks b e f o r e  k  v a l u e s  were determined.  Samples 1 7 ,  

1 2 ,  11, 13 ,  1 4 ,  4 ,  5, and 6  were s t o r e d  a t  100 O C  f o r  8  weeks. 
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FIGURE 4.4. Spray Solid (PW-4m) Samples and Photomicrographs 
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Some overlap of k values for the two different storage tempera- 

tures occurs in the mid-range of values which indicates other 

first order or second order effects of the processing parame- 

ters. Samples 9, 8, and 15 from the 600 OC stored samples and 

4, 5, and 6 from the 100 OC stored samples form an overlapping 

interface. 

Samples 4, 5, and 6 were formed at low process temperature 

(1000 OC), which tends to allow crystal formation. Sample 15 

on the other hand is more glassy because of the high process 

temperature (1200 OC) and long time at processing temperature 

(25 hours). These two parameters tend to partially offset the 

high storage temperature and produce a glassy product. Sample 9 

was prepared and handled the same as 8 except that 9 was held at 

processing temperature for 25 hours. Sample 9 should be more 

glassy than 8 (lower k), but this is not so. The fact that the 

thermal conductivity lines for samples 8 and 9 cross at about 

215 OC is an indication of higher than first order interaction 

of the processing parameters. This contradiction is probably 

due to sample variability but could be interpreted as a demon- 

stration of the lack of effect of long-time at processing 

temperature. 

Unfortunately the variability of duplicate samples 62 and 

63 of phosphate glass PW-2 was large, and a precise statistical 

study of the first and second order interactions was therefore 

not possible. More samples are needed to determine the vari- 

ability of the data and to provide a complete statistical com- 

parison. Generally speaking, the temperature at which the 

product is formed and the temperature at which the product is 

stored affect the thermal conductivity more than the cool-down 

rate and the time at processing temperature. 

The effect of storage temperature on thermal conductivity 

of phosphate glass is depicted in Figure 4.6. Figure 4.6 shows 

the thermal conductivity of five identically prepared samples 

of phosphate glass PW-2 material that were stored at 100 O C ,  



FIGURE 4.6. Thermal Conductivity of Phosphate Glass (PW-2) 
Samples as a Function of Storage Temperature 
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300 OC, 400 OC, 500 O C ,  and 600 OC for 8 weeks. There is a 
marked increase in the thermal conductivity (and the degree of 

crystallinity) for the sample stored at 600 OC, as shown in 

Figure 4.7, photomicrographs of the samples. The extensive 

crystal formation is evident for the 600 OC sample, and the 

600 OC sample is marked by a significantly higher thermal 

conductivity. 

Figure 4.8 shows the thermal conductivity of two phosphate 

glass PW-1 solids that were processed identically but stored 

at two different temperatures. The process temperature was 

1000 OC, the time at process temperature was 1 hour, and the 

cool-down rate was 100 OC/hr. Sample 65 was stored at 600 OC 

and sample 64 at 100 OC. Again, the crystal formation resulted 

in higher k for sample 65. The k of sample 64 is not too dif- 

ferent from samples 11, 12, and 17 of the PW-2 phosphate glass 

(Figure 4.1). Sample 65 seems to be on the interface between 

PW-2 samples stored at 600 OC and those stored at 100 "C. 

Figure 4.9 shows the thermal conductivity of PW-4m phos- 

phate glass samples. The processing parameters for all three 

(except for storage temperature) was identical: process tem- 

perature was 1000 OC; time at process temperature was 1 hour; 

and cool-down rate was 100 OC/hr. Samples 49 and 50 were 

duplicates stored at 100 OC, and sample 51 was stored at 600 OC. 

Samples 49 and 51 seem to be in the proper perspective with 

respect to PW-1 and PW-2 samples. Sample 50 shows that wide 

variability can be expected within a measurement group. The 

variability in these data shows a need for additional sample 

measurement if the process parameter effects are to be deter- 

mined in detail with statistical verification. 

Figure 4.10 shows the calculated thermal conductivity for 

four PW-1 spray solids. Samples 25 and 28 were held at 1000 OC 

processing temperature for 1 hour and cooled at 100 OC/hr. 

Sample 25 was stored at 100 OC for 8 weeks while 28 was stored 

at 600 "C for 8 weeks. Samples 26 and 27 were held at 900 OC 
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FIGURE 4.7. Photomicrographs of Phosphate Glass (PW-2) 
Showing Effect of Storage Temperature 
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processing temperature for 2 hours and cooled at 100 "C/hr. 

The storage temperatures were 100 "C and 600 " C  for samples 26 

and 27, respectively. The thermal conductivity measurements 

for four samples fall into two groups that are apparently most 

strongly influenced by storage temperature. Similar to phos- 

phate glass specimen, these spray solid samples show a higher 

k at 600 "C than at 100 " C  storage temperature. 

Figure 4.11 shows the calculated thermal conductivity for 

two spray solids from PW-2 aqueous waste. The two solids were 

prepared at 800 "C for 1 hour and cooled at 100 "C/hr. Num- 

ber 31 was stored in 100 "C, whereas 32 was stored at 600 "C. 

The effect of storage temperature on the thermal conductivity 

is apparent. The thermal conductivity of PW-2 spray solid 

appears to be lower than PW-1. 

The final series of thermal conductivity measurements on 

spray solid is from PW-4m waste. This series of samples pre- 

sented the greatest amount of experimental difficulty of any 

of the laboratory samples. A summary of the individual pro- 

cessing parameters is given in the Appendix. The ranges of 

processing parameters for samples 52 through 61 were process 

temperatures of 1000 " C  and 1100 "C; times at process tempera- 

ture, of 1 hour and 25 hours; cool-down rate of 30 "C/hr; and 

storage temperatures of 100 "C and 600 "C. Three of the Sam- 

ples (52, 53, and 54) were structurally weak, and adequate 

coupons could not be prepared for the thermal diffusivity 

measurement. Density and heat capacity determinations were 

comparable to the other spray solids. Two of the samples (57 

and 58) broke during the diffusivity determination. With the 

loss of 5 coupons, conclusions regarding the effects of pro- 

cessing parameters on the thermal conductivity of PW-4m spray 

solids are difficult. In addition, it was previously pointed 

out (Section 4.0) that nonhomogeneous specimens made interpre- 

tation of the thermal conductivity of PW-4m spray solid data 

difficult. 
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Figure 4.12 summarizes the results of the PW-4m spray 

solid thermal conductivity determinations. Results obtained 

were inconsistent. Possibly, the high 1100 OC melt tempera- 

ture in conjunction with long melt times may have contributed 

materially to the nonhomogeneity. Reduced temperature pro- 

cessing conditions seem warranted for any future laboratory 

studies and probably for engineering scale studies as well. 

4 . 3  H E A T  C A P A C I T Y  ( C p )  A N D  D E N S I T Y  ( p )  

Detailed temperature-dependent summaries of the heat 

capacity and density measurements are given in the Appendix 

for the phosphate glass and spray solid. Some general obser- 

vations concerning the data can be made: 

As would be expected based on data from other ceramics 

and glasses, the heat capacity of either phosphate glass 

or spray solid does not vary greatly with sample temperature. 

The average C for phosphate glass for all samples was between 
P 

0.18 and 0.23 cal/(g)(OC). The density of the phosphate glass 

material was consistently between 2.7 and 3.0 g/cm3, with no 

apparent trend for a given product type. 

The spray solid showed a consistent density of 3.4 to 

3.5 g/cm3 except for samples 31 and 32 which had densities of 
3 2.9 g/cm . Most of the spray solids had an average C of 

P 
between 0.17 to 0.19 cal/(g)(OC), but samples 31 and 32 showed 

average heat capacities of 0.22 cal/(g) ('C), which is more 

nearly equivalent to the C for the phosphate glass. Sam- 
P 

ples 31 and 32 were prepared at 800 OC, the lowest process 

temperature of all the spray solids, which may have contrib- 

uted to the differences in product properties. 

4.4 D I S P E R S I B I L I T Y  

The dispersibility test was established to provide an 

indication of the sample's tendency to be fragmented into 



PARAMETER SAMPLE NUMBER 

5 3 5 6  5 9 6  0  6  1  

PROCESS TEMPERATURE, O C  1 0 0 0  1 0 0 0  1 1 0 0  1 1 0 0  1 1 0 0  

PROCESS T IME,  h o u r s  1 2 5 1  2 5 2 5 

COOL-DOWN RATE, " C / h r  3 0  3 0  3 0  3 0  3 0  

STORAGE TEMPERATURE, O C  1 0 0  1 0 0  6 0 0  1 0 0  6 0 0  

2 0 0  

TEMPERATURE, " C  

FIGURE 4.12. Thermal Conductivity of Spray Solid (PW-4m) 
Samples 



s m a l l ,  r e a d i l y  d i s p e r s i b l e  p a r t i c l e s  upon impact.  I t  i s  f e l t  

t h a t  t h e s e  d a t a  p rov ide  u s e f u l  s a f e t y  in format ion  on t h e  

mechanical  ruggedness of t h e  p roduc t s .  

The phosphate g l a s s  e x h i b i t s  g r e a t e r  v a r i a t i o n  i n  t h e  

q u a n t i t y  of m a t e r i a l  t h a t  may be c l a s s i f i e d  a s  f i n e s  o r  a s  

l a r g e  p i e c e s  t han  does sp ray  s o l i d .  I n  g e n e r a l ,  c r y s t a l l i n e  

s t r u c t u r e  i s  t h e  governing f a c t o r  i n  t h e  breakup of samples 

s u b j e c t e d  t o  t h e  d i s p e r s i b i l i t y  t e s t .  

Table  4 . 1  shows t h a t  i n  n e a r l y  a l l  c a se s  where t h e  phos-  

pha t e  g l a s s  was s t o r e d  a t  600 O C  ( c r y s t a l - s t r u c t u r e  formed) 

9 0 %  o r  more of t h e  p a r t i c l e s  produced were g r e a t e r  t han  

0 .1 - inch  d iamete r .  Less t han  4 %  could  be c l a s s i f i e d  a s  f i n e s  

of l e s s  t han  0 .02- inch d iamete r .  Samples s t o r e d  a t  1 0 0  O C  o r  

t h e  i n t e r m e d i a t e  t empera tures  of 300, 400, and 500 O C  ( t h e  

g l a s s y  samples)  showed 15 t o  25% f i n e s  and cor responding ly  

fewer l a r g e  f ragments .  The h ighe r  d i s p e r s i b i l i t y  of t h e  

g l a s s y  samples may more than o f f s e t  t h e  low l e a c h a b i l i t y  

(d i s cus sed  i n  Sec t ion  4.7)  when s a f e t y  ana lyse s  a r e  being p e r -  

formed on phosphate  g l a s s  because of t h e  g r e a t e r  s u r f a c e  a r e a  

exposed. 

Care must be t aken  i n  i n t e r p r e t i n g  d i s p e r s i b i l i t y  d a t a  of 

t h e  sp ray  s o l i d  because of t h e  nonhomogeneity of some samples.  

As p r e v i o u s l y  no t ed ,  t h e  coupons used i n  t h e  d i s p e r s i b i l i t y  

t e s t s  came by n e c e s s i t y  from t h e  more dense homogeneous p a r t s  

of t h e  sample. 

I n  g e n e r a l ,  t h e  d i s p e r s i b i l i t y  of t h e  sp ray  s o l i d  

approaches t h a t  of c r y s t a l l i n e  phosphate g l a s s  r a t h e r  t han  

g l a s s y  phosphate g l a s s  (See Table 4 . 2 ) .  D i s p e r s i b i l i t y  t e s t s  

show t h a t  t h e  f i n e s  ( l e s s  than  0 .02- inch  d iamete r )  account  f o r  

approximately  5 %  of most sp ray  samples.  However, va lues  a s  

h igh  a s  13  and 25% were observed f o r  samples 5 7  and 58, r e s p e c -  

t i v e l y .  The sp ray  s o l i d  t ends  a l s o  t o  have a  l a r g e r  f r a c t i o n  



TABLE 4.1. Dispersibility of Phosphate Glass 

Laboratory Storage Weight% in Size Range 
Sample Temperature, 0.02 - 
~ u m b  e r " C <0.02 inch 0.1 inch >0.1 inch 

a .  An a d e q u a t e  coupon  c o u l d  n o t  be p r e p a r e d .  



of intermediate-sized fragments (0.02 to 0.1-inch diameter) 

and a smaller fraction of large fragments (greater than 

0.1-inch diameter) than the phosphate glass. Both the spray 

solid and the crystalline phosphate glass are relatively 

"tough" with respect to mechanical damage. 

TABLE 4.2. Dispersibility of Spray Solid 

Laboratory 
Sample 
Number 

Storage 
Temperature, 

" C 

Weight% in Size Range 
0.02 - 

~0.02 inch 0.1 inch >0.1 inch 

a .  A n  a d e q u a t e  coupon  c o u l d  n o t  b e  p r e p a r e d .  

4 . 5  LI NEAR COEFFI CI ENT OF  T H E R M A L  E XPA NSI ON ( L C T E )  

The main reason for characterizing the linear coefficient 

of expansion has been to determine the thermal expansion com- 

patibility with mild and stainless steels in storage. The 



v a l u e s  o f  LCTE shown i n  Tab le  4 . 3  i n d i c a t e  t h a t  t h e  s o l i d i f i e d  

w a s t e s  a r e  c o m p a t i b l e  w i t h  s t e e l .  Mild and s t a i n l e s s  s t e e l  

and t h e  s o l i d i f i e d  w a s t e  have LCTE of  approx imate ly  

10 x i n . / ( i n . )  (OC). 

The t empera tu re -dependen t  changes i n  volume f o r  a  c r y s t a l -  

l i n e  o r  p a r t i a l l y  c r y s t a l l i n e  m a t e r i a l  a r e  dependent  on t h e  

s t r u c t u r e  and compos i t ion  of  t h e  m a t e r i a l .  I n  view of  t h e  

m i x t u r e  i n  b o t h  compos i t ion  and s t r u c t u r e  of  s p r a y  s o l i d  and 

phospha te  g l a s s ,  no a t t e m p t  h a s  been  made t o  a n a l y z e  t h e  

b e h a v i o r  o f  t h e  m e l t s  e x c e p t  t o  d e t e r m i n e  c o m p a t i b i l i t y  w i t h  

s t e e l s .  

4.6 THERMAL SHOCK 

Table  4.4 summarizes e x p e r i m e n t a l  o b s e r v a t i o n s  from t h e  

the rmal  shock t e s t .  I n  g e n e r a l ,  t h e  s p r a y  s o l i d s  w i t h s t o o d  

t h e  t e s t  and remained i n t a c t  b e t t e r  t h a n  d i d  t h e  phospha te  

g l a s s .  Many of  t h e  phospha te  g l a s s  coupons m e l t e d ,  s o f t e n e d ,  

swea ted ,  o r  s h a t t e r e d  d u r i n g  t h e  t e s t .  L e a s t  p r e v a l e n t  were 

samples t h a t  s h a t t e r e d  due t o  t h e r m a l  shock .  A number of  t h e  

samples m e l t e d  i n  t h e  600 " C  f u r n a c e  and d r i p p e d  i n t o  t h e  c o l d  

b a t h  a t  0  O C  w i t h o u t  s h a t t e r i n g .  I n  some i n s t a n c e s  w i t h  

e i t h e r  s p r a y  s o l i d  o r  phospha te  g l a s s ,  no adequa te  coupon of  

s u f f i c i e n t  s i z e  c o u l d  b e  p r e p a r e d  t o  r u n  t h e  t e s t .  Photographs  

made of t h e  samples  a f t e r  t h e  the rmal  shock t e s t  a r e  i n  t h e  

Appendix. 

Phosphate  g l a s s  i s  known t o  have a  low m e l t i n g  p o i n t  ( a s  

opposed t o  t h e  d r i p  p o i n t ) .  The m e l t i n g  p o i n t  h a s  p r e v i o u s l y  

been shown t o  be a p p r o x i m a t e l y  650 O C  b u t  may be c l o s e r  t o  

600 " C  a s  ev idenced  by t h e  l a r g e  number of  samples  t h a t  me l t ed  

d u r i n g  t h e  t h e r m a l  shock t e s t  w h i l e  t h e  coupons were b e i n g  

h e a t e d  i n  t h e  f u r n a c e  t o  600 O C .  

I n  two i n s t a n c e s  (samples  31 and 6 1 ) ,  s p r a y  s o l i d s  were 

obse rved  t o  have exuded a  l i q u i d  m a t e r i a l .  Sample 3 1  was 



TABLE 4 . 3 .  Linear Coefficient of Thermal Expansion for Phos- 
phate Glass and Spray Solid(a) 

Waste L a b o r a t o r y  
P r o c e s s  T y p e  S a m p l e  

LCTE x l o 6 ,  i n . / ( i n . ) ( O C )  

T y p e  PW- Number 200 O C  300 O C  400 O C  500 O C  

PG 2  4  9 . 8  1 0 . 6  1 2 . 8  

2  7  5 . 8  1 2 . 6  9 . 4  2 . 3  

2  8  6 . 9  1 0 . 7  9 . 7  8 . 0  

2  6 9 . 1  1 0 . 8  1 1 . 6  

2  9  7 . 1  8 . 5  7 . 6  

2  1 6  1 0 . 1  1 3 . 8  1 4 . 2  1 1 . 6  

2  1 2  1 0 . 3  9 . 1  7 . 5  

2  1 4  9 . 4  9 . 8  7 . 1  

2  1 0  9 . 8  1 1 . 0  1 2 . 1  1 1 . 6  

2  2  1 0 . 8  1 1 . 8  1 4 . 4  1 1 . 7  

2  3 1 0 . 1  1 1 . 7  1 3 . 1  1 1 . 2  

2  62  6 . 5  8 . 0  9 . 1  1 1 . 2  

2  6 3  7 . 0  8 . 0  8 . 5  1 0 . 7  

4m 4 9  8 . 5  7 . 2  7 . 8  ( b  1 
4m 5 1  1 6 . 0  1 5 . 0  1 4 . 0  1 3 . 4  

1 6  4  7 . 5  8 . 5  9 . 5  9 . 0  
v 1 6 5  4 . 3  6 . 3  ( b  1 ( b  

a .  Adequate coupons cou ld  n o t  be prepared from samples  numbered 
5,  11, 1 3 ,  1 5 ,  1 7 ,  5 0 ,  3 0 0 ,  4 0 0 ,  5 0 0 ,  3 2 ,  5 2 ,  5 3 ,  5 4 ,  5 8 .  

b .  Sample m e l t e d .  



TABLE 4.4. Thermal Shock Test Summary for Phosphate Glass and 
Spray Solid 

Sample 
Number Process 

Waste 
Type 

PW- 

Did not break. Glassy. 
Did not break. Glassy. 
Did not break. Crystalline. 
Melted. Glassy. Some fracture. 
Did not break. Glassy. Sweated. 
Did not break. Sweated. 
Did not break. Glassy. Sweated 

and dripped. 
Did not break. Glassy. Sweated. 
Did not break. Glassy. 
Glassy. One corner shattered. 
No coupon. 
Fractured off all edges. Glassy. 
Did not break. Glassy. 
No coupon. 
Did not break. Glassy. Sweated. 
Softened. Did not break. 
Melted. Glassy. 
Melted. Glassy. 
Melted. 
No coupon. 
Melted. 
Melted. 
Melted. 
Softened. Did not break. 
No coupon. 
Shattered into numerous pieces. 

Did not break. 
Did not break. 
No coupon. 
Did not break. 
Did not break. Some sweating. 
No coupon. 
No coupon. 
No coupon. 
No coupon. 
Did not break. 
Did not break. 
Did not break. 
Did not break. 
Did not break. 
Did not break. Some sweating. 
Softened. One piece chipped off. 



p r e p a r e d  a t  t h e  l o w e s t  p r o c e s s i n g  t e m p e r a t u r e  (800 OC) f o r  

j u s t  one h o u r .  Complete mixing  and s o l u t i o n  of  t h e  m i x t u r e  

may n o t  have  o c c u r r e d ;  h e n c e ,  low m e l t i n g  m a t e r i a l  was exuded.  

Sample 61  was p r o c e s s e d  a t  1100 O C  f o r  25 h o u r s  which s h o u l d  

produce  ( a c c o r d i n g  t o  l a b o r a t o r y  s t u d i e s )  a  s o l i d  of  non- 

homogeneous s t r u c t u r e  and c o m p o s i t i o n .  The t h e r m a l  shock t e s t  

on sample 61  i s  p r o b a b l y  n o t  r e p r e s e n t a t i v e  b e c a u s e  of  t h e  

nonhomogeneous sample  o r i g i n a l l y  p r e p a r e d  and d i s c u s s e d  i n  

S e c t i o n  4 . 1 .  

The t h e r m a l  shock t e s t  showed, t h a t  f o r  t h e  s i z e  o f  sam- 

p l e  t e s t e d ,  l i t t l e  o r  no s h a t t e r i n g  of  t h e  p r o d u c t s  i s  e x p e c t e d .  

However, v e r y  l a r g e  c o n t a i n e r s  of p r o d u c t  c o u l d  undergo  more 

s h a t t e r i n g  b e c a u s e  of g r e a t e r  induced  t h e r m a l  s t r e s s .  The 

p h o s p h a t e  g l a s s  and s p r a y  s o l i d  a p p e a r  t o  be  s t a b l e  under  

r a p i d  h i g h  t e m p e r a t u r e  quench.  

4.7 L E A C H A B I L I T Y  

Two t y p e s  of  l e a c h a b i l i t y  measurements  have been  made 

e x t e n s i v e l y  i n  t h e  e v a l u a t i o n  of n o n r a d i o a c t i v e  l a b o r a t o r y  

samples .  The a c c e l e r a t e d  l e a c h a b i l i t y  t e s t s  a r e  made a t  

a p p r o x i m a t e l y  9 5  O C  ( and  r e q u i r e  abou t  1 week) ,  w h i l e  t h e  s low 

l e a c h  t e s t s  a r e  made a t  room t e m p e r a t u r e  ove r  p e r i o d s  of  8 t o  

40 weeks.  The a c c e l e r a t e d  t e s t  c o n s i s t s  of d r y i n g  and weigh-  

i n g  t h e  sample  a f t e r  e a c h  of t h r e e  c o n s e c u t i v e  24 hour  p e r i o d s .  

S t a n d a r d  wet  chemica l  a n a l y s i s  on t h e  w a t e r  l e a c h o u t  a r e  u s e d  

weekly on samples  i n  t h e  s low l e a c h  t e s t .  

4 . 7 . 1  A c c e l e r a t e d  L e a c h a b i l i t v  

A l l  o f  t h e  n o n r a d i o a c t i v e  l a b o r a t o r y  t e s t s  have been  s u b -  

j e c t e d  t o  t h e  a c c e l e r a t e d  l e a c h  t e s t .  Two d u p l i c a t e  measure-  

ments  were  made on samples  9 ,  1 4 ,  and 1 7 .  R e p e t i t i v e  

measurements  f o r  any one sample were i n  e x c e l l e n t  ag reemen t .  

S t o r a g e  t e m p e r a t u r e  was a  s t r o n g l y  i n f l u e n c i n g  f a c t o r  i n  

t h e  a c c e l e r a t e d  l e a c h a b i l i t y  t e s t  f o r  phospha te  g l a s s .  Samples 



t h a t  were s t o r e d  a t  600 " C  and hence  more c r y s t a l l i n e  t ended  

t o  be more l e a c h a b l e  t h a n  t h e  g l a s s y  samples  t h a t  r e s u l t e d  

from s t o r a g e  a t  100 OC.  

T a b l e  4 .5  shows t h e  a c c e l e r a t e d  l e a c h a b i l i t y  d a t a  f o r  

n o n r a d i o a c t i v e  l a b o r a t o r y  samples  of phospha te  g l a s s .  The 

samples  can  be  d i v i d e d  i n t o  two groups  w i t h i n  a  w a s t e  t y p e  by 

s t o r a g e  t e m p e r a t u r e  and by r a t e  of we igh t  l o s s  d u r i n g  t e s t i n g .  

With t h e  e x c e p t i o n  o f  samples  3 and 10 i n  t h e  PW-2 t y p e s ,  t h e  

samples s t o r e d  a t  100 " C  r e s u l t e d  i n  a  lower t o t a l  we igh t  l o s s  

a t  a  c o n s t a n t  r a t e  t h a n  t h o s e  s t o r e d  a t  600 " C .  The samples 

s t o r e d  a t  600 " C  predominan t ly  underwent  a  h i g h  i n i t i a l  we igh t  

l o s s  which r e s u l t e d  i n  h i g h  t o t a l  we igh t  l o s s  f o r  t h e  3 day 

t e s t .  

Some d i f f e r e n c e s  i n  t h e  phospha te  g l a s s  a c c e l e r a t e d  

l e a c h a b i l i t y  measurements can  be  s e e n  i n  Tab le  4 .5  between 

was te  t y p e s .  The sample t h a t  showed t h e  h i g h e s t  we igh t  l o s s  

was number 65, a  PW-4m sample t h a t  was s t o r e d  a t  600 " C .  Sam- 

p l e  64,  t h e  o t h e r  PW-4m sample and t h e  PW-1 samples (49 ,  50,  

and 5 1 ) ,  show weigh t  l o s s e s  a p p r o x i m a t e l y  e q u i v a l e n t  t o  PW-2 

samples s t o r e d  a t  600 " C  and l e s s  t h a n  t h e  we igh t  l o s s  of  

sample 65. Wi th in  t h e  PW-1 samples  t h e  s t o r a g e  t e m p e r a t u r e  

seems t o  a f f e c t  t h e  we igh t  l o s s  i n  t h e  manner a s  f o r  PW-2, b u t  

t h e  d i f f e r e n c e s  between samples  s t o r e d  a t  100 O C  and 600 " C  

a r e  l e s s .  

Tab le  4.6 shows t h e  r e s u l t s  of  t h e  a c c e l e r a t e d  l e a c h  t e s t  

on s p r a y  s o l i d s .  The r e s u l t s  f o r  PW-1 and PW-2 w a s t e  show t h a t  

t h e  t o t a l  we igh t  l o s s  i s  c o n s t a n t  w i t h i n  a  f e e d  t y p e .  However, 

t h e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  between t h e  two was te  t y p e s  

PW-1 and PW-2. The a c c e l e r a t e d  l e a c h a b i l i t y  of  PW-4m s p r a y  

s o l i d  i s  much more v a r i a b l e  t h a n  e i t h e r  PW-1 o r  PW-2. T h i s  

v a r i a b i l i t y  i s  p r o b a b l y  due t o  sampl ing  e r r o r  i n  t h e s e  r e l a -  

t i v e l y  nonhomogeneous samples .  
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TABLE 4.5. Accelerated Leachability of Phosphate Glass 

Sample 
Number 

4 

Waste 
Type 

PW- 

2 

Storage 
Temperature, 

" C 
100 

100 

100 

100 

100 

100 

100 

100 

100 

600 

600 

600 

600 

600 

600 

600 

600 

100 

100 

600 

100 

600 

Accelerated Leach, % Weight Loss 
1st 24 2nd 24 3rd 24 
hours hours hours Total 

1.79 1.85 1.88 5.52 



TABLE 4.6. Accelerated Leachability of Spray Solids 

Sample 
Number 

Waste 
Type 

PW- 

S t o r a g e  
Tempera tu re ,  

O c  

A c c e l e r a t e d  - Leach ,  % Weight Loss 
1st 24 2nd 24 3 r d  24 
h o u r s  h o u r s  h o u r s  T o t a l  

5 .81  

5.46 

5 .11  

5.60 

40.36 

37.23 

14 .08  

10 .88  

5 .84  

9.70 

1 . 5 7  

0 .99  

10 .92  

14 .35  

$4.87 

14 .44  

The l e a c h a b i l i t y  o f  PW-1 s p r a y  s o l i d  approaches  t h a t  of  

t h e  g l a s s y  p h o s p h a t e  g l a s s  PW-2 m a t e r i a l  a c c o r d i n g  t o  t h e  

a c c e l e r a t e d  l e a c h  t e s t .  The PW-2 s p r a y  s o l i d  l e a c h a b i l i t y ,  

however ,  i s  i n  t h e  same r a n g e  a s  t h a t  o f  t h e  c r y s t a l l i n e  PW-2 

p h o s p h a t e  g l a s s .  A s  a  g e n e r a l  o b s e r v a t i o n ,  t h e  l e a c h a b i l i t y  

o f  t h e  PW-4m s p r a y  s o l i d  i s  lower  t h a n  t h a t  o f  t h e  PW-4m phos -  

p h a t e  g l a s s .  

4 .7 .2  S t a n d a r d  ( s low)  Leach T e s t s  

S t a n d a r d  ( s low)  l e a c h  r a t e s  were  measured on s e l e c t e d  

n o n r a d i o a c t i v e  s o l i d i f i e d  w a s t e  samples .  The d a t a  a r e  p l o t t e d  

i n  F i g u r e s  4 . 1 3  t h r o u g h  4 . 1 7 .  The s t a n d a r d  l e a c h  r a t e s  
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proved. t o  be very  dependent upon me l t  composit ion and thermal 

h i s t o r y ,  w i t h  measured r a t e s  vary ing  over  f i v e  o r d e r s  of 

magnitude.  

I t  i s  i n t e r e s t i n g  t h a t  i n  many c a s e s  t h e  l e a c h  r a t e  f o r  

t h e  f i r s t  week was very  low. On t h e  second week t h e  l e a c h  r a t e  

i nc rea sed  g r e a t l y  and was a l i g n e d  i n  a  r e g u l a r  manner w i th  sub-  

sequent  l e a c h  r a t e s  ob ta ined  a t  l a t e r  t imes .  This  " induc t ion"  

p e r i o d  f o r  t h e  i n c e p t i o n  of l each ing  occurred w i t h  a  s u f f i c i e n t  

number of samples s o  t h a t  i t  i s  r e a l ,  b u t  no e x p l a n a t i o n  f o r  

t h e  mechanism can be g iven  a t  t h i s  t ime.  A f t e r  t h e  " induc t ion"  

p e r i o d ,  t h e  l each  r a t e s  decreased  w i th  t ime ,  and i n  most ca se s  

had no t  reached equ i l i b r ium i n  twelve weeks. Other t e s t s  have 

i n d i c a t e d  t h a t  a t  l e a s t  40 weeks l each ing  i s  r e q u i r e d  t o  reach  

a  pseudo-equi l ib r ium r a t e .  Some of t h e s e  t e s t s  w i l l  be con- 

t i n u e d  f o r  a t  l e a s t  40  weeks and t h e  r e s u l t s  r e p o r t e d  i n  a  

subsequent  r e p o r t .  

Leach r a t e s  ob ta ined  on two s e t s  of t r i p l i c a t e  l a b o r a t o r y  

s o l i d i f i e d  waste  p r e p a r a t i o n s  a r e  p r e sen t ed  i n  F igure  4 .13 t o  

i n d i c a t e  t h e  exper imenta l  p r e c i s i o n  t h a t  was ob ta ined  i n  t h i s  

work. 

When t h e  p roduc t s  a r e  s t o r e d  a t  100 O C ,  t h e  g l a s s y  phos-  

pha te  g l a s s e s  p roduc ts  a r e  s i g n i f i c a n t l y  l e s s  l e achab le  t han  

t h e  m i c r o c r y s t a l l i n e  sp ray  s o l i d i f i e r  p roduc ts  (F igure  4 .14) .  

P rocess ing  a t  h i g h e r  t empera tures  t ends  t o  dec rease  l each  

r a t e s ;  slow coo l ing  t ends  t o  i n c r e a s e  l each  r a t e .  S t o r i n g  t h e  

p roduc ts  a t  600 O C ,  r a t h e r  t han  1 0 0  O C ,  d i d  no t  a f f e c t  t h e  

l e a c h a b i l i t y  of t h e  sp ray  produc ts  (Figure  4 .15 ) ,  b u t  s e r i o u s l y  

i nc rea sed  t h e  l e a c h a b i l i t y  of t h e  phosphate g l a s s  p roduc t s  

(Figure  4 .16) .  The i nc rea sed  l e a c h a b i l i t y  occur red  when t h e  

phosphate g l a s s  product  d e v i t r i f i e d ,  a s  d i s cus sed  above. 

D e v i t r i f i c a t i o n  occurs  between 500 and 600 O C  (F igure  4 .17) .  
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5.0  R E C O M M E N D A T I O N S  

The characterization of the properties of high level 

radioactive solidified waste by means of nonradioactive tech- 

niques is a valuable tool for industry. Obviously not all the 

types of possible processes and waste types have been con- 

sidered in this study. Evaluation and characterization of 

other melt-formed systems such as the borosilicate glasses and 

fluidized bed solids would be valuable. Solidified waste that 

contains soluble poisons (large amounts of boron or cadmium 

and smaller amounts of gadolinium) are potential wastes of the 

future and should be studied. A common set of evaluation tech- 

niques and standards should be established such as leachability 

(accelerated and/or slow), thermal conductivity, etc., so that 

common characteristics can be evaluated and compared between 

systems. 

The nonradioactive sample approach could be used to 

improve the quality of solidified waste products through 

variation of processing parameters and product additives. 

This is particularly true in the case of phosphate glass where 

processing parameters affect the end product greatly. The 

nonhomogeneous samples of spray solid could be studied further 

to determine the effects of process temperature and process 

time in more detail. 

A limited program of sample irradiation by an external 
source such as 6 0 ~ o  could be undertaken to establish the effects 

of radiation on small scale laboratory samples. Correlation 

of the basically nonradioactive laboratory work with large 

scale demonstration work would be more meaningful if the effects 

of radiation on nonradioactive samples were better understood. 

Studies of alternative solidified waste products could take 

full advantage of this evaluation technique. The nonradioactive 

laboratory samples approach is the least expensive and poten- 

tially the most comprehensive of the available avenues. 



0
 

I-
' 

V
, 
P,
 
3
 

'd
 

P
 

CD
 

V
, r
f
 

P,
 

Pi
' 
0
 

3
 

P,
 
n,
 

rt
 

CD
 

Y
 

rt
 r
 

(D
 

rt
 

D
-' 

CD
 

Y
 3
 

P,
 

I-
' 

V
, r
 

0
 

0
 

R
 

rt
 

(D
 

V
, 

rt
 

P,
 

Y
 

CD
 

'd
 r
 

0
 

rt
 

0
 

09
 

Y
 

P,
 

'd
 

3
' 

P
*
 

0
 

Y
 
0
 

0
 

0
 

Y
 

Q
 

V
, 

0
 
n,
 

'd
 r
 

0
 

V
, 

'd
 r
 

P,
 

rt
 

CD
 

0
9
 

I-
' 

P,
 

V
, 

V
, 

P,
 

3
 

Q
 

V
, 

'd
 

Y
 

P,
 

Y
 

3
 

(D
 

P
 

rt
 

V
, 

'd
 

Y
 

P,
 

Y
 

V
, 
0
 

P
 

P
. 

p
. 

"d
 

=z
 

I N
 

P,
 

3
 a
 

'd
 

=z
 

I 2 V
, $ 'd
 

P
 

'3 V
, 

'T
I 

P
. 

09
 

C
 

Y
 

CD
 

V
, cn
 

P
 

Y
 cn
 

m
 

Y
 P,
 

3
 

Q
 

0
 

cn
 

3
 

P
a

 

C,
 

Y
 

0
 

09
 

Y
 

P,
 

'd
 r
 

V
, 

0
 

H
-l 

'd
 r
 

0
 

V
, 

'd
 r
 

P,
 

rt
 

(D
 

09
 

I-
' 

P,
 

V
, 

V
, "d
 * I-
' 

P,
 

3
 

Q
 

+
d
 

=z
 

I P
 

3
 

V
, 

P,
 

J
 

'd
 

P
 

(D
 

V
, 

P,
 

3
 

Q
 

0
 

H
-l 

'T
I 

P
. 

09
 e Y
 
0
 

V
, 

0
 

I-
' 

Y
 a
 

N
 

Y
 P,
 

3
 

Q
 

0
 

W
 

PI
 

Y
 
0
 

'd
 r
 

0
 

rt
 

0
 

09
 

Y
 

P,
 

'd
 r
 

V
, 

P,
 

3
 

G
 

'd
 
r
 

0
 

rt
 

0
 I 

0
 

Q
 

E:
 

0
 

rt
 

P
. < P
*
 

rt
 

Y
 

Y
 r
 

CD
 

P,
 

rt
 

C,
 

P,
 

'd
 

P,
 

C,
 

P
. 

rt
 

Y
 

Y
 P,
 

0
 

0
 

CD
 

I-'
 0
 

Y
 

P,
 

rt
 

CD
 

Q
 

I-
' 
0
 

P,
 

0
 

3
 

P,
 u
 

P
. 

I-
' 

P
*
 

rt
 

Y
 

Y
 Q

 
P

*
 

V
I I 

Q
 

0
 

3
 

V
, 

t-' rt
 

'c
 

Y
 Q

 
Y

 
P

. 
'd

 

'd
 

0
 5-

 
rt
 

Y
 rt
 r
 

0
 

Y
 
3
 

P,
 

I-' 

c-
3 

P,
 

0
- 

I-
' 

(D
 

V
, 

0
 

0
 

CI
 

I-
' 

CD
 

0
 

rt
 
0
 

IL
 

s
 

l?
 

I I-
' 

W
 

w
 

W
 



TABLE 6.1. Phosphate Glass Data 

L a b o r a t o r y  
S a m p l e  
Number 

4  

5  

7  

8  

6  

11 

9  

1 6  

1 2  

1 4  

1 0  

2  

1 3  

1 7  

1 5  

3  

6  2  

6  3  

9  

9  

1 4  

1 4  

1 7  

1 7  

4  9  

5  0  

5  1 

6  4  

6  5  

5 0 0  

4  0  0  

3  0  0  

R e m a r k s  

S t i c k y  ( B l a c k )  

G l a s s y  ( B l a c k )  

S t  i c k y  ( B l a c k )  

S t i c k y  ( B l a c k )  

G l a s s y  ( B l a c k )  

G l a s s y  ( B l a c k )  

S t i c k y  ( B l a c k )  

S t  i c k y  ( B l a c k )  

G l a s s y  ( B l a c k )  

G l a s s y  ( B l a c k )  

S l i g h t l y  S t i c k y  ( B l a c k )  

S t i c k y  ( B l a c k )  

G l a s s y  ( B l a c k )  

G l a s s y  ( B l a c k )  

G l a s s y  ( B l a c k )  

S t i c k y  ( B l a c k )  

D u p l i c a t e  ( B l a c k )  

D u p l i c a t e  ( B l a c k )  

R e p e t i t i o n  

R e p e t i t i o n  

R e p e t i t i o n  

R e p e t i t i o n  

R e p e t i t i o n  

R e p e t i t i o n  

D u p l i c a t e ,  G l a s s y  ( G r e e n )  

G l a s s y  ( G r e e n )  

G l a s s y  ( G r e e n )  

G l a s s y  ( B l a c k )  

D i s c o l o r e d ,  N o t  Homogeneous  

G l a s s y  ( B l a c k )  

G l a s s y  ( B l a c k )  

G l a s s y  ( B l a c k )  

P r o c e s s  

P G 

P  G 

P  G 

P  G 

P  G 

P  G 

P  G 

PG 

P  G 

P  G 

P  G 

P  G 

P  G 

P  G 

P  G 

PG 

PG 

P  G 

P  G 

PG 

P  G 

PG 

P  G 

P  G 

P  G 

P  G 

P  G 

PG 

P  G 

P G 

P  G 

P  G 

W a s t e  
T y p e  

PW- 

2  

2  

2  

2  

2  

2  

2  

2  

2 

2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

2  

2 

2  

2  

4m 

4m 

4m 

1 

1 

2  

2  

2  

P r o c e s s  
Temp. , 

C  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 2 0 0  

1 2 0 0  

1 2 0 0  

1 2 0 0  

1 2 0 0  

1 2 0 0  

1 2 0 0  

1 2 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 2 0 0  

1 2 0 0  

1 2 0 0  

1 2 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 0 0 0  

1 2 0 0  

1 2 0 0  

1 2 0 0  

T i m e  a t  
P r o c e s s  

Temp.  , 
h  r 
1 

1 

1 

1 

2  5  

2  5  

2  5  

2  5  

1 

1 

1 

1 

2  5  

2  5  

2  5  

2  5  

1 

1 

2  5  

2  5  

1 

1 

2  5  

2  5  

1 

1 

1 

1 

1 

1 

1 

1 

C o o l -  
Down 
R a t e ,  
OC/hr 

3 0  

1 0 0  

3  0  

1 0 0  

3  0  

1 0 0  

3  0  

1 0 0  

3  0  

1 0 0  

3  0  

1 0 0  

3  0  

1 0 0  

3  0  

1 0 0  

30 

3  0  

3  0  

3  0  

1 0 0  

1 0  0  

1 0  0  

1 0 0  

1 0  0  

1 0  0  

1 0 0  

1 0 0  

1 0 0  

1 0  0  

1 0 0  

1 0  0  

S t o r a g e  
Temp. , ( a )  

O C  
D e n s i t y ,  

g / c m 3  

2 . 9 4 4  

2 . 8 9 0  

2 . 9 8 8  

2 . 9 8 1  

2 . 8 1 4  

2 . 8 9 7  

2 . 9 7 7  

2 . 9 2 6  

2 . 9 0 6  

2 . 9 1 6  

2 . 8 8 2  

2 . 9 2 0  

2 . 8 9 7  

2 . 9 0 9  

2 . 9 1 8  

2 . 8 7 4  

2 . 9 4 4  

2 . 9 4 0  

2 . 9 6 7  

2 . 9 9 2  

3 . 0 0 4  

2 . 7 3 5  

2 . 8 0 7  

2 . 8 3 2  

2 . 8 8 1  

2 . 8 4 3  

P o r o s i t y  

2 . 9 3  

1 . 0  

2 . 2 5  

3 . 2 4  

2 . 8 1  

0  

2 . 4 0  

2 . 3 1  

0  

0  

0  

0  

0  

0  

0  

2 . 0 6  

0 . 8 0  

0 . 0 3 3  

0 . 2 1 8  

0  

1 . 5 9  

0 . 2 5 8  

2 . 7 5  

0  

0  

0  

D r i p  
P o i n t ,  

O C  

T h e r m a l  C o n d u c t i v i t y ,  W/m 

72 OC 1 2 2  OC 1 7 2  OC 2 2 2  OC 2 7 2  OC ----- 
0 . 7 3 2  0 . 7 4 9  0 , 7 6 1  0 . 7 7 8  0 . 7 9 0  

0 . 6 1 9  0 . 6 6 1  0 . 7 0 7  0 . 7 5 3  0 . 9 9 0  

0 . 7 6 5  0 . 8 2 8  0 . 8 8 3  0 . 9 4 5  1 . 0 0 8  

0 . 7 8 6  0 . 7 9 1  0 . 7 9 5  0 . 8 0 7  0 . 8 2 0  

0 . 7 5 3  0 . 7 8 2  0 . 8 0 7  0 . 8 4 1  0 . 8 7 0  

0 . 5 5 2  0 . 5 8 6  0 . 6 1 5  0 . 6 4 4  0 . 6 7 3  

0 . 6 9 0  0 . 7 3 2  0 . 7 7 8  0 . 8 2 0  0 . 8 6 6  

0 . 9 2 0  0 . 9 3 3  0 . 9 5 4  0 . 9 7 5  0 . 9 9 6  

0 . 5 4 4  0 . 5 7 3  0 . 6 0 2  0 . 6 3 6  0 . 6 6 1  

0 . 5 3 1  0 . 5 8 1  0 . 6 2 7  0 . 6 6 9  0 . 7 1 5  

0 . 7 5 7  0 . 8 2 0  0 . 8 4 5  0 . 8 7 8  0 . 9 0 8  

0 . 9 0 4  0 . 9 2 9  0 . 9 5 7  0 . 9 8 7  1 . 0 2 1  

0 . 5 9 8  0 . 5 7 7  0 . 6 0 2  0 . 6 3 2  0 . 6 5 7  

0 . 5 2 7  0 . 5 4 0  0 . 5 6 1  0 . 5 8 1  0 . 5 9 8  

0 . 6 1 5  0 . 6 4 0  0 . 6 7 3  0 . 6 9 9  0 . 7 3 2  

0 . 7 9 5  0 . 8 1 2  0 . 8 3 2  0 . 8 6 2  0 . 8 9 1  

0 . 7 7 8  0 . 7 1 1  0 . 7 1 5  0 . 7 2 4  0 . 7 3 2  

0 . 8 2 4  0 . 8 4 9  0 . 8 6 2  0 . 8 7 8  0 . 8 8 7  

a .  Samples  a t  s t o r a g e  t e m p e r a t u r e  f o r  8 w e e k s .  
b " .... 7 .  . . - - l L - 3  
U .  U U I , I y C =  I l l G C C C S U . .  

c .  No a d e q u a t e  coupon could  b e  c u t  from sample .  
d .  Not measured .  



* 
3 Heat Capacity, cal/g OC x 10 - L1! 

122 OC 172 OC 222 OC 272 OC 322 OC 5 ----- 
18 2 193 204 215 226 198 

188 204 219 234 249 211 

196 2 17 239 261 283 228 

178 193 208 223 238 200 

175 18 8 201 214 227 194 

166 176 187 197 207 181 

16 7 191 214 238 262 203 

18 5 203 220 237 255 211 

Accelerated Leach. . - - - -  

% weight loss 
1st 2nd 3rd 
24 hr 24 hr 24 hr Total ---- 

Dispersibility, % 
0.02 - LCTE x lo6, in./in. OC 

10.02 in. 0.1 in. >0.1 in. 2 2  



TABLE 6.2. Spray Solid Data 
t ,  

c o o i -  
Down 
R a t e ,  
OC/hr 

100 

10 0  

100 

1 0  0  

100 

1 0  0  

3  0  

3  0  

3  0  

3  0  

3  0  

3  0  

3  0  

3  0  

3  0  

3  0  

Time a t  
P r o c e s s  

Temp. , 
h r  

, :: 
I / 

D r i p  Thermal C o n d u c t i v i t y  , W/m o C' - k 

P o i n t ,  
O C 72 O C  122 O C  172 O C  2 2 2  O C  272 O C  322 O C  X * -. , 

S t o r a g  I 
Temp., ?a )  

O C 

, ' 

D e n s i t y  , 
g/cm3 

3.468 

3.507 

3.527 

3.544 

2.994 

2.980 

3.458 

3 .463 

3.457 

3.503 

3.470 

3.480 

3.460 

3.408 

3.478 

3.475 

Waste 
Type 

PW- 

1 

1 

1 

1 

2  

2 

4m 

4m 

4m 

4m 

4m 

4m 

4m 

4m 

4m 

4m 

P r o c e s s  
Temp., 

C 

1000 

900 

900 

1000 

800 

800 

1000 

1000 

1000 

1 0  0  0  

1000 

1000 

1100 

1100 

1100 

1100 

L a b o r a t o r y  
Sample 
Number 

2 5  

Remarks P r o c e s s  

SS 

S  S  

S  S  

SS 

Homogeneous ( B l a c k )  S  S  

2 P h a s e s  (Gray)  SS 

Homogeneous ( B l a c k )  SS 

Homogeneous ( B l a c k )  SS 

Homogeneous ( B l a c k )  SS 

L a r g e  P o r e s  ( D i s c o l o r e d )  SS 

Homogeneous ( B l a c k )  S  S  

Homogeneous (Black)  SS 

Homogeneous ( B l a c k )  SS 

Homogeneous ( B l a c k )  S  S  

Not Homogeneous S  S  

Not Homogeneous SS 

P o r o s i t y  

5.0 

3 .5  

6 .5  

4.0 
- 

0.94 

6 .4  

3 .13 

6.18 

2 . 2 9  

2.95 

4.32 

3.18 

6.64 

2.17 

1 .55  

a. Samples a t  s t o r a g e  t empera ture  for  8 weeks .  
b .  Sample m e l t e d .  
c .  No adequate  coupon could  be  c u t  from sample.  
d .  Not measured. SampZe broke  under t e s t .  
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S E E  F I G U R E  4 . 3  
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FIGURE 6.3. Spray Solid Photomicrographs and Samples from PW-Am waste 
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