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ABSTRACT

High-activity tritiated waste generated in the United States is mainly
composed of tritium gas and tritium-contaminated organic solvents sorbed onto
Speedi-Dri which are packaged in small glass bulbs. Low-activity waste con-
sists of solidified and adsorbed liquids. In this report, current packages
for high-activity gaseous and low-activity adsorbed liquid wastes are empha-
sized with regard to containment potential.

Containers for low-level radioactive waste containing large amounts of
tritium need to be developed. An integrity may be threatened by: physical
degradation due to soil corrosion, gas pressure build-up (due to radiolysis
and/or biodegradation), rapid permeation of tritium through the container, and
corrosion from container contents. Literature available on these points is
summarized in this report.
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NOTE ADDED IN PROOF :

After completion of this manuscript in May of 1981, it was discovered
that the information included in Section 2 concerning the characteristics of
NEN's tritium wastes con +.ains certain inaccuracies'in the package description |

obtained from NEN. Inchsion of an accurate package description would sub-
stantially alter the results of the analyses given in this section, particu-
larly with respect to the gas generation expected in the NEN package due to
radiolysis (Section 2.2.1). A more detailed discussion of the NEN waste in
#iich these inaccuracies have been corrected is to be found in Gause et al.,
" Characterization of the Class B Stable Radioactive Waste Packages of the New
England Nuclear Corporation," NUREG/CR-3018. This work also provides an
analysis of the gas generation rates expected in the NEN waste package.
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ALTERNATIVE CONTAINERS FOR-LOW-LEVEL WASTE CONTAININGj
LARGE QUANTITIES OF TRITIUM

.

- Introduction

A low-level waste survey described in U.S. Nuclear Regulatory Commis-,

sion I & E Bulletin No. 79-19, dated August 10, 1979, required licensees to-
supply infomation (for all of 1978 and the first half of 1979) on the fol-,

lowing inquiries:'

~ number of shipments, total volume, total curies, major iso-t

topes content, and. solidification technique if liquid waste was generated. An
evaluation of the responses indicates that (1) the majority of tritium
disposed of each year in licensed disposal sites is contained in a few hundred4

drums of'wa'ste (maximum content per drum 1000 Ci) and (2) waste is generated
during the production of illuminated signs, watchdials, and isotope labelled,

'

chemicals. The waste consists mainly of tritium gas and contaminated organicsolvents. ,

'
Packaging of low-level waste containing large quantities of tritium is

preferred to waste forms on the basis of practical considerations:

-

relatively small volume, but diverse chemical and physicalo

properties, of wastes generated by individual facilities.

likely high expense and difficulty, for small scale waste; ' e
'-

generators,- to maintain and operate a waste processing
system; which would be limited to occasional use, and

e .a "high integrity" container (or overpack) could also serve;

; as a radiation shield, thus considerably reducing the ex-
posure to waste handlers and operating personnel.

.

With the goal of identifying containers which have the potential of
maintaining their structural integrity.for 100 to 200 years (approximately ten
half-lives of tritium), the following divisions with their corresponding(

.

subtask number (s) are made in this study:

|- A selection of candidate metals or alloys based on observede
! pitting rate in soil groups corresponding to those at op-
| erating disposal sites and on available data for corrosion
[ in concrete.

(Subtask la: " Compile a data base from the literature on
corrosion of candidate container metals in soil and con-
crate".);

Calculations, based on 'a source tem for probable contents,e

| of maximum internal pressure sustainable by the container
i and the corresponding limits on tritium and gas-generating
.. organic content in the waste.
!

!
'

1'
; .i
!

<
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|

(Subtask ib: " Compile a data base from the literature on
gas pressures generated through radiolysis and biodegra-
dation". ) (Subtask 2: " Report the internal pressures
which the containers could be expected to withstand; I
identify limits on tritium and organic contents for con-
tainer pressure limits and for pressure limits; also
evaluate the limits on tritium and organic content for
pressure limits of 50 psig and 1.5 of 50 psig and 1.5
atmospheres".)

e An estimation of the amount of tritum gas diffusing
through the package.

(Subtask ic: " Compile a data base from the literature on
tritium diffusion through metals".)

e An evaluation of physical modifications (e.g., container
thickness) and supplemental measures (e.g., sealing,
backfilling, coating, use of additives) needed to opti-
mize potential integrity and associated costs.

(Subtask 3: " Provide a general evaluation of alternatives
including disposing of the waste container with a cement
or cement-grout backfill, varying the container thickness,
coating the container-externally and/or internally, and
using additives to reduce the potential for gas generation
and corrosion form within waste containers; estimate mini-
mum cost; identify problems associated with the alterna-
tive s". ) Note that some topics in this subtask, such a's
container thickness and use of additives are covered in
previous applicable sections. Also included in this sec-
tion is a portion of Subtask 2: "As test cases, estimate
the expected lifetimes and cost of stainless steel and
copper overpacks for 55-gallon drums of waste disposed of
in soil; the overpacks shall be 1/4 inch thick and the op-
tions of mechanical or weld sealing the containers shall
be evaluated."

2
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1.- ~ CORROSION 0' F CANDIDATE CONTAINER METALS IN S0Il AND CONCRETE
f

1.1 Corrosion'of Metals in Soil

1.1.1 Introduction';

Metals h' ave been utilized for underground installations,.such as pipe-
lines, utility cables, culverts, water mains, etc.. .for a long time. Thus,-

.

. substantial data are available for metals commonly used for underground struc-
= tures, such as low alloy steel and cast iron. For instance, underground

i corrosionfai"q3 -Philadelphia.L (es have been recorded since 1898 in the city ofi There- exist some data for underground corrosion of
nonferrous metals such as copper and its alloys, lead, zinc, and aluminum..
The underground corrosion-data for stainless steels are also available.

*

' Metals like titanium, tantalum, and zirconium have been in short supply and
therefore expensive for underground installations. Consequently, they have-

not been sufficiently investigated under practical exposure conditions.
.

'
For the rather common underground installation such as pipelines and

underground residential distribution equipment, a currently adequate solution
Lto.the corrosion problem has been achieved through the use of cathodic protec-: '

tion by means of externally applied electric current. However, for the nu-
'

! clear waste canister this kind of cathodic protection is not a practical
i. choice because of the required ' lifetime of the: canister and the necessity of

maintaining and checking the cathodic protection. Because of the necessity
,

i

}' of the . maintenance-free: canister, cathodic protection will-not be discussed
; further in this report.

i Underground corrosion behavior of various metals will be reviewed and
possible methods for improving the corrosion resistance will be discussed. At4

i the end of this' chapter, several metals will be recommended for each commer -
- cial low level waste site in operation in 1981.

' The rates of corrosion of metals in soil vary- te a marked degree with
the . kind or type of soil . For example, a cast iron pipe may last 50 years in '

.

New England 1California.('391, but only 20 years in the more corrosive. soil of Southern
l

,

Due to the very large , influence of different~ factors on the rate of cor-
rosion of metals in soil, only experimental data obtained for different metals
under uniform exposure conditions (i.e., simultaneous experiments in the same+

- - site) can be compared,-and these data are valid only,for the prediction of the
corrosion behaviors of the metals. in that soil.

,

Predicting the corrosion behavior or estimating the life of a metal com-
ponent in certain soil using the corrosion data from similar soil can only be
approximate, and is not always sufficiently reliable. However, with very con- i

.servative calculations or estimations, safe recommendations can be made.
a -
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1.1.2 Soil Types

The corrosion behavior of metals in soil is generally dependent on the
characteristics of the soil (corrosion rate is also aff ected by climatic fac-
tors, such as the amount of rainfall, temperature, air movement, and sunlight
on the soil).

Marbut(3) divided the soils of the continental United States into 11
groups, based on obvious gross differences, such as color. These are shown in
Figure 1.1.
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Figure 1.1 Soil groups of the United States [Marbut(3)],
The dots show the location of the National Bureau
of Standards test sites.
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From stratigraphic examination within a particular soil group, soil
series ranging in number from 9 to 60 are identified by names chosen by the
discovers for these localized similarities in the layering of soil zones
(i.e., profiles). There are more than 200 soil series designations in the
United States, although this does not imply the existence of 200 uniquelayerings.

4

Soils are also classified by the texture of the top layer of the soil,
usua ly less than a foot in depth. The United States Department of Agricul-
ture 41 has graphically presented the various textures by composition, as
shown in Figure 1.2.

A soil type is obtained by adding the class name of the texture to the
soil series. Examples of names of soil types are Sassafras silt loam,
Susquehanna clay, and Miami clay loam.

mo
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oo ao no e ao
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Figure 1.2 Diagram showing the percentages of clay, silt,
and sand by means of which the textured name
of a soil mgy be determined from a mechanical
analysis.(4)

1.1.3 Prediction of Corrosion Behavior of Metals in Soil

Factors affecting corrosiveness of soils are roisture, alkalinity,
acidity, permeability of water and air (compactness of text
salts, stray electrical currents, and biological organisms.yrg), oxygen,t5i Most of
these factors affect electrical resistance, which can be used as a measure of
corrosivity.

4
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Many attempts have been made to correlatb the corrosive value of differ-ent soils with their resistivity or pH values.l -V1 Resistivity is the

property most often used to approximate the aggressiveness of a soil. The
measurement of pH may supplement electrical resistivity measurements.
Table 1.1 shows the general relationship between soil resistivity and corro-
sion of ferrous metals, and Table 1.2 shows the corrosion of pipelines as af-
fected by soil acidity and resistivity. However, be ggje of other factors

Romanofft I considered the cor-this relationship may not always be valid.
relation of corrosion theory with practice as follows: "Many attempts at cor-
relation emphasize again that underground corrosion is affected by a number of
specific and interrelated factors, that the localized or pitting type of cor-
rosion is much more serious than general corrosion and is harder to control,
and that underground corrosion of any kind seldom proceeds at a uniform rate
throughout the exposure. Enough data are available to differentiate between
very mildly corrosive and severely corrosive soils and soil environments. The
lack of fundamental knowledge in this field is such that even when much more
data is (sic) available than is normally reported for corrosion studies, it is
sometimes difficult to explain and often difficult to predict results in cor-
rosive soil environments. Such predictions are most reliable when they are
based on a combination of laboratory and controlled field tests with actual
experience in industrial installations, all exposed to the same soil
envi ronment."

Table 1.1

General Relationship Between Soil Resjitivity and
Corrosion of Ferrous Metals ( Auf

Soil Resistivity, ohm-cm Classificaticn

< 700 very corrosive
700-2000 corrosive

2000-5000 moderately corrosive
>5000 mildly corrosive to non-corrosive .

,

6
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Table 1.2

Corrosion of Pipelines as Affected by Soil Acidity and Resistivity (ll) .
._

Proportion of Pipeline
Soil Type Total Acidity Requiring Repairs-

Influence-of Acidity - Soil Resistivity 4,000 to 5,000 ohm-cm
mg-eqa Percent

Wauseon f'ne sandy loam 7.5 6.3
. Caneadea telt loam 12.2 13.3
Miami silt loam 16.8 22.8
Mahoning silt loam 18.1 20.9
Trumball clay loam 21.1 20.0
Crosby silt loam 22.0 30.8

Soil Type Total Resistivity Requiring Repairs
.

Influence of Resistivity -Total Acidity 15 to 18 mg-eqa

ohm-cm Percent
Lordstown fine sandy loam 11,450 3.3
Wooster loam 8,002 6.0
Yolusia silt loam 5,473 13.6
Mahoning silt loam 4,903 20.9
Miami silt loam 3,982 22.8
Nappanee clay loam 1,009 57.0

aMilligram-equivalents of hydrogen ion per 100 g of soil.

1.1.4 The Effect of the Burial Depth

The accessibility of the air and moisture to the soil surrounding the
buried metal is a function of the burial depth.

Figure 1.3 shows the resistivity of one soil as a function of the-
- depth. The resistivity ranges from 2000 ohm-cm at 60 cm from the surface to
200 ohm-cm at 450 cm from the surface, which indicates that the corrosion rate
of the. buried metal is probably a function of the burial depth.

7
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Figure 1.3 Variation of soil resistivity with depth,

for a light bro 3hlayaggressivetoferrous metals.

1.1.5 Characteristics of Soil Corrosion

In most soils, underground corrosion takes the form of pitting. This
kind of localized corrosion becomes more important in predicting the life of
an underground installation. For this reason, the underground corrosion rate
must be expressed as a maximum penetration rate as well as a weight loss.'

Especially in the selection of nuclear waste canister material, the maximum
penetration rate (pitting rate) is the main criterion when judging the
corrosion resistance of the metal.

valuesThe reported pitting rates represent minimum rather than maxg dis-,

because of the small sizes (length <30 cm) of the specimens. Uhlig
cussed this fact as follows: " Actual depth of pits in a given time is found
to increase slightly with size of test specimen, probably because cathodic
area per pit increases, thus accounting for higher current densities at the
pits. In addition to this factor, long-line currents or macrocells, if pres-
ent, increase pit depth over the values obtained on small specimens where such
cells do not operate."

1.1.6 National Bureau of Standards Tests

The most extensive underground corrosion tests were begun in 1910 by
K. H. Logan of the National Bureau of Standards (NBS), and lasted until 1955.
They exposed more than 36,500 specimens, representing 333 varieties of mate-
rials, in 128 test sites throughout the United States. Tested metals are
listed in Table 1.3. For material compositions and more details, refer to

. Reference 12. The chemical and physical properties of the soils at the 128

8
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are listed in Table 1.4. Some of the test sites are shown as dots in
Figure 1.1.

*

Table 1.3

Metals Included in the NBS Tests

Ferrous metals Plain irons and steel
High strength low alloy steels (HSLA)
High-chromium steels
High-chromium-nickel and manganese steel
Cast iron'

Nonferrous metals Copper and copper alloys
Lead
Zinc
Aluminum

Coated metals Metallic coatings
Bituminous coatings
Other coatings

The NBS data were(syprized by the National Association of CorrosionEngineers (NACE), ID1 and are shown in Table 1.5. Pitting data were se-
lected arbitrarily for metals in five ranges of resistivities without con-
sidering other factors.

As shown in Table 1.5, copper on the average corrodes at about
one-sixth the rate of iron except in tidal marsh (resistivity of 60 ohm-cm)
where the corrosion rate is one-half that of iron.

Stainless steels showed high resistance to soil corrosion, and titanium
was not attacked at all. This table should be used only for a rough compari-
son, and detailed discussion will appear in the next section.

1.1.7 Soil Corrosion of Various Metals

The soil corrosion of various metals will be discussed in more detail
using the results from various references including those of the NBS field
tests.

(Continued Page 14)
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Table 1.4
aChemical and Physical Properties of the Soils at the NBS Test Sites

Soit later. Compusition of water estract, mg.eq per 100 g of soil
mal Resist. Mean Am. Mois. Appar. Vol.

drain. ivity tem. nual ture Air. est esse
I ocation age at p!! Total Na+K pera. preci. eausv. pore speci. ebrink.

No. 6 Type of test 60*F acid. asNa Ca Mg CO IICOs Cl SO. Sure a pata. sleat space So, ase
site * ity 4 tion a granty

I

| Per. Per. Par.
Okan. ens *F Inches cens erM ced

,

I Allis silt toam.. ....... .. . .. . .. ... Cleveland. Ohio....... P I,215 7.0 11.4 0.72 0.25 0.43 0.00 0.02 0.09 0.83 49.2 33 8 28.6 1.8 ......

23.0( 6.6
3 Beu einy . . . .. . . . ... . . . . . . . . . . . .. . Da!!as, Tex.. . ........ P 684 7.3 3.5 .28 1.09 .33 .00 1.18 .04 .38 65.5 36.2 37.6 2.0 1.95

61.2 48.3 29.8 18.2 1.60 7.03 Cecit elay loam A tlanta. Ga.. . .. .. .. . . G 30,000 5.2 18.5 .... . ....... ..... ...... ..... ..... ...................
4 Chester saam. . . ............ ...... Jenkintown, Pa.. .... F 6,670 5.6 7.6 ....... ....... ..... ..... ...... ....... ....... 54 40 22.2 7.0 1.78 2.2
5 Dubha ciny adobe..... Oakland, Calif . .... P 1,344 7.0 6.5 .93 .48 .10 .00 0 69 .03 .25 56.4 23.4 28 8 4.9 2.00 22.6

r

! 6 Everett gravelly sandy loam........ Seattle, Wash..... .... O 45,100 5.9 12.8 .. ... .... ... ..... ..... ..... .. .. ..... 51.0 34.0 12.2 - 40.6 1.50 0.1
53.2 38.6 34.3 3.7 2.02 34.57 Maddox adt Roma Cinciamati Ohio F 2,120 4.4 29.8 ....... . . . . . . . . ...... ..... ..... .......

......4.43 39 21 37.0 8.7 1.56 21.08 Fargo clay loam..... ..... ..... .... Farso. N. Da k.. . .... . P 350 7.6 A 1.42 1.72 2.55 .00 .71 .01

10 Gloucesser eandy loam............. Maddleboro, Masa .... F 7,460 6.6 3.6
....... ....... .... ...... ..... ...... ...... 31.2 39.0 24.8 15.8 3.74 5.69 Genesse eds team... . ... ...... ..... Sadney, 0 bio.... . ..... P 2.820 6.8 7.2

|
...... ....... ..... .... ..... ...... ...... 50 41 13.0 27.8 1.58 0.2

j

! 11 Haserstown loam _ Loch Raven, Md...... O II,000 5.3 10.8 ....... ........ ...... ..... ..... ...... ....... 35.4 42.6 32.0 15.5 1.49 8.6---.......

12 Hanford See sandy loman.......... Los A Cahf .... F 3,190 7.1 2.5 0.39 0.50 0.16 .00 40 .00 0.14 62.4 15.2 12.4 33.5 ..... 0
la Hanford very 6me anady loam...... Bake Cahf.. . . . . F 290 9.5 A 6.23 .09 .33 .00 1.12 1.64 3.76 64.6 5.6 21.7 34.5

| 14 IIempstend ent ionas............... St. Paut. dian....... F 3,520 6.2 5.6 ....... . . . . . . . ..... . . . . . ...... ....... ....... 48.2 27.2 17.2 14.4
...... 0
1.76 1.0

' 15 Houstom b4ack elay................ Sna Antenna, Tex .... P 489 7.5 5.0 2.18 .88 .20 .00 2.00 0.83 0.73 68.9 27.2 58.4 5.7 2.08 39.8

to hl=L= 6ae anady loam............ Mobile, Ala.. ......... F 8,290 4.4 11.8 ..... ....... ... . ..... .... .... . ....... 67.3 61.6 22.2 12.0 1.n3 0.6
17 Keyport loam . Alexandria, Va........ P 5,980 4.5 19.1 ....... ....... ..... ..... ...... ...... ....... 55. 42 30.8 4.4 8.72 5.4
18 Knom ads laman... .... .... ... ... .. Omaha. Nebr _ .. G 1,410 7.3 1.4 0.27 .63 .20 .00 0.94 .00 .25 50.6 27.8 28.4 16.6 1.26 1.3

r

Das M dama town..... G I,970 4.6 10.9 .38 .32 .41 .00 .36 .03 .46 49.5 32.0 28 4 3.9 1.76 Il.8
| 19 f > = daw adt " - _ _ _ ...

Cleveland, Dhio....... P 2,370 7.5 1.5 .25 .48 .20 .00 .58 .00 .15 49.2 33.8 22.4 3.8 1.90 3.9
; ea 20 Mahoming eilt &omm.......

O
21 Maraball ade lossa - Kansas Ci . Me...... F 2,370 6.2 9.5 ....... ....... .... ..... ..... .. .. ..... 54.4 37.1 31.2 10.8 1.66 6.5
22 Mesaphis adt loman .... .......... Mem na........ G 5, ISO 4.9 9.7 ....... ....... ...... ...... ...... ....... ....... 61.6 47.7 28.4 9.6 1.67 3.0
23 Merced ent loam . .... ... .. . . .. .... Buttoow w, Cah!... . F 278 9.4 A 8.38 .38 .22 .02 1.87 1.12 5 57 65 6 24.7 6.1 1.69 0.2

25 Misad elay loam...... Milwaukee Wis....... F 1,780 7.2 4.7 0.23 .70
...... ... .. ...... ....... ....... 50 41 13 0 38.7 1.4 024 Merrimas gravelly sandy loam..... Norwoud, Maan........ G 11,400 4.5 12.6 ....... . . . . . . . .

.41 .0J 1.01 0.03 0.10 46.1 30.1 25.8 9.5 1.95 7.6

Spria6 eld: Ohio..... G 2,980 7.3 2.6 .27 .50 .31 .00 0.70 .03 .32 53 37 , 16.4 20.9 8.95 1.026 Mia ml eilt loam.... .. . ........... 6
27 M dler clay. . . . .. . . . ... . .. .. .... . . Bunkaa, La.. .. . . ... .. . P 570 6.6 3.7 .53 3.86 1.12 00 2 00 .08 3.54 67 56 42.6 1.9 2 fM 32.5

1.50 0.06 0.18 .00 0.12 .99 0 89 61.0 10.3 24.6 2.5 ..... 5.928 Monteauana elay adobe ..... San Di a hf.. . . . . P 408 6.8 .......

2.15 1.92 1.55 .00 .00 1.69 2.30 69.3 57.4 34.5 26.6 ...... 5.828 Meek............................ New Or La .. . . VP I,270 42 28.1
30 Muscatias adt loam................ Davenport, Iowa...,... P 1,300 70 2.6 0.32 0.65 0.40 .00 .71 0.09 0.24 49.9 32.5 29.4 7.2 1.81 7.5

! 31 Norfolk 6ae sand ............... Jacksonville. Ila....... G 20,500 4.7 1.8 ...... . . . . . . . ...... ...... ..... ...... ...... 69.3 47.4 28 38.1 1.55 0
32 Ontario loam. . . . .. .. ...... ...... Rachester N. Y....... G 5,700 7.3 05 .23 .70 .I2 .00 .73 .01 .42 47.6 32.8 17.8 11.7 1.85 0.1
33 Post.. . .. - - Mdwaukee, Wis....... VP 800 6.8 36.0 1.52 7.30 4.06 .00 ...... 2.27 2.13 46 1 30.1 72 8 34.0 ...... 16.9

.",4 40 23.4 11.7 8.82 8.434 Pena out loane. . ....... ..... ...... Norristown, Pa........ F 4,900 6.7 7.0 ....... ........ ...... ..... ...... ....... .......

62.4 15.2 18.0 10.9 1.39 3.135 Romona laam .... . .. . . ....... . Loe Anselen, Calif. .. G 2,060 7.3 5.7 0.68 0.68 0 49 .00 1.10 0.06 0.35
i

, 36 Ruston eandy loam................ Meridina. Mise........ G 31,200 4.5 4.6 ...... ....... .... ...... .... ..... ....... 64.0 53.0 13.8 16.0 1.62 0
0l 37 8t. John's See sand... . . . ........ .. Jacksonville, Fla.. .. P 13,200 3.8 15.3 ...... ...... ... .. ..... .... ...... ...... 69.3 47.4 7.0 ...... ......

0Raamafree 8ravelly amad Camdsa, N. J.. . ... .. . G 38,600 4.5 1.7 ...... ....... .... ..... .... ..... ....... 54 40 3.0 32.1 1.59
Sassafree sat loam.....y loam. ....38

| 40 Sharkey clay .......- New 14. P 970 6.0 9.4 .56 .58
. . . . . ..... ...... ....... ...... 34 40 24.2 7.5 1.72 3.8

. Wdmi Del... . . . . F 7,440 56 6.6' 39 ...... ........
.44 .00 0 93 .07 .28 69.3 57.4 33.0 2.3 1.78 16.4

...

! 41 Summit adt lomm-- ... Kaasas City, Me...... F 1,320 5.5 11.0 .30 .54 .36 .00 .78 .04 .46 54.4 37.1 33.1 6.9 1.61 14.6
42 Susquehemas clay. ................ Meridian, Mien....... F 13,700 4.7 28.2 ....... ........ ...... ..... . . . . . ....... ... ... 68.0 53.0 34 8 14.9 1.79 4.7
43 T6 del masek .. .... . .. .......... Elizabet N. J . . . . . . VP 60 3.1 36.8 45.10 5.I7 9.45 .00 .00 43.30 37_00 52 43 55.4 ...... ......

.....6.044 Wabash adt loam.... ............ Omaha, ebr ... G 1,000 5.8 8.8 1.05 1.08 0.e6 .00 1.97 0.82 0.41 50.6 27.8 31.2 7.2 1.55
45 Unidenti6sd alkali soa............. Casper. Wyo.. ........ P 263 7.4 A 8.15 3.70 .70 .00 0 24 48 18.98 47.2 15.3 14.8 18.7 .... 0

46 Unidenti6ed enady loam............ Denver Cola.......... G 1,500 7.0 ...... ....... ........ ..... ..... ..... ...... ....... 30.0 14.1 7.6 23.2 ...... 0
47 Unidenti6ed ads loam.............. Salt IMe . Utah. P 1,770 7.6 3.0 0 67 0.72 .39 00 .88 .06 0.48 St.6 16.1 25.7 2.6 1.72 3.7
51 Acadan elay... . .. . .... . . ..... ..... Spindletoo, P 190 6.2 13.2 10.27 15.55 3.03 .00 .56 5.75 22.00 69 49 47.1 1.4 2.07 37.9 -

. . . . . .

58 I4ke Charlas clay loam............ laasue City, Tex...... P 234 8.8 A 4.20 0 33 0.18 .52 1.36 1.33 1.26 ti9 47 54.8 3.7 1.97 33.9
61.2 48.3 33.7 15.2 1.60 7.058 Camil stay Iomm . .. .. . . . . . . . . A tlanta, Ga . . . . . . . . . O 17,790 4.8 5.I ..... ...... ... . .... ....... ... . . ......

See footaetes al end of table.
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Table 1.4, Ctntinu;d

Chemical and Physical Properties of the Soils at the NBS Test Sitesa

Soit later. Composition of water entract, mg.eq per 100 g si soil
mal Reaint- Mesa Aa. Mois. Apper. Vol.drain. ivity tem. nual ture Air, eat umeImation age at pil Total Na + KNo. * Tm of test GOT acid. as Na Ca Ms COs liCOs Cl S0 ture e pita. afeat space Eo age

pera, preci. e<suiv. pure spaci. shrink.
sitee ity 8 taoa * gravity

Par. Per. Pa.
*F laches erat rest cent54 Fairmount sitt loam. . . . ...... ..... Cinciamati. Ohio....... P 886 7.0 3.5 0.59 10.10 .59 .00 0.70 0.08 9.05 53.2 38 6 26.I 4.7 8.96 6.I55 11agerstown loam.... .. . ...... Imh Raven. Md.. ... G 5,210 5.8 10 9 ....... ........ ..... ..... ... . ...... ....... 55.4 42.6 32 0 15 5 1.49 8656 Lake Charles clay... .. . . . El Vista. Tex... . . . . . YP 406 7.8 5.1 3.12 0 69 .47 00 .80 1.59 3 04 69 49 28.7 5.0 2.03 *) .157 Merced clay adobe.. . .. . Tranqudhty. Calif.. . P 128 7.7 A 23.40 13.50 4.51 .00 .34 1.35 37.50 63 8 40 9 5.1 1.89 29.558 M uc k . . . . . . . . . . . . . . . . ..... New Orlease, La..... VP 712 4.8 15.0 2.03 2 23 1.29 .00 .00 0.47 2 54 69.3 57.4 57.8 22.4 1.43 36.9

59 Carlisle muc k . . . . . . . . . . ...... Kalamazoo, Mich.... VP I,660 5.6 12.6 1.03 3.08 2.70 .00 .00 3.47 1,04 49 38 43.660 Ride peat . . . . . . . . . . . . . . ........ Plymouth Ohio...... P 218 2.6 297.4 2 91 10 95 2 86 .00 .00 0 00 56.70 49 37 43.4
...... ......

.....9I64 Sharkey elay.. ... .. . .. . .. .. 33.2 1.28New Orleans, La... . P 943 6.8 4.9 0.73 0.68 0.33 .00 .74 .10 0 98 69.3 57.4 30.8 2.3 8.78 16.462 Susquehanas clay. ... . . . Meridian, M os. . . . . F 6,920 4.5 12 0 ....... ........ . . . . . . ..... ..... ....... ....... 64.0 53.0 34.6 14.9 1.79 4.763 Tidal marsh. . ... . . . . ... Charleston. 8. C.. . VP 84 6.9 14.6 33 60 6.85 40 .00 .00 12.70 36.60 66.0 45.2 46.7 19.5 1.47 18 8
64 Docas elay. . . .. . . .. . . . . .. Cholame, Calif.. . . .. F 62 7.5 A 28.10 2.29 0.76 0 00 0 89 28 80 0.26 58 16 43.I 4.7 1.88 27.765 Chino edt loa m .. . . . . . . . . . . . . . . Walmington, Cahf.. . G I48 80 A 7.65 12.40 2.20 .00 1.30 6 05 16.90 62.4 15.2 26.4 15 8 1.41 5.766 Mohave Ene gravelly loam... . .. Phoenas. Aria...... .. F 232 80 A 6.55 0.51 0.I8 .00 0.73 2.77 2.97 69.7 7.8 16.5 20.1 1.79 2.767 C aders . . . . . . . . . . . . . . . . ... Mdwaukee, Wis.. . ... VP 455 7.6 A 0.77 3 03 .53 .00 .55 0.08 2.89 46.5 30.1 11.1 .... ... . ...68 Gals elay.. ...... .... ..... Phoeman, Aris.. . .. F .... . ..... .. . .. .. ..... .... . . . . . .. 69.7 78 . . . . .
70 Mereed ailt loam. . . . . . . . . . . .... Buttonwillow, Calif.. . . F 278 9.4 A 8.38 0.38 .22 .02 3 87 1.12 5.57 65 6 24.7 6.I 3.69 0.27I Mahoning edt loam.. . ... ..
72 Pagematang adty elay loam..... ..

West Austintoan, Ohio. F 2,582 7.8 4 0.22 .37 .28 . 0 33 0.03 0.27 .... .... .... .. . .. . ...... Deerheid. Ohio. . . ... VP 762 7.2 17 3.11 7.49 .9573 Wabash sihy clay loam... . . . . East St. Imuss. Ill... . VP 52I 6.8 6 0 44 2.80 .68
. .. ...-.. ..... 11.58 . . .. . . .... ..

. I 75 .02 I 9974 Otero clay loa m. . ..... .. . Rocky Ford. Colo.... F 436 7.3 5 4.72 18.42 4.24 .. 0 77 .38 26.22
. . ... .. .. .

.. ... ... .. ... .w 75 Unidenti6ed sitt loam.... .... Albuquerque. N. Mes... F 379 8.4 A 5.80 0.87 0.16 ....

1 23 .07 0.IS . ... . . . .

.56 .70 5.58e-* 76 Chano edt loam.... .. . .. . Ime Angeles. Cahf.... . G 2.650 9.2 A I.54 .065 . . .16 .... .. . .. ...

77 Busquehanna clay. . . .... . . . ... touisvdle. Mass....... F 9,390 4.3 42 0.39 . I4 ..... . .. ..

.82 .74
.. . . .. . ... .

40 .0578 Caddohnesandyloam....... .... Lates Tes . . . . . . . . . . P 824 4.5 24 1.06 .18 .3I101 Bdhags ede loam (Iow alkali).. .... GrandJunction Colo... F 26l 7.3 A 52I 19.24 1.43
..... ......

1.56 22.4a
...... ...... ...... .. .. ..00 0 66 52.0 88 30 0 .. .

102 Bdliass ailt toam (mod. alkali)..... Grand Junction. Colo.. F 103 7.3 A 22.63 16.56 3 85 .00 .56 4.67 36.82 52.0 8.8 20.4 .. .. ..103 Bdhage edt loam (high alash)...... ...d0.......... ....

G 8,500 4.6 11.0 ... . ... .. ... .. .. ..... .. .. fio . 2 46.1 34.1 .... .. .

F 81 7.3 A 22.01 13.32 2 00 .00 .58 11.09 25.70 52.0 8.8 30.6 .. ... . ..104 Ceed ela y . . . . . . . . . . . . . . . . . . . . . Charlotte, N. C.. ...
105 Ceed elay loam ..... . . .. . . . . . . . Macon Ga. . . .. . . . . . . G 28,000 48 12 9106 ..de......... ... ....... .. ... Bahebury, N. C.. . .. G 25.000 4.8 12.8

... .. ...... . . ... .... ..... ....

60 46 38.8
... . .. . ..64.2 44.8 34.2

.... ... .. .. .. . .. .... .. . .. ...... ....
107 Cecil 6ae sandy loam...... ....... Raleigh. N. C.. . . .. . G 54,400 4.8 II.8 ...... . .... .. ... . .... .. . 60.1 46.3 29.6 ..... . .. .108 Coed graveDy loam ... . . . . .. . . . . ... Atlanta. Ga.. . . ... G 44,400 4.9 11.2 ....... . . . . . . . . ...... ...... . . . . . . . . . . . .......

63 9 18 6
.... . . ..61.2 48.3 34.3100 Fresno Bae sandy loam Oow alkah).. Fresno, Cahf.. .... .. . P 497 84 A 2.62 0 07 0.10 .38 .59 1.56 0.48180 Fresmo 6as es loam (mod. slash).. ...do.......... ... P 531 30 2 A 3 53 .07 .22 1.49 1.07 0.79 .25 63 9 18.4
.... .... ..

til Freeno 6ae as loam (hish alkah). Kernell. Calif.. . . . . P 58 7.3 A 41.55 16.21 .44 0.00 0 54 34.58 23.48 63 9 22.I
. .. .... ..

. .. ..

112 Imperint elay (mod. alkali)........ Nhad. Calif.. ..... P 149 7.4 A 22.18 14.09 1.29 .00 .36 10 94 25.98 71 2 31.6113 ImperiaI clay (high alash)......... ...c.o......... ...

VP 320 7.1

'

F 102 7.4 A 9 56 0 84 .51 .00 .63 6.26 4.06 71 2 30.2 .. ...

.... .. .

114 lake Charles elay.... El Vista. Ten... . ... .I15 Memphia salt nonm...... .... .. .. Vac ksburg. Mina. . . . . G 3,450 6.9
...... 2.65 .68 .26 .00 .77 1.84 0.93 69 49 35 8 . ...

........ ..

4.7Il6 Merced elay.. . . . Ime Banos. Cahf..... F 320 9.2 A
....... . . . . . . . ..... ...... ...... ...... ....... 65.6 51.9 25 7 .. .. .9.30 .33 .38 4.60 2.10 I.17 1.57 63.4 8.1 39.1 .. .. . .

... .....

117 Mereed elay loam adobe........... Tranquillity. Calif.... P 106 85 A 36.19 14.66 .83 0.00 1.55 2.89 46.53 63 8 53.8 .. .. .. .IIS Ndand gravelly enad (low alkali).... Ndaad. Cahf.. .. .. .. F 273 7.3 A 4 30 1.03 .64 .00 0.20 5.01 0.86 71 2 6.8119 Norfolk aandy loam... . ... ..... . . Macon, Ga..... ... O 10,000 4.7 9,7 ...... . .. . . . .. . .. ..... .... 64.1 44.5 24.8
.. .... .

120 Norfolk amad..... .. . . . . . . .. . . . . Pensacola Fla.. ..

G 86.400 4.8 1.2 ..... .. . . . . .. . 71.8 49.4 3.0
. . ..

G 34,400 5.7 I.3 ..... . .. . .. .. . . .... . .. 67.7 57.9 4.4
. ...

121 ..de............. . ...... Tampa.Ha... . . .
o . ..

122 Panoche elay loam.. ... ....... Mendota. Cahf.. .. . F 552 7.4 A 2.32 0.05 .26 .00 .70 0 07 I.40 63 #1. 4 30.0123 Susquehanna clay..... Shreveport, La.. . .. . P 6.840 4.I 21.9 .. . . .. .. .. . . . r,5.8 4:l . 4 37.6
..... .. .

124 ...de........................ .. Troup. Ten.. . . . P 1, leio 4.4 28 1
.123 Susquchanam $ae aandy losa . . Shreveport. La... . P 5.770 39 28 3

.. . . . . . ei6 0 42.7 36.0
. ,..

. . . . 65 8 4:5 . 4 37.2

*Measuremente end determinations by I. A. Dentoon R. 8. Ilobbe, and M. Romanof f. bDif ferent numbers for sotte that appear to he tJentical indtrate
either dif ferent ettee in the same locality or that different classes of matarlate were buried at dif ferent times at the amme site. fintern.atdrainage; C good; P fair; P, poor; VP, wury poor, d , alkaline routtop. 8 Data for mean temperature and annual prectpttation f urnished byA

11ntted States Weather Bureau. Values with no figures to the right of the decimal point are for some nearby city.
_ .. . .. ..... ... ... ..



Table 1.5

Soil Corrosion of Various Metals and Alloys for Different Resistivity Soils.
,
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Table 1.5, Continued

Soil Corrosion of Various Metals and Alloys for Different Resistivity Soils.15

MISCELLANEOUS METALS AND ALLOYS
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FOOTNOTES FOR CORROSIVES FOOTNOTES FOR DATA SOUARES 21. ~ 7 pH
'

1. Poison 11. Fuming liquid 1. No water 11. May discolor 22 < P"
2. Toxic 12. Hygroscopic 2. No air, oxygen 12. May catalyre 23. N pH
3. Explosive 3. Low air, oxygen 13. May pit 24. >I00 mpy
4. Flammable 4. Pits 14. May stress crack 25. Perforation
5. Ingestion poison 5. Stress cracks 15. Transgranular attack 26. I 100
6. Inhalant poison 6. Stress corrosion 16. Vapor 27.3003
7. Attacks skin 7. Discolors 17. Aerated 28. May dealloy8. Irritant 8. Crevice attack 18. Catalyzes 29. 220 mils9. Vapor harmful 9. Intergranular attack 19. Static

10. lysites organics 10. No chlorides 20. Agitated

13



1.1.7.1 Plain Iron and Steel

Plain iron and steel may be defined Aq iron and steel without alloy-
ing elements such as Cr, Ni or Mo. The NBSilti conducted field tests on
wrought iron, open-hearth iron, open-hearth steel, Bessemer steel, and carbon
steel in different soils. It was evident that all the specimens in the same
trench corroded similarly with respect to losses in weight and depths of the
deepest pits. Thus, it was concluded that the corrosion rates of plain irons
and steels do not depend on the composition or the surface finish, but on the
kind of soils or soil conditions. Some of the results are shown in
Figure 1.4, showing the degree of the differences of the corrosion rates in
different soils. Results of additional corrosion studies are discussed in
Section 1.1.11.

16 0
05

v'*** #y /
6, : . e-

'k / ^ '*" "" "''*
80 M ugunis stLT Lo'AM

N:8*0 p. nuston nur sanov LoAu-
i t !

4 -

':r
0 2 4 6 8 10 12

EXPOSURE TIME , YEARS

Figure 1.4 Pit depth vs time cy{'ygs for wrought ferrous pipes
in different soils.1 l

By plotting the logarithm of the average maximum pit depth of equiva-
lent 3-in. specimens against the logarithm of the time, approximately linear
relationships were obtained. The maximum pit depth may be expressed by an
empirical equation,

/ t inP = k .35 j g j

( /
where P = depth of the deepest pit at the time t, and k .3 and n are con-5

P. manoff.lg ) constants ks.3 and n for 47 different soils were calculated bystants. T

1.1.7.2 Low Alloy Iron and Steel

test (12) Figure 1.5 shows some of the results obtaintd by the NBS undergroundof the low alloy irons and steels.

14
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In comparison to the unalloyed open-hearth steel (A in Figure 1.5),
low alloy steel with small amounts of Cr and Mo (E & H in Figure 1.5) showed
significantly improved corrosion resistance.

sw , , , , , , , , , ,,,,

A .
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Figure 1.5 Pit-depth-time curves of copper-molybdenum open-hearth irons,
chromium, and chromium molybdenum steels in cinders. A,
open-hearth steel; N, open-hearth iron, 0.54 % Cu, 0.13 % Mo;
K, 2% Cr-steel with Mo; D, 5.02% Cr g2,with Mo; H, 5.76% Cr-steel with Mo.( tgel; E, 4.67% Cr-steel

Steels containing 1 and 5 percent of Cr, respectively, had pits of
about the same depth. The addition of 0.43% Mo to the steel with 5% Cr (D, in
Figure 1.5) further reduced pitting (H in Figure 1.5).

The relative corrodability of the low alloy irons and steels as mea-
sured by weight loss was independent of the aeration of the soils. Similarly,
the 4-6% Cr steels were deeply pitted in all of the very poorly aerated soils,
(except soil 67, Table 1.4), and the high rate of pitting continued through
the exposure period.

1.1.7.3 Stainless Steels

Stateless steels may be defined as alloy steels containing at least
10% chromium, with on without other elements.

15
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i

!

| The NBS(12) tested some of the 300 and 400 series stainless steels
in 15 different soils for 14 years. The compositions of the alloys and the
test results are shown in Table 1.6. ,

,

2 Plain chromium steels, 410 and 430, showed severe pitting, while
i chromium-nickel steels, the 300 series, showed considerably better pitting

resistance.

Adding chromium to plain carbon steel decreases the unifom corrosion
gradually, but the addition of Cr beyond 6% increases the depth of pitting.4

In fact for some clays, steel containing 18% Cr may have deeper pits than
plain steel. <

i Alloying with sufficient nickel or nickel plus molybdenum apparently
neutralized the tendency of high concentrations of Cr to accelerate pitting.:

Austenitic stainless steels are known to be susceptible to pitting
where oxygen is in short supply. However, the field test results in Docas'

'

clay, poorly aerated and poorly drained soil containing 2% sodium chloride,'

showed that the 300 series stainless steels are very resistant'to pitting
while the 400 series stainless steels and low carbon steel showed very deep

! pitting. Type 316 SS, as shown in Table 1.7, showed negligible weight loss '

i and no pitting,

j A recent NBS study (16) on the corrosion behavior of selected stiin-
| 1ess steels was conducted at six different test sites. The properties of

soils at these test sites are shown in Table 1.8. AISI 200, 300, and 400
series were tested, but only the 300 series will be discussed in this report
because the 200 and the 400 series stainless steels showed poor corrosion re-

;

sistances, in comp 9r on to the 300 series, confirming the results of the j| earlier NBS study.L1pJ '

,

<

|. For this later NBS test, sensitized materials as well as the annealed
| materials were tested. Sensitizing means heating stainless steel at the tem-

perature range of 480 to 810*C to make the stainless steel susceptible to in-
tergranular corrosion.

i Annealed Materials - In clay and tidal marsh (Site C and G), Types 301 and 304 |

55 were susceptible to pitting and tunneling corrosion, while Type 316 was un- |
;

affected by corrosion. In a typical coastal sand that is constantly damp and
,

is occasionaly flooded with seawater, many of the annealed 300 series samples
,

including Type 316 were perforated.i

i Sensitized Materials - In clay (Site C), all 300 series were susceptible to
; pitting corrosion with Type 316 being the least susceptible. In tidal marsh,

poorly-drained marsh soils that are found along the Atlantic and Gulf coasts,'

i Type 301 and 304 showed severe non-unifom attack, while the corrosion of Type
; 316 was negligible. In coastal sand, sensitized 300 series including Type 316 ;

showed much higher weight loss rates than annealed materials, and all speci-
mens were perforated. Table 1.9 shows some of the results. ,

| 1

: (Continued Page 22)
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|
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Table 1.6

Loss in Weight and Depth of Pits of High-Chromium and Chromium-Nickel Steels Exposed for 14 Years a

M, Shallow metal attack. Fouabening of surfaces, but no de6 mite pitting.
P. Dehaate pettang, but se pate greater than 6 aule.
+. One er more specimene conteamed holes because of corroesos.

A lp! lype No.. . . .. .. . ... ... 410 430 430 304 304 302 309 386 ....... ..... ..

0 bNumber of spectanrae......... 5 S 2 2 2 5C 5C 2C 2d

cmaramties:
C..... .. . . . . . . " ,...y 0 065 0 070 0.I2 0.08 0.05 0.093 0.144 0 07 0.07E!a.. . ' .38 .36 .42 .44 .46 .36 1 NO 1.24 I.99Cu . . . . .......') .02.. ... ........... .02 0 02 1 0718.95 17.04

. . . . . . . . . . . . . . . . .. ............. ................

18 tw 22 E8 17.78 19.27 '
Ca. .. . *

17.72 17.20 17.52 .. .............*y
Ni.... . .. y 0.44 0 op 0 29 8 95 8.85 9 18 12 94 10 94 22.12Ste.. . . ...,e ...-........... .......~...... ... ..... ... . . . . . . . . . . . . . . . . . ...... ... .... . .............. . . . . . . . . . . . . . . . . 2 63 3 82

_

ntas. Etas. Eins. Elas. Etas. Elas. Elan. &!as. Mas.Boil O tens ia imum Imes in immes toss ia imuis Lese im 6 mum Imme in imam Lame in imum Imme in imum Imme ln imum Im ia imumweishi pene. weisht pene. weight pene. weight pene. weight pene. weight pene. weight prac. weight pene. weiaht pene.trateon tratana trataca trataos trataos trataca tration tration t rateam

er/M Mole ee/M Mile oeffe Nde eerfte Miln ee/M Mile ee/M Male es/P Mile ee 'f6 Mile er/fte Mel.W 8I........ ..... .. .... . . .... ...... ... .. . ....... ....... 0 03 29 + ........ ....... . .. .. ........ ...... ...... O tapp at 0 fsps 0N S3.. . . ........ ..... ........ ....... ....... ....... .0u09 0 .02 0 .01 055 . . . 0 0n02 El 0.0001 0
...... ... .. .... ...

....... ....... ...... ........ ........ 0 0u05
...... ........ .......

.004 0 001 00 0 0003 056.. . . . . ........ ..... .. ... .... ... ....... ....... .20 .......32 + ........ ........ ...... ....... ....... ..... . .fm15 P . fun 4 0Ss . . . . .. .. ... ...... .. .. ... . . 0 85 52 .002 0 0.0008 II ....... ....... .. ... .... .0tul8 0 . Onus 0
Se.. . .. .0f02 El .008 Et
so.. . . . .. .. 5.4 37 + .17 I6 +

........ ........ .On07 0 002 P 00I P 002 0 .001 0........ ........
.0006 0 .003 &I .001 11 .0tM 0 .0007 0....... .......6 8. . .. .. ...... ....... . ... ........ ....... .......

.0004 &t 003
........ ........ ....... ........ .... ... .0tml 0 0 0

.

........ .......
0f 04 P

162.. . .... ........ ....... ...... .... . .03 6 6 0lN12 0 .On0I O !

........

63 . . .. . . .. .. ....... . . . . . . ....... .... .. .33 13 .06 P .I2 13
........ ........ ... ... ........

.001 0 .0tM 0........ ........ ........ ........

64 .. . .. 5.7 63 + !.4 83 + .34 48 .003 P .04 7 .002 0 0H07 0 .002 0 .00J Ga5 .. . . . . .

22 62 + 23 62 + ........

73 .0008 12 .002 8 ........ . . . . . . . . ....... ... ....

.0001 0 .0002 0

46 s2 + .74 as + ........ ........ 01 la + 0 ht .trum4 0 .0004 0 0 0 .|ne... . . . . ...
........ ........

47 . . . . .. . ....... ........ ... .. ....... & 19
........ 00nD P . . . . . . . . ....... 0 51 0 31 0 0 0 0 i

.01 Et 000 070.. . , . . ....... ........ ....... ....... ....... ........ ........ ........ ........ ....... ........ .. .... ........ ..... ..
1

|
eammeeled et 1,400*F. pickled lightly cold-rolled, d

1

Spect=ama "Of" and "DT" were esposed to the solle
bAeneeled et 1.6008F pickled, for 13 years. The remaintag speciaeas were esposed 14 years.CIIested to 1.850*F. air quenched, pickled. 8 ee Table 1.4 for semes and location of soils.5

I

I
i
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Table le7

Results of Exposure of High-Alloy Steels to a Poorly Aerafed Soil Containing
Sodium Chloride (Docas clay, soil 64)(12)

at sarfase but no de6 mite pitting.M. Shause metal atteek. rous ' holes because of sorrosion. The thiekans el the speciosa has besa ussi se ths ragtim am pit la this esee.+. Oas er more e ' -- een
D. Desseoyed by L. -

law.

A ISI ty pe No.. . . ...... . . .... 410 430 430 304 304 302 300 316 carben........
steel

CompeesNea (perread):
C........................ 0.064 0.070 0.12 0.08 0.06 0.0e3 0.144 0.07 0.07 .. ......

Ms...... ....... ........ .38 .38 .42 .44 .44 .36 1 30 1.24 1.99 ... .. ...

Ca..................... .08 .02 .03 1.07.......... ... .....
.......... .......... .......... ..........

Cr..... ... ...... ....... II.96 17.08 17.72 17.20 17.62 18.00 22.68 17.78 19 27 ... .....

N6............. . ........ .48 .00 .29 8 96 S.88 9.18 12 94 10.96 22.12 ..........
2.63 3.52 .... ....

......... .......... .......... ......... .......... .......... . . . . . .
Ste...... ....... ........

Imes in weight (es/fte)

Period of espesure (yr):
2.... .......... ......... 0.67 0.83 0.50 0.01 0.01 0 002 0 003 0.006 0.002 12.6

24.3
1.0 .28 .30 .002 .01 .002 .002 . . . . . . . . . .........

7...................... l.7 44 (9 .003 .02 .002 .006 .00+ .004 34.8S.. . . . ... . . ....... .

9....... ..... . ......... 3.2 1.2 (9 08 .06 .002 .000 .007 002 D

14.......... 8.8 1.4 .34 .008 .04 .002 .0007 .002 .003 D
. ... ..

Maximuun penetraties (emile)

2... . .. ..... .. ... .. 63 + 63 + (9 17 8 8 5 hl O 130

8... .... .. . .. .. 63 + 54 + 10 <6 0 4 <6 134 +.... ..... . . . . . . . .

7............ . .. . . 63 + 63 + 21 8 0 M <6 M 0 134 +

9... 63 + 63 + 96 14 + 36 <6 <6 0 0 194 +

63 + 63 + 48 <6 7 0 0 0 0 154 +. ....... . ......
14.. . . . ..........

aData are not used because of corrosion caused by asphalt on the ende of the spectaene.
. . _ .

.
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Table 1.8

Properties of Soils at Test 5f tes(16)

Internal Composition of Water EstractSite Soll Location Drafna9e Resistivitya (Parts per Million)Iden Test (ohn-cm) pH Na + K
Site TD5h Ca Mg as Na C0 HCO 50 C1 NO3 3 4 3

A Sagemoor sandy loan Toppentsh, WA Good 400 8.8 7,800 108 23 1,960 0.0 5,002 216 330 68 Ha9erstown loan Loch Raven, 2 Good 12,600-34,770 5.3 c - - . *- - - - -
C Clay Cape May, W Poor 400 1,150 4.3 14,640 540 754 2.242 0.0 0.0 6,768 3,529 118D Lakewood sand Wildwood, NJ Good 13,800-57,500 5.7 c - - - - - - - -
E Coastal sand Wildwood, W Poor 1,320-49,500 7.1 11,020 302 329 3,230 0.0 55 1,133 5,765 31G Tidal marsh Pa tuxent, 2 Poor 400-15,500 6.0 11,580 140 165 2,392 0.0 0.0 1,709 3,259 37*

* (M111foram e 11valents per 100 grams of soil)
A -

0.T4 9 ~ K.50 0.0 8. C U T5 0.93 0.01
- - - - -

8 - - - - - c - - - - - - - -
C - 2.70 6.18 9.51 0.0 0.0 14.0 9.94 0.19

- - - - -

D - - - - - c - - - - - - - -
E - 1.51 2.70 13.9 0.0 0.09 2.36 16.2 0.05

- - - - -

C - 0.70 1.35 10.2 0.0 0.0 3.56 9.18 0.06
- - - - -

aReststivity determinations made at the test site by Wenner's 4-pin method (5) except for 5f te A where Shepard's cane (6) was used.bTDS. total dissolved soilds - residue defed at 105'C.
cAnalysis not made for soils at Sites 8 and D because of the very low concentration of soluble salts in these soils.

4
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. Table 1.9

- Average Weight Loss (mg/dm2) and Pit Depth (mils) for Stainless Steel
'

~

Sheet and Tube Specimens Bucied in Sagenoor Sandy Loam (Site Al
for up to Four Years

aExposure,' Avecage
Trea Tire, Weight Loss Pit Depth, milsh

:mentg- Days mg mg/dm2 : Maximum Average of 5 Deepest?Systec6 Material

Exposed in 1970
413- 50 Type 201 -- -- - - - --- - -

791 4 <1 -- --

1442' -- -- -- --

. 51 . Type 202 413- -- -- -- ----

IPab 791 ---- --

1442 -- -- -- --

413 -- -- - --52 Type 301 --

-- -- <5791 --

1442 -- -- -- --

53 Type 301 5 413 68 6 IP --

791 201 15 <5 --

1442 1247 98 <5 --

54 - Type 301 XBW. 413 2 <1 -- --

791 2 <1 <5 --

1442 -- -- -- --

413- -- -- -- --55 Type 304 --

791 2 <1 -- --

1442 -- -- -- --

56 Type 304 5 413 285 21 -- --

791 255 21 <5 --

1442 616 49 -- --

57 Type 304 HW 413 1 <1 -- --

791 -- -- -- --

18.1442 ---- --

413 3 <158 Type 316. -- ----

791 -- -- -- --

. . 1442 -- -- -- --

59 Type 316 5 413 20 2 IP --

791 86 6 <5 --

1442 384 12 7 --

413 6 <1 2960 Type 409 ----

791 6 <1 <5 --

1442 1 50 - 12 H H

62 Type 409 HW 413 . 186 73 -- --

-791 101 40 IP --

1442 32 12 H --

63 Type 409 HW 413 187 95 IP --

791 149. 88 <5 --

1442 75 37 H H

413 3510 281 48 --
64 Type 410 --

791 82 6 20 7

1442 8343 705 .H H

65^ Type 430 - 413 4 <1 -- --

791 10 1 IP --

'1442 66 6 22- --

66 Type 434 413 4 <1 -- --

791 2 <1 IP --

1442 -- -- -- --

Esposed in 1971
496 2 <1 IP1 26 Cr-1 Mo ---.

~--860 -- -- --

1147 -- -- -- --

496 10 1 IP2 IB Cr(T1) ----

860 2 <1 -- .-

1147 1 <1 <5 --

3 '.16 Cr(TI) XEW 496 1 <1 <5 -

860 4 <1 <5 --

1147 4 <1 -- --

20
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Table 1.9, Continued

Average Weight Loss (mg/dm2) and Pit Depth (mils) for Stainless Steel
Sheet and Tube Specimens Buried in Sagenoor Sandy Lcam (Site A)

for up to Four Years

Exposure . Averagea
Treat- . Time, Weight Loss Pit Depth, milsb.Systect L !!aterial mentd Days mg og/dm2 Maximum Average of 5 Ceepest'

-4 20 Cr-24 Ni- -- 496 4 <1 . IP --

6.5 Mo 860 1 <1- -- --

1147 1 <1 -- --

5 20 Cr-24 Ni-- S 496 - 1 <1 -- --

6.5 Mo 860 --- -- -- --

1147 -- -- ~ - - --
6 18 Cr-2 Mo 496 3

860 1

- <1. IP --
---

<1 -- --

1147 -- -- -- --

8 18 Cr-8 Ni(N) -- 496' -- -- IP' --

860 -- --- -- --

1147 -- -- -- --

9 18 Cr-8 Ni(N) a3W 496 20 2 IP --

860 -- -- -- --

-1147 2 <1 -- --

10 26 Cr-6.5 Ni -- 496 7 <1 <5 --

860 -- -- <5
1147 3 <1

--

--

14 - Composite Af -- 496 81500 6412 N/A
--

860 -116350 9154 N/A
1147 165175 12995 N/A

15 Composite 8f HDZ 496 9075 714 N/A
860 21975 1729 N/A

1147 2775 2193 N/A
16 Composite Cf -- 496 83775 6591 N/A

860- 112175 8825 N/A
1147 149075 11728 N/A

17 26 Cr-1 No HW 496 11 3 <5 --

860 -- -- -- --

1147 16 --- -- --

18 18 Cr(T1) HW -496 -- -- -- --

860 -- -- -- --

1147 4 2 -- --

19 20 Cr-24 Ni- HW 496 -- -- -- ---

6.5 Mo 860 '-- --
-- --

1147 -- -- -- --

Exposed in 1972
7 18 Cr-2 Mo(Nb) 364 -- -- -- --

651 4 <1 <5 --
11 18 Cr-2 Mo- 'xBW 364 -- -- -- --

(nb) 651 13 1 -- --

12 18 Cr-2 Mo H4 364 -- -- -- --

(Nb) 651 8 2 <5 --

8Average for four specimens.
,

b1 mil = 0.025 mm. IP - inci;ier.t pitting; H - perforated; N/A - not applicable.
CSyste-s 12,17,18,19, 57, 62, and 63 were tube specinens fabricated fran sheet aterial,
welded at the seats and then plugged and capped at each end to mininize internal corresion.
Specinens of all other systens were flat sheet naterial.

d ll naterials were in the annealed condition unless noted otherwise. Abbreviations used:A

5-sensitized; XBd-cross-bead weld;2) af ter bending.HW-heliarc weld; HFd-high frequency weld; HOI-bct-dipzinc coated (galva912ed, 4.5 c:/f t See fostnote c.
' Average of five deepest pits on each of four. IndividJal specimens unless noted.f
All co f.osites were netallurgically bgeded. Co posite 8-carbon steel / type 430/ carbon

-

steel; o postte S-carbon steel / type 43S/carben steel; Co posite C-carbon steel / type
3X/ carbon steel.

')
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1.1.7.4. Aluminum

Unprotected aluminum alloys may be virtually unaffected under some
conditions and severely corroded in certain other types of soils.

Sprowls and Carlisle(17) compared the corrosion behavior of alumi-
num alloys and alciad alloys in soil. Alclad alloys that consist of an alumi-
num alloy core covered on one or more surfaces with one or more layers of
corrosion-resistant aluminum alloy showed superior performance in all soils
tested. Figure 1.6 shows the pit depth-time curves for aluminum alloys and
an alclad alloy in comparison to steel and copper.

It was concluded that certain soils may cause severe pitting of alumi-
num alloys and that it is very difficult to predict the performance of alumi-
num alloys on the basis of a chemical analysis or a resistivity measurement of
the soil.

Campbell (18) tested 11 aluminum alloys in six different soils. In
cinders, the corrosion of all specimens was too severe for any useful compari-
son between the alloys to be made. Corrosion was also severe in acidic peat.
The cladding gave no protection in cinders, but in wet salt marsh, clay, and
peat, it afforded protection for between 5 to 10 years. In addition, there

was no decrease in the corrosion rate over the 10 year period.
'

l I i | | | | | 7
hoTE. 30 Leo SYks00Ls otNOTE, CONTINwCUS EXPOSUREg

3 100 - 6053 75 cenions Tat ofwEns -
WEnE INTER 4WPTEo

4

80 -
' * ' ' * * * -

5 7
so _ %. -Te _

6
& 3''

40 -

E "No[$7 YRE=
3
E 20 - - -ouTsios accLao soss-Ts -

$ fcompEn

O I 2 3 4 5 6 7 8 9 10
,

PERIOD OF EXPOSURE- YE ARS

Figure 1.6 Pit depth-time curves for aluminum alloys (gqalclad in comparison to steel and copper. 1

The NBS(12) exposed c muercial aluminum, duralumin, and aluminum
alloy in five different soils for 10 years. Among the specimens tested,
alloyed aluminum showed the best performance. Unalloyed aluminum showed very
good corrosion resistance in tidal marsh (soil 43 in Table 1.4) and Hanford
very fine sandy loam (soil 13 in Table 1.4), but very poor performance in muck
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soil 29 in Table 1.4). Table 1.10 shows the underground corrosion test re-
sults. on aluminum, duralumin, and Al-alloy of 0.16 cm thickness. Similar data
for zinc and iron in the same soils are also shown for comparison.

1.1.7.5 Copper and Its Alloys

Copper and copper alloys nre tested in 14 different soils for ap-
lproximately 14 years by the FES.t 4 The results are shown in Table 1.11 in

terms of weight loss and maximum pit depth.

As shown in this table, the corrosion rate in cinders (soil 67) was
significantly hi@er than those in other sofis. In soils having hi@ concen-
trations of sulfides (soil 63), of organic and inorganic acidity (soils 58 and
60), and of chlorides (soil 64), the corrosion rates were slightly hi@er than
those in other soils. The loss in weight and maximum pit depth of copper in
four different groups of soils will be compared with those of zinc, lead, and
steel in Section 1.1.7.7.

The results of the corrosion tests on copper-zinc (brass) aid copper-
nickel-zinc alloys show that in most soils the corrosion for the maximum ex-
posure period was not appreciable. This type of data, however, does not show
the extent of deterioration of these materials due to selective corrosion.
Selective corrosion or selective leaching is the removal of one element from a
solid alloy by corrosion processes. The selective leaching of zinc in Cu-Zn
alloys (brass alloys) is called dezincification.

Een dezincification occurs, there is little dimensional change..
Thus, the corrosion rate expressed in terms of wei@t loss and maximum pit
depth can be misinterpreted as good corrosion resistance, sile the dezinci-
fied portion is weak, permeable and porous. The addition of zinc to copper
lowers the corrosion resistance of copper.

1.1.7.6 Lead

Lead alloys have been used underground in the form of water service
pipes and cable sheaths. Lead-coated ferrous metals are not used because any
exposed iron or steel will suffer from accelerated galvanic corrosion caused
by the cathodic nature of the lead.

Table 1.12 shows the field test results on four different lead
alloys. From these results, the following conclusions can be made:

a. Soils deficient in oxygen (poor aeration) cause a high corrosion
rate of lead. The corrosion behaviors of lead specimens exposed to two soils
differing in aeration but similar in their chemical properties are illustrated
in Figure 1.7. This shows that poor aeration causes hi@ corrosion rates.

b. Organic soil is corrosive for lead because certain organic salts
of lead (e.g., acetate) are water soluble and do not form protective corrosion
product s. Figure 1.8 shows the effect of organic acidity on the corrosion of
lead.

(Continued Page 29)
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Table 1.10

Loss in Weight and Maximum Pit Depth of 2inc and Aluminum Exposed in 1926|12)

Curation of exposure (years) 10.16 10.08 10.05 10.73 10.55-
SoIT13 Soil 29 Soll 42 5011 43 Soil 45

-

Hanford very Unidentified
fine sandy Muck Susquehanna Tidal Marsh alkalt-

loam clay soft
Max 1 Mant- Maxi- Maxt- Maxt-

Loss mum Loss mum Loss mum Loss mum Loss mum
Sym- in pit in pit in pit in pit in pit

Materfal bol weigh)' depth weight depth . weighg depth weigh)'' depth wefgh)' depth:
oz/ft mils oz/ft2 stis oz/ft alls oz/ft ' mils oz/ft ells

N Sheet zinc 21 3.52 40 4.66 39 0.85 17 2.48 36 08 62,b

Cast zinc .22 3.47 71 5.37 55 79 18 2.38 73 -9.93 104*
Sheet zinc P 1.89 53 3.85 62+ 1.06 20 4.85 40 D 62+

Aluminum C1 086 21 0 62+ .35 62+ .18 <b .49 46+

Al-Mn-alloy C2 .38 45+ .97C 62+ .20 14 .22 13 .33 20

Duralumin C3 0 D D D 1.39 62+ .15 <6 .56C 62+

Open-hearth iron A 9.92 125+ 5.86 62 5.61 70 0 125+ 0 125+

Steel +0.2% Cu 5 D 62+ 6.91 62+ 5.40 59 0 62+ 0 62+

80 = destroyed by corrosion,
b, .1 or both specimens punctured because of corroston.
CData on 1 specimen only. The other specimen was destroyed by corrosion.
-

_
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Table 1.11
1
i

Loss in Seight and Maximum Pit Depth of Copper and
Copper-Silicon Buried in 1932(12)

(Average of two specimens)

Test site number and soil type

81 53 85 86 58 40 60 61 63 63 64 66 66 67Aver.gg,,.
46 8 Matering aos

P Me.est6on 'a'ur'o" Ha. Sun.
Ceeil ames. Take Car. Shar. que. Chino have'

SeeAcadia elay towa Lh Muck hele Ride key hamma Tidal Deene eilt Cladsee
elay lensa loam elay snuck peat elay elay mareb eley loans 8''''

|

LOSS IN WEIGHT (OUNCE 8 PER SQUARE FOOT)*

' l'aere
3.0 0.40 0.13 0.14 0.10 0.16 ......

3.83 .38 .38 3.#8 3.33 el.08 * 78 9.33
1.47 a0.08 0.16 1.13 1.48 1.71 0.38 3.98

8.4 1.01 .58 .14 .81 1.86 0.13 .

A n .a a espper...., 7.4 .40 .30 .18 .s0 1.73 *.11 1.10 .38 .38 4.3s 3.00 83.37 el.33 4.Se
9.3

14.3
...... .33 .38 .78 3.30 .31 4.01 .38 .48 4.33 6.33 .M *. 63 11.80
d.00 .H .16 .80 3.39 d.33 !!.97 .06 .53 6.87 8.17 1.07 .M 13.77

3.0 .43 .33 *.14 .33 .33 ......

4.68 .34 .38 3.90 .96 47 .36 S.04
1.37 6.05 .38 1.31 .67 .40 .31 3.18

8.4 .91 .36 .19 .34 1.40 .33
C Tough-pileb espper.... 7.4 .38 .33 .37 .co 1.06 *.00 1.0B .37 .33 4.33 1.46 .66 .33 1.43

9.3 ...... .34 .30 .71 1.96 .33 7.38 .33 .36 4.46 3.30 .38 48 9.M
d 46 .33 .16 .61 1.98 d.19 814.06 .88 .49 8.31 1.04 .47 .37 4.7114.3

3.0 .38 .19 .34 .16 .31 1.57 6.14 .38 1.48 1.33 3.00 .33 5.37
8.4 1.03 .34 .36 .33 1.36

......

4.13 43 40 4.37 3.10 .63 *.67 18.51.33
N P _ . - .silieom aller.... 7.4 .48 .38 .33 40 1.70 e.14 1.0s .38 .43 4.67 1.74 3.43 .as 1.9e

9.3 .

10.65 .77 .M S.30 4.40 .08 .83 9.4814.3
...... .30 30 .63 1.97 * 34 =3.96 .48 .57 6.98 4.07 .63 *. 8 8 33.68

.53 .41 .38 .00 3.30 d. 38,

'

3.0 .14 ...... ...... .79 6,13 .13 1,gg 1.48 1.33 .14 8.90
8.4

...... ...... ......

.31
/Ni e_ *- - - alley... . 7.4 ...... .34

...... ........ ...... .36 ........ .H 1.38 ...... ...... .............. ..

1.86 3.74 ...... ........9.3
...... ........ ...... ........ ...... ...... ...... ......

1.83 ...... ...... ...... ..... ...... .34 38.17
, I4.3

...... ...... ........ ...... ............

.39 .44 .30 .44 6.M...... ...... ...... ........ ...... ...... ...... ...... ........

3.0 .51 .H .29 .33 .19 1.61 6.19 .33 1.16 .79 .48 .38 3.38......
8.4 1.04 .38 .99 ,48 1.64 .38 3.76 .68 .61 1.98 1.38 .73 .81 8.08E Copper silicos alloy.... 7.4 .97 .an .34 .60 1.67 * 33 1.0a .e5 .83 3.63 1,44 1.17 1.33 1.47.

9.3 .37 .38 .76 3.11 .37 83.33 .61 .00 4 .38 3.30 .98 el.43 S.76
14.3 dt.40...... .48 .36 .70 3.73 d.38 9.33 .37 .70 4.M 3.88 1.43 1.83 S.40,

3.0 44 .18 .15 .50 .11 3.33 a.13 .34 1.33 .67 1.10 .31 4.38
8.4 1.07 .38 .30 .38 1.70

......

3.33 .63 43 3.64 1.14 * e3 *. 83 30.9s.30 .D e_ aDoy.... 7.4 .41 .39 .38 ,83 1.76 *.18 .73 .68 .40 4.88 1,43 el.38 .40 3.00

14.3
...... .36 .38 .63 3.13 .38 4.46 .43 .00 8.33 3. N 48 .44 13.479.3
d.86 .48 .34 .77 3.49 8.31 9.74 .88 .00 5.16 3.81 1.H .44 17.M

i
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Table 1.11, Continued

Loss in Weight and Maximum Pit Depth of C pper- and
Copper-Silicon Buried in 1932,12$1

(Average of two specimens)

Test site au.ber and soil type

41 88 55 88 88 80 80 41 83 88 84 08 08 87
A"*Men.

tit. . Material 88* gg*"
emeism 's'ur*e* h. Suo. b"8

Ceeil ears. 74km Car. Shee. que. Chine I"'
Char,les .h.el.e

Ride
aw ein,a . Tid.*al ion.t.

Muek hay hamm Deens ou CindessAcadia g town g-ein at n ein,wew

MAXIMUM PIT DEPTif (MIIA)

Yeare
3.0 eM <6 <6 M M 7 *<6 <s M <a <a e as......

s.4 <a 7 <a <6 It <6 as e.ss 9 M 9 10 7 se
A Deonidised eopper..... 7.4 <6 10 <6 <6 10 <6 e 8 14 8 <s is a 44

, 14.3
...... <6 <6 <6 *.14 <6 38 s a 10 *.16 <8 10 as9.3
d<6 8 <S <6 19 d6 48 34 10 10 10 9 10 94

2.0 M M *<6 M <6 <6 6<6 48 <4 7 <8 <6 38......

8.4 <6 <6 6 <6 13 6 33 *15 6 <S s 9 <6 86
C Toush-piteh espper.... 7.4 <6 11 7 s 14 6 9 16 6 7 14 So <s 34

14.3
...... 6 s <6 10 <6 40 e s 4 *I4 10 <S 819.3
d<6 8 <6 <6 16 d6 44 30 10 14 14 13 <S 43

3.0 M <6 <6 <6 M 3 6<S <4 <6 to 6 15 46......

5.4 <6 6 s <6 7 <6 17 It 40 <6 10 le ets 30
N Copper-sihoom nuoy.... 7.4 <6 <6 e <a 9 <6 <6 at e 6 13 30 14 at

14.3
...... <6 <6 <6 13 M 10 10 <6 13 El 30 la ageg49.3
d<6 e 7 <S 16 d<S 34 17 8 !$ 16 13 10 43

7 6<8 <6 <4 to is M 403.0 <6 ...... ............ ...... ......
13 ...... ...... ........5.4 <6 <8 <S ...... ............ ...... ........ ...... ........

34IN: C_.. alloy.... 7.4 9 18...... ...... ........ ...... ........ ...... ...... ...... ...... ...... ........

14.3 ...... ...... 7 *: 6
...... S ...... ...... ...... ...... ...... <S 909.3 ...... ...... ...... ........ ......

II 8 11........ ...... .... ...... ...... ......... . . . . .,

3.0 <6 13 13 13 11 34 6<S 14 le 30 33 is 38......

4.4 8 14 16 9 33 11 33 SS 18 <S 19 31 le 49
E O_.. - miley.... 7.4 6 14 la 13 33 6 13 36 <6 14 IS 33 16 33'

9.3 IS 30 13 at 30 is 47 23 to 34 33 33 los......

14.3 d!& 20 30 13 64 DIS 34 43 Ja !! 23 38 31 7s

4 3.0 .M <6 7 M M ...... . <6 *M 6 <8 19 <6 46 34
8.4 !! 10 10 M s M le 7 10 <8 11 Il els 90

D ' ' . . ~ -- aller.... 7.4 <6 <a 10 7 IS <s <s e 13 la 13 34 le as
s.3 ...... s - s M 13 <6 31 <e e 9 ele 11 9 as

d<e 8 to <s le d<8 Se la 10 10 34 la le to14.4

aEach ounca per square foot corresponds to an average fThese specimens had welded joints - data for only
penetration of 0.0014 in. I specimen.

bExposed for 1.0 year only. SH, shallow metal attack, roughening of the surface,
CDate for the individual specimens differed from the but no definite pitting.

average by more than 50 percent, b, both specimens contained holes because of
dData for 4 specimens. corrosion.

.
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Table 1.12

Loss.inWeigh'tandMaximumPitDepth(g)LeadAlloys. Buried in 1937 and 1941a,

J

Teel site number and neu type
J

SI 88 88 46 SS SS OS $1 SS SS 84 08 SS - 87 70
s40en. Materin> aos
seen ease. Me.ease Aen. Casil Hm. Sun. havedia alar eso. Oss. . eue. Tidal Deenschlas See Mosendslay loans town Meek Innie Ries Shark.hamnamarsh elay sitt senv. Cia. saitlease M peat ey elay elay leasa elly dere loam

loam

j IX)SS IN WEIGRT (es/fts)

' Years i2.8 0.08 S.39 0.37 0.31 1.88 0.38 0.18 1.48 0.30 0.08 0.30 0.14 0.10 3.67 0.03
'

-O Chemieal leed * * * * * * * ** 4.0 ...... .31 .30 .44 3.41 .83 .38 2.21 .58 .03 .19 .33 .10 12.21 .129.0 3.08 .83 .37 2.03 3.49 1.75 .44 1.22 .87 .50 46 .48 .34 II.28 .36,11.2 .84 .41 3.49 3.E 3.08 .75 3.08 .94 .03 .00 .38 .IS 3.00 .19......

2.* 1.31 .38 .34 .38 1. .38 .58 1.33 .38 .08 .38 .37 .28 3.38 .00y 7,g ,g 3,,a********* 4.0 ......

.73 .84 3.30 3. 3.00 .87 1.44 1.37 .33 .48 .80 .88 11.38 .32

.3I .38 .SB 3. l .W .30 1.78 .64 *.08 .38 .36 .32 13.22 .la9.0 3.N
,II.3 .07 .87 4.00 3.4 1.77 .84 3.40 3.00 .02 .80 .40 .30 3.42 .38......

.50 |
' 3.1 1.08 .38 .19 .31 1.44 .30 .10 .94 .27 .04 .12 .37 .08 3.14

15 Aalismanist iend~******* 4.0 ...... .33 .38 .50 3.13 3.06 .32 1.78 1.00 .01 .19 .21 .12 4.21 .34| 9.0 3.09 .62 .30 1.68 2.34 1.97 .64 I.16 .77 8.04 .48 .81 s28 12.27 .30j ,14.3 .70 .38 4.84 3.08 1.00 .79 3.78 I.24 .01 .96 .38 .30 4.25 .16......

- 8.0 .43 .37 .82 .44 1.33 .74 .83 .00 .38 .80 .42 .24 1.18 .38... ..

M Celsium lead.......... 7.3 d.46 .27 4.e5 70 .m 8.e4 d.e3 d. 64 .30 .40 .38 .39 3.33 .38......
8.7 .33 3.47 1.33 1,74 .79 1.48 .91 .34 .48 .40 .34 8.40 .le

.

,81 0. 9
......

.I .46 8.20 3.00 1.2 .SS I.00 1.03 .22 .50 .83 .84 10.86 .36.....

< MAXIMUM PIT DEPTH (mile)

2.1 40 IS 34 30 34 SI 18 38 ' SS 14 34 40 44 79 48
- 0 Chessisal lsag* * * *** *** 4.0 13 se 17 30 la 18 Se so It le 34 34 104 14

......
; 9.0 08 38 le SS 48 14 16 31 SS 39 38 SS 36 138 24; , !!.3 IS al 100 SS SS 33 70 34 IS 38 IS 34 86 24. ......

$ 9.1 84 12 36 30 SS S 39 33 19 10 21 22 23 fl W'

'T Telluriums W***** **** 4.0 30 26 44 48 IS 10 30 al - *12 11 16 el 94 |r7......
9. 0 66 IS 36 130 N IS 36 43 38 33 30 28 30 104 37, !!.3 le 30 SOF SS 31 33 73 40 8 17 30 33 on 16......

' 3.1 48 10 38 at SS S '8 St IS <8 12 6 12 Se Ilgg - Angg,,,en,3 3 g** * * * ** * 4.0 ...... 10 18 62 at 7 <S 43 30 to 12 18 18 90 129.0 SB 14 la 74 OS 30 30 63 SS see 10 36 34 ISS 30
4

, 11.3 9 16 100 81 IS SS 89 14 6 19 7 le 40 9......

4 4.0 12 le 30 30 SS 13 34 IS 38 St IS 34 SS 38.....
M Celsiumn Imag* * * * * * * * * * 7.3 d la S 88 8 8 d8 d la d10 8 10 IS 18 IS ' 10......

8.7 19 IS 87 31 39 le 34 36 IS 12 le SS 47 le......
[ ,880.9 16 33 94 49 SS SI GS 39 IS 36 19 38 SS 28......

mAverage less in weight or depth of inesimum pitting for *Dete for ! specimen only. The other
2 specimens escept when indicated othertrise. opeelsen was missinS.;

. bee Table $2 et lieference 12. dDeta for 3 specimene.

I

4
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Figure 1.7 Effect of aeration on the corrosion of lead.
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Figure 1.8 Effect of organic (g) inorganic acidity on thecorrosion of lead.\
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c. Sulfates and chlorides have a strongly inhibitive action on the
corrosion of lead. In environments shown in Figure 1.9, high in soluble
salts, ferrous metals and copper and its alloys corrode readily, while lead is
highly resistant to corrosion. Figure 1.9 shows the inhibitive effect of
sulfates and chlorides. If such ions as sulfates, chlorides, carbonate and
silicates are not present in relatively high concentrations, lead will corrode
at an appreciable rate.

F
obtained.({prp groundwater corrosion experiments of lead, similar results were' > >

i i 4 6 i i 'e i i
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Figure 1.9 Effect of sulfates and chlorides in inhibiting
the corrosion of lead; m.e.=meq=mi111 equivalent.(12)

1

1.1.7.7 Comparison of Corrosion of Copper, Zinc, Lead, and Steel

A comparison of th9
steel was made by Romanoff.t ggrrosion behavior of copper, zinc, lead, andl 1 The soils in which all four of these metals
had been exposed were grouped into four environments as follows:

(1) Well aerated, acid soils low in soluble salts; soils 53,
55, and 62 in Table 1.4;

'

(2) Poorly aerated soils; soils 51, 56, 58, and 61;

(3) Alkalt soils high in soluble salts, soils 64, 65, 66,
and 70; and

(4) Soils high in sulfides; soils 59, 60, and 63.

The corrosion behavior of four metals in soils representative of each group is
shown in Figure 1.10.
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It is evident from this illustration that copper is the most corro-
sion resistant metal in all soils except soils high in sulfates. As men-
tioned before, lead shows good corrosion resistance in soils with chlorides
and sulfates.

In most of the environments, the ferrous metals corroded at consider-
ably higher rates than any of the other metals.

1.1.7.8 Titanium

It was only after the end of World War 11 that industrial titanium
uses began. This metal is known to have an excellent corrosion resistance.

The underground corrosion behavior of Ti was studied by the NBS(20)
for 8 years, and the results are shown in Table 1.13. In this study, carbon
steel specimens were buried together with Ti specimens for comparison. All
the specimens were buried approximately three to four feet below the ground
line.

As shown in Table 1.13, titanium specimens were unaffected by corro-
sion with respect to pitting or metal attack in any of the soil environments
to which they were exposed.'
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Table 1.13

Average Weight Loss and Maximum Pit Depth of Titanium and Carbon Steel Exposed to Soils at Different Test Sites (20)

Titanium
.

Exposure Carbon Steel Loss in Max. Pit'

Soil Time Loss in Max P t Dothb Weight Depth
Ident. Type Location (years) (oz/sq ft) Weight (Eg/ab) (mils.i (mm) (oz/sq ft) (mils)

A Sagemoor Sandy Toppenish, WA 1.0 0.9 0.27 39 1.0 Nil None

Loam 2.0 2.5 .76 66 1.7 Nil None
4.0 3.0 .91 55 1.4 Nil None
8.0 4.4 1.34 71 1.8 Nil None

,

. B Ha9erstown Loam Loch Raven, MD 1.0 0.9 0.27 18 0.5 Nil None
2.1 1.5 .46 20 0.5 Nil Mone'

{ 4.1 2.2 .67 53 1.3 Nil None

8.1 3.4 1.04~ 60 1.5 Nil None

C Clay Cape May, W 1.0 1.0 0.30 12 0.3 Nil None

M 2.0 3.3 1.01 12 .3 Nil None
5.0 7.6 2.32 30 .8 Nil None
8.0 42.7 13.03 121+ 3.1+ Nil None

D Lakewood Sand Wildwood, NJ 1.0 1.4 0.43 19 0.5 Nil None
2.0 1.8 .55 33 .8 Nil None'

4.0 2.6 .79 54 1.4 Nil None 1

| 8.0 4.0 1.22 45 1.1 Nil None

E Coastal Sand Wildwood, NJ 1.0 0.3 0.09 13 0.3 Nil None

2.0 0.6 .18 9 .2 Nil None

, G Tidal Marsh Patuxent, MD 0.9 1.9 .58 12 .3 Nil None
1.8 2.0 .61 14 .4 Nil None'

3.9 34.3 10.46 136+ 3.4+ Nil None
7.8 40.0 12.20 128+ 3.2+ Nil None ;

,

;

;

; aAverage of four specimens.
: b

Thg m''us tndic g one or more specimens perforated by corrosion. Pipe wall thickness: carbon steel,p
14 1s 1,3.7

,

|

|
:

:
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1.1.7.9 Nickel and Nickel Alloys

Data on the behavior of nickel and nickel alloys in soil are sparse;
in particular, it is uncertain 4 ether microorganisms responsible for the
accelerated corrosion of ferrous and other metals in certain anaerobic soils
have any influence on nickel and its alloys.UU

1.1.7.10 Composite Material for Pitting Corrosion Resistance
'

A new composite material known as Corrbloc* was
Steel Corporation, and was reported by Bednar and Young.(gyeloped by Armcol The composite
consists of a thin layer of stainless steel metallurgically bonded on each
side to a heavy layer of carbon steel as shown in Figure 1.11. Built-in
cathodic protection of the inner stainless core provided by the sacrificial
galvanic corrosion of a steel layer increases the pitting corrosion resistance
during underground exposures. Pitting corrosion will occur on the material's
outer steel layer, but pit penetration is arrested den the stainless core is

i reached (Fig.1.12). The carbon steel continues to corrode laterally, so pits
increase in diameter rather than in depth, and the core is protected against
pitting until a large area of stainless is exposed. At this point , the
material still resists perforation as well as stainless steel alone.

Field tests on this composite material were conducted in acid mine
water, fresh water marsh , and alkali soil. The specimens showed no corrosion
perforations after 12 years exposure. *ereas all carbon steel samples were
nearly destroyed by corrosion.

The mechanical properties of this material are similar to plain car-
bon steel, and normal fabrication processes are employed. However, specific
welding techniques must be used in order to maintain integrity at the welded
areas.

Gerhold, et al.(16) of the PBS exposed three different composite
systems to six different soils (described in Table 1.8) for four years. Some
of the results are shown in Table 1.14. Composites A and B (System Nos.14
and 15) were fabricated with Type 430 stainless steel as a core material sile
composite C (System No.16) ut11ized Type 304 stainless steel. 1he total
thickness was approximately 0.305 cm.

2Composite 8 specimens were galvanized (4.5 to 5.0 oz/ft ) by a hot-
dipping method. Pitting corrosion of the carbon steel outer layers was ob-
served on all specimens, but there was no apparent significant corrosion of
the stainless steel core of these specimens. The hot-dipped zine coating pro-
vided some protection to the underlying carbon steel and stainless steel core
in all of the soils.

* Trade name of Armco Steel Corporation, Middletown, (hio.

(Continued Page 37)

33

-. -. .. - - _- - - - - _ - _



% 5 f g/ / // .'eg' '|,:'j, -
RBON
g.

' '/

STAINLESS N
2'/ 'i ',GG/ / '

', .
. , 'STEEL .

.

&,'' '' /<'.'/,,'f'/'
'

.,

QQggN- ,

}$fEfL,,q;gV. ., /.4'/ / . /

Figure 1.11 A cross-sectional view of the new composite.
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Figure 1.12 Pit growth in the new composite.
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Table 1.14

Loss in Weight and Maximum Pit Depth of Galvanized and Bare Steel Pipea

and Zinc Plate Buried in 1937
(Average of 2 specimens)

s ~- w - .~s ~.~..'~2r==* .=.---.: =.=;=. _ . n . . :.~;r~. ' : -* * :~

Univ- ut steel linre .stel &aseSoJ

Condition of surfacel'alap &laas. Alass. &laas.
aura Ime engm Idum hmm Imo suumCoatn! Custed in Mt in ut se pitNo Type with sia.e Coated with liare weight depth weight depth weisht depth

and alley with eine-iron steel
layer sine alloy esposed

INORGANIC OXIDIZING. ACID 80f ts

Yeers Perent Parent Pereent Pereens es/ft' Mas es/fts Mas es ty Mae2.8 85 to 100 60 to 100 0 to 40 0 0.3 9 8.8 42 0.2 104.0 100 20 to 40 80 to 80 0 1.4 6 2.9 90 .6 1083 Cecil elay losan .. . . .... .. .. . . .... . . . . . . 8.9 100 30 to 40 00 to 80 0 .6 <6 3.4 74 1.8 1311.2 100 30 70 0 1.0 <6 3.4 78 1.6 1613.7 100 20 80 0 6 <6 3.9 68 2.2 I7
1.n too ein to luu o to 40 0 .3 <n I.s 33 .t is
3.0 100 20 to 40 f4 to 80 0 8.2 8 3.6 80 .6 888 Haeoretown loam . . . .... .. ... . .. .. ..... 9.0 95 30 to 40 48 to 73 <a .7 6 4.8 93 .7 811.0 100 70 30 0 1.0 <6 3.9 84 1.3 1013.6 800 70 30 0 .6 <6 3.4 73 1.2 9

'
2.I 100 AO to 100 0 to 30 0 1.0 IS 3.2 40 6 9
8.o IsNI 2n to 4n cm to sus es 2.3 w 4.3 An 1,2 g

63 Huaspeelianna elay..... ......... . . .. .... 5.9 ftND 0 to 20 30 to lHO U .9 to 4.3 68 8.3 1211.2 100 80 30 0 f.I <6 6.0 72 1,3 Il12.7 100 78 28 0 .8 <6 6.8 79 8.7 9

INORGANIC OXIDIZING. ALKALINE 80!!JI

2.8 Ino 20 to 40 rA to 80 0 1.1 <4 4.3 tA .8 304.0 100 0 to 20 30 to 100 0 2.3 6 4.6 &U .5 3688 Chino sill lossa........... ... .. ..... . . 9.0 95 80 to 73 38 to 80 <4 1.6 <6 7.0 65 8.4 M11.2 03 0 95 <8 I.7 46 6.2 St 1.1 to
42.7 100 0 100 0 1.1 <6 7.2 98 4.8 86,

2.5 800 rato100 o to 40 0 1.6 6 p.2 diIS+ l.7 24
4.0 800 20 to 40 to to 80 0 3.3 8 12.3 145 + 62.6 2866 &lohave Rae gravelly lossa.............. 9.0 95 30 to 40 60 to 80 8 I.I <6 4.5 78 .9 4411.3 95 0 95 8 3.7 <6 16.3 I4S+ 4.4 4 8613.7 100 0 100 0 1.1 <6 830.3 148 + 8.8 34

INORGANIC ltEDlICING. ACID 80lIJ

2.1 100 f4 to 100 0 to 40 0 .6 6 3.2 40 .8 124.0 100 20 to 40 60 to 80 0 8.8 13 8.0 44 1.0 881 Sharkey elay. . . ....... . . ... . . ......... 8.9 95 78 to 93 8 to 30 <a .7 <6 4.2 48 8.1 1411.2 93 0 96 ($ 2.2 4 6.9 SS 2.8 1712.7 100 0 100 0 1.1 6 7.8 84 2.0 14

f 2.8 la 0 15 84 3.3 6 7.8 62 2.0 30* St Aeadie elay. . . .. .. .. .... ... .... .. . .. . . 1 89. 0 <8 0 <8 96 4.8 8 17.4 138 + 4.8 38

INORGANIC REDUCING. ALKALINE SOILS

'
3.1 100 0 to 20 80 to Ino 0 3.2 8 8.7 80 .7 184o non to to to 80 to 1(ma o 1.0 e 6.h ei7 .6 la68 l h u nie einy.. . . . . . . . . . . . . . . . . . . . . . . . . U. 0 US 73 to US 8 to 20 <5 0.6 10 4.7 sul I.4 7411.2 95 0 9% 8 2.4 <6 12.4 118 1.6 3513.8 98 0 98 <8 8.6 <6 617.2 123 2.0 631

' 2.I len 60 to 100 0 to 40 0 2.4 8 4.o ta I.7 na
4.4 lest 4 4.s 2n fut te leal to 4. t6 32 %.7 leaf er .es IsrJ +70 blereed ailt loam ............. . . . . . . . . U.0 104 20 to 40 60 to leu 0 .I 6 13.4 121 3.6 ee81.2 83 0 84 15 2.6 8 24.8 148 + D 150 +13.8 90 0 00 10 8.3 e 21.3 448 + D 180+

' 2.1 8 to IS 0 8 to 18 SS to 95 3.7 8 13.8 77 l.1 10
4.0 8 to 14 0 8 to 48 88 to 94 3.9 7 16.0 104 3.4 3686 Lake Charles elay... .. ......... ....... 8.9 <4 0 <a 96 8.4 IS 27.8 148 o 4.8 38

18.8 <a 0 44 96 14.3 to /II 146a
09.0 653
S.8 42

12.7 <8 0 <8 DS 13.8 60 D lt&o
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Table 1.14, continued

t.oss in Weight and Maximum Pit Depth of Galvanizeda and Bare Steel Pipe
and Zinc Plates Buried in 1937

(Average of 2 specimens)
_

Univaniw.l .eevi stare sit.el Ane
' Nil

Condition of surface
Espo. Masi. blami. Maai.

Ieins mum Imne mesm Idme mumsiste

Centeil Contest en gut en get in ret
,wille linre weiglet depth weiglet depth weistit depth.

.

Tygne wills sine CesnteelNo. and alloy witle sine-iron steel
layer sine hiloy exposed

OltGANIC REDUCING. ACID MOBIE

Years Percent Percens Pereens Percent es //t* Mds es//r8 NGs ee//s' #i7s
2.1 30 to SO O O 50 to 70 1.2 8 1.5 II 0.7 66'

4.0 30 to 80 0 0 80 to 70 3.4 il 3.3 20 1.7 10

59 Carlisle muek. . . . . .. . . . . . .. . . . . .... 9.1 50 0 20 to 50 50 3.0 8 7.5 108 4.s 22
31.1 60 0 50 50 4.0 8 9.6 76 3.9 28

L 12.7 40 0 40 60 3.4 <6. 9.6 72 4.6 IS

3.1 100 30to100 0to50 0 1.2 <4 2.7 SI 1.2 26
4.0 Its 50 to luu o to tio es 2.I in u.2 :ts 62.;t 3s

63 Tidal maarnia.. . . .. .. . .. . .... . . . .. . . . . . . 8.9 93 0 US 8 2.0 s 10.7 a0 rJ .0 25
11.2 75 0 73 23 2.9 8 12.2 94 3.4 30
12.6 60 0 00 40 4.8 652 18.8 136 4.1 43

2.1 5 to IS 0 5 te 15 86 to 95 4.3 13 8.1 29 3.3 34
4.0 0 0 0 100 8.4 621 a.8 44 6.1 es

88 &fisek................................ 9.8 0 0 0 ton 9.0 64 17.3 08 7.4 88
11.8 0 0 as Its 4.3 r4 In.3 llo 7.s 7s
!*.7 0 0 0 100 10.7 76 17.0 124 7.8 60

2.8 0 0 0 100 4.3 10 4.0 18 4.6 83
4.0 0 0 0 100 7.2 12 S.1 63 8 10.4 300

60 IU Se po s t. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9.1 0 0 0 100 19.8 83 + 17.6 58 D 180 +
11.1 0 0 0 100 17.9 66 19.6 Se D 150
12.7 0 0 0 100 19.5 as 21.0 118 D 180

CINDER 8

2.1 0 0 0 100 0.7 62 40.8 145 + 4.4 197 +
4.0 0 0 0 100 8.4 48 807.0 148 + *tt.2 184 +

67 Cindere . . . . . . . . . . . . . . . . . . . . . 9.0 <S 0 <S OS 6.6 28 31.7 145 + D 189+. ..
13.1 0 0 0 300 17.2 of D l iS + 13.0 78
12.7 c6 0 44 93 tag,g a4e D 145 + D lau +

2" Nominal wet he of coatine, 3.08 c /f t , eData for I specimen. The other specimene wereS
bData for the individual specimens differed from the

I ,stroyed by corrosion.
de

evereSe by more then 50 percent. D both specimens destroyed by corrooton.
S eta for I specimen. The other specimen wee'The plus sign indicates that i er more speelmens D

contained hoice because of corrosion. missing.
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1.1.7.11 Newer Corrosion Resistant Materials

Table 1.15 shows new alloys under development. Soil corrosion of
these materials has not been studied. However, they all showed good resis-
tance to pitting corrosion in salt water, and should be of interest for future
underground use.,

Table 1.15

Newer Corrosion Resistant Haterials(23)

Material Composition Comments

18-18-2 (U.S. Steel) Fe,18 Cr,18 Ni, 2 Si Good stress corrosion
resistance

JS 700 (Jessop) Fe, 21 Cr, 25 Ni, 4.5 Mo, 3 Cb Similar to material
in NBS series

18-2 (Armco) Fe,18 Cr,12 Mn,1,6 Ni
6X (Allegheny Ludlum) Fe, 20 Cr, 24 Ni, 6.5 Mo, 1.5 Mn Pit resistant in salt

water
326 Stainless Fe, 26 Cr, 6.5 Ni, 0.2 Ti Austenitic-ferritic

duplex alloy
216 Stainless Fe, 20 Cr, 6 Ni, 2.5 Mo Pit resistant in

chlorides
Fiber reinforced plastics
Vitreous materials

1.1.8 Preventive Measures

Coatings have been used mainly for steel structures used in the con-
struction of pipelines. Thus, existing data for coatings are mostly for
steel.

1.1.8.1 Inorganic and Organic Coatings

A. Inorganic Coating

Portland cement coatings have given satisfactory protection for many
years in some locations where corrosive conditions are severe. This will be
discussed in details in a separate chapter.

Porcelain enamel coated steel specimens were tested by the NBS(12)
for 14 years. After removal from the test sites, all specimens maintained
their original gloss, indicating that the various soils had no deteriorating
action on the coating. However, highly localized corrosion which was caused
by the defects in the coatings, such as imperfect bonding of the coating to
the specimen, was observed.

Table 1.16 shows the field test results for the vitreous enamel
coated steel compared to bare steel.
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Table 1.16

Condition of Steel Coated With Vitreous Enamel (12)
(Figures are the depths of the deepest pits, in mils)

Condition of steel Maximum pit depths

Soil under the coating of uncoated steel
No. Aeration Exposure Specimen Specimen (Average of 2 specimens)

(years) 1 2 (mils)

-2.0 Ua U 37

5.4 U U 50

53 Good 7.4 U U 54

9.3 U U 59
8414.3 U ---

2.0 U U 41

5.4 U U 57

55 Good 7.4 Mb Rc 57

9.3 R U 59

14.3 U 15 65

2.0 V U 62

5.4 U U 66

62 Good 7.4 R U 71

9.3 U U 87

14.3 U U 101

2.0 V U 40
745.4 --- ---

65 Good 7.4 U M 83

9.3 U U 112

14.3 U U 86

2.0 U U 130

5.4 U U 154+

64 Fair 7.4 0 U 154+

9.3 R U 154+

14.3 U 100 154+
'

2.0 V U 66

5.4 31 U 154+

66 Fair 7.4 U U 154+
;

9.3 U U 154+i

14.3 U U 154+

182.0 --- ---

5.4 13 U 102

58 Poor 7.4 41 52 110

9.3 54 R 110

14.3 U U 154+'

2.0 V U 37

5.4 U U 24

60 Poor 7.4 U U 17

9.3 U U 27

14.3 38 35 82

38'
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Tuble 1.16, Continued

Condition of Steel Coated With-Vitreous Enamel (12)
(Figures are the depths of the deepest pits, in mils)

Condition of steel Maximum pit depths
Soil under the coating of uncoated steel

No. Aeration Exposure Specimen Specimen (Average of 2 specimens)
(years) 1 2 (mils)

1.0 U U 10
5.4 U U 54

61 Poor 7.4 U U 63
i 9.3 U U 96

14.3 U U 88

2.0 U U 33
19 U

57 Poor 5.4d U U

U U
| U 8 100

2.0 28 U 82'

51 Very poor 5.4 U U 154+
i 7.4 55 U 135+
j 14.38 U U 146+

U U

2.0 V U 20
5.4 U U 70*

56 Very poor 7.4 U U 125+
9.3 U M 154+

| 14.3 U U 135+

: 5.4 U U 20
7.4 U U 30

59 Very poor 9.3 U U .40
14.3e U U 34

U U

2.0 U U 15
5.4 U U 36

63 Very poor 7.4 U U 70
; 9.3 U U 54

14.3 U U 61

2.0 U U 154+
5.4 U U 119+

67 Very poor 7.4 U U 127+
; 9.3 U 43 154+

14.3 U 30 154+

aunaffected by corrosion.
b etal attack-pipe surface roughened by corrosion.M
cMetal rusted.
dEight specimens removed at this period.,

'Four specimens removed at this period.
<

39

_. _ _ . _ ~ . . . _ _ _ _ _ _ - _ . . _ _ _ . . . . _ ___ _-. _ ______ _ .._., _ _ _



_ - _ _ _ - _ - - _ _ _ _ _ _ _ - _ _ _ . _ _ _ _ _ _ _. __ _ _ _ . _ _

B. Organic Coatings

Paint coatings used for atmospheric protection are not suitable to
prevent soil corrosion. Organic coatings that are applied to steel are
phenolic coatings, rubber and rubber-like coatings, and bituminous coatings.

Early NBS tests (12) of bituminous coatings started in 1912 indi-
cated that these coatings were unsatisfactory. However, due to the materials
and techniques developed since then, the majority of pipelines.throughout the
world today are coated with hot-applied coal tar or petroleum asphalt-base-
filled pipeline enamels, into which reinforcing wraps, such as glass fiber are ,

'

applied.
j

In 1930, the American Petroleum Institute (API) and the NBS(24)
jointly conducted an extensive investigation to study the usefulness of
bituminous coatings. Table 1.17 shows the results after 10 years. flone of
the coatings completely protected all the pipes to which it was applied.
Among the coatings, mastic coating showed the best performance. Mastic is a
coating that uses a graded aggregate with only enough bitumen to fill the ;

voids bet e the solid particles, and has a structure resembling that of
bconcrete.

s

Table 1.17

Summary of Conditions of Line Pioe Under A.P.I. Coatings
After Ten Years (24)

g"h P.usted PittedCastias , g

" '''"
T1.iek- In8Pected p,, g,,g p,, g,,, p,, g,,g p,, gg Pat

nese. Cf.aracter
n.ile

1. Cold .4psdiestieme millimeten asne'

21 Cutboek eeni tar 188 Ic2 8.4 9.8 84.8 8.18 322.8A
68 Asphalt emulsies ITS 0 0 1.7 98.3 8.18 323

2. Keawee
cc C. 1-tar-n.pa..It ennmei 1.*.2 13 se 83.8 10.7 a2.0 S.78 204

co Coal-tar asphalt en=n.es 1 83 f.2 8.2 29.8 53.0 4.98 198

38 Coal-tar enamel 1 31 0 0 2.0 98.0 8.87 231

so Coal-tar enamel 147 19.8 3.8 8.4 70.1 8.18 322 a

3. .II.ates
als Asplealt maatie 213 72.3 18.4 6.8 2.8 0.97 38

4. Shiebied Coerinee **

29 Cutback asphalt 164 1.2 10.4 Is.3 70.0 8.c4 200

419 Aachaft smalaine 170 3.8 39.0 21.8 33.9 2.72 10F

r.3 C.ml.4me.n.phalt enamel 202 :'9.3 17.9 23.3 27.5 8.18 322 A

88 C al-tar enna.e4 ITT 43.0 4.0 8.1 48.0 8.30 240

8. Reinferred Coerinse
107 Crease 208 0 4.3 29.4 88.3 2.24 88

150 Asphalt Sne 0 3.1 23.8 73.3 f.37 298

Ist Asphalt 192 4.7 A.9 34.8 30.0 8.00 197

201 Asphalt 228 0.4 9.7 44.1 44.8 4.08 IW
143 Aept. sit enamel 208 20.2 9.2 20.3 30.8 8.00 let
171 Cast. tar.asphs a enamel 218 30.8 8.0 23.8 39.0 3.30 128

338 Cost tar enamel 378 14.9 14.3 33.1 3T.7 3.47 38

19 A eplislt 229 3.2 13.8 61.8 20.8 3.88 134*

1 1".tel 3.f.'If 14.7 10.0 22.9 &2.2 .... ....
_

8'Jent through ripe.
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The Interstate Commerce Commission and a committee of the API agreed
upon the following extensions to the life of a pipeline due to the presence of
a protective coating: Paint coatings,1 year; bituminous co
ply, 5 years; double ply, 7 years; cement coating, 20 years.9gggs, singlet / Although
this is an old estimate (made in 1937), it gives some idea about the effec-
tiveness of these coatings.

Shreir(27) reviewed the recent development in coatings as follows:

The use of coatings applied in the fonn of tape is
also increasing. Polyethylene and polyvinyl chloride films,'

either self-adhesive or else supporting films of butyl ad-
hesive, petrolatum or butyl mastic are in use as materials
applied ' cold' at ambient temperatures. Woven glass fiber
or nylon bandage is also used to support films of filled
asphalt or coal tar and these are softened by propane gas
torches and applied to the steel surface hot, cooling to,

form a thick conforming adherent layer.

Recently, sheets of high density polyethylene
extruded on to the pipe surface over an adhesive have
become available and the use of polyethylene or epoxy
powders sintered on to the steel surface is becoming

' more frequent."

Some use has been made, in the water industry, of
loose envelopes of polyethylene sheeting, and with the
increasing lengths of submarine pipeline requiring
heavy concrete coatings for reducing buoyancy, the use
of a heavily filled bituminous coating is projected.

;

1.1.8.2 Metallic Coating

The NBS(12) studied soil corrosion of zinc-coated (galvinized) steel,
lead-coated steel, aluminum-coated steel, and tin-coated copper for about 10
years. Of these, zinc coating showed the best performance. Five different
base metals (Bessemer steel, wrought iron, plain and copper-bearing steel, and

' open-hearth iron) were zinc coated by a hot-dip process. In most of the
soils, zinc coatings of 2 oz/ft' or less were destroyed during the 10 year
exposure per,iod, and pitting of the underlying steel occurred. '

However, the test showed that a 3 oz/ft2 coating remained intact on
at least half of the specimens, and in only one of the 47 soils was there any
measurable development of pits in the steel. It was also learned that the
base metal was not a factor in the corrosion rate.

Some base metals with 3 oz coatings were tested for 13 years in 10 dif-
ferent A3 or/f tjnorganic soils, and the results are shown in Figure.1.13.zinc coating is not sufficient for protection of steel in highly
reducing soils or in cinders, and additional protection is needed. BurnsL28)
demonstrated that long life for galvanized steel armor wires could be achieved
by coating with asphalt and jute.
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Figure 1.13 Weight loss and maximum penetration as a function of time for
galvanized steel, bort 8, Bare steel; 0, zinc;
e galvanized steel.W) steel, and zinc.
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1.1.8.3 Prevention of Corrosion by Altering the Trench Environment
|

(CACO ).(gijerghial corrosion can be prevented by using chalk
3 ,Jui A " french drain" of small broken stone may be placed at

the bottom of the trench underneath the canister to drain wet soils in whichi

I the canister is to be buried and to avoid contact between the bottom of the
| canister and the soil. In laying canister through a dense or wet soil, drain-

age may be facilitated by back-filling the trench with sand or gravel.
|

The trench should be prepared so that a protective container coating
will no<;3gg injured by rocks or hard clods of soils. A sand base is pref-erable.L ;'

The Dutch Corrosion Committee (32) examined a 9-year-old pipe laid
i in a bog, surrounded by sand containing 5.1% CACO 3 and had a pH of 7.9. The

pipe was ind;gqt except at a point where the sand was no longer in contact with'

the trench.LJJJ

1.1.9 Comparison of Cost

| Branch (34) compared the relative cost of corrosion control for under-
ground residential distribution (URD) equipment, and this is shown in

| Table 1.18. This comparison was made in 1973, and the current market price I

I should be different. However, this table can be used to estimate the relative
i cost.
L

| As shown in this table, titanium is the most expensive, and clad mate-
rials (composite materials) are cheaper than stainless steels.

|

!

|

|
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Table 1.18 |

Cost of Corrosion Control (1973)(34)

Estimate Cost Per Sq Ft ($)
Base Cathodic |

Example Material Material Coating Protection Total

A Mild steel (.095) .39 .50 .75 1.64
8 409 stainless .095 1.16 .50 .75 2.41
C 304 stainless .095 2.32 2.32- -

1.590 304 stainless .065 1.59 - -

2.25E 316 stainless .065) 2.25 - -

F Outer sheathing of

w/ mild steel ((075))
316 stainless 020 .73

1.04.31 - -
.

G Outer sheathing of
alloy 20/825 (.010) .78
w/ mild steel (.085) 35 1.13- -

H Clad material
steel /304/ steel 1.15 .15 1.30-

I Clad material
1.32304/ steel /304 1.32 - -

J Inner liner of

w/ mild steel ((085))
304 stainless .010 .27

.7735 .15 -
.

3.80
Titanium (.065)(.095)
Silicon bronze 3.80K - -

6.176.17L - -

M PolyesterFRP(.250) 1.19
1.30Aluminum (.020) .11 - -

:

i

,

44

|

|

t



_ _ _ _ _ _ _ _ _ ____ __ _______ _____ _ _ _ _ _ _ _

d

i

1.1.10 Canister Corrosion by Groundwater

AccordingtoCzyscinskiandWeiss.(35)infiltratinggroundwatersac-
cumulate in some low-level trenches resulting in a " bath tub" situation where
the waste is immersed in standing water. At the Maxey Flats. KY, and West
Valley, NY, disposal sites, trench water pump-outs are a part of the routine
site maintenence. In such environments, the corrosion behavior of the metal
canister in the local groundwater becomes important. The local groundwater
are also modified by waste-derived leach products, and subsequent bacterial,

processes which further modify the trench water composition as a function of
) time.

,

j

As noted previously, both pH and electrical resistivity are in some;'
cases, indicators of a soil's corrosivity. Pert
existingdisposaltrencheshavebeendetermined.gLgt pH and resistivities for1 These properties were;

determined through the analysis of actual trench water and are believed to
reflect the trench environment. At Maxey Flats, KY, the majority of trenches.

I have pH values between 6.5 and 7.5. However, values as low as 2.4 and as high
as 12 were also observed. Specific electrical resistivities ranged from 83 to

! 435 ohm /cm. At West Valley, NY, trench water pH values clustered in the
: neutral range, while resistivity varied from 70 to 294 ohm /cm. More limited
; data on Barnwell, SC, indicate pH values of 5.8 to 6.6 and resistivity values
; ranging from 714-4760 ohm /cm.

These observations and others(35) indicate that the chemistry of a
particular diposal trench depends highly upon the waste which was diposed of
in the trench.;

LowtrenchwaterpH(highlyacidic)insomecaseshasbeenattributed
to disposal of urea-formaldehyde solidified waste, while high pH has been at-,

' tributed to the presence of cement waste forms. The variation in trench water
I conductivity no doubt, is a result of the many and varied ionic compounds,

such as sodium sulfate, and boric acid that have been disposed in these
,

; trenches.

Infonnation and data for metallic cor ion in groundwater have been
viewedfg7 , Brookhaven National Laboratory.(p?review hy One set of data re-

1 is shown in Table 1.19.

l Casteel, et al..(37) exposed 22 different alloys in the groundwater, ;

1 whose composition is shown in Table 1.20. This was an accelerated experi-
ment at temperatures higher than rcom temperature.

Since the weight changes are expressed in mg/cm2, it is not easy to
compare these values with the results from soil corrosion field tests. Also,
pitting corrosion was not studied. However, the relative corrosion resistance
can be seen. While carbon steel specimens were destroyed, AISI 316, AISI 304,
Ti, and Inconel 625 showed good corrosion resistance.

Estimation of container corrosion lifetime for this set of varied condi-
tions, if it were possible, would have been a very substantial task. We,

;

'
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Table 1.19

Corrosion of Candidate Container Materials in Groundwa
as a Function of Temperature and Time (Expressed in mg/cm2)3er)L3/

Temperature and Time
49'C 49'C 98'C

Alloy 4 Months 9 Months 4 Months

AISI 304 0 -0.10 +0.12
0 -0.04 +0.10

AISI 304L 0 -0.04 +0.08
-0.02 -0.04 +0.22

| AISI 316 0 -0.08 +0.70
0 -0.08 +0.10

AISI 316L 0 -0.08 +0.10,

l 0 -0.02 +0.08
| AISI 430 0 +0.08 +0.10

-0.02 -0.06 +0.08
1803 T 0 -0.08 +0.10

0 -0.04 +0.10
t Inconel 600 -0.02 -0.18 +0.02
| 0 -0.14 +0.06
l Incoloy 800 -0.08 -0.30 +0.04
l +0.02 -0.08 +0.06
| Ni-200 -0.02 -0.16 +0.04

-0.08 -0.18 +0.08
| 1803 Mot +0.14 +0.22 +1.0

+0.7 6 -0.02 +0.08
Carbon steel destroyed destroyed not exposed

destroyed destroyed not exposed
! Chromised steel -6.46 -7.64 +0.08
i -5.28 -6.18 +0.04

Haste 11oy C +0.02 -0.12 +1.08;

| -0.04 -0.12 +0.20
Haste 11oy B -0.08 -0.28 +0.20

-0.02 -0.18 +0.16
Inconel 625 -0.06 -0.16 +0.32

i -0.02 -0.12 +0.20
! URB 904L -0.04 -0.12 +0.20

-0.02 -0.08 +0.24
AISI 304L -0.02 -0.08 +0.20

0 -0.08 +0.28
! IMI 260 -0.02 -0.08 +0.28

-0.10 -0.14 +0.44
i Ti -0.02 -0.14 +0.24
'

0 -0.02 +0.24
Ti-Al-Sn 52 -0.04 -0.04 +0.20

-0.02 -0.14 +0.61
Ti-Al-V 6-4 -0.04 -0.10 +1.76

| -0.04 -0.10 +2.12
l' AISI 304L -0.04 -0.14 +0.02
| -0.01 -0.06 +0.30
|

| 0 = weight change less than 10.005 mg/cm2,
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have therefore, estimated container lifetime for soil groups which are similar
to those at the existing disposal site.

Given the uncertainty in predicting the effect of trench pH, resistiv-
ity, and chemical constitutents on the rate of container corrosion, it is
recommended that waste disposed of by the "high integrity container" option be
segregated from other wastes which would significantly alter soil chemistry.

Table 1.20

Groundwater Used in Corrosion Tests (37)
(pH = 7.35)

Component Concentrationa

SiO2 8.05 ppm
Na 63.4 ppm
X 7.4 ppm
Mg 3.57 ppm
Ca 21.3 ppm
Pb <1 ppb
Fluorides 817 ppb
Phosphates 53 ppb

Free CO2 6 ppm
Carbonates 188 ppm
Organic Species 3.7 ppm
Chlorides 35.5 ppm
Sulphates < 0.5 ppb
Nitrates 5.95 ppb
Fe 189 ppb
Cu <10 ppb
Sn (10 ppb

\

appm = mg/L; ppb = pg/L

1.1.11 Recomended Canister Materials for Major Commercial Low-level Sites

Figure 1.14 shcws the major nuclear waste storage / disposal sites. Of
the low-level sites, only threg sites, Hanford, Beatty, and Barnwell, are in
operation at the present time.

As mentioned earlier, soils in the same soil series are similar in im-
portant characteristics and arrangement in the soil profile. Thus, if we know
the soil type (or soil series) of a site, it is possible to make an approxi-
mate estimate of the corrosion behavior of a metal in that site, utilizing the
field test corrosion data in the same soil type.

*At press time, only Hanford and Barnwell are in operation.
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The soil type of Barnwell, South Carolina was reported to be Fuquay-

classification.(ghq soil of Beatty, Nevada has not been given a soil typeloamy sand, and
91 The soil type of Hanford, Washington was not availg

Fuquay-loamy sand was not included in 125 soil types tested by the NBS.\{g./

Thus the next best thing to do is use the the corrosion data from the
same soil group. By overlapping the two maps, Figure 1.1 and Figure 1.14, the
soil groups of the three sites were chosen.

Major nuclear waste storage / disposal sites
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' Spent fuelis currently being stored on reactor sites and at the reprocessing centers in Morris, IL and West Va!!ey. NY.

Figure 1.14 Major nuclear waste storage / disposal sites.(38)

The corrosion data from Tables 1.6, 1.9, 1.13, 1.14, 1.21, 1.22, and
1.23 were used for an approximate estimate of the maximum pit depth for dif-
ferent metals after 100 years in soils similar to those of the three commer-
cial low level sites in operation. Existing data were linearly extrapolated
to 100 years.

(Continued Page 54)
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Table 1.21

Loss in Weight and Maximum Penetration of Wrought-Black Ferrous Pipe Buried in 1922 ,ba

(Average of 2 specimens)

less la weight (os/ft9 Alesimum penetration (mus)

IH4a. pips 34m. pipe IM-in. pips 34ei pipe

. Duration Open- Open.
I of Bessesser hearth Beseenier hearth'esposure Open- Wrovsht Bessemer steel WrouSht Open- Bessener steel Open. WroughtBessemer steel WreeSht Open- Bessemer steet

hearth iron steel (scale. iron hearth steel with hearth iros steel (scale. iros bearth steel m-is h
| No.= Type iron he) steel 0.23 iros free) steel 0.22
s percent percent'

Cu ce
hinterial... ........ a b e y 18 K 31 Y a

'

e y B E 31 Yo

Yeare
f 2.0 2.I 2.1 2.1 2.0 2.2 2.3 2.2 2.8 46 28 38 38 28 il 32 42
l 4.1 4.0 4.3 3.9 3.7 4.2 4.3 4.6 4.2 61 32 43 33 41 46 44 46

40 t68).. 8harley elay. . . . . . . . . . .. .. , 6.0 4.4 5.5 3.0 4.3 6.3 s.6 6.1 5.6 64 69 70 60 63 SS 74 Sa
3.0 6.4 6.5 6.5 45 7.0 7.I S.2 7.7 86 101 64 74 70 99 96 9210.0 6.9 7.2 7.3 6.0 8.1 7.2 9.3 7.5 73 62 67 62 64 72 64 86

12.0 6.9 7.9 7.2 S.7 8.6 S.6 7.0 S.3 139 68 09 82 69 91 78 74
O f 1.5 0.8 0.L 0.8 1.0 0.6 0.8 0.4 0.4 19 39 33 40 44 30 42 32@

| 4.0 2.7 3.6 3.0 3.0 2.7 2.9 2.4 2.5 34 36 40 45 47 38 43 46
48..... $sminiit adt Roman.......... 6.0 4.6 4.7 4.5 4.2 3.2 3.6 4.1 3.9 33 30 48 61 53 32 67 42,

7.9 48 5.4 4.0 4.7 4.2 4.2 4.6 4.4 68 65 53 60 38 58 62 5612.0 60 6.2 6.3 4.3 6.4 6.3 60 4.0 108 94 79 91 86 72 83 60
17.4 3.9 7.4 6.9 7.0 3.3 5.5 7.0 7.0 122 94 92 108 66 67 108 78

|( 2.0 3.0 3.6 3.3 3.3 2.9 2.4 2.9 1.9 53 58 19 30 54 62 - 78 33
6 4.1 4.3 7.3 5.7 4.9 4.8 3.4 5.I 3.4 64 74 73 76 79 83 82 7442 (62).. Simauchmana clay...........d 6.0 7.0 8.0 7.7 7.3 4.7 6.9 62 6.6 77 92 84 74 78 86 93 Si

S0 49 7.7 S.2 9.3 4.4 6.8 6.7 5.6 76 89 3 83 + lit + SO 93 38 90
{ 10.1 11.4 10.6 12.8 12.5 8.8 II.I 9.3 9.2 84 S4 104 92 96 329 303 104

32.0 IG.6 17.I 32.5 37.4 S.9 18.2 13.0 13.4 94 89 lit $6 58 123 92 186

1.3 1.4 8.7 B.9
2.8

2.0 2.2 2.3 2.4 IS 36 28 28 44 45 68 47
i 4.3 3.6 7.2 4.6 48 4.7 5.2 6.9 6.4 39 44 33 46 108 79 83 59

t s'stgl).. Tidel niarsh... . .. . . .... . .. . 6.2 4.8 S.0 9.7 7.4 7.2 6.2 7.7 8.3 SS 82 67 76 foi 132 It9 43
4 S.0 9.8 15.3 10.3 II.4 10,8 10.8 9.0 14.4 88+ 102 + 76 70 IIG IJG 78 90

9.9 18.6 18.4 10.5 37.0 10.4 II.2 9.8 12.0 98 76 70 73 136 500 116 la)
. 12.0 13.4 16.5 19.5 17.6 18.5 12.7 33.1 16.3 90 $0 100 103 138 78 78 72
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Table 1.21, Continued
' Loss in Weight and Maximum Penetration of Wrought Black Ferrous Pipe Buried in 1922 ,ba

Imes in weight (es/ft9 Alasiniuso penetration (ad!s)

IM-ia. pipo 3-ia pipe I)f-in, pipe 3-ia; pipe

Duration Open- Open.
I of Benemer hearth Beawmer hearth
exposure Open- Wrought Bessemer steel Wrought Open- Besserner steel Open- WroughtBesumer steel Wrought Open. Bessemer steel
| hearth Poa steel (scale- iron hearth steel with hearth iroa steel (scale- iron bearth steel with

Nm. Type t iron free) stee! 0.22 iron free) steel
pere 2

0.2
e4, percent

Cu Cu
g

y B K 11 Y a b e y B K 11 li1tsterial. . ..l . ... . . . a b e
|

_
'

i 1.3 0.3 0.6 0.4 0.5 C.4 0.3 0.4 0.4 38 36 ?$ 32 21 39 32 38

! 3.6 8.4 1.8 2.0 1.8 l.4 1.4 3.2 1.3 78 43 34 43 46 44 44 .50

Wabash silt losas. ..........f.!5.7 2.3 2.2 2.3 2.4 2.1 2.2 2.0 2.0 70 32 al 66 36 72 tiO e,8

.| 7.6 I.7 2.3 2.2 2.0 1.9 2.5 20 2.5 72 49 62- 30 36 40 62 SSII...

's 11.6 2.9 4.5 4.7 3.4 3.4 2.8 3.4 3.2 87 36 63 69 64 48 82 74

e

P 3 . ;I I.2 1.4 1.4 1.3 3.1 1.0 1.7 1.4 < 10 20 13 13 <10 17 30 28

d 3.8 3.6 3.0 2.9 3.3 2.9 3.2 2.8 3.3 34 28 24 24 32 36 38 49

44.... L'autentined alkali suil....... g 5.8 29 3.2 2.3 3.3 3.3 3.1 32 3.0 45 41 40 38 47 36 48 42

1 7.7 3.4 d5.6 4.2 3.8 4.8 3.9 3.8 4.2 30 d46 60 43 46 t,0 60 e,6

U1 1 9.8 13.7 11.9 18.9 12.1 12.5 13.1 12.3 13.3 143 III 138 117 118 138 528 338

C3 ! II.7 9.7 9.0 9.7 9.3 10.6 11.3 9.3 11.2 82 78 84 82 && !!2 98 128

[' l.5 08 5.3 1.2 09 1.0 1.5 3.2 1.2 47 34 55 34 50 40 so Tw

i 4.0 2.7 3.2 2.9 2.6 2.4 2.6 2.7 3.2 80 64 79 82 64 38 106 110

5.1 29 2.8 3.3 3.0 2.8 3.0 2.6 3.2 68 63 tio 44 68 46 96 tM
84 .. .g L'naicatined sandy losan.....I

h 8.0 46 6.2 5.2 5.7 6.7 4.9 4.3 6.7 60 60 los t 118 + 69 68 136 134

l| 10.2 40 4.7 4.8 4.8 4.4 36 43 3.9 74 93 68 63 82 66 84 $0

3 12.0 40 3.1 4.4 4.4 4.7 4.3 45 4.8 48 62 64 104 77 62 til no

40.3 0.3 0.5 0.4 0.4 0.6 0.3 0.4 d < 10 < 10 <10 < 10 <l0 < 10 <10 < IO
b' l.3

4.8 1.3 3.9 1.7 1.3 1.3 I.3 16 2.0 < 20 < 20 < 20 < 20 < 20 < 20 < '.'O < 20

47 . L'antensi6ed sitt loam..... . 6.1 1.2 1.3 1.8 1.2 3.9 l.6 22 1.5 < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20

8.0 72 2.5 1.7 8.8 2.5 2.5 2.0 1.6 <20 < 20 < 20 < 20 < 20 < 20 < 20 < 20

12.1 23 3.9 3.0 28 3.2 3.0 28 3.1 IS 46 26 33 34 24 27 26
', 17.4 38 64 7.9 84 68 65 54 5.1 42 53 37 57 58 40 48 44I

,

b ee Table 6 of Reference 12 for properttee of soils. CThe soil number inasce Table 10 of Reference 12 for compnettion of matertain. S
d eta for 1 specimen only. 'The

| parenthesen to the taiaber saataned to the name soil in'a later nortes of tests. See Table 15 of Reference 12. D
fSite 43 is not identical ultit site 63 geographically, but theplus st$n indicates that 1 or both specimens contained holes because of corrosion.

sot! environment. tidal marsh, to the ease.

|
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Tabla 1.22

Loss in Weight and Maximum Penetration of 3-inch Wrought
Black Ferrous Pipe Buried in 1928

(Average of two specimens)
---- ~.u =::.: :.=

_

(

L
l>uration

4 o .-n- t h= n-st
ensmassare 1. cart ta Wrouaht Israues cr lwartle Wrouslet 11easese cr

'

No. Tyle iron iron steel iron iron steel
Slascrial... A 14 11 A !! Al..... ..

l'aere es/f0 es/f6 es/f6 Mils Mile Mile2.0 3.1 3.4 2.7 66 62 4052 lake Cliarlen ciay lvem.. .. 5.4 14.7 34.G -13.5 IIG 123 1187.5 16 0 10.0 16.9 816 170 IGJ
I.9 1.0 1.0 0.7 14 16 654 Fairmount sitt loam..... .. . . . . .. . ... 5.2 1.5 1.3 1.2 14 21 117.J 3.4 2.5 3.5 54 36 40
1.7 3.2 3.n 2.u 12 5u 37US Cilm elay.... . ... .. ... . . . . ... 5.h 3.7 4.3 3.7 43 43 387.2 4.8 4.9 4.4 48 48 45i

1.9 3.9 5.2 3.9 70 66 60101 Billinas silt loam (Iow alkali)..... ........ . . .. 4.I 7.5 8.8 7.2 116 94 949.3 10.5 9.4 9.1 131 95 80
l ( I,n a.9 5.1 4.3 42 37 2ni i&J llallines esit lumns (menterate alkali). . ..

9.3 18.3 10.1 17.0 124 93 95
4.I to 4 10.2 9.3 102 80 72

|
r

1.9 3.7 5.0 3.6 63 48 37103 Ilillinas silt loam thish alkali).. . . .. ..

9.3 18.8 21.3 17.8 190 136 192

4.I II.2 10.4 10.I 88 86 GG

1.0 2.9 3.0 2.5 71 70 88101 Cecil elay. . .. . . 4.1 4.8 4.3 3.7 81 86 9311.7 7.1 7.2 7.6 88 94 114
20 3.2 3.6 3.4 50 45 58105 Cocil elay lonm. . . . . . . .. . ..., . 4.0 3.6 3.8 4.2 48 48 46

i 31.7 4.8 3.7 4.9 58 51 51
1.9 2.6 2.5 2.0 G2 4G 48t 106 do. . . . . . . . .. ...... . ..

11.7 7.3 8.6 9.0 93 70 75

4.8 3.4 4.0 3.6 64 64 56!

|
l 1.9 2.0 2.3 2.4 57 G6 64| 107 Cecil Ene sandy loam.. . ... . . .. . 4.I 2.9 3.2 3.1 73 72 60i

I al.7 5.4 5.5 5.6 97 90 L?9
[ 1.9 2.8 3.3 3.4 67 38 53108 Cecit aravelly lonm.. ... .. . . .. t 4.0 3.8 3.6 3.4 80 50 62| 11.7 4.7 4.5 5.9 85 70 95
f 1.9 4.7 5.9 5.2 70 70 74Ild l'resno fine munely laam (Iow alkali)....

. .. t 4.0 7.9 7.0e 6.3 74 82 63
1 9.2 II.6 II.8 11.3 128 109 108

3.9 3.9 4.5 4.1 78 eM) 42110 Fresno nne sandy loam (moderate alkali)...
. .

9.2 18.6 35.8 20.2 155 126 155

4.0 7.6 7.I 7.4 84 85 73

1.0 4.4 4.5 5.2 54 48 38III Fresno fine sandy loam (high alkali). . .
. 3.7 8.7 7.8 8.7 104 78 8089 17.6 3.88 19.4 162 + 165 119

1.9 7.I 7.3 7.3 76 58 68112 Imperial ciay (moderate alkali)... .. .. . ..

5.9 19.8 10.9 18.8 250 + 177 + 232 +

4.0 I4.5 33.0 34.0 188 + 128 132

1.9 M.2 M.I M.2 92 51 5111.1 lense senf elay (leinla n!kalO..
.

5.9 25.8 JI.8 23.0 224 + 178 + 231 +

40 lu o in u Os . t. 2tu t Ifi71 giu+

0.9 1.5 1.3 1.3 32 IS 14111 fakc Charica rlay. .
..

10.5 14.3 14.6 14.1 159 90 106

3.0 4.8 G.0 5.0 99 72 67

2.0 1.8 1.9 1.7 32 34 32115 hiesnidais sitt lonm.. .. . . .

11.7 3.3 3.5 39 89 48 64

4.1 2.4 2.8 2.7 75 64 G4

I.9 6.8 G.6 5.8 46 SI 3GIIG Alereed clay.... .. . ...... . ........
. .....

9.3 21.6 19.1 19.4 121 173 88

40 13.0 13.8 11.5 96 97 90

3.9 7.6 7.9 8.0 IIS 92 en117 Sierced clay luam aduise........ .. . . .. ..

9.3 21.0 19 8 20.5 185 127 148

4.0 9.n 9.9 9.4 135 tt2 tot

1.9 5.4 5.0 5.5 los 72 60Ils Niland gravelly mand (Iow alkali). .
. . .. 4.0 12.2 10.9 13.1 I5I + 128 122 +5.9 10.0 IS 4 14.9 240 + 153 158

2.0 0.7 0H 0.5 < 10 < lo < 10119 Norfolk ann.ly le=m. 40 3.9 43 4.s Mn 52 eas
. ...

11.7 8.2 8.7 8.9 98 67 77
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Usually the corrosion rate slows down as time increasts. For an ex- |
|ample, the corrosion rate of plain steel showed a logarithmic behavior (see

Section 1.1.7.1). As shown in Figure 1.10, the maximum pit penetration rates
.

for lead, copper, and zine also decrease with time. Thus it is believed that
the real corrosion rate of these metals should be considerably lower than '

these estimated values. Maximum pit penetration rate after the initiation of
pits has not been studied as extensively for stainless steel because in some
cases there is no observable pitting after 14 years. When data was available
for pitting rate, linear extrapolation was used for stainless steel.

1.1.11.1 Beatty, Nevada

The soil at this site belongs to the gray desert soils, (group VIII).
Among the NBS test sites, soil 66 of Phoenix, AZ, soil 47 of Salt Lake City,
UT, and soil 68 of Phoenix, AZ are in soil group VIII. Estimated maximum pit
depths for different metals after 100 years in service in this soil group are
shown in Table 1.24.

Table 1.24

Estimated Maximum Pit Depths for Different Metals
in Soil Group VIII After 100 Years in Servicea

Soil 47 Soil 66 Soil 68
Materials Salt Lake City, UT Phoenix, AZ Phoenix, AZ

Plain steel 0.8 cm (0.3") 45 cm (17.5")b 1.7 cm (0.7")
Copper

Deoxidized copper 0.2 cm (70 mils)
Tough-pitch copper <0.1 cm (42 mils)
Copper-silicon alloys 0.4 cm (150 mils)

Stainless steel
AISI 304 <0.1 cm (43 mils)

Galvanized steel <0.5 cm (175 mils)

aLinearly extrapolated using available pitting rates. AISI 316 SS showed no
pitting in 14 years,

bThere was a hole in a 0.145 in. plate in 2 years.

Canister materials recommended:

Composite material: Steel-AISI 304 or 316 SS - steel with heavy
2(>3 oz/ft ) hot-dipped zinc coating.

Stainless steel: AISI 304 - with built-in cathodic protection.
AISI 316 - with built-in cathodic protection.

Copper: With protective coatings.
Titanium: Commercially pure.
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The thickness of a canister should be' determined using the corrosion data
available.

1.1.11.2 Barnwell, South Carolina

The soil of this site belongs to group III, red and yellow soils.
Among the NBS test sites, soil 63 of Charleston, South Carolina, and soil 104
of Charlotte, North Carolina, are in soil group III.

The estimated maximum pit depths for different metals after 100 years
in service in soil group III are shown in Table 1.25.

Table 1.25

Estimated Maximum Pit Depths for Different Metals
in Soil Group III After 100 Years in Service.a

Soil s Soil 63 Soil 104
Tidal Marsh, Cecil Clay,

Materials Charleston, SC Charlotte, NC

Plain steel 2.3 cm (0.9 in.) 2.5cm(1")
Galvanized steel steel was attacked

52 mils /12.6 yrs'

Copper
Deoxidized 0.2 cm (70 mils)
Tough-pitch 0.25 cm (100 mils)
Copper-silicon alloy 0.3 cm (120 mils)

Stainless steel
AISI 304D 0.25 cm (90 mils)

alinearly extrapolated using available pitting rates. AISI 316 SS and
titanium showed no pitting in 14 years.

bSensitized AISI 304 showed severe non-uniform attack.

Canister materials recommended:
'

Stainless steel: AISI 316 - with built-in cathodic protection.
Copper: Deoxidized copper

Titanium: Commercially pure.

The thickness of the canister should be determined using the corrosion data
available.

'

1.1.11.3 Hanford, Washington

For the Hanford, Washingtor)l te, the corrosion data from Seattle,
Washington, soil 6oftheNBStest,l{Jwereused. This soil type was
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Everett gravelly sandy loam, and internal drainage of the test site was good
(see Table 1.4). The estimated maximum pit depths for different metals after
100 years in this soil are shown in Table 1.26. It should be noted that this I

soil is in the portion of the State that is characterized as wet. The burial
site is in a dry portion.

Field tests were conducted in Sagemoor sandy loam the Yakima IndianReservation near Toppenish, Washington (site A, NBS test)gg6) on 304, sensi-
~

g

tized 304, and 316 stainless steels. This soil is a well-drained alkaline
soil (pH of 8.8) with a resistivity of 400 ohm-cm and is typical of that found

composition to a depth of at least 2.13 m (7 feet).llgqil is consistent in
in vast areas of eastern Washington and Oregon. The

1 It should be noted
that estimates for maximum pit depths in buried stainless steels after
100 years were not made for this soil because no pitting was observed in the
specimens after 4 years and no linear extrapolation of pitting rate is
possible.

Table 1.26

Estimated Maximum Pit Depths for Different Metals in Soil
Similar to That of Hanford Site After 100 Years Servicea

Soil 6
Materials Seattle, WA

Stainless steel

<0.1cm(45 mils)g0.5 cm (180 mils316 sensitized
Copper

alinearly extrapolated using the existing data.
b
After 13.3 years,its were greater then 6 mils. copper specimen showed definitepitting, but no p

Canister materials recommended:

Same as those for Beatty, NV site.

1.1.12 Final Comments

e Corrosion can be greatly reduced by alteration of the
soil and an advanced trench design which provides for;

good drainage of water,

e Multilayer concepts might be necessary. For instance,

a corrosion resistant metal can be used as an outer
layer, while using a metal that has a low permeability
for tritium as an inner layer.

e For some soils, composite materials may be useful.
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1.2 Corrosion of Metals in Concrete

Literature consulted on steel corrosion in concrete is predominantly
based on engineering data focusing on structural stability in hi@ chloride
envi ronment s. These discussions deal with reinforcing (high carbon) steel and
cement mortar liner pipes. Experimental data dealing with other probable
candidate container metals, such as aluminum, titanium, and copper were not
available. Concrete in contact with water produces hydroxide dissolution and
hydration of free lime. The alkaline environment foshould not pose a threat to the steel container.(40)rmed in this process

Corrosion of steel in contact with concrete is dependent on (a) availa-
bility of oxygen, and (b) disruption of the protective oxide film at the sur-
face interface. Under normal conditions the hi@ pH associated with the hy-
dration of Portland cement will have no adverse effects on the oxide film.
Variation in concrete g osition may have an effect on steel corrosion in the
presence of chlorides.tg1 Calcium chloride is often used as an accelerator
and may be present in the mix. Flaws, such as hairline cracks, sich permit
electrolytes and passage of oxygen, will lead to the formation of galvanic
cells. If the process is continued, the results would lead to a break in the
concrete due to the expansive pressure generated by the corroding steel.

The electrochemical behavior of steel in contact with moist Portland ce-
ment was evaluated using steel rods in a saturated lime solution (pH approxi-
mately 12.5). The experimental results indicated a threshold concentration of
chloride ions above sich pitting corrosion of mild steel is initiated. Th e
threshold, assuming the presence of free oxygen, is approximately 0.02 M or
700 ppm chloride ion. These boundary conditions between pitting and inhibi-
tion are shown in Figure 1.15 The critical polarization potential plotted as
a function of Cl concentration is shown in Figure 1.16. The results re-
ported by Hausmann, Leckie, and thlig illustrate the corrosion resistance of
steel in contact wit ete in the absence of hi@ concentrations of envi-ronmental chlorides. 4gog(/e

Corrosion of steel in concrete may be prevalent with the formation of
electrochemical cells due to poor quality application of concrete. The ad-
verse effects of corrosion resulting from electrochemical cells may be sup-
pressed througt)44)e use of protective coatings such as zinc, nickel, or anth

'

a sph alt -epoxy. t

The risk of attack of steel in contact with Portland cement decreases as
the thickness of the concrete increases along with the ratio of cement to
aggregat e. The use of lime water for mixing concrete shows that the presence

I of 2-7% calcium chloride does not give rise to steel corrosion; 2% calcium

chloride in concrete (2pi Shreir has summarized the main points involved in
f ioned with plain water has produced instances of

localized corrosion.
| the corrosion of steel in concrete as follows:

,
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Figure 1.15 Boundaries between pitting and inhibition in alkaline
aqueous solution containing chlorides. Curve (1) is steel
with air bubbles trapped against the surface; the encircled
point represents a saturated lime solution. Curve (2) is
for 18-8 stainless steel in deaerated solution. Point A:
pitting corrosion will not occur; cathodic protection not
requi red. Point B: pitting corrosion likely; cathodic-
protection required (after Hausmann,1968)..
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.(a) Given a. good contact between' steel and concrete of low permeability,.

corrosion is negligible; however, actual' rates were,

not quoted; c'
,.

- (b) Concrete should be sufficiently plastic- t'o allow an application ofI

[.

a continuous film around the steel structure;-
.

(c) High' compressive strength. f s desirable in the prevention of
spallirig of the- concrete due to the ' formation of steel corrosion
products;

:' (d) The benefit of applying protective paints ' n steel is short-lived. .o*

Bitumen pg
concrete.1jgts may result in a lack of bond between steel and1

-

4

The ' primary considerations, as reflected in the literature, in deter-
mining corrosion rates of steel in concrete are governed by engineering con-
cerns especially in the area of marine (high chloride) environments. Under

^

such conditions, corrosion rates, deemed " severe" for reinforcing steel
crete, have been; determined in the ' range of 0.015 to 0.025 cm per year.(jg) con-

_

The passivating action of concrete on steel is dependent in part on-the~

~ durability of the former to act as a barrier. Flaws, such as cracks, and con-
crete permeability will result.in the presence of corrosion cells and allow

'
~

the concrete to act as an electrolyte. Corrosion of the steel would result in-

the formation of an iron-oxide film which 'could occupy a volume of approximat-
ely2.2timesthatoftheoriginalnon-corrodedsteel.-(Jg.expansionwouldresult in the flaking or cracking of thefconcrete coat. - Under condi-
tions in which-the concrete is capable of preventing moisture and air franF .

} reaching the steel, protection to the steel is permanent.- The protective film
: generated by the application of concrete acts

structs oxygen diffusion to the metal surface.q*7s qn anodic inhibitor and ob-L 1

The galvanic process ~at the steel-concrete interface may be summarized as,

follows:

,
Phase 1. Passivity due to the alkalinity of cement at pH >10;

.

g. Phase 2. Presence of-anodic and cathodic regions at the interface -

(a) Anodic: iron into solution; pH lowered; formation of;

oxide at metal surface;

- (b) Cathodic: concentration of alkali metal ions;. pH raised.
! Phase.3. (a) Anodic zones:. equilibrium is maintained due to the pro-

tective cement coating and increased ohmic resistance;,

or, if flaws are present in the coating, or -if condi-
tions are extremely corrosive, ferric f ron compounds are

- formed leading to the destruction of the protective
coating.

, s
1
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.

(b)Cathodiczones: state of alkalinity is maintained,

,
without adverse effects on the coating; or, increase

1- alkalinity due to the presence of high sodium or

the cement.\ gqntent would lead to a breakdown of'in potassiurp
. 4 1

j

A key factor in the corrosion process of steel in concrete is the perme-
ability of the concrete. Corrosion is attributed to the formation of differ-

,

ential oxygen cells-in the pore space containing water and dissolved solids.
Attempts should be made to(qgtain a relatively impermeable concrete throughlow water-to-cement' ratio. 9 1 Wagner cites evidence of cement-mortar!

' linings on . pipes as having successfully protected against corrosion in highly
. aggressive water. at high flow rates and mildly acidic pH.{5-6). Failures of

the protective coating were mainly attributed to localized deformation re-
sulting from tension and compression arising ~as'a function of. the engineering

~

:
~

' constraints W)gh) are not likely to develop in waste emplacement
>

environments.\
* In. summary, the effectiveness of concrete as an inhibitor' to the corro-

sion of high carbon steel is dependent on the proper formulation and applica-
| tion of the protective coat. Care in handling procedures would assure.that

the concrete barrier remained undamaged during' emplacement at the site of
final deposition.

:

Based on existing data, an evaluation of the extension of container life-
,

time afforded by cement overpacking cannot be made at the present time.i

< Concrete-container interactions involving candidate metals such as stainless
" steel or titanium, have not been evaluated and _as a result one cannot ade-

quately characterize the integrity and behavior of a. "high integrity" con-
tainer. Standardized corrosion tests are required to resolve some of theg

| basic questions involved in the use of a metal-concrete container design.
ASTM has adopted standard procedures for corrosion testing, such as ASTM G45
(potentiostatic and potentiodynamic anodic polarization measurements)-and ASTM1,

G46 (examination and evaluation _of pitting corrosion), which may be modified,,

; to include concrete or other protective coatings. Corrosion testing of com--
'

posite container /overpack materials should be conducted under laboratory and
in situ conditions in order to adequately characterize the performance of the

.

container. following burial .
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2. GAS PRESSURE GENERATED THROUGH RADIOLYSIS AND BIODEGRADATION

2.1 Industrial Generation of Tritiated Waste

Of the companies replying to NRC's I&E Bulletin No. 79-19(1) to which .
|BNL has had access, three generated essentially all the tritiated waste - New '

England Nuclear Corporation, Timex Corporation, and Self-Powered Lighting,
'

Ltd. At that time (fall of 1979), Timex and Self Powered Lighting produced
: several kilocuries each, while New England Nuclear produced approximately

'150 kilocuries and thus was far and away the largest generator (Table 2.1).
If the total industrial tritiated waste stream indeed amounts to 200 kC1, we

! - do not have the names of the other generator (s), but New England Nuclear (NEN)
! would still be the largest generator in the U.S. The situation since 1979 has

changed somediat. According to telephone conversations with responsible offt-
cials of the companies, NEN is now the only one producing tritiated waste in,

significant amounts, and its generation rate is essentially unchanged, e.g.,
140 kCi for 1980'

Table 2.1,

' Significant 3H Waste Identified from I&E Bulletin
No. 79-19 and Personal Contact,

i

Production Rate (kCi/yr)
. Generator 1979 Current

i New England Nuclear 160 140
Timex (Waterbury) 4 U1
Self-Powered Lighting (Elmsford) 4 41

:

Therefore, NEN's waste stream is the only one that requires considera-4

tion. Approximately 99% of their high-activity waste is in the form of
tritium gas and is thus not a problem from the point of view of gas genera-
tion.. -Consequently, the only waste of concern for gas generation is

,

nected with handling the organic compounds which NEN tritium labels. ghat con-
:

For
!. CY 1980, the low-level organic residues were disposed of in organic solvents
! at the average rate of roughly 190 to 284 liters per week, which amounted to
! about five drums per week. The curie level of this waste is nominally 1.5 kCi
( (the remaining 1% of the total 150 kC1), which means that the average drum
i . contains 6 C1 (based on a total generation of 250 drums for 1980). This waste

organic solution.is mixed with 1-2 times its weight of adsorbent clay

i

i *This information on waste streams was considered to be accurate when this
! ; report was written. A complete characterization and analysis of NEN waste
| can be^found in NUREG/CR-3018 (1983). There is a high-activity organic

. residue waste stream (5-10 Ci/mL) that is not considered in this report.t-

| This high-activity organic waste stream generates enough gas to break the
; glass bulb package.
i

.

'
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(Speedi-Dri),* placed in a sealed stainless steel container and packed in a
210-L drum also containing Speedi-Dri. The potential gas generation in eachs

drum would result from the 6 Ci of tritium contained .in some 50 kg of organici

solvent and a much smaller amount of miscellaneous tritiated organic
compounds.

,

E 2.2 Calculation of Tritium and Organic Content Limits for Waste Packages
.
' BNL has been asked to provide information on the internal pressures which

tritium waste containers (210-L drums) with a 6.35 mm (0.25 in.) metal over-,

.

pack could be expected to withstand. The metal overpacks chosen for compari-
| son are stainless steel and copper. As a consequence of biodegradation and

beta radiolysis, the potential exists for the generation of significant gas
pressures within these metal overpacks. It is the purpose of the calcula-i

tions detailed below to provide estimates of the amounts of tritium contami-
| nated waste which could be permitted for the following container pressures:

(1) 152 kPa (7.4 psig), (2) 450 kPa (50 psig), and (3) the overpack pressure
,

limits.

The information needed in the calculations for the radiolytic gas gener-'

ation was obtained largely from published experimental data from the Mound
Facility (MF) and Savannah River Laboratory (SRL). Information about waste
packaging and contents was obtained by private communication with appropriate
personnel at NEN. Although detailed information about the dimensions, volume,

; etc., for the waste package components and the level of contamination per drum
were provided by NEN, some conservative assumptions were still required. How-
ever, justification has been provided for these assumptions and pressures were
calculated for credible scenarios.e

! 2.2.1 Gas Generation Due to Tritium Beta-Radiolysis

2.2.1.1 Tritium Gas / Tritiated Concrete Waste Packages

As discussed in Section 2.1, the major tritium waste stream from in-
dustry is tritium gas, mainly as HT. It is normally disposed of by filling a'

glass vessel with the appropriate quantity of tritium (to meet- transportation
and disposal requirements) and then encapst toting the glass vessels using a.

"can-in-a-can" containment scheme. A typica waste package for tritium gas,
! including primary, secondary, and tertiary containers, .is given in Figure 2.1.
| The concrete used to encapsulate the secondary container is generally made

with tritiated gste water so that the activity content of the concrete is,

nominally 2 Ci. Under normal handling and transportation conditions, the
glass vessels will remain intact. However, in the event of a breach scenario,
tritium gas could diffuse through the primary and secondary containers anda

exchange with the water in the concrete. The water would then undergo radio-
lysis, yielding mainly hydrogen gas. The amounts of tritium needed to gener-
ate the pressures given above will be estimated for this situation.

*Speedi-Dri is a trade name of the Engelhard Minerals and Chemical Corp.,
Edison, NJ.

**K. Bennett, New England Nuclear Corp., private communication to G. Bida,
i BNL, April 3, 1981.
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(1) The glass vessels containing the tritium are assumed ,

to have broken and released their contents but the i

secondary and tertiary containers remain intact. |

Another scenario would be a highly permeable glass
container such that diffusion out of this vessel is
rapid. Permeabilities of tritium through various
materials are given in another section of this
report.

(2) Diffusion of tritium through the cement mix, paraffin,
etc. is rapid and the secondary containers are highly
permeable to tritium so that the gas is in contact
with the concrete soon af ter breach. Some materials
have rather low permeabilities for tritium which makes
this assumption concerning rapid diffusion rather con-
servative.

(3) It is assumed that the water-hydrogen exchange
reaction heavily favors formation of HTO,
i.e., the exchange of tritium for hydrogen is
rapid and complete. In actuality, for the re-

action

HT + H O _--+ HT0 + H2e2

the equilibrium constant is about 6 (25'C).(2)
This reaction will only proceed in the presence
of a catalyst or under radiolytic conditions.
If a significant amount _ of the 6 energy
were absorbed by the concrete matrix, the re-
action may occur, albeit slowly.

(4) Based on infonnation received from NEN and assuming
4

a 1.27 cm (0.5 in.) clearance between the outer
wall of the 210-L drum and the inner wall of the
metal overpack, a void volume of 70 L has been
estimated for containment of the radiolytically
generated gases. The following additional assump-
tions were made in order to calculate the void vol-
ume (refer to Figure 2.1):

(a) The dry cement mix is assumed to be 50%
void space.

(b) The 210-L drum is filled to 90% of its
volume with concrete.

.
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,

(c) :The concrete is assumed to be.10% porous.
A recent experimental determination of
the porosity of Portland T
has found it to be 15%.(3)ype-I concrete

,

i

-The last piece of information needed to calculate the amount of trit-
ium required to generate the pressures of interest is the G value for the tri-
tium beta radiolysis of water in concrete. Yields of radiation-induced reac-.

tions are expressed as G values, where G is the number of molecules changgI(formed or destroyed) per 100 eV of energy absorbed. Bibler and Orebaugh
! have reported results for the Co-60 gamma radiolysis of a cement-plaster mix--ture. ~ The studies found the rate of gas generation (G value) to be indepen-
'-

dent of ' dose rate.over the range 8.9 x 104 to 2.6 x 107 rad /hr. In addi- '

tion, hydrogen was produced and ongen was consumed, and as the radiation dose t

increased the rate of hydrogen pressurization decreased until a steady-state
-

pressure was attained. _ From the G(H ) values for gamma and alpha radiolysis2
of water in concrete and the linear energy transfer (LET) values for Co-60
gamma, H-3 beta, and Cm-244 alpha radiation, the G(H ) for be44
of water in concrete was estimated to be between 0.1 and 0.3.L9)radiolysis2 ;

Bibler has
concluded that the effects of tritium beta radiolysis can be closely simulated
by Co-60 gamma radiolysis(5) because of the similar results for the steady-i

state hydrogen pressure obtained in the cases of Co-69 g radiolysis and
. H-3 beta radiolysis of water sorbed onto vermiculite.L4 This assumedi similarity included the steady-state H2 pressure behavior. From this,

Bibler and Orebaugg Ci of tritium solidified in 76 L of concrete {9Jpredicted a final hydrogen pressure < 69 kPa gt a 102-L.

drum containing 10
.

'

Results from Mound Facility have been reported for radiolytic gas
generation from tritiated water fixed in cement-plaster and used in the prep-.!
aration of Portland Type-I concrete and polymer-impregnated concrete. In the

' . case of the non-polymer impregnated concrete, which most closely resembles the;

assumed scenario, the sample dose rate was 2.4 x 104 rad /hr, hydrogen wasthe only gas produced but, in con
drogen pressure was no,t observed.(gript to the SRL results, a steady-state hy-s'J For tritiated water fixation on
cement-plaster, the addition of 0.21 to Q
no effect on the rate of gas genergtfon.tb(4 MPa of hydrogen overpressure hadAfter 900 days irradiation
(which corresponds to about 5 x 10s rad total dose), the rate of gas gener-;

-

ation for the tritiated concrete showed on a slight decrease =but certainly
no attainment of a steady-state pressure.L For the SRL experiments, equi- |

. librium prenures yqre dose rate dependent and were attained after total doses
!. cf about 10tu rad.193 It may be that such doses are required for steady-

-

: state pressurization in the case of the Mound experiments. Since important
differences exist between the experimental systems and results from MF and;

L SRL, we have chosen to use the data from MF since their experiments-actually
L involved tritium beta radiolysis of water in concrete. In addition, this is6

the more conservative choice since it does not involve a hydrogen back reac-i

tion which may limit pressure buildup. From the data reported in Reference 7,
we estimate a G(H ) of 0.13. Th s is in good agreement with the value pre-; 2
dicted by Bibler and Orebaugh.t4:; J

i

Included in the pressure limits, for which we are estimating the al-
lowable tritiated waste per container, are those that pertain to the 210-L,

,
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drum metal overpack. These limits were estimated from tabulated data listed |

in reference 8. In the manufacture of metal overpacks, two types of joints
circumferential and longitudinal. For the case ofmay be encountered:

stainless steel, tubing of the appropriate diameter is available, thus, only
Should thecircumferential joints will result from welding of the end caps.

overpacks be fabricated from rolled sheet steel, a longitudinal joint isFor circumferentialrequired in addition to the circumferential joints.
joints, the design pressure is given by:

(2*I)
P = R 0 4t

where
P = the design pressure limit, psi (the design pressure is one-fourth

the bursting pressure),

S = maximum allowable stress, psi,

E = joint efficiency (0.8 is considered a reasonable and conservative'

value) ,

t = minimum required thickness, in inches.

R = inside radius of the shell, in inches.

For longitudinal joints, the design pressure is given by:

(2*2)
P = R+0 6t

For convenience, British units will be used for calculation of the pressure
limits.

For a given set of container dimensions, the design pressures for
various metals are directly proportional to ghe value for the maximum allow-
able stresses. This value is about 1.5 x 10 psi for cgrbon and 1 alloy

steels. Aluminum has values of S ranging from 0.3 3 10' to 2 x 10 psi,
depending on alloy and temper. Taking S = 0.3 x 10' psi, t = 0.25 in. , and
R = 15 in., the design pressures for aluminum would be 40 and 80 psi for longi-4 psitudinal and circumferential joints, respectively. A stress of 0.3 x 10
would most certainly be the minimum tolerable limit. However, alloys with
higher stress values are available and presumab}y at not mych higher cost.to 2 x 109 psi depending
For copper alloys, S values range from 0.6 x 10 Finally, S values for non-alloyed titanium ofon alloy, heat treatment, etc. 4 to 1.5 x 104different grades and heat treatments range from 0.9 x 10

The design pressures calculated for a variety of metal cylinders of dif-psi. In
ferent outside diameters and thicknesses are listed in Table 2.2 below.Note that Peach case, the minimum value of S was used in the calculations.
is inversely proportional to R.

70
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Table 2.2

Minimum Design Pressure for Various Metals and Dimensions
(Burst Pressures are a Factor of Four Higher)

Dimensions (in.) Design Pressure P (psi)
S 0.D. Wall Longi tudinal Circumferential

Metal (10 4 psi) (2R) Thickness (t) Joint Joint

Carbon 1.5 30 0.25 200 400
Steel 30 0.125 100 200

(sstainless 20 0.25 300 600
steel ) 20 0.125 150 300

16 0.25 375 750

Copper 0.6 30 0.25 80 160
20 0.25 120 240
16 0.25 150 300

Aluminum 0.3 30 0.25 40 80
0.3 20 0.25 60 '120

Titanium 0.9 30 0.25 120 240
20 0.25 180 360

All the pressure values apply to cylinders with " dished" end caps,
.

roughly hemispherical in shape. Depending on the exact shape, the wall thick-
ness of the caps might have to be increased slightly for a given pressure.
(Note that the additional volume due to the dished ends was not taken into ac-
count in the void volume calculation. This extra volume would decrease the
pressures calculated). Most 210-L drums have outer dimensions of 61.0 cm
(24 in) diameter x 88.9 cm (35 in) height. Since the exact dimensions and
manner of fabricating the overpacks are not known, we have chosen.the design
pressure for the two base case metals corresponding to dimensions of 0.25 in.
thick x 30 in. 0.D. for an overpack having longitudinal joints, i.e., 200 psi
for carbon steel and 80 psi for copper. If the overpacks are made with a
smaller 0.D. and/or from tubing rather than rolled sheets, then the design
pressures will be higher and, correspondingly, will be able to contain a
larger quantity of tritiated waste.

,

Based on the information provided and the assumptions discussed above,
the tritium contaminated contents per drum can be estimated for the given
pressure limits. The final pressure of hydrogen generated from rpt olysis of
water in concrete, and accounting for tritium decay, is given by:19J

,

,

It*I
P(H . In Psi) = h

G(H )
(2.3).

2 100

|
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1

where

R = gas constant,1.20 psi liter / mole *K '

.T = temperature, *K, (298)

N = Avogadro's number, 6.02 x 1023 molecules / mole,

V = estimated void volume in the metal overpack, 70 L

G(H ) = 0.13 molecules of gas changed per 100 eV beta radiation2
absorbed

to
= initial . curies of tritium present,Ci

I = 1.8 x 1019 ev/Ci day

3H decay constant, 1.5 x 10-4 day-l .A =

Substituting the appropriate values into Eq. (2.3) and solving for
Cito, Eq. (2.3) becomes

Cito = (7.5 x 10 C1/ psia) P(H ) (2.4)2
2

From the equation, the initial quantities of tritium gas that could be per-
mitted for the base case metal overpacks and pressure limits of interest have
been estimated and are summarized in Table 2.3. An initial pressure of
101 kPa (1 atm) in the overpacks was assumed. Mound Facility estimated a

Table 2.3

Maximum Allowable Tritium Contents for Various Pressure Limitsa

Pressure, kPa (psig) 3H content, Ci

152 (7.4) 5.6 x 103
450 (50) 3.8 x 104

1484 (200)b 1.5 x 105
656 (80)c 6.0 x 104

aThe a'lowab'ie 3H content has been
calcu' ated f,or the pressures
expressed in psig, although Eq. (2.3)
requires the pressure be expressed in
psia. This is necessary in order to
account for the initial 1 atmosphere
of pressure assumed to be present
in the overpacks.

b arbon steel overpack.C

cCopper overpack.
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final hydrogen pressure of 690 kPa (99 psia) in volg) volume of 35 L for 2.5 x104 Ci of tritiated water fixed on cement-plaster.t Present regula-
tions* do not allow shipment of more than 1000 Ci of tritium gas from indus-
trial waste generators such as NEN. As can be seen from Table 2.3, the amgunt
of hydrogen generated from beta radiolysis of water containing 1000 Ci of JH
for our assumed conditions would be negligible. At this point, some of the
assumptions made for the purpose of this calculation should be recalled. It

is quite unlikely that any of the pressures listed in Table 2.3 would be at-
tained under actual breach conditions.

Several methods of reducing G(H ) have been investigated for the2
alpha radiolysis of water in concrete.Il0) Some of the additives accomplish
this reduction by reacting with the hydrogen precursors. This being the case,
it is anticipated that these additives should be as effective in reducing
G(H ) for the beta radiolysis of water. The only method of reducing G(H )2 2that appears applicable to the present tritium gas disposal practice is the
addition of nitrite ions to the water used to make the concrete. For alpha
radiolysisexperimegg)thisadditionresultedinadecreaseofG(H)bya2
factor of 10 to 20.1 We are not aware of any experiments that deal with

{the reduction of gas generation from 3H beta radiolysis of water. Whether
the addition of nitrite ions to tritiated waste would reauce hydrogen produc-
tion awaits experimental verification.

2.2.1.2 Tritiated Organic Waste Fixed on Sorbent

The other important industrially generated tritium contaminated waste
stream consists of tritium labeled compounds dissolved in a variety of organic
solvents. These solvents are then sorbed onto Speedi-Dri, an attapulgus clay
material which is essentially hydrated magnesium aluminum silicate. Ac-
cording to information we received from NEN, tritiated organic waste is pack-
aged for disposal in a somewhat different manner than for tritium gas. Norm-
ally, a 115-L (30-gal) steel drum is filled with Speedi-Dri. Then, the con-
tents of 18 3.8-L (1-gal) containers of tritiated waste organic solvents are
poured onto the sorbent. These containers are usually not full, and the vol-
ume of liquid disposed of per 115-L drum is in the range of 45 to 57 liters.
These RTV-sealed 115-L drums are then placed into a 210-L (55-gal) drum and
packed with dry Speedi-Dri and mechanically seaged. As is the case with water(in concrete), the organics can and do undergo H beta radiolysis to yield a
number of products. Because these organics undergo self-radiolysis, gases
will be produced and an assumed accident or breach scenario is unnecessary.
The major gaseous product for organics is hydrogen. In this section, we esti-
mate the maximum pennissible quantities of organics that would be allowed in a
container based on the same pressure limits as for section 2.2.1.1.

In estimating the void volume for container pressurization, the same
metal overpack dimensions were assumed. The only difference between this case

*K. Bennert, New England Nuclear Corp., private communication to G. Bida,
April 3, 1981.
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and that of tritium gas, as far as the void volume is concerned, is the as-
sumed porosity of the Speedi-Dri sorbent versus that of Portland concrete.
The bulk density of Speedi-Dri is reported to be about 0.5 g/cm3, while the
crystal density is 2.5 g/cm3,* In addition, a maximum of about 57 L of
solvent is contained in the 115-L primary drum. Based on these data and
assumptions, we estimate a total waste package void volume of 139 L for the
case of organics sorbed onto Speedi-Dri.

The tritiated organic waste stream reported by NEN is composed of
some nine or ten fairly common solvents, with ethanol and methanol comprising
roughly 50% (by volume) of the total. The complex nature and composition of
this waste permits only a guess as to the magnitude of G(H ). For simple2
aliphatic alcohols under gamma radiolytic conditions, G(H ) values are rela-2
tively large (about 4 to 5) and depend strongly on the purity of the material.
For example, the yield of hydrogen from liquid methanol can be depressed by as
muchas10(g(lcent by the presence of certain substances at concentrations of
only 2 M This was also observed in the gamma radiolysis of oc-
tane.(6$.It has been found that the y
of LET over the range 0.03 to 30 ev/X.ield of hydrogen is nearly independentL12) Th%s has also been observed
for the radiolysis of n-octane and pump oil.L4J Since the bulk of the or-
ganic solvent waste from NEN is ethanol and methanol, and other solvents are
present at < 8% (v/v), we have assumed that the entire tritiated organic
waste is methanol for which a G(H ) value of 5.4 has been reported.u212
This is conservatively high for the purpose of this calculation since the

2 values for the other organic solvents in the waste are generally
G(H )11) and any impurities in the solvent will tend to depress the hydrogen< 5,1
yi el d. Finally, for the gamma radiolysis of n-octane and vacuum pump oil, the
value of G(H ) was found to depend on the mass fraction of organic sorbed2

onto the vermiculitydl .e., the greater the fraction of organic, the larger1

the value of G(H ).i The reason for this is that the energy absorbed by
2the venniculite is not transferred to the organic material to produce H -2

3H beta radiolysis of absorbed organ-Similar behavior is expected for the
ics. In summary, we have made the following conservative assumptions re-
garding the composition and radiation chemistry of the tritiated organic waste
stream:

(1) The waste stream is tritium contaminated methanol.

G(H ) = 5.4 for 3H beta radiolysis.(2) 2

G(H ) is independent of dose, dose rate, and(3) 2
impurities, but depends on the mass fraction
of sorbed organic.

*D. Gregg, Engelhard Minerals and Chemicals Corporation, private communica-
tion to G. Bida, BNL, April 7,1981.
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The final pressure of hydrogen that will be genergt9d from the beta
radiolysis of organics sorbed onto Speedi-Dri is given by: 147

Cit *IG(H )X
P(H ) * * *

2 100 A (2.5)

w'dere

X = mass fraction of organic material present (X = 0.44 for 57 L of methanol,

sorbed on 115 L (30 gal) of S
viously defined for eq. (2.3)peedi-Drf), and all other quantities are as pre-'

Substituting the appropriate values into eq..

2.5 and rearranging,

Cito = (81 Ci/ psia) P(H ) (2.6)2

: From this equation, the initial quantities of tritium contamination for a
given mass fraction of 0.44 that could be permitted for the base case metal
overpacks and pressure limits of interest have been estimated and are listed
in Table 2.4. An initial pressure of 101 kPa in the overpacks was assumed.
Current regulations governing the disposal of tritiated organic waste allow
only 20 Ci of activity per 210-L drum. No significant gas generation is ex-,

pected for this level of contamination. We would like to note, however, that
due to the variability in composition of the organic waste stream, we cannot
be absolutely certain of the limiting values listed in Table 2.4. Any ques-
tions along these lines can only be answered by conducting experiments with

'

actual waste samples.
i

Table 2.4

Maximum Allowable Tritium Contamination in Adsorbed Organics
(Mass Fraction = 0.44) for

Various Pressure Limitsa

Pressure, kPa (psig) 3H content, C1

152 (7.4) 6.0 x 102
450 (50) 4.1 x 103

'. 1484 (200)b 1.6 x 104
656 (80)c 6.5 x 103

aAccounts for initial 1 atmosphere
in the overpack (see footnote a,
Table 2.3).

bCarbon steel overpacks.
cCopper overpacks.

,
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As far as reducing khe concentration of hydrogen precursors is con-
cerned, the situation for organics appears to be more complicated than for
water. In the condensed phase, radicals are formed very close together,
either in the spurs or in the particles' tracks. These radicals will react
very rapidly with one another and cannot easily be intercepted except with im-
practically high concentrations of scavengers. ermore, there is evidence
that not all hydrogen precursors are scavenged.(Fupp/ Therefore, because of6,2
the existence of spurs, some of the hydrogen precursors are not readily
scavenged. and there will always be a certain radical yield that leads to Hg
formation. There is evidence from the gamma radiolysis of n-propanol having
nitrous oxide scavenger that the reduction in G(H ) approaches a limiting2

lvalue (about 2 at 25 C).l 21 Due to the varied composition of the tritiated
organic waste stream, some scavengers will probably be solubility limited and,

However, G(H ) values will already have been lowered duethus, ineffective. 2
to the rather likely presence' of impurities in the waste. At this point, we
can only speculate that addition of a' radical scavenger, such as bromine, may
be effective in reducing the hydrogen yield further.

2.2.2 Gas Generation Due to Microbial Degradation

Of the two major tritium waste streams we have identified, only the or-
ganic waste has the potential of undergoing any significant biodegradation.
Microorganisms, which are ubiquitous in natyrq have long been recognized for
their ability to degrade organic molecules.lld Some of the products that
can result from microbial degradation are gases, the amounts of which are im-
portant to this assessment of metal overpacks for tritium waste containers.

The degradation of complex natural and synthetic materials can be ac-
complished by the actions of heterotrophic and lithotrophic microbes. In the
degradation of organic matrix wastes, gases can be produced by bacterial de-
composition via the metabolic processes of aerobic or anaerobic respiration,
fermentation, denitrification, etc. The production, consumption, and trans-
formation of gases by microorganisms have been studied and extensively re-
vi ewed. (15,16) Carbon dioxide is the major gas expected as a result of
aerobic bacterial decomposition of organic matrix waste. Under anaerobic con-
ditions, hydrogen is the next most important primary gas produced. Assuming
the appropriate conditions exist, hydrogen can then be used by several groups

' of microorganisms to produce several gases which include methane, hydrogen

several volatile compounds may result.tggn of complex organic compounds,
sulfide, and ammonia. From the degradg

/

Several reports and papers have been published that deal with gas gen-

eration from the microbial degradation of transuranic contaminated (gr,ganicwaste under anticipated conditions of long-tenn geologic isolation kl and
from microbial transformations of(o0ganic wastes in shallow land, low-levelradioactive waste disposal sites. 1 ,20,21) The bacteria and fungi in these
wastes responsiole for the biodegradation were derived mainly from humans who
worked with and disposed of the contaminated materials, from the air, and from

.
laboratory animals. However, the major source of the microorganisms appear to

'- be derived from the waste disposal environment, f.e., soil. The situation

!
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that we are addressing for the case of tritiated organic waste fixed on a sor-
bent is not exactly the same as that for the cases reported in the literature.
For the tritiated waste, the material will be sorbed on an appropriate mate-
rial and then placed in high integrity containers. It is intended that these t

containers withstand the effects or corrosion, gas pressurization, and tritium
penneation during a period of 100 to 200 years. The container will thus be an
effective barrier against intrusion of soil microorganisms in a shallow land
burial site. However, this type of waste containerization does not preclude
the potential for gas production from biodegradation. In fact, in discussing
this problem with some of the personnel involved in the research reported in
references 18 through 21, the concensus is that microbial degredation will
take place in these containers and potentially significant quantities of gas
may be generated. There is support for s'uch a claim in the literature. In
experiments involving the biodegradation of transuranic contaminated waste,
measured degradation rates were nearly identical for two separate experiments
where 9 m;crobial soil inoculum was utilized in one case and not in the

18/
.

other.t The credibility of microbial degradation of tritiated organic'

waste is further supported by the fact that the Speedi-Dri sorbent is a natu-
ral clay material and will quite likely contain a large distribution of aero-
bic and anaerobic microorganisms.

On the other hand, one might be tempted to assume that significant
quantities of microbes would not be able to flourish under the " hostile"
chem.ical and radiation environment of the organic waste. There is, however,
ample information in the literature to sufficiently dispel such a belief. We
will only cite a couple of examples to make our point. In experiments con-
ductedtodemonstrggg)thebiogenesisoftritiatedmethanefromlow-levelradioactive waste,\ 1 the levels of tritium used in the experiments
(0.07 mci /mL) had no effect on methanogenesis. This is just slightly less
than the average tritium contamination level reported for the organic waste,

'

stream from NEN. Thermophilic microorganisms are known to survive and grow at
higher temperatures (55 to 60*C). Howser, s9mq

1

grow profusely at temperatures of 93 to 95'C.U') bacteria have been found toIonizing radiation and
organic compounds can act as mutagens to produce str
wouldotherwisenotsurviveundertheseconditions.(gng0,{2yacteriathato

, ,

With the likelihood of biodegradation of tritiated organic wastes es-
tablished for the particular disposal situation that concerns this report, the
next questions would be (1) at what rate (s) will the gas (es) be generated, and
(2) how much gas (pressure) can be expected to be produced? Un fortunately,
these questions do not lend themselves to simple analysis because of a dearth
of information generated for waste disposal conditions similar to those under
consideration. The best one can do is assume a " worst-case" situation in
which the entire organic contents of a typical waste container undergo biodeg-
radation to produce gaseous products only. The rates of gas production andr

f amounts generated will depend on the type and quantity of microbes present
I which in turn depend on the waste composition and environmental conditions'

such as pH, temperature, moisture, etc. Because of the variability in these
parameters, the rates of gas generation may vary wi
These problems have been encountered elsewhere.'(18)dely un a per drum basis,
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-It should be obvious at this point that any estimate'or prediction of
the extent and consecuences of microbial degradation o' tritiated organic
waste typically' gener tad by industry .is simply speculation. However, for
calculational purposes only, we have assumed a scenario in which the entire
organic contents of an average drum of waste is aerobically transformed into
carbon dioxide over the course of 100 to 200 years of containment. As dis-
cussed-above, strict anaerobic conditions will yield gases other than carbon
' dioxide. The production of these gases depends upon when, and if, conditions
become anaerobic, and their identity depends upon the nature of the micro-
organisms present and the nutrients available to them. This information is,
of course, unavailable.

As mentioned previously, the average volume of organic waste disposed
per 210-L drum is 57 liters. Based on the distribution of organic compounds
in the waste, we have estimated a total carbon content of 22 kg per drum.
From this,1.8 x 103 moles of C02 can be produced. For a void volume of

139 L, calculateg kPa (4.6 x 10g.1.2, and assuming ideal gas behavior, a pres-in section 2.
sure of 3.2 x 10 psia, 25 C) will result from complete
oxidation. An initial pressure of 101 kPa in the overpacks was assumed. As a
comparison, the rate of CO2 generation from the degradation of asphalt in-
tentionally inoculated with soil micr(ggtganisms was found to be approximately5 moles of C0 /yr/210-L drum (25 C).10) Assuming a 50% void volume in2
the drum, a pressure of 1.4 x 10 kPa will be generated in 120 yr at that
generation rate. This is obviously in excess of the design pressure limits
for the base case metal overpacks. The maximum carbon content per drum that
could be pennitted for the base case metal overpacks and pressure 1imits of
interest have been estimated for the biodegradation scenario and are given in
Table 2.5.

Table 2.5

Maximum Allowable Carbon Content per Drum for
Various Pressure Limits.a

Pressure, kPa (psig) Carbon Content, g
,

152 7.4) 34.1
450 50) 232

1484 200)b 929

656(80)c 372

aAccounts for initial 1 atmosphere
in the overpack (see footnote a,
Table 2.3).

b arbon steel overpacks.C

cCopper overpacks.
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Only two possible methods for reducing the chances for significant
microbial degradation come to mind: sterilization of the Speedi-Dri before
use, or addition of a biocide to the organic waste. However, sterilization is
precluded by the fact that the Speedi-Dri will require subsequent handling in
a contaminated environment and furthermore, the waste organics will possibly
contain significant quantities of microbes. The second alternative may also
have limited effectiveness. Given the length of time being considered for
containment, it*is felt that even the biocides will undergo a certain amount
of degradation. It might still be worthwhile to investigate the effective-
ness of some biocides against the growth of bacteria isolated from the adsorb-
ent material. In conclusion, until experimental evidence proves otherwise, it<

must be assumed that microbial degradation of the tritiated organic waste has
the potential to produce quantities of gas that will yield pressures far in
excess of the metal overpack limits.

2.3 Sumary and Conclusions

We have established that New England Nuclear Corporation is the major
tritiated waste generator in the U.S. Of the approximately 160 kCi of tritium
disposed of by NEN in 1979, 99% of the waste was tritium gas. (This percent-
age was found to be inaccurate after completion of this report. See
NUREG/CR-3018,1983). The remainder was tritium contaminated organic solvents
sorbed onto Speedi-Dri. Although the organic solvent waste stream is the only
one that can realistically lead to gas generation from beta radiolysis and
biodegradation mechanisms, we have assumed a scenario for which gas generation
may take place for the tritium gas waste package. In this section, estimates
were given for the maximum allowable tritium waste that could be permitted for
various pressure limits of a typical waste container having a 6.35 mm metal
overpack. The pressure limits used in the calculations were: (1) 152 kPa (7.4
psig), (2) 450 kPa (50 psig), and (3) the metal overpack pressure limits.
These estimates required that we make several conservative assumptions. The
results of these calculations and the conclusions drawn from them are summar-
ized below.

e For the base case metal overpacks, copper and stainless steel,
we estimated design pressure limits of 656 kPa (80 psig) and
1484 kPa (200 psig), respectively.

e Based on a somewhat unrealistic breach scenario and rather
conservative assumptions regarding tritium diffusion and
exchange, for the case of gas generation due to beta
radiolysis, the maximum allowable tritium gas content (in
curies) per ovgrpacked contginer was found to be in therange 5.6 x 103 to 1.5 x 10 for the pressure limits
given above.

*A. J. Francis, Brookhaven National Laboratory, personal communication to
G. Bida, BNL, April 10, 1981.
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o For the present regulations governing disposal of tritium gas
(<1000 C1/ container), we conclude that none of the pressure
limits considered in this section are likely to be attained.

e It is possible that the addition of nitrite ion (N0 -)2
to the water used to make the concrete employed in tritium
gas disposal will help to further reduce the potential for
gas generation from this waste stream.

e For the tritium contaminated organic waste stream, the cal-
culations assumed the waste to be 100% methanol since this
is one of the major constituents of that waste stream and
will yield conservatively high estimates of the amount of
gas that can be generated per unit volume or organic
waste. Assuming a mass fraction of 0.44 (organic sorbed
onto Speedi-Dri), the maximum allowable tritium contamina-
tion (in curies) in adsorbed organics per metal overpacked
container estimated for the case of gas generation due to
bega radiolysis was found to be in the range of 6.0 x10 to 1.6 x 104 for the overpack pressure limits
given above.

e Since current regulations governing the disposal of
tritium contaminated organic waste do not allow
more than 20 Ci of activity per 210-L drum, no sig-
nificant radiolytic gas generation is expected for
this level of contamination.

e Because of evidence indicating that not all hydrogen
precursors are scavengable in liquid phase organics,
we can only speculate that addition of known free
radical scavenged will be ef fective in reducing the
hydrogen yield from radiolysis.

e It is quite likely that the tritium contaminated organic
waste will evolve gas (es) from biodegradation over the
course of 100 to 200 years of containment. However, due
to a lack of experimental data, the rate of gas produc-
tion and the amount generated are unknown.

e For calculational purposes, a worst-case scenario was
assumed in which the total carbon content (22 kg) of
a typical container of tritium contaminated organic

-waste was aerobically transformed into carbgn di-
oxide. The estimated pressure was 3.2 x 109 kPa.

-(4.6 x 103 psia), well in excess of the design
pressure limits for the base case metal overpacks.

i

o For the case of gas generation from microbial degrada-,

tion, the maximum allowable carbon content per metal
overpacked container was found to be in the range
of 34 to 929 g for the pressure limits of interest.
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o How realistic these estimates are for microbial degradation l
will require identification of appropriate microorganisms !
in the Speedi-Dri adsorbent and detennination of their gas |generatioii potential and the factors that affect the rates 1

and quantities of gas produced.
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3. DIFFUSION OF HYDR 0 GEN THROUGH MATERIALS

Assuring that tritium will not escape from the waste-disposal package by
diffusion through the container wall is one of the easier tasks involved in
tritium disposal. The problem of hydrogen containment at ordinary tempera-

tures was solved long ago; witness the familiar laboratory cylinder (4p1 0
steel) which stores hydrogen at 2000 psi with an annual loss of 0.8%.t
Tritium's diffusion behavior has been shown to be essentially the same as that
of normal hydrogen. Also, much practical experience in tritium containment
has been accumulated at Mound Facility, Savannah River Laboratory, Oak Ridge
National Laboratory, and elsewhere. Shipping containers for gaseous tritium,
which meet rigorous safety requirements, have been developed, and these are in
routine use. These are discussed in Section 4.

It is desirable, however, to back up the observations based on practical
experience with a review of more fundamental research on the interaction of
hydrogen with candidate materials of construction. Such interactiel can take
the form of chemical reaction to form a metallic hydride; solutic . and subse-
quent permeations; and hydrogen embrittlement at high pressures. An associ-
ated problem of helium embrittlement over long periods of storage may occur
when solubilized tritium decays to helium within the metallic lattice. How-
ever, most of the results obtained with hydrogen will apply to tritNn, sub-
ject to the application of a small correction factor. In order tc , ci fy'

this factor more precisely, articles on hydrogen isotope effects fi. metals are
included in the review; and, of course, papers directly concerned with tritium
itself in metals.

The literature on these topics is enormous. Fortunately, much of it can
be eliminated at once from further consideration, since no metal capable of
forming hydride by direct reaction with hydrogen can be considered as a con-
tainer material. This eliminates the alkali and the alkaline earth metals
(except magnesium), scandium, yttrium, and the rare earths, titanium, zirco-

'

nium, hafnium, thorium, vanadium, niobium, tantalum, and palladium. The re-
maining metals of possible utility as container materials are copper, silver,
gold, zinc, cadmium, aluminum, tin, lead, chromium, molybdenum, tungsten,
manganese, iron, cobalt, nickel, and magnesium. Of these, there are compre-
hensive hydrogen permeability data on iron, nickel, and aluminum. Somewhat
less complete information is available on several of the others. Permeability
data have been excerpted from a selected group of the most recent publica-
tions. A container that will be essentially impermeable to tritium under the
expected conditions will not be optimal for resistance to environmental
attack, except by coincidence; in general, one must expect that a composite
container will be required. Other factors such as material strength, ease of
fabrication, compatibility with adgqent environments and response to
irradiation-induced rate increasest'l can mitigate against the use of low
permeability metals. Tungsten, unless in a very pure form, is too brittle to
fabricate even though it is highly impermeable to hydrogen. Titanium, a
highly corrosion resistant metal, cannot be used because of hydride formation.

A brief introduction to the conventional method of presenting permeabil-
ity data is in order at this point. At a given temperature, the amount of
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gas, f passing through a membrane per unit time depends on the area, A,
~ the th$c,kness, t, the high-side pressure, pi,he material of the membran9the low-side pressure, p2

most combinations of diatomic gases and membrane material, the relationt3) Forand of course,.on the nature of the gas and t .

is given approximately by:

(p[-p2)P (3.1)
|

f =
g

The permeability, P, is a characteristic of the particular system. It is cus-
:

|
tomarily given in such units as cc(STP) cm-2.s-1 cm-(atm)-1/2,
Here the.second "cm" refers to'the thickness of the membrane. In general, the

t

amount of gas is proportional to the area of the membrane, to the elapsed
I time, and to the square root of the pressure. (Atomic diffusion produces the

square root pressure dependence; molecular diffusion, as in polymerics and
oxide films displays a linear dependence). The amount of gas is inversely

,

: proportional to the thickness of the membrane.

' The' mechanism of permeation in metals is considered to involve adsorp-
. tion, dissociation, atomic solution (as H or H+), migration through it by

4

j diffusion under the driving force of a concentration gradient, recombination,
desorption, and passage into the gas phase on the low-pressure side. Perme-
ability is dependent upon temperature, the nature of the material, boundary

-

conditions (chemisorption or dissociation), and thickness (for thicknessesi

I greater than 1 mm).(98 The square-root pressure dependence of pemeability
results from the similar dependence of gas solubility, according to Stevert's
law, expressed as C(conc) = k p /2 It can be shown that the permeabilityl:

J. is equal to the product of solubility times diffusivity (from Fick's first
1 ~ diffusion law). Permeability can thus be either measured directly or obtained

from independent measurements of solubility and diffusivity. For this review,
'i the direct measurements have appeared adequate and we have not undertaken the'

much more extensive tasks of compiling P values from solubilities and
;

diffusivities.
;

A major factor increasing the penneability is the increase in solubility
with increasing temperature. Diffusivity changes little with temperature in
comparison with solubility. The temperature dependence of permeability is of"

the Arrhenius form

P = a e-E/RT (3.2)

at least in the higher temperature region where most measurements have been
! -made. At lower temperatures, permeabilities tend to be lower than extrapola-

tion by this formula would predict, due to different rate-controlling mechan-
isms having different activation energies. At low temperatures, solubility is

3 the rate-controlling-factor; at high temperatures, diffusion is rate-
controlling.
.

I

:
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3.1 Tabulation of Permeability Data on Materials

Pemeabilities are reported in the literature in a variety of units. In
order to facilitate comparisons, published values nave been converted where
necessary to a common unit, namely cc(STP) cm cm-2.s-1 atm-1/2,
For metals, entries with inserted dashes represent alloys; entries with in-.

serted slashes represent laminates. Wherever reliable data on temperature de-
pendence were available, permeabilities were calculated for the temperatures
25'C,100 C, and 200*C. (See Table 3.1). Metals with pemeabilities greater
than 10-8 at 298*K were rot included. Discrepancies in permeabilities that
were attributed to experimental difficulties were not included. It should be
noted that the permeabilities of binary alloys fall within the permeabilities
of the pure components.

It is sometimes the case that a multiplex metal structure is used to fom
a barrier to gas. When such materials are placed in a series to form a lami-
nate, then the combined pemeability coefficient, P , may be calculated fromL

the coefficients of its constituent layers, assuming that the) values of area,time, and pressure are the same for all constituent layers,(5

i=n

f*h (3.3)
L i=1 i

: where

PL = permeability of the laminate
i

Pi = permeability of the ith layer

xi = thickness of the ith layer

L = thickness of the laminate

This equation is limited to permeability coefficients which are indepen-
dent of pressure. For a two layer laminate, the rearranged equation becomes

LP P12
P

L " P *1+P x
('

2 y2

Even though fifty-fold reductions in permeability have been reported (6) at
high temperature (600*C), laminates generally provide small decreases in per-
meation when compared to equal thicknesses of the seggrate layers, especially
at room temperature. For specific design purposes,D J a laminate can be
chosen, but it should have been proven successful in terms of bond formation,
mechanical integrity, and themal shock resistance, because of the potential
problem of delamination.
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Table 3.1 s

Pemeability of Metals to Hydrogen and Its Isotopes .ba

Isotope Material 298'K 373*K 473*K Reference

H . Tungsten 4.2 x 10-25 1,9 x 10-20 1.5 x 10-16 3
D Gold - 10-21 10-13-~ 41....

D Aluminum Alloys 6.9 x 10-19 1.4 x 10-15 5.4 x 10-11 20
H Holybdenum 4.3 x 10-18 6.4 x 10-15 3.0 x 10-12 3
H 316SS/Cu/316SSC 4.5 x 10-18- 1.3 x 10-14 1,1 x 10-11 42

.T 21Cr-6Ni-9Mn SSd 4.7 x 10-18 1.9 x 10-14 2.1 x 10-11 27
H Pt-Ir (75/25) 4.8 x 10-17 3.1 x 10-14 7.1 x 10-12 19

T 316 SS 2 x 10-16 8.3 x 10-15 1.5 x 10-13 22
H 310 SS* 2.4 x 10-16 2.4 x 10-14 1.1 ' x 10-12 28
T Aluminum 3 x 10-16 10-12 10-8 24
H Copper 6.0 x 10-16 8.8 x 10-13 4.0 x 10-10 42

4.2 x 10-11 43H Copper --- ---

0 ' Molybdenum 6.5 x 10-16 2.4 x 10-13 3.4 x 10-11 44

T. Ir.coloy 800 1.1 x 10-15 7.1 x 10-13 2.5 x 10-10 45
H Coppe r 1.7 x 10-15 9,o a 10-13 1.75 x 10-10 44

T Incoloy 800 3.8 x 10-15 9.2 x 10-10 17..-

T Tungsten Alloy 4.0 x 10-15 6.4 x 10-13 4.5 x 10-11 17

21r.r-6N1-9ttn-SS)
(1.5 Fe. 3.5 N1

8 x 10-11 10D --- ---

1.2 x 10*II 9 46H 110 SS ------

1.7 x 10-12 9 46H .ENSBC SS ------

H Kovar Alloy 5.8 x 10-15 1,9 x 10-12 2.5 x 10-10 47

(Fe.Co. Nil
T 21Cr-6Ni-9'tn SS' 2.7 x 10-14 5.7 x 10-12 5.1 x 10-10 to
T 316 SS 2.9 x 10-14 7.2 x 10-12 7.4 x 10-10 17

T Incoloy 800 3.9 x 10-14 9.2 x 10-12 9.2 x 10-10 48
T Sanicro 31 5.9 x 10-14 1.2 x 10-11 1.0 x 10-9 17

T Haste 11oy N 6.8 x 10-14 1.4 x 10-11 1.3 x 10-9 17

0 21Cr-6N1-9Mn SS 6.8 x 10-14 1.4 x 10-11 1.3 x 10-9 49
D 309 SS 1.0 x 1013 1.6 x 10-11 1.1 x 10-9 49
H 304 SS 1.4 x 10-13 5.0 x 10-11 6.8 x 10-9 42
0 304L. 316L SS 1.5 x 10-13 1.7 x 10 11 9.1 x 10-10 gg

H 347 SS 2.4 x 10-11 8.3 x 10-10 43---

H 321 SS 2.4 x 10-13 3.0 x 10 11 1.7 x 10-9 21
H Ceramvar Alloy 4.1 x 10-13 4.8 x 10-11 2.6 x 10-9 44
H Ceramvar Alloy 4.3 x 10-13 4.9 x 10-11 2.7 - x 10-9 47 .

'

T 305 SSh 4.4 x 10-13 4.4 x 10-11 2 x 10-9 50
H Incoloy 903 8.3 x 10-13 8.7 x 10-11 4.4 x 10-9 47

|
!'

|

|
|

,
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Table 3.1, Continued
,

Pufmedhllity of Metals to Hyilrogen and its lsutopesdeb

Isotope Heterfal 298'K 373*K 473*K Reference

H 316 $5 1.1 x 10-12 2.3 x 10-10 1.9 x 10 8 42H Inconel 4.7 x 10- 43x10*g
--- ---

H 'Inconel 718 1.3 x 10-12 1.2 x 10-10 5.6 470 Inconel 718 1.5 x 10-9 I 19
... ---

0 Heste11oy N
.l.4 x 10 l2 1.0 x 10-10 3,7 go-9 gg12

H Cobalt. 1.5 x 10* 9.5 x 10-11 3.1 x 10*9 19Based Alloy
T Croloyd 2.2 x 10-12 5.3 x 10-11 7.7 x 10-10 517 406 SS 5.3 x 10-12 1.09 x 10-8 gy..-'
N 316 55 5.5 x 10-12 9.5 x 10-10 7.2 x 10-8 52T hickel 12

7.0 x 1012 4.5 x 10-10 1.7 x 10-8 gy
T Nickel

1.3 x 10 1 2.8 x 10-8 $3.--

1 x 10-1 1.3 x 10-9 7.4 x 10 8 52
H 321 $5
T Mart ensIt e 2 x 10-11 5.8 x 10-10 1.0 x 10-8 gg
i Croloy 2.3 x 10-11 2.6 x 10-8 gy---

H Inconel 625 2.3 x 10-11 3.1 x 10-9 1.8 x 10*7 52H Inconel 718 4.0 x 10-11 3.9 x 10-9 1.8 x 10-7 527 Iron 2.7 x 10-10 6.7 x 10-9 1.0 x 10-7 54
T Croloy 3.3 x 10-10 8.0 x 10*9 1.2 x 10-7 510 4130 Carbon Steel 3.7 x 1010 7,9 x 10-9 1.03 x 10*? 25 '

H T-1 Steel 7.3 x 10-10 1.8 x 10*8 2.6 x 10*I 25
T fron/Marz Grade 7.3 x 10-10 1.8 x 10-8 2.6 x 10-7 250 Low-Alloy Steel

1-5 x 10 8 5 x 10-8 5 x 10*? 19
9

T Ferrit e-Perlit e 10- gg... ...

eP 15 in units cc(5TP)+cm cm-2.g.1. ate-1/2,
b
Estimating tge inside surface area of 55 gallon drum to be 2.0 x 104 cm2, multiply P.
values by 10 to convert to units of L(STP).0.25 f ndi/20,000 cm2/ year / atmosphere.

c55 refers to stainless steel.
d Steel was s emically cleangd.
' Steel was coated with 200 A palladf um coating.fSpecimen was electr)polf shed.
9P value was measured at 353*K.h
0ata represents averaging of available permeabilities for 304, 304L, 316, and 347 55.

I(P at 298'E was corrected for a grafn boundary contributton).
P value was measured at 423'K.

JSpectron was steam-oxtdtzed.

,

O

I
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In non-metallic solids, interstitial solution of hydrogen is assumed, i

although substitutional replacement may be anticipated in cases such as poly-;

merics (see Tables 3.2, 3.3, and 3.4).
For tritium specifically,(gg polymers and

Hydrogen solution.

the possibilityglasses is normally molecular. 3
;

exists that isotopic exchange of tritium with the hydrogen in the polymer
|- could eventually degrade the polymer by breaking the bonds where replacement
4 tritium decayed. (Some elastomers are corroded by protium.) The pemeabil-

ities of polymerics are well above those of metals, e.g., stainless steels.
The pemeability of borosilicate glass is on the order of some stainless
steels. Even so, non-metallics may be chosen to be a part of the waste pack-

i' age on the basis of internal corrosion factors, e.g., chemical resistance,
,

; and/or water permeability. These are discussed in Section 4.

3.2 Effect of Surface Treatment on Permeability

!

To reduce permeability, one has to mainly alter the amount of hydrogen*

dissolved in the metal. In metals, hydrogen enters in a dissociated form,
j rather than in molecular form. It is uncertain whether the form is atomic or

(dependence on p /2) below 400*C.(4. gen in steel does not obey Stevert's lawionic (H+). The nemeation of hydro!
l 9) This is thought to be due to pres-i

} ence of naturally-occurring oxide layers. It appears that entry of the hydro-
; gen into the steel is the controlling factor. Therefore, surface treatments
i of metals in view of pemeation reduction are important. Additional mecha-

nisms by which permeation is suppressed involve inhibition of molecular dis-'

. sociation and increases in the energy of activation for entry.
.

Gill (10) judged the tritium-barrier properties of ten containers by
correlating amounts of HT present after one year in initially 99.7% tritium
9as in contact with the surface evaluated. Results indicated that: (1) the

.

mechanical treatment of a chosen material is important; (for example, perme-i
j . ability ' n cold-worked 304L SS is about 30 times greater than in annealed
i form);LI l (2) the surface area of a prospective vessel must be minimized
j' (e.g., by polishing); (3) the permeation of hydrogen through a metal can be

decreased by altering surface oxide films with nitric acid passivation, wet4

hydrogen firing, oxygen bombardment or electropolishing. '

r ,

i The most exchanged tritium (HT) was found in two commercially-available
! containers: one, an untreated 304 SS, had greater than 11.0[HT] mole %; the
; other, an aluminum with a chemical conversion coating, had a 5.0[HT] mole %

content. ~ Vessels containing HT in the range 0.7 to 1.2 [HT] mole % included
,

; cadmium-plated, electrocleaned 304 SS; borosilicate glass; and electro-
| polished, oxygen discharge-treated 304 SS. In order of decreasing HT content

(from 0.1 to 0.3 mole %), the following containers provided least interactioni

of tritium gas with the surface: dry-polished, wet hydrogen fired 304 SS >g
dry-polished, gold-ion-plated 304 SS = burnished aluminium > electropolished
304 SS > dry-polished 304 SS.

i

| 3.3 Permeation Resistant Coatings

,, There exists a considerable amount of data on the effect of surface coat-
|

ings on the hydrogen pemeability of metals, although much of it was obtained
.
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.' / Table 3.2-

Permeability of Plastic Films to Hydrogen and Its Isotopes .ba
1

Isotope Haterial 298*K Comments Reference

H poly (ethylene terephthalate) 4.4 x 1D*9 high resistance 55
H "Hylar" polyester 4.5 x 10*9 to rad 56
H 4.6 x 10-9 5 x 10gationrad maatmum 57

,

D* 4.1 x 10*9 56,

H. poly (tetrafluoroettylene) 6.1 x 10 8 low resistance 56
0 "Te flon" 9.8 x 10 8 to radjation 56
0 1.3 x 10-7 1 x 10' rad maximum 58
T 1.0 x 10*7 56 '

H poly 1mide 1.1 x 10 8 57_..

H "Kapton" 1.3 "x 10 8 56
0 1.3 x 10-8 56
T 1.9 x 10 8 56

H polylving11dene chlorfdel 3.1 a 10*7 59....

H "D1ofan 3.6 x 10 8 56
0 2.3 x 10 8 56

H vinyl 1done chloride. 4.2 x 10-9 , 57.-..

vinyl chloride
copolymer " Saran"

s H poly (vf nyI chloride) 4.6 x 1010 h1gh resistance 57
H (plasticfzed and 6.8 x 10-9 to radiation 57
H unplasticized) "Geon" 1.5 x 10 8 1 x 108 rad maximum 60
H 3.3 a 10 8 61
T 1.2 x 10*I 62

H vinyl chloride. 7.6 x 10-8 63....

vinyl acetate
. copolymer "Vinyon*

H polyamide " Nylon 6" 5.0 x 10 9 57.~.

H polyamide ' Nylon 11" 1.5 x 10*8 57..

H polyethylene 8.9 x 10 8 high resistance 57
-H low and medium density 7.4 x 10*7 to radgation 62
T branched 8.7 a 10 8 1 x 10 rad maximum 63

.. . .. . . ..... .-.... . .... .....................

I
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Table 3.2. Continued
Permeabt11ty of Plastic Films to Hydrogen and its Isotopes ,ba

Isotope Material 298*K Comments Reference

H cellulose acetate 8.4 x 10-8 63...-

3.8 x 10-8 $7H
....

H regenerated cellulose. 1 x 10-10 $7....

cellophane

H FEP fluoroplastic 1 x 10-7 low resistance 57
to radiaticn

H poly (trifluorochloroethylene) 1.5 x 10-8 resistance to 57

radiatjon
1 x 10 rad manfoum

H polyvinyl fluoride 2.6 x 10-9 tow resistance 57
to radiation

H polycarbonate 7.3 x 10 8 resistance to 57

"Le ma n" r Wf ation
1 x los rad maximus

H polystyrene 6.9 x 10*7 high resistance 63

5 x 10gation
to rad

rad maximum

H polysulfone 8.2 a 10-8 57..

I1H polypropylene 9.1 x 10 8
blanfally oriented 57

7.8 x 10- resistance to 57

repletion10 to 109 rad

8P value is in cc(5fP)*ca.cm*2's-I*atm*I.
by es in quotation marks are registered trademarks 111ustrative of polymer type. No endorsement
is inylled or intended.

i

i

I

i
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Table 3.3

Permeability of Elastomeric Films to Hydrogen and Its Isotopes ,ba

Isotope Tradename P at 298'K Reference.
,

H polyisoprene 3.5 x 10-7 56
H natural rubber 3.9 x 10-7 64
0 3.0 x 10-7 56
T 2.6 x 10-7 56

D butadiene-acrylonitrile 5.6 x 10-8 56
D copolymer 9.8 x 10-7 56
T "Buna N" 4.4 x 10-8 56

H styrene-butadiene 3.2 x 10-7 61
copolymer "Buna S"

H isoprene-isobutylene 5.9 x 10-8 61
eopolymer
butyl rubber

H polychloroprene 1.0 x 10-7 61
" Neoprene"

T filled 3.9 x 10-9 62

H silicone' rubber 4.9 x 10-6 63

aP value is in cc(STP) cm cm-2.s-1 atm-1
b
Nimes in luotaffon marks are reSo endorsemenUs impliedistered trad rkt lustrat ve o polymer type.
or intended.

Table 3.4

Permeability of Glasses to Deuteriuma

Material P at 298'K P at 373*K P at 473*K Reference

Borosilicate 10-13 10-12 10-11 65
Fused quartz 3.7 x 10-13 3.7 x 10-12 10-10 66

aP value is in cc(STP) cm cm-2.s-1 ata-l.
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under conditions quite unlike those that will be encountered in tritium waste
disposal.

Oxides have been proposed as permeation barri . s,(12) but their proper-
ties depend 9ritica11y on the substrate, conditions of growth, and utilization
environment.!13s Anomalous permeation behavior is often observed, e.g., a
nonlinear pemeability decrease with increasing thickness (often attributed to
cracks induced by thermal stresses) or increasing permeability as a function
of time due to oxide reduction. Thick oxides generally exhibit energies of
activation similar to substrates, while thin oxides have higher activation
energies for penneation.

,

The mechanism by which the presence of an oxide film on metal, either
naturally-occurring or enhanced, affects permeability has been studied.(14)
It is believed that hydrogen molecules are prevented from dissociating at the
surface, and thus cannot dissolve as atoms. Permeation, therefore, involves
molecular hydrogen permeation through defects in the material. Roehrig and
Blumensaat(153 followed a model analagous to Kirchhoff's laws for electric

,

current in describing the permeation flux through the oxide film and after-
wards the metal, i.e., the connection of a linear and non-linear permeation
resistance in series.

StickneyI3) summarized work done up to 1972. Some of the salient
points were the following. Hydrogen permeation through type 430 stainless'

steel was reduced about 100-fold at 650*C by "calorizing" the surface, i.e.,
treating it with aluminum. A calorized coating is said to consist mainly of
an aluminum-iron intennetallic compound with a surface film of aluminium ox-
ide. Calorizing type 347 stainless steel had about the same effect on perme-
ability as(wi th type 430. The measurement in that case was made at 860*C.
Thermacore 4? reportedly reduced tritium permeation by five to six orders of
magnitude on 2 mm thick stainless steel (processed in-situ at 500*C). How-'

ever, this layer is easily damaged and needs maintenance at high temperature
to remain useful. A nickel-aluminide coating on 304 SS processed a tempera-
tures in excess of 800*C has been detailed by McGuire.d6,

Glass coatings of various types have been applied to stainless (ggels,with subsequent penneability reductions of up to 200 fold. McGuire l has
recommended a phosphate glass external coating on austenitic SS operated in

plied to exterior surfaces, is fired in place at 350*C (phosphoric acid, ap-
excess of 550*C in fission and fusion reactors. Liquid

e.g. , by the heat of
the reactor). Exposed to air, this surface becomes glassy. Again, suscepti-
bility to damage is high.

Several stainless steel tests including 347, 304, 316, and 410, were ox-
idized by exposure to a mixture of hydrogen and steam at 1000*C. The treat-
ment reduced their permeability by about two orders of magnitude. Type 321
steel did not respond the same way, its permeability not being influenced sig-
nificantly by the treatment.

il~hich includes more recent results, was given in a paperAnother summa w
1n 1979. This is shown in Table 3.5. It is to beby Bell and Redman
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-Table 3.5
,

The Effects of 0xidation to Form Oxide Layers and
to Reduce Hydrogen Permeation Ratesa

Temp. Permeation
Alloy *C 0xidant Time Impedance Factorb

Incoloy 800 660 0.32 atm H O 150 days 1672
Incoloy 800 660 0.70 atm H 0 150 days- 1782,

Incoloy 800 660 0.94 atm H O 150 days 4192
Incoloy 800= 660 0.94 atm H 0 150 days 319

*

2
Incoloy 800 520 0.94 atm H O 150 days 41s

2;

Incoloy 800 725 0.9gatmHO 150 days 148
>

2
Vanadium 350-700 10- torrc 62 days >100 to <1000
446 SS 1038 air d 1000
Fe-Cr-Al 1093 air 1 day 1000

-

Incoloy 800 800 e 83 days 100-1000
21-6-9 SS 500-400 HNO3 f 100-1000

aReference 17.
bThe permeation impedence factor is that by which permeation rates
are reduced.

cResidual H O and 0 -2 2
d reoxidized for non-disclosed time.P

-

eA process gas of 43.5% H , 35% H 0, 8.9% CH , 6.9% CO, and2 2 4

f .7% C0 .
5 2
Samples apparently pickled in HNO3 bath for few minutes.

.

noted that the Incoloy data refer to experiments in which the downstream side
of the metal 8 membrane was being continuously oxidized by high-temperature
steam, while tritium diffused through thereby reducing the permeation by in-
creasing the energy of activation for entry. The conditions are thus rather.>

remote from those of our present concern. The data on the other materials
refer to high-temperature permeation experiments.

More pertinent results were reported by W. A. Swansiger, et al.(18) whos

used deuterium and tritium to compare the permeability of two stainless steels
with and without oxide layers. For each steel, a clean surface was carefully4

prepared and protected against oxidation with a palladium coating; while a
comparable sample, without
nitric acid and "Nitradd.", palladium was lightly oxidized by treatment withThe steels chosen were 21 Cr-6Ni-9Mn, modified
A-286, and 309S. For the first of these, permeation data were obtained over
the temperature range 95*C to 430*C, and an Arrheaius expression was obtained
from which the values presented in Table 3.6 were derived. It will be seen
that the room temperature difference between oxidized and clean samples

*Nitradd is a chemical cleaner produced by Turco Products, Wilmington, CA.
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amounts to four orders of magnitude. Less extensive data were obtained on the .
other two steels which showed very similar behavior to the 21-6-9.

Table 3.6.

,

Penneability of Coated Steel to Tritiuma

P

Treatment T'C .cm3 (STP)

21 Cr-6Ni-9Mn steel,
Pd-coated 25 2.7 x 10-14

100 5.7 x 10-12
200 5.1 x 10-10

21 Cr-6Ni-9Hn steel,
treated with nitric acid
and "Nitradd" 25 4.7 x 10-18

100 1.9 x 10-14
200 2.1 x 10-11

aReference 27.

Tison(19) repor
coat of about 2000 A}ed that a stainless steel-(Z2CN18-10) with an oxidehad, below 200*C, a permeabilit low to measure in
his appartus, i.e.; below 10-11 cc(STP).cm.cm-2.s-1 y top /2,ate-1

Part of aluminum's high resistance to permeation is due to the thin oxide
film that is naturally present
Louthan, Caskey, and Dextert20)unless special precautions have been taken.circumvented its effect at least partially,
by conducting deuterium permeation experiments in which the upstream side of
the sample was in contact with lithium deuteride. This presumably gave
results that were nearly a measure of the bulk permeability of aluminum. The
permeabilities were in fact over an order of magnitude greater than in the
absence of .11thium deuteride.

Strehlow and Savage (9) oxidized 405 stainless steel and found that its
permeability to hydrogen was thereby reduced several hundred fold. Similar
reductions were found with Incoloy 800. The effectiveness of the oxide de-
pendid on the conditions of its formation, and so did the way in which perme-
ability depended on hydrogen pressure. With defect-free oxide films, depen-
dence was on the first power rather than on the square root of the pressure,
indicative of molecular diffusion.

Oxidation also had a beneficial effect on a 430 type stainless) steelwhich contained 2 weight percent aluminum. Van Deventer, et al. W found
that its penneability was 1/30 that of ordinary 430; and that after oxidizing
at 730*C, it was further reduced by a factor of nearly 150. The same authors
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sputter-coated a 321 stainless steel with layers of aluminum and/or A10 ,23but found relatively disappointing permeability reductions of the order of 10
to 30 fold.

McGuire(22) reported that 304 SS oxidized for 200 hours at 750*C had a
twenty-fold more reduction in permeation rate than one oxidized for 750 hours
at 550*C. The 750*C film had a high concentration of manganese and chromium
oxides located within 200 A of surface.

3.4 Isotope Effects

It was stated above that tritium and normal hydrogen (protium) permeabil-
ities show only a small difference. It arises from the combined effect of
differences in solubility and in diffusion coefficient, neither of which is
l arge. In general, so large an uncertainty is attached to permeability mea-
surements (because of difficulty in attaining exact reproducibility of condi-

i tions) that isotope effects introduce negligible perturbations. Measurements
made with one isotope can be taken as valid for another. A few examples of
experimental comparisons will illustrate the point.

,
,

Bell and Redman(23) found that for nickel at 500*C the protium-tritiumi

permeability ratio is 1.55. Data obtained over a range of temperatures indi-
cated that the ratio fell to unity at room temperature, and approached the
square root of the ratio of the atomic masses, i.e., 1.73 at high tempera-
tures. Tritium penneabilities on alym
protium data were reported by Ihle.t2{ gum that agreed " reasonably we]L 5)with

"

i Louthan, Caskey, and Dexter
found that deuterium and tritium permeabilities in commercial aluminum alloys
in the range 200-400*K conformed to th
Louthan, Derrick, Donovan, and CaskeyL'g /)mD/mi relationship, while5 found the same relation among the,

'

permeabilities of protium, deuterium, and tritium in pure iron in the range,
! room temperature to 253*C.

I The same relation between tritium and deuteriurp
steel was reported by Louthan, Donovan, and Caskey.t2gg type 304L stqnlessi Swansingert' 8
measured deuterium and tritium permeabilities on a palladium-coated 21-6-94

{ stain 1 51et al.tW) steel, and found the ratios 1.65 at 25*C and 2.29 at 200*C. Tison,9
obtained deuterium and protium penneabilities on three steels

over a range of temperaturgs. Typical ratio values, at 200*C, were 1.14,
t 1.26, and 1.55. StickneyW quotes British results in which tritium per-

meability in stainless ste9 3)was three- to four-fold slower than that of hy-1:
drogen. Quick and Johnsont2o found a penneability ratio of 1.44 for pro-|

! tium to deuterium in 310 stainless steel - a value very close to the square
'

.

root of the mass ratio,1.73.
t

In conclusion, tritium permeabilities are never greater than those ofi

normal hydrogen; they may however, be smaller by a factor of two..

3.5 Embrittlement by Hydrogen and/or Helium

Gove and Charles (l) determined the rate of uptake of hydrogen (not nec-
essarily all of which difffuses out), in the temperature range 50 to 400*C for
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a chromium-molybdenum steel of the type typically employed for hydrogen stor-
age cylinders. Embrittlement occurred when hydrogen solubility in the carbon
steel exceeded 2 mL per 100 grams. At a pressure of 11 atmospheres and 50'C,

the hydrogen concentration approached 0.15 mL/100 g. (Ag)140 C, the concentra-tion approached was 0.4 mL/100g. Walker and Chandler 2 performed thres-
hold stress intensity measurements on aluminium, 321 SS, and a Mn-Mo-Ni SS
(ASTM A-533-B for welded pressure vessels). At ambient temperatures, there
was no reduction in monitored mechanical properties below 100 atm.

Although there does not appear to be a potential problem with hydrogen
embrittlement of the waste containers (because of the low anticipated tritium
pressures involved), there may well be a problem with embrittlement of certain
metals by the helium daughter produced from tritium decay within the metallic
lattice.

Aluminum is generally considered to be immune to embrg4ement by hydro-um, but it can occur if enough gas is absorbed. 1 Farrell and
Houstontg{i reported that in the presence of radiation-induced damage and a
gen or h

gas content in aluminum of 2200 appm (ppm on an atomic basis) helium and trit-
ium, severe loss of mechanical properties occurred.

The effect of' hydrogen on the mechanical properties of stainless steels
has usually been considered to be independent of isotope type. However, anal-
ysis of long-term exposure to tritium (pD,M,q{{cated by the fact that it de-qqm

1 Concluded that degradationcays to helium. Some earlier studies 0

of mechanical properties due to the presence of helium in austenitic stainless
steel (maximum concentration 50 appm helium) occurred only after high tempera-
ture annealing caused helium bubble formation.

Louthan, et al.(20,32) on the basis of short-term simulation of long-
tenn tritium decay effects concluded that helium had little effect on the me-
chanical properties studied of 304L and 309S stainless steels exposed to more
than one atmosphere at 27*C for 25-50 years.

More recent experimentation has revealed a potential concern for helium
embrittlement in tritium-processggg equipment or CTR (controlled thermonuclearreactor) inner ("first") walls.14 Austenitic stainless steel samples
thermally charged with hydrogen and tritium revealed little difference in me-
chanical properties (usually tested are loss of ductility and yield strength
change) when testing was conducted immediately after charging. However, dra-
matic differences were noted in aged specimens, which exhibited time dependent
ductility losses. No evidence was provided th bubble formation was required
to cause degradation. Additionally, evidencel pi for ambient temperature3

helium degradation (280 appm 3He) in 304 L and 21-6-9 stainless steels
tested 66 months after charging with tritium was presented when dramatic'

changes in both ductility and fracture mode were noted. Even if the concern
,

is real in the area of high-temperature reactor technology, it may not be of
importance in waste containerization. And, in fact, the magnitude of a prob-
lem in a container could probably be mitigated by changes in design, e.g.,
thickness, use of a protective liner, dif ferent metal, etc.
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Thomas and Sisson(35) found that below 900*K, more than 99% of intro-
duced helium is retained in the sample, regardless of heat treatment condi-
tions. Initially, the tensile specimens of 304 L and 21-6-9 SS were charged

3 e) at 354*C for 17 months under 47 mPa and subsequently stored(500 appm H;

for 66 months at 270*K. The total room temperature exp sure after aging was
'

approximately7mongHecontent. Surprisingly, the fraction 9f He released variedhs.
inversely with the Similar experimentst36 on tritium-soaked
samples of a variety of metals indicated that over 90% of the helium atoms
generated during low-temperature storage were retained in the solid during
subsequent thermal desorption.

Donovan (37) has reported that helium, produced by tritium decay, af-
fects the strength and ductility of 304L, 309, and 21-6-9SS. In general, the
effects are very temperature dependent. These stainless steels fail after
high temperature annealing by intergranular fracture due to helium bubble
formation on grain boundaries. However, high temperature annealing was not
necessary to cause helium embrittlement. Helium charged 21-6-95S was se-
verely embrittled and failed intergranularly at room temperature. The prob-
able reason given was that tritium was trapped at microstructural features and
that decay caused high localized concentrations and subsequent embrittlement.

Calculations have been performed (38) to determine 3 e concentrationsH
after 100 years of tritium containment (at 10 atm and 348 *K) in 9.5 mm thick
304L and 309S SS vessels. At the inner surface, 3 e may be as much as 1900H
appm (approximately 6.0 cc(STP) He/cc iron).

Bisson and WilsonI39) have given the folicwing explanation for the
deleterious effects of small amounts of helium trapped in a metal. (Helium is
nomally not that soluble in a metal, but tritium is and decays to helium).
Helium trapped in a face-centered cubic lattice has a high binding energy for
other helium atoms. Continual trapping of helium atoms by previously trapped
helium atoms is energetically favored. The energy of the decay of tritium is
insufficient to disrupt the crystal lattice of the metal. Although the helium
does not have sufficient energy to recoil a substantial distance, it will sub-
sequently migrate or diffuse through the metal via thennally-induced forces
until it meets another helium atom. Five helium interstitials clustered to-
gether will spontaneously drive a metal atom off its lattice site creating a
self-interstitial and a vacancy containing the five helium atoms. Also, beta
particles from those tritium atoms which decay near the surface of a metal
will provide a reducing atmosphere, which will tend to react to some extent
with any protective oxide layer, increasing uptake of additional tritium.

Based on loss of ductility (measured as reduction in % elongation) at
700*C, the alloy most resistant to helium embrittlement from a choice (40)304,of
304L, 316, 316L, and 316H stainless steels is 316H (H = high carbon).
Compared to 316 SS, both (316+Ti) and 12R72 retained more uniform and total
elongation in the presence of helium. Nickel-based alloys all suffered reduc-
tions in uniform and total elongation due to helium. Alloy TZM was the only
alloy not adversely affected by helium. Generally, high ductility comes at
the expense of yield strength. In terms of waste containerization, ductility
may not be of prine importance.
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3.6 Practical Significance of Permeation Rates |

It is of interest to examine the significance of some of the tabulated
permeabilities in tems gf lgss of tritium from a 210-L drum, having an insidesurface area of 2.0 x 10 cm . Let us imagine it has a 1/4 in-thick wall,

and contains pure tritium gas at 1 atmpsphergd2 (or,ay curies will escape in a
how m

year? IfP=10-13.cc(STP).cm.cm-2.s-1.atm- by the conversion
2shown in Table 3.1, P = 10-4 L(STP) 0.25 in./ 20,000 cm /yr/atm), and

since 1 L of tritium at STP contains 2.6 x 103 Cl, a simple multiplication

at STP would contgin a total of 5.45 x 10g.
Considering that 210 L of tritiumgives the loss through the drum as 0.25 C

C1, this represents a fractional
loss of 4.8 x 10-'. Table 3.1 shows a wide range of permeability values,
larger and smaller than the middle-case calculation discussed here. Since
many common materials are available with permeabilities suitable for a tritium
waste container, additional criteria will be of more importance.

3.7 Sumary

There are common metals such as alloyed aluminum and some austenitic
stainless steels which are sufficiently impermeable to hydrogen and its iso-
topes to be used in containerization of tritium gas. Further reductions in
permeability can be achieved by polishing the contacted surface. Laminated
materials and permeation-resistant coatings may also lower permeability but at
the same time may threaten container integrity because they are susceptible to
mechanical and thermal shock. Tritium decay to helium inside the metallic
lattice may lead to embrittlement of the container wall.
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4. CONTAINER OPTIONS

4.1 -Existing Container Designs

have been proven successful during short-term testing and use.g ged wastes
Containers designed specifically for gaseous or liquid tr i

The'

design of two of the packages currently being implemented are summarized in
several of the following sections.

4.1.1 Monsanto Mound Laboratories Package for Tritiated Liquid Wastes (2,7)

Tritiated water and vacuum pump oil are packaged in a similar way.
Twenty-seven liters of waste water, containing approximately 1000 Ci/L, is
poured onto a cement-plaster mixture in a polyethylene drum. In the case of
vacuum pump oil, 25 L, containing approximately 50 Ci/L, is poured onto ver-
miculite in a polyethylene drum. The 27-L liner is placed inside a 30-gal-
lon metal drum centered inside a S5-gallon drum containing 4 gallons of
asphalt (see Figure 4.1). Vermiculite or Absorbal is then poured between the
two drums to a level approximately 2 inches below the top of the 30-ga11on
drum lid. The remaining void volume is filled with more asphalt, and the
SS-gallon drum lid is sealed with Silicone RTV and a bolted clamp ring. A
similar procedure is followed for octane, containing 2 to 6 kCi per package,
except that vemiculite-adsorbed octane in three polyethylene bottles. replaces
the 27-gallon polyethylene liner and the 30-gallon metal drum. The bottles
are similarly placed into a 55-gallon drum and then placed within a 85-ga11on
drum. All voids are filled with vermiculite and asphalt.

From the liquid waste packages, the total fractional release of tritium
was 10-5 af ter 8 years. A linear plot of time versus total pemeation in
mci showed a constant permeation rate. The higher the curie value for the
drum contents, the higher was the permeation rate (slope). An extrapolated
value for 100 years amounted to a loss of less than 3 C1. Maximum tritium
release in a storage time of seven half-lives of tritium (approximately 85 ,

years) would be about 0.002% of the total tritium contained in the packages.
These estimates do not include the release of tritium in the form of gas or
generated tritiated gases.
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Figure 4.1 Schematicoftritiatedwastepackage.(2)

4.1.2 DuPont Savannah River Laboratory Shipping Container for Tritium (4,5)

A maximum amount of 32.6 kCi of molecular tritium can be shipped from
the Savannah River Laboratory under a maximum pressure of 20 3 psia at 25'C in
a 12-L,1.57 mm thick 347 SS primary vessel, encased within 4 flanged _ cast
aluminum alloy secondary vessel (flat-or dome-topped),~ and surrounded by 9.9
cm thick Mil-F-26862-A Type II insulation in a 30-gallon carbon steel shipping
container (18.25 in. I.D. x 26.99 in. I.H.) See Figure 4.2 for the LP-12
outer container specifications. The design of the LP-50 shipping container is
similar to that of the LP-12 but uses a 60-gallon outer drum.

At 78'C, the pgrmeation rate through the primary vessel at 14.7 psia is7.6 x 10-6 cc(STP) s . Calculations show that it should take 216 days
to reach this equilibrium rate. At 37'C, the t
rate to reach an equilibrium value of 7.6 x 10 jme required for the permeationcc(STP)+s-1 is calcu-
lated to be 28 years. Lgss through the container valve is reported to be less
than 10-8 atm cc(STP).s-2
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Figure 4.2
Specification for DuPont Oggqr Shipping Containerfor LP-12 Tritium Package.1 J (Specifications for
inner containers are described in detail in Ref. 5).

Outer Shipping Container LP-12 Speciffcation

Drum. Carbon Steel per M11f tary Standard HS24209-2 With the Following Exceptions:
1. Body and cover to be 0.048 inch thick (18 gauge) material.

2. Inside height to be 26.99 + 0.12 inches.

3.
Three 5/16 inch-diameter holes drilled one inch below top of curl of body approximately 120'C apart.
Each hole to be covered on both sides with lead tape of minimum thickness of 0.005 inch.
tape to be resistant to Sun and water. Bonding of

4. Locking ring to have drop forged lugs. Lugs to be drilled with good alfgnment for 3/8 inch bolt. Lugs
to be erflied 1/8 inch df ameter, approximately 3/8 inch above edge of bolt holes for seal wires.
of locking ring to allow 1/2 minimum to 3/4 maximum end separation when completely closed without Lengthgasket.

5.
Locking bolt and nut to be 3/8 - 16 une hex zinc or cadmium plated. 8olt 4 inches long and threads
2-1/4 inches long minimum. Material ASTM A325 or equal with hardness 23-35 RC.

6. No gasket allowed.

7. Paint body ,over, and locking ring as follows:
All surfaces must be clean and free of rust, oil, and other foreign material. (Sandblasting may bea.
required for rusted material.)

b. Primer-apply one caot Sherwin-Williams "Kromik" metal primer #E41N1. (May be applied over shop
prime r. ) Thickness 1.5 mils or 300 sq f t/ gal. Dry 18 hours.
Finish coats-apply two coats Shewin Williams "Kem-Lustral" (KL) enamel mixed to match Federalc.
Standard 595 color chip number 34-087.* Thickness 2 mils / coat or 250 sq f t/ gal / coat. Mfntmum
recoat drying time-16 hours. Minimum drying time for handifng-24 hours.

* Approximate mixing proportions are below:
Sherwin-Williams Number Percent Volume

a

F6502 40
i F65f2 20
i

D64TI 30
F65W3 10

8. Containers to be received from vendor assembled.
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4.2 Proposed Packaging of Tritiated Waste

The need for long-term containment of mixed tritiated wastes has resulted
in the generation of data bases presented in the previous sections of this
report. Many designs for a tritiated waste package from the utilization of
this data are possible.

Based on our evaluations with respect to corrosion in soil, burst
strength, permeability and hydrogen / helium embrittlement, conservative choices
for candidate metals would include an alloyed aluminum primary container and a
copper or austenitic stainless steel overpack.

4.2.1 Aluminum Primary Containment Vessel

Alloyed aluminum appears to be a good choice for the primary contain-
ment vessel on the basis of hydrogen permeation data and resistance to embrit-
tiement by hydrogen or helium.

Compensation has to be made for tha much lower burst strength of alumi-'

num as compared to stainless steel and copper. The dimensions and design of
the aluminum containment vessel can be varied to increase the allowable inter-
nal p s e, using standard formulas derived from pressure vessel techno-
logy. *

The thickness of the aluminum cylindrical shell, and its top and bot-
tom will vary depending on the maximum allowable stress of the alloy chosen,
on the head type chosen (e.g., flat circular, hemispherical, or ellipsoidal),
and on any allowance made for corrosion. Bsedonanarbit{a y set limit.
i.e., a hydrogen permeation rate of 7 x 10- atm cc(STP) s , and
assuming a permeability value of 1.4 x 10-1 (from Table 3.1) for aluminum
and its alloys at 100'C, the thickness required for a 210-L aluminum vessel
(at a pressure of 50 psig) is calculated to be 0.01 mm. If a more realistic

meation rate is 3.1 x 10 gsel is assumedatm cc(STP) . s-q
.e., 6.35 m, the calculated per-thickness for a pressure v i
Thickness suggested on the basis.

of permeability alone is insufficient with regards to an allowable internal
| pressure of 50 psig and a corrosion allowance of 0.125 in.

The aluminum flanged vessel (11-1/32 in. x 9-5/8 in. I.D.) described as
I part of the LP-12 package was constructed of 356-T51 Al/Si/Cu/Mg alloy. The I

shell wall, top, and bottom were 0.188 in., 0.25 in. , and 0.31 in, thick, re-
'

| spectively. The mq1 mum allowable pressure calculated for the top and bottom
'

heads was 69 qsig.lo? using a maximum allowable bolt stress value of
920,000 psi.l / The maximum allowable pressure calculated for the shell was

195 psig, alloy.(g) maximum allowable stress (S) value at 70'C of 6200 psi for a
using

356-T71 Upon substitution into the same equations values of |
22 in. for the outside diameter of the aluminum cylindrical shell and 50 psig
as maximum allowable pressure, the following thickness values were obtained:

26bbSN*$Gb- " "* "
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thidness of shell, 0.105 in.; thickness of bottom,1.08 in.; thickness of
top, 0.88 in. With a corrosion allowance of approximately 0.125 in., the
minimum shell thickness is c u ed to be 0.25 in. It shoul noted that
356-T51 is readily weldable,
hydrogen pressure vessel construction.,important consideration

e an in

4.2.2 Stainless Steel or Copper Overpack

The proposed use of 304 and 316 stainless steel and copper as overpack
materials was made on the basis of their corrosion resistance in soils
(Section 1) and on their burst strength (Section 2). On the basis of weld
integrity and corrosion resistance, 304 L and 316 L stainless steels would be
superior to 304 and 316 stainless steels due to reduced sensitization, while
maintaining the same level of resistance to soil corrosion. Copper is usually

; joined by methods other than welding.
,

The lifetime of a copper overpack can be estimated based on a linear
extrapolation of its maximum pitting rate. Estimation of the lifetime of a
stainless steel overpack, however, is problematical in that currently avail-
able data does not support a simple linear extrapolation of maximum pitting.
Field testing of 316 stainless steel showed no evidence of pitting after 14
years of burial. Additional long-term field testing would be required to
detennine maximum pitting rate.

Field tests in tidal marsh soil conducted at Charleston, South Carolina
constitute conservative estimates in comparison with predicted lifetimes at
drier sites, such as Beatty, Nevada or Hanford, Washington. It is assumed
that the maximum pit penetration rate is constant. See Table 4.1.

The cost of a 1/4"-thick 304 L stainless steel 55-gallon capacity
" drum" is estimated at approximately $500; for 316L approximately $900. A
copper container of the same design is estimated at approximately $100h and
the cost of the inner aluminum can is estimated at approximately $300.
The cost estimates assume that the capability of the fabrication houses is
present obviating the need for custom or " hand-built" construction. In most
instances the capability of manufacturers is typically 16 gauge and occasion-
ally 12 gauge which is substantially thinner than over 1/4" specification.
Custom made drums may raise the total cost by a factor of five. The cost
estimates do not take into account certification testing which could substan-
tially increase the final cost of the product.

* Pressure vessel is defined as one operated above 15 psig.
**These are 1981 cost estimates.
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Table 4.1

Expected Lifetime for 0.25 in. Thick Copper and .
0.25 in. Stainless Steel Plates in Tidal Marsh Soil

Metals Expected Lifetime

Coppera deoxidized 350 yrs.
tough pitch 250 yrs.

Stainlessb AISI 304c 250 yrs.
Steel

hahN!!1 $t $e! !$t 3
# " "

bEstimates are based on data shown in Table 1.6
at test site 63.

cSensitized AISI 304 <n Sagemoor sandy loam soil
showed severe non-untform attack, as seen in
Table 1.9.

4.3 Reduction of Internal Corrosion

Assuming that the metal containment vessel, in our example, aluminum, may
- be in contact with all of the follow.ing: gaseous tritium, water, organic sol-
vents, (aromatic and/or aliphatic), and any possible radiolytically- or

~ icrobially-generated products, a coating or liner that is chemically resis-m
tant, e.g., polypropylene, might be added _to the waste package. Some cast
aluminum alloys grp) customarily sealed by impregnation with polyester resin toreduce porosity.Ll* (See Tables 4.2 and 4.3.)

1
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Table 4.2

Substances-Corrosive to Aluminuma

. Acid,' hydrochloric,1 N, 2 N Javelle water
Acid, nitric, 2-5% - di-Lactic acid; sarcolatic acid
Acid, nitric-fuming Latex coagulation,

Acid, phosphoric, 20-80% Lead paint pigments or
Acid, sulfuric, conc. Lead soaps
Acid, sulfurous Magnesium oxychloride
Acids Methanol

'

Acid, anhydrous Methyl bromide
Acid,(2-75%) Methyl chloride
Alkaline solutions (mild) Methyl iodide
' Alkaline solutions, e.g. , sodium carbonate Polyalkene glycol fluids
- Alkaline, soda solutions Potassium carbonate
Alkalies-

. Potassium chloride
Allyl alcohol Potassium cyanide
Ally 1 chloride Potassium sulfide
Allylamine Seawater
Ammonia, condensing steam Soap, alkaline
Amyl chloride Sodium acetate, solid or. solu.
Barium hydroxide Sodium carbonate, solid -

Brines Sodium carbonate, 1-10%
Bromine water Sodium chloride, 3.5%
Bromoform Sodium cyanide
Calcium chloride, saturated Sodium hydroxide,1-4%
Carbon tetrachloride Sodium hydroxide 0.3 N - 0.5 N
Chloramine-T

. Sodium hypochlorite contained
Chlorinated aromatics in bleaches "

Chlorine water Sodium phosphate, monobasic
Chloroform Sodium phosphate, dibasic
Detergents Sodium phospate, tribasic
Ethanol Sodium sulfide
Ethyl formate Sodium trichloro acetate, 50%
Ethylene glycol Synthetic detergents,

Glycol-wa ter, 30:70 Trichloroethylene
Hydrogen peroxide Water, natural' surface
Hydrogen peroxide, alkaline
Todoform

aReference 15.

,
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Table 4.3.

Corrosives Which Induce Intergranular Corrosfon
in Austenitic Stainless Steela

Acetic acid
Acetic acid + salicylic acid
Ammonium nitrate
Ammonium sulf ate
Ammonium sulfate + sulfuric acid
Calcium nitrate
Chromic acid
Chromium chloride
Copper sulfate
Crude oilb
Fatty acids
Ferric chloride
Ferric sulfate

^ Formic acid
Hydrocyanic acid
Hydrocyanic acid + sulfur dioxide

' Hydrofluoric acid + ferric sulfate
tactic acid
Lactic acid + nitric acid
Maleic acid
Oxalic acid
Phenol + naphthenic acid
Phosphoric acid
Phthalic acid
Salt spray
Seawater
Silver nitrate + acetic acid
Sodium bisulfate -
Sodium hydroxide + sodium sulfide
Sodium Hypochlorite
Sulfite cooking liquor
Sulfite solution
Sulfite digester acid

(calcium bisulfite + sulfur dioxide)
Sulfamic acid
Sulfur dion?fe (wet)
Sulfuric acid -

Sulfuric acid + acetic acid
Sulfuric acid + copper. sulfate
Sulfuric acid + ferrous sulfate
Sulfuric acid + methanol
Sulfuric acid + nitric acid
Sulfurous acid
Water + Starch + sulfur dioxide
Water + aluminum sulfate

8 Reference 15 p. 533.
b etroleum contains sulfuric and someP

salt water brine.
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4.3.1 Chemical-Resistant Coatings

Permeation-resistant coatings, such as in-situ fonned chemical conver-
sion coatings, oxides, and glasses (vitreous enamels), were discussed in
Section 3. One disadvantage of these coatings (and of Portland cement-based
ones) is the sensitivity to mechanical and thermal shock. The chemical-
resistant coatings discussed here are assumed to be polymeric in origin. It
should be noted that the use of any coating, without benefit of periodic in-
spection, must be evaluated for possible adverse effects.

The main function of a chemical-resistant coating, is to protect the
substrate from corrosive gases and liquids. It may also serve other func-
tions, such as radiation protection and/or impermeability. Polymeric coatings
enable the use of a variety of structural materials, which otherwise on the
basis of corrosion resistance would be unsuitable, e.g., carbon steel in an
aqueous environment. In a number of cases, polymeric coatings are used for
their own sake, since they afford protection from corrosion in media in which
no other material can be employed. For example, epoxy coatings are used in
hydrochlor%c acid solutions because stainless steel alone cannot be em-
ployed. L 16 ? (See Appendices A and B).

The ability of a coating to fulfill its protective function will be
dependent on all the properties of the coating, including its inertness ano
its impermeability to the corroding agent. The main factors which are respon-

| sible for the decompositon of a coating are the temperature and nature of the
'

corrosive agent, temperature and pressure gradients, radiation and mechanical
stresses. Particularly important is the coating method and quality of its ad-
hesion to the substrate.

The failure of a coating is conventionally expressed as its service
li fe. Published data on a coating's behavior in corrosive media may serve to
identify clearly unsuitable coatings, but do not necessarily establish suit-
ability for all purposes. For example, variables that can seriously undennine
the protection afforded by a coating include the presence of pinholes because
the coating is too thin; conditions of curing; additives to the coating; accel-
erated corrosion due to symbiotic relationship of a mixture of corrosive
agents. Additionally, service life in published data is evaluated using dif-
ferent definitions for failure of a coating.

In estimating the service life of a coating, the chemical inertness
of the base polymer of ten proves to be the detennining factor. All aspects of
a coatings' environment must be considered. For example, poly (vinyl butyral),
laquer or baked enamel, is known for its impermeability to water but is dis-
solved in the presence of alcohol. Epoxies and silicones are also subject to
some chemical action. Accelerated testing results will not insure that the
coating will survive for the intended length of time; only a rough approxi-
mation of service life is obtained.

Often, especially if the coating thicnness is to exceed 10 mils, a
filler (e.g. , fiberglass) is added. If too much filler is added, the CVPC
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(critical volume pignent concentration)_ is exceeded, permeability increases
sharply and pinholes appear. Furthermore, if the coating is too thick, ad-
hesion to the substrate is adversely affected.

Protective coatings can also reduce permeability. For example, al-
though not directly related to a waste container, some silicone resins have
been used as a protective coating for 2-mil thick cold-rolled steel sputtqq-)
coated (3 p thick) with gold and tantalum to reduce hydrogen permeation.ll'
The pure resins which can be used include Dow Corning 804, 805, 806A, 808, and
847; General Electric SR111, SR 112, SR53, SR82, SR119, SR124, and SR125; and
Union Carbide Ucarsil 104. For thin films (less than 1 mil) SRS3 and Ucarsil
104 were preferred, while for thicker films (1-3 mils) Dow Corning 808,
General Electric SR 111, SR 112, SR 119, and SR125 were preferred. A plain
gold coating decreased hydrogen permeation by a factor of 5, silicone resin
alone by a factor of 6, and Au+Ta+ resin by a factor of several thousand.

i
material ({t,)has been reported that a particularly suitable organic protect veis a silicone resin marketed in spray can form under the name'

(A compil-
of Va lgeal(17) by Space Environment Labs of Boulder, Colorodo.1 of similar polymerics, used in satellites mainly for their lowationl
outgassing characteristics is available. This list includes protective
paints. Some of the materials need to be pre-heated before use).

4.3.2 Moisture Barriers

Lining materials are available for both internal and external use with

Table 4.4, which does not include values for elastomers.W{cg gre given inwaste packages. The pemeabilities to water of some plast
s'01 In tems of

internal aqueous corrosion, even in the absence of known significant amounts
of water, certain oil-oxidizing bacteria may contain enough water to enable
themto9xp)izeoil,resultingintheformationofenoughwatertokeepthem2 The minimum amount of water necessary for this to occur hasgrowi ng. 5
not been determined.

External tg the waste package, trench liner materials are used in shal-
low land burial.l'21 Figure 4.3 depicts estimates of the service life and
in-place cost (1976) for some moisture barriers. The average service life of
these polymeric liners is predicted to be 25 years. Asphalt-coated vertical

shafts (gygered in Bandlier tuff are used at LASL for disposal of tritiatedTritiated water vapor from these shafts was being released (0.3wastes '41
to 0.6%) to the surrounding tuff. In 1976, ~special tritium waste packaging
requirements were implemented, which specified various degrees of encapsula-
tion in asphalt, using 210-L steel drums as a final container. These wastes
were placed in a new disposal shaft and the leach rates ranged from 0.5 to
0.7%, indicating no improvement.

Most natural soils seem to contain enough moisture to satisfy the oxy-
requirements of bacterf al degradation, particularly of as-genate a
Among the synthetic liners known to have good resistance tophal t. *

scil microorganisms are CSPE(chlorosulfonated polyethylene), CPE (chlorinated
polyethylene), and HOPE (high density polyethylene). PVC (polyvinyl chloride)
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Table 4.4

Permeability of Polymers to Water ,ba

Material p

Poly (vinylidene chloride) 0.02
Poly (tetrafluoroethylene) 0.03
Fluorinated ethylene-propylene copolymer 0.04i

i Poly (ethylene)-high density (linear) 0.05
Poly (propylene) 0.10
Poly (trifluorochloroethylene) 0.10Chlorinated polyether 0.10
Vinylidene chloride-vinyl chloride copolymer 0.15
Poly (ethylene)-low density (branched) 0.20Poly (viny 1 fluoride) 0.24
Tetrafluoroethylene-ethylene copolymer 0.24Poly (vinylidene fluoride) 0.35
Poly (ethylene terephthalate) 0.50
Poly (vinyl chloride)-rigid 0.60
lonomer resin 0.60Nylon 12 0.70
Nylon 11 0.80
Poly (amide) 0.93
Ethylene-propylene rubber 1.00
Phenoxy 1.00
Epoxy / amine thermoset 1.20
Nylon 610 1.40
Methy1pentene polymer 1.70
Nylon 69 2.50Poly (butene) 2.50
Poly (butadiene) rubber 2.50
Poly ( me thyl ce thac ryl a te )- u nmo di fi ed 3.30
Poly (methyl methacrylate)-modified 3.50
Poly (styrene) 4.20
Acrylonitrile-butadiene-styrene copolymer 4.20Nylon 6 4.40
Nylon 66 5.00

; Poly (carbonate) 5.00
' Poly (sulfone) 5.10i

Ethylene-vinyl acetate copolyner 5.10
Acrylonitrile-styrene ccpolyner 5.20Polylacetal) 6.60
Acrylonitrile-styrene copolymer 7.50
Nitrocellulose 25.0Poly (vinyl acetate) 26.0
Poly (urethane) 30.0
BitunenC 46.0
Cellulose acetate 70.0Cellophane 130Poly (vinyl alcohol) 1500

aPerreaollity is in g mil da -I 100 sq. in.-l. To
convert to cc(STP) cm year area of 55-gallon drum,
rultiply P by 530.

bFeference 19.
cReference 20, not polyneric.

3
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generally has poor resistance to soil microorganisms, unless a biocide has
been added during compounding.
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Figure 4.3 Comparison of expected service life as moisture barrier versus'

in-place cost (1976): (a) Ref. 22; (b) +, is the radwaste esti-
mate; (c) ++, no estimate is available; (d) #, the cost does not
include construction of subgrade or earth cover; (e) cost esti-
mate includes excavation, installation, back-filling, compac-
tion, and seeding (glacial till).

4.4 Summary

Some information about containers designed specifically for either trit-
ium gas or tritiated liquid wastes is available in the literature. From cor-
rosion data in Section 1 and from permeability data in Section 3, several
tritiated waste packages, constructed of ordinary metals, are given as pos-
sible design utilizations of the data bases presented in the previous sec-
tions. Additionally, if significant internal chemical corrosion, aqueous or
non-aqueous, is anticipated from the waste itself, many polymeric coatings are
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available as barriers to organic solvents, water, and, in some cases, to gas-
eous tritium. In lieu of coatings, whose satisfactory use is often dependent
on periodic inspection which is not possible in a sealed container, polymeric
. internal liners may prove to be of benefit, providing they are not a threat to

{container integrity because of gas generation through radiolytic and biodegra- j
dative mechanisms. Of course, external moisture protection can be increased '

by use of these same materials as outer coatings and/or trench liners.
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5. SUMMARY AND CONCLUSIONS

Tritiated waste generated in the United States is mainly composed of
tritium gas and tritium-contaminated organic solvents sorbed onto Speedi-Dri.
Because of the lack of a solid waste form, it is important to develop packages
for tritium wastes which will maintain their integrity for the period of con-
tainment. Since many conmon materials are available with permeabilities
suitable for a tritium gas waste container, additional criteria, such as
resistance to soil corrosion and burst ;trength are of more importance in the
package design.

Based on results of field tests conducted by the National Bureau of
Standards in soil groups corresponding to those of the waste disposal sites at
Beatty, NV, Barnwell, SC, and Hanford, WA, the following metals were most re-
sistant to soil corrosion: copper, 304 and 316 stainless steels with cathodic
protection, and titanium. It is also noted that these containerized tritiated
wastes should be segregated from other wastes in the trench because evidence
exists that the correston chemistry of a particular disposal trench depends
highly on the waste forms previously placed in the trench. An evaluation of
the extension of container lifetime afforded by cement overpacking cannot be
made at the present time due to a lack of existing experimental data.,

1

For a maximum of 1000 Ci of tritium gas par container, the design pres-
| sure limits of a copper or stainless steel 6.35 mm-thick, 210-L overpack would
; not be exceeded. For a maximum of 20 Ci of activity per 210-L drum of tritium
| organic waste, no significant radiolytic gas generation is expected. In the
' case of gas generated by microbial degradation of tritium-contaminated organic

waste, the maximum allowable carbon content per metal overpacked container was
estimated to be in the range of 34 to 929 g for the pressure limits of inter-
est, assuming a worst-case scenario. However, the total amount and rate of
gas evolution from biodegradation and resulting pressure build-up over a peri-
od of 100 to 200 years of containrent is unknown, due to lack of experimental
data.

One possible design for high-integrity tritium waste container would con-
sist of a cast alloyed aluminum primary containment vessel inside a copper or
austenitic stainless steel overpack. Polymeric materials may be added to the
package for internal or external corrosion protection.

i
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APPENDIX A

CHEMICAL RESISTANCE OF RUBBER, RESIN,. STEEL, ALUMINUM,
LEAD, GLASS, AND CONCRETE LINING MATERIALS.(15)

<

Table A lists all those solvents denoted by a letter in Table 8 and should be referred to whenindi.
cated in the chemicallisting. Always use the lowest temperature recommendation shown for either
the chemical or the solvent.

Table 8 I5ows lining materials, chemicals. solvents, concentration and temperature limits for use. The
lining materials are described across the top as column headings. The various rubber groups are listed
in their approximate order of relative cost, with natural rubber being the lowest. The chemkats are
listed on the left hand side. These tables contain not only the common names of the chemicals,but
also any names which may be synonymous.

To the immediate right of the chemicals is a list of letters that denote the common solvents for the
chemical. In some instancer. a reference is given to "See Solvents." This indicates that the chemical
is solid, insoluble in water. The chemical will be dissolved in a solution of one of the indicated sol.
vents or a solvent characteristic of the application.

In the cotumns headed ' Concentration," either the word "Any" or a percent concentration will ap.
pear. Any concentration refers so a water solution of a chemical from very weak to a saturation
value. The percent concentration refers to a limiting ratio cf chemical to water in weight percent. lf
the concentration is left blank, then generally that chemical will be used in its pure form and not in
solution with any oti er compound.

The temperatures shown in the tables are for pure chemicals. The rows of figures to the extreme right
of the chemicals, each in a column for a given lining material, indicate the max' num recommendedu
temperature which will g*rve satisfactory service with the tank lining. In some lastances, a fining me
terial will be given a rating of 75*F for a particular chemical This indicates that the chemical was de
termined to be satisfactory at room temperature, has a possibility for use and could be tried at some '

- what higher temperatures. A blank space in any material column indicates no availabte data.

Code: Unmarked chemicals are liquids at . 'om ** Indicates a gas at room temperature.
temperature. x l.ining material not recommended.

' Indicates a solid at room temperature. - No information available.

a

|

| *

i

|
,

t
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Table A: Solvent Code i

l

. . -

j |j, j *
CHEMICAL RE5157ANCE FOR LINING MATERIALS

, ,

1.f T,. a ,! .I e a ,2 u . 3 e
18, el j 1 IS % oConcen-

, a.e. 5.t_t tr,.on

a Alcohol Any 80 a 185 120 110 110 100 150 210 150 210 210 75 '3
aa Acetec Acid Any 70 110 100 m a a 180 75 170 170 m 400 s '

at Acetone a a 150 m is a 100 400 180 180 210 210 75
al Alumanum Satt Soldson Any 150 185 150 200 180 150 100 a 9C 75 75 160 m
am A*nonsa Salt Solution Any ISO 150 185 200 200 150 150 a 75 75 70 190 m
b Beatene Any a a a a a a 180 100 100 200 70 215 a g
be Butyl Acetate Any a a a a a - a 70 70 75 70 180 m
cb Carboa Be (Del Surf.de Any a a a a a a a 75 70 180 180 180 75.
cl Chlo Veres Any a a a a a a a a 130 130 130 210 75
ct Carbo.netrachloride Any e e a a e 150 200 75 70 70 100 210 75

70 70 a 70 75cy Cyclohenanos Any a a a a a . . -

de O. ethylene Clycol Aay 150 135 180 180 180 150 130 170 100 70 180 m-

100 100 70 70 180 md. O.osane Any a . s a a m .

- a a 110 a 70 70 70 70 130 75e E thee Aar
100 m a m ._ 75 75 100 130 70 210 mea Ethyl Acetate Aar s -

ed Ethylene D. chlor oe Aar a a a a a a 200 150 150 7 20 150 210 m
og Ethylene Crycol Any 150 185 185 150 180 150 75 100 70 120 210 --

80 m a a 'l5 75 100 90 70 140 mes E tters Any a -

le Ferric Salt 5etutions 150 180 150 150 200 150 7 '= m 70 e a 210 a
e Casolene Aar s - a e 100 100 7S 170 70 170 170 170 .

150 150 180 75 110 150 200 70 210~si Clycenae Aar 150 s-

h Acid Soluteoas Encara Aay 120 120 150 150 110 150 140 a 100 100 s 250 m
Osaa.c Acids Any 80 80 100 70 80 120 110 s 130 100 a 230

__210Hydrochlorec (MC13 38 150 185 8 e s 80 150 m e a e m

bulfurec (H25048 50 80 150 100 80 80 150 175 . . . 200 400 m -
3 75 m a 115 120 s 175 s a 400 mNits.c (MNO 1 25 m .

75 - . - 75 -hc Hydrocarbons Any a a a a n . -

he Athai.ne or Basic Solutions Any 150 185 185 200 150 150 100 75 140 m a a 75
170 70 170 170 170t Keros,ae Any e - e 150 150 --

he metones Any a a a a s a 30 150 150 15M50707
185 100 150 120 100 150 150 90 150 210 75'm Methanoi Aay 100 .

- a 70 90 90 70 110me Monobueyl Ether Any a a 80 m 110 .

110 70 170 110 170me u.aeral 0.t Aay a - a a 150 150 -.

75 ma Nanina Aay a e a a e a 70 70 70 70 -

o u.nera 0.as Any a - a a 130 130 - 100 70 150 100 170 -

os Orgaa.c Souvents Aay a a a a a a 75 100 130 75 75 130 75
110 110 110 - 140pe Petroleum Ettier (L.groial Aay a a a a a - - -

130100 100 100ph Petroleum Hydrocarbaas Any a a a a m . . --

py Pyr.d.ae Aay n - 100 m e - 70 125 100 100 100 210 75
Toisene Any a a a a s- 70 150 150 15075M30730 -s

ta Tanar.c Acid Any 150 185 185 300 150 150 75 a 150 70 a 175 75
a a a a 150 a 75 70 70 70 70 210 ase Turneatene Any

170 70 70 170 170we vegetable Oil Any a a 100 a 150 - . .

70 75 75 75 75 75. user Any 150 170 185 200 150 150 -

sy Xylene Any a a a a a 70 s ISO 150 75 75 s
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Table B: Chemical Resistance for Lining Materials .

i
The I.st of -Ds car e, ..aswe af L.s.g vac.ats es. ,ecem-

er are es. wm t e e peeavv e e 's corcement.oa as eme, ssNt.aase

asa.esa =r s.n.=g. Fe crus.ca's .asai w .a ame*, 2 00*. I oe.d es
s.asse e a sete, sa to so.wass .s e.ws.

I
e -

CMtuiCAL ats:5TA%CE F0S tagig watta ALS j j |*
I Mla{ 3| '1' Y G$ i R <

} } iC- 2 *
Sms tra.o Gxe a

|
Aceta'erhyee a, as, t, e g. Amy e - 80 m a e a 125 210 210 75 600 m

s, e, t , e,, e

Acet< Acad a, e, e , a 10 150 ISO 150 150 m a 220 75 ISO 180 a 400 ms

25 80 150 150 m a a 210 75 ISO 100 m 400 e
50 m !?O 80 e e a ISO 75 ISO ISO a 400 ai

'

G%a. 100 m 150 80 m a a 200 15 180 150 m 400 s
Acetat A'**r e a, ac, b, e, g, Aar s -e 80 m a e a 125- 210 210 75 600 m

s, t, te, sy, e

Acet.c Ae e.ee a, e . 25 a 120 150 m a e 80 170 ISO 70 210 sy -

50 m - 80 m e s 80 ISO 70 210 m- -
. Acet s Esise a, si, e, o Aar s - 100 m a a 75 75 IDO 130 70 J10 s

Acet.C Ether a, et, e, e Aar s- - 100 m a a 75 75 100 130 . 70 210
Acetic 0..ee a, e, e 25 a 120 150 m a m - 170 ISO 70 210 s-

50 m - 80 a a m - - ISO 70 210 m-
Acetsar a es. e. e. = Aa, ' s 150 e e a 100 400 180 ISO 210 210 75
Acetoacet.c Esise a, e Aar 80 80 m o a - 75 170 75 - 75- -

Acetosheasse es, e Aay a - 80 m a s - 200 350 150 150 175 -
Acety'seareae es = Aar 80 m a a - 200 350 150 150 175- -
Ace *yieae "

.

a, ac, e Aar 80 80 80 80 80 80 200 400 180 75 75 75 75
Acerytene Teteatwom.de a, e, 100 - - e e a n - - - - - - -

Eyaeae Teuachewede a, e 300 - - a e a a 75 75 - a 75 75 -

Acetyl 0..de a, e, e 25 a 120 150 m a a - 170 180 70 210 a-

50 m - 80 e a m - 170 ISO 70 210 s-
Acrylamede - 150 120- - - - . . - - - . - -

[Acrytoa.trole es, e Any 80 80 e a a - s - - - - - = f-Aepic Ac.d Aay 80 80 m e a - - - - - - - -i .
Agar-aem * aa. gl. . Any 150 185 185 185 7 50 150 z00 e 70 175 - - -

i Agricu'tural L me * et, h, e Any 150 185 185 200 200 150 100 100 200 e e a 75'

Aer " Any 150 185 185 200 200 150 - - - - . - -

Anshes . Any a 70
' A r-stated Leme * p, h, e - Any . 150 185 185 200 200 150 100 100 200 m a a 75

Ascahes a. e, . Any 80 e 185 120 110 110 100 150 210 150 210 210 75
A denyde a, ac, 6, e, g, Aay a - 80 m a e a 325 230 JIO 75 600 m

s, t, to, sy, e
Algareth Poeder * hcl See 5etwat

,

Assyl Chier de a, et, e, se 100 m - a e a - 75 s 125 a n - 75
Aaroman .c Acid * a, e Any 80 75e - - - - - - - - * * *

75 e 125 s a -atoha Chinearesylene a, si, e, se 100 s - e a s - 75
A:cha Chimatelurae a, e 100 s - e a s - e a 100 ~ s 100 210 m

150 80 80 130 100 e 70 70 m 200 mAlpha Hydrearrree.sa c Acid a, e, et, = 50 120 -

75 300 100 100 210 sAlpha Hydresytelsene . a, si, e, e Any n - 185 m a . -=

Alva * Aa, 150 185 185 200 200 150 210 s 200 110 170- -

Alum an Tr. hydrate * n, he See 5erwsms
An eenum Acetate beautem * e Any 150 185 120 320 320 75 s ISO 15 75 230 mw -

Asum.awm "- _- Swifme 98 = Any 150 . ISS 150 120 120 - - a ISO - - - -

Alum.ase Besneer * a, e, sf, o Any 150 185 120 ISO 180 150 - e 75 75 180- -

Alum.a e Chiarede * a, e, e Any 150 185 150 200 200 150 220 a 70 s a 180 m
Aivm.aum Fasweide * e Any 150 185 185 200 200 150 - e 75 100 75 e 75
A.am.aum Gee * n, he See 5e wass

. Alum,agm Hydren.de * h, he See Selvent
Arum. ave 4. tease * a, ac, e Any 150 185 185 200 200 150 75 75 100 100 m-

. AI meaum Potass.um 5sime * = Any 150 185 185 200 180 150 200 a 150 70 100 200 ISO
| Atum.com $es.ve s.'f ate * * Aav 150 185 135 200 200 150 200 a 200 e 75 75 -

.
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CHEWICAL RESI5T ANCE F08 Lt%ING MATERIALS

'

.n h y 3! j 1 !% t

3 I ea = a < 3 a a gu
Conc.on-2 ]2 2 a

en
So,,e s t,m. m

-
-

Any 150 185 185 200 20F 150 200- 180 a 100 200 mAivminum 5 Ilme e a a

Amerecan Ashes * a Any 150 185 120 200 180 150 150 100 180 m a 180 75
Amenobenwne a,b,e 100 a 75 m a 150 a 70 70 100 75 210 75

100100 m a m - - - - -Aminodimethylbenzene a, e 100 m - -

210 200Am noethanol a, ct, et, a Any 80 - 140 80 80 - 210 150 150 75 -

100Amenosynene a, e 100 m - 100 m a : - - - - - - i

Ammama A8um gl, . Any ISO 185 120 1*0 120 150 - a 180 - - - -

Ammon.a water 38 150 150 185 200 200 150 200 75 200 75 100 210 75
Ammamated Citt.c Acid Any 150 185 185 150 110 150 - - - - * * *

Ammonium 8.fiveride a. 10 m a a a 80 100 70 m s - a : -
,'

Ammonsum Carbonate * w Any 150 185 185 200 200 150 75 140 70 150 200 75-

Ammon*um Chloride * a, el, w Any ISO 185 185 _.200 200 150 200 a 100 m n 210 m
^ _ um Fever.se Any 80 a 150 100 100 80 180 m a a 70 m a

Ammon,unt Hydime 38 150 185 185 200 200 150 200 75 200 75 100 210 75

Ammoneum Hydromede 38 150 a 185 200 200 150 200 75 200 75 100 210 75
70 100 75 - 210Ammonium Metaahosphate Any 150 185 185 200 200 150 --

Ammomum Murate * a,3,w Any 150 185 185 200 200 150 200 a 100 m a 210 s1

Ammoneum Nitrat* * a, ho, o Any 150 150 185 200 200 150 200 80 200 140 a 210 :
um Fers- ate * a Any 150 IBITi$ 200 200 150 180 m 70 m 70 210 -"

Ammon.um Phosahate * = Any 150 155 185 200 200 150 - 70 m 70 75 75
Ammemum Sulfate * = Any 150 185 185 200 200 150 200 a 150 a 70 210 :
Amyl Acame a, e 100 m - a a a a 75 75 70 70 210 --

Amyl Alcohol a, e, w Any 150 150 180 180 180 150 200 70 70 75 - 140 -
Amyl Berate Any - a a 100 - - - - - - - -

140Amyl Carb.not a, e 100 s - - a 120 100 -- - - - -

Amyt Chloride a, e 100 m - - a a a 75 a 70 m a 210 -

Amyt Chloronanthalene Any - a a 80 m - - - - - - -

140 -Amyt Hydeme a, e, e Any 150 70 70 75180 180 180 150- --

Amya hapthaiene 100 m - a a a a - - - - - - -

Anderol L-774 a : - - - m - = * - - = *

Anhydnie *
.

et, ho see Solvents
75170 200 170 -Anhyd,0.s Ananon.a ** a a a a a - -

Anit.se a,b,e 100 m a 75 s a 150 a 70 70 100 75 210 75
An.8.ne Chlor.oe * a, e, e Any 80 m a - a a 75 s a a a 210 m
Amt ae Dyes 80 a 80 m a : - 17075 -- . -

Anstene Hydrochloese * a, e, a Any 80 m a - a a 75 m a a a 210 m j
Amiene 0.t. a, b, e 100 s a 75 m a ISO s 70 70 100 75 210 75 .
Amline Salts * a, e, . Any 80 m u - a a 85 s a a a 210 s '

Animal Fats a a a 80 150 - - - - - - - '

Ant 0.1 a, b, e 100 m - 185 s s s 100 140 100 100 _210 75 I
Antechlor * Any 100 150 150 160 160 100 70 - 70 210 -- -

Ant. mony Cheerede * hcl See Solved
Antimony Osychlor de * hcl See Solvent
Apote Acid * a, e, = Any 80 150 m a 120 140 a 150 75 75 150 s

Aoua Ammon.a 30 150 150 185 150 100 80 200 75 200 75 100 210 75
Aova Fortis See hatric Acid

75Aoua Regia a a a a a m - a a s - -

A,ach. don.c Acid a 80 150 s 80 80 200 m 200 200 m 400 m
Armoonete * h See Solves

150 150 150 150 75 a ISO e a 150 mArsenec Acid * a, gl, ho, e Any 150 -

Asnerel(Transforesee 01) a a a a a a 75 75 75 75* - - -

170 170 70 170 170As#wh a a a 80 150 150 - -

ASTM Oil o!,2&3 a a a 150 180 150 170 170 170 170 170- -

ATE hc 200 m - - a m - - - - - - - -

Anot.c Ac.d See hatres Acid

Bakene Soda * e Any 150 185 185 200 200 150 75 100 150 m - 150 -
,

Banana 0.s a, e 100 m - s a a a 75 75- 70 70 210 --

170 170 170 170 170Bardos 8 a a a a a a - -

84..um Carbonate * h teacent H 5011ee solvens 2002 4

t

I
,

b
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CHEulCAL RESISTANCE FOR UNING MA75 RIAL $ $,, $ -$ $ I!
- 3

, .

- , . i. .,2-
f3ja$ ?j % $ s oj { 't 3 $'3 * uConcen-

2d 3 J E d C o1 :i D 4 3 G dSolvents tration

Barium Chloride * w Any 150 185 185 200 '200 150 200 70 120 m 75 100 mBarium Hydrate * a, e, w Anv 150 185 185 200 200 150 - 100 150 m : 180 isBarium Hydros.de * a, e, e Any 150 185 185 20u 200 150 - 100 150 m a 180 75
barium Uononydrate * a, e, e Any 150 185 185 200 200 150 - 100 150 m a 180 75
Beum Monosulf de * w Any 150 185 185 200 200 150 75 100 150 a a 100 -
Bareum Octahydrate * a, e, w Any 150 185 185 200 200 150 - 100 150 m : 180 75
Smum Suilate * Conc. H 50 See Solventy 4
Barium Soltide * w Any 150 185 185 200 200 150 180 100 150 m a 100 -
Barite * Conc. H 50 See Solvent2 4Basic tron sairate * = Any 150 185 185 200 200 150 75 s 70 m 75 210 aBattery Ac.d See Sulfuric Acid
Beer 80 80 80 80 - 80 a 70 170 170 - - -
1eet Sugar Leeuor - 80 80 150 80 80 150 170 170 170 170 170 --

ren9ai Gelatin aa, gl, w Any 150 185 185 180 180 !$0 200 a 70 175 - - -

Benraidehyde a, e, w Any a a 75 a e a a a 150 70 a 210 75
Benene a, aa, ac, ch, Any a a a a a a 100 100 100 70 210

ct, e

Grene Ca,banW a, e, w Any a - 75 m a 150 m a 150 70 s 210 T
Beniene Carbonylc Ac.d Any 150 - - 150 - - 75 a 150 150 = 210 m
Benzene Sulfonic Acid * a, e 10 - - 70 - - 140 200 s 120 = 70 210 -
Bento.c Acid Any 150 150 - 150 - - 200 a 150 150 x 210 m
Benzo.c Aldeh de a, e, w Any - 75 s a 150 m a 150 70 m 210 75y

Benres a, aa, ac, ch, Any a a a a a a 180 100 100 100 70 210 a
ct e

Benzol Hydride a,aa ac,cb,ct,e Any a - a a a 150 m : 150 70 a 210 75
Benrochenor a, ab, ci, e, ho, Any a a 100 a a a a 110 200 175 70 250

gt, o, w
Benryl Alcohol a, ct, e, = Any n - 185 s a - 100 75 100 100 100 210 m
Bearyt Benraate a, ci, e 100 m - 80 m a - - 100 100 70 180 --

Benryl Chloride a, e 100 m - a a - a n 100 m 100 210 m
Betuta Del aa, e, e Any n - 80 - a a 75 75 - 75 - 75 -

,

1

8.smuth Carbonate * HC1,HNO See solvents38 smuth Onycarbonate * HC1,HNO See Solvents38.smuth Subcarbonate * HCI,HNO See $olvents
Black Sulfate Leavor

y
Any 75 185 150 100 200 150 200 170 - - - - -

8.ack Asn * * Any 150 IB M 5 200 200 150 75 100 150 m a 100 -
Br nc Fase * Conc. H 50 See solventsa

2 4Breaching Pceder * a, a 35 70 150 150 m a 150 75 e a = - 210 -
Bioen Linseed 0.i a, ci, cm, e, t 100 m - 150 80 180 130 75 75 70 70 - 260 -
Blue Copperas * Copper Sulfate gl, e Any 150 175 185 200 200 150 100 m 180 m 130 200 m
Br e Sa'ts * a,= Any 150 185 185 200 200 150 100 e 70 m 70 120 mu

Sive 6 trial * gi, w Any 150 175 185 200 2 DM 50 100 = 180 a 13 M O s
Bo.ied Linseed 01 a, ch, si, e, t 100 m - 150 80 180 130 75 75 70 70 - 200 -
Bolet.c Ac,d * a, e Any 80 - - - s - - 75 - - - - -

Boras * w, gi Any 150 150 185 200 180 150 - - 150 - - 75 -
185 200 180 150Boras Decahydrate * e, el Any 150 - - 150 - - 75- -

Borac.c Acid * w Any 150 185 185 200 200 150 150 m 200 100 130 300 s
130 7 80Boroeaun Misture * w Any 150 175 185 200 200 150 100 a 180 m

Boric Acid * w Any 150 185 185 200 200 150 200 m 200 100 130 300 m
Brake Fluid, Veg. m - 150 100 150 - - - - - - - -

Brimstone * a, b, ch, ct, e See Solvents
Brom.ne a, ch, ci, e, e Any a' s a a a e a a s s a 75 m
8,omochiaro Methane os 100 m a a a - 150 150 a 70 210 -

180 120 - 130 70 130 70 70 150 -Bronn Acetate * a, w Any 80 -

Bunker 01 s a a 80 150 150 - 170 170 170 170 170 -

Burne Alum * gl, e Any 150 185 185 200 200 150 200 m 200 110 - 170 -
8ve ad.ene Any n . . m 70 70 75 75 75 - 75 --

Butane ** 100 s a a a : - - 75 75 75 75 75 -
Butano c Acad a, e, w Any a a a a * * 75 a 200 70 a 210
&4sW a, e, o Any 150 150 180 150 150 140 75 - - 70 -

Butanone a,e,e,= Any a a a a a a a 150 150 15J -150 -210 170
150 a 150 - 75 100 100 100 150 180Butonyethanot ch,me,w Any a - -

Butter of Tin a, ch, t, w Any 150 150 150 s 150 150 75 s a s a 210 -
Butter e4 Z.nc * a, e, gl, w Any 150 185 185 150 150 150 100 m 100 s 75 210 s
Butyi Acetate a,e,he,e Any a a a a a * s 70 70 75 70 180 a
Buty Acetate Ricinoieate a a s a a - - - - - - -

Butyl Acrylate Any : a a a s - - - - . . -w

8Ar Alcanos a, e, w Any 150 150 150 e 150 s 75 - - 70 - - -s

Butyl Carb.tos dq, se 100 m a 180 - 150 - - - - - - - -

Buryn Cellosoeve ch, me, w Any a * 150 s 150 - 75 100 100 100 150 180 -
Butyl Ethee os 100 m a a 30 150 140 - - - - - - -

Butyt Hyr de ** 100 m a a a - - 75 75 75 75 75 -

Butye Octadecanoate * a, e, me, wo See Solvems
Baty. Seearate * a, e, me, wo See Sche its
Butyric Ac.d a,e,w Aoy a s a a * - 75 s 200 70 s 210
Butyric AlcohW a, e, o Any 150 a 180 150 150 140 75 - - 70 - - -

Ca.eouteae a 100 s - a * a n - - - - - - -

Any 150 185 185 200 200 150 100 s 180 = 100 200 sCake Atom * w
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1
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{ W F a

SeNews*
Ceassa.
passa se se e e E em e i L J

210 200230 ISO ISO 75 .-
Csanian - - a, se, m. e Amy ' 80 . 140 80 80 .

; gm e. C.ese - * * ' 200 200 * * * . . . .

Caw se * - -
h,.' See Seewes

7 ISOISO 70 130' 70 0e ISO e 120Cys e Aceeme - a, o Aar - 80 .150 120 120 200 150 79 e leo e
..

PS e170Ca'oen t s He a* Aar

. Ces e Genense . m hee ba.wees
210 a185 200 200 150 200 140 ISO 140. Cesiwm Cweise * a= Aay ISO =.

C#ssee CMeam ' a, e Any - ISO 3CS ISS 200 200 ISO 200 140 130 e a: 210 m:

Cec e se,eme . W. e o Aae 150 385 185 200 200 ISO 100 300 200 e' e a t$-

r . os. a. o Aay 130 Ass ist . 200 200 ISO 200 3 00 , 200 - e - e e 75
Ce.s e m een e * , IS 80 ISO 150 e 80 ISO 200 ' 70 70 70 e 210 75ca c a n, casee * ' e

. CA.,,o en.use . a, as, e Aa, 150 IE:e 453 200 205 155'""I00 300 a 30 70 . age .

Cass am S 68me * ei. no See Selve.es
' ISO teS e 80 ISO FS 70 70 370 a 210 PSCaes = 0.psnee.e * o. 15 - ISO

200
FS ? 200 '300 0 . 5 .7 . 7

.ISS' 185 150 200 . ISO . . .< C,e,s.ee Sep e, e . '

a, e Aar 150 .

,
C c,ee Sc; _ _- e * Any 90 e e

Came See o e *C.euer : ISO 150 150 200 200 .
100 330 370 74 a 210 .pSCa..sne t. e, gi, e Amy 250 180 18S 200 350 150

370 170 200 . 170170
1SO 80 e e .

Came.s A. sea,e 100 - a . .

Capons asense ea 100 m . a a e e . . . . . . .

Ca,,,a A.co e - e. e. 100 s - e e 120 100 . . . . . . .
s

a sa. e . 400 s . s a - 400 s age . . . . 3a0 .
; Caeya A.sa. .

' a. sf. e 100 e

.ISS ISO ISO ISO ISO 100 73 140 300 -ISO 100 m
140 ..e a 100 e 140 . . . .

Cao,s s a.seret
Cease.se * e, n, e. e any ISO 200 .

IS a 150 * 70 ISO 150 ISO.O: *
Cet.ses

e a e 75 e 70 e = -210 e
. Ca. sere 1e Ac4 * a. 6. e' e. * Aar e .

Wee..s As.e a. s6. e Aar e * 100 e a e a 110 200 373 TO 250 o
IL g6, he, e, e

Caese S s=81.e e, t. e. = Aar a a e a a a 80 75 70 180 180 ISO 75
- Ceeen Dine e se , s. n. e, e any a e e a e a 80 75 - 70 180 100 ISO 7Ss

g. Caese D.es.e e* 150 ISS ISS 200 200 ISO 200 170 IFO 170 170 170 - 7S
= = 80 e e e 200 '700 700 350 75 700 75" Cassa esene ee ** ~

Cetea isetasmer ae . a. m. s6, e,s. e 100 e a o e a ISD ED 75 TO TO 300 230 73
75 70 ISO 70 e 230 sCesen.s As.e Aa, - ISO 185 185 200 200

Catasytrasee As, ISO . 150 . 150 75 . s 150 150 a - 210 a-
.

FS
.FS

150 . .. 73-.- ISO ISOCaseie 360 .
'150 120 ISO . 110 170 200 170 170

.

' Casse 0 8
a. h. st, si, e 100 ,

80 .185 ISS 200 200 ISO - 100 150 e a les 75Comm4 Sar te * a. e. . Aae ISOr

Caustis Pesant *
, ts. h. e Any 350 153 155 200 200 ISO 100 300 200 a e s 75Casmas kame '

a. e. si, e . Any ISO 185 185 200 ISO 150 140 m - ISO s s a FS .

Caestes sees * a. 08, = Any ISO 185 105 200 150 150 200 300 200 a 110 s > 100

- Cestese*=e Aseeme ' hC, e Any e * 150 m ISO - e . 300 '.300 . ISO . .
73 100 180ISO a a- *C#Hese%e >

es, oh, e Aay e . .

Co..ese se 5 mye es, en, o Amy . a . ISO a ADO . 73 300 100 100 330 350 .
Cess ene Accuse * as. es, ed. sy See Seinssese

- Cesimistes . s . 100 m e . . . . . . . .

bee SeNeatsCety3.s As.4 * e, e ,
Aay 150 185 185 180 100 ISO 200 e 70 175Cer*= Ce pe * as. eN o . . .

Chee e a . hee Seeems
. Chew ehtee * a. W, e Any ISO 180 150 700 150 150 100 ISO 200 75 e 230 . 75

p.ne ehe,ew * a. ep, . Aar ISO 180 ISO 200 150 ISO 100 180 200 75 a 210 75
183 200 75 e "210 PSCn.se lastseter * a. sq . Aa, 150 180 150 200 150 ISO

Cn.astean 0 8 a et. ca. e 100 e . e to .120 .
100

110 170 170 .' . .

C aseeed 0.s st, si, e. e 130 m . s 120 120 . . 330 350 170 .
f.

..

Cn.aese Ce,at.e * sa. 08. m Aar ISO 185 185 180 180 330 200 s 70 175 . .

Cnierae A eee any . . s . . . . e . . .

r e . e e s = 200 s a 70 . 75 .C*<er.ae were " he. = Aa

ba.e.ae Caa, bei see, e ,a a e o e l',0 2EE . 70 . . .

- met a las a e a ISO 200 .. . . . . .

7 . . 70 75C.e d a e a e s a 300 0
. . . . J

. r

neie. 3 ISO 150 s e e ISO 100 s
e . s a . . 73 73 . is . 73 .Came.ae Tede seiaea

. 35 70 150 150 a e
ISO' .75 . . . . . .

s as m - 210 ..C=.wimmee t.ne * a. . ~

70
<

Cage.ames Saae se.ae ISO a e . .

. . . 757SCaseriamed Se,eems a e. es, e, as a a a s- a . .

C'uerecee f a. Caes er t. et. e 100 = a e e e = 75 ISO '150 e ISO 210 .n
Esaareethy A4eae. es, e Amy e . . 50 m a a la073M5730 210 .
C==oaceu Ac.e * ' e, e. = 10 a e ISO e m * 200 - 70 .

13s8

- . .
I

- Ca+eesaceteae a. sh e, e Aar a e a a a m - e . s ISO '80 s
Ca oresuyiene s. si, e, se 100 m . e a e 7S a . 125 e n - 75
C% arm.c Ac.e Sw Ae.a swa
Ca*eerasew es 300 e e .a e e a 30 330 150 130 350 210 3r
Ca*eeeeeeeethane es 100 = s e a e s . ISO 150 .a - 70 210
Ca.eeenusse.eae e. * Aay a a a- e e e . 7S 125 70 230 s*

Ca.esetname " es. . 100 m . e e a e s 200 200 - ISO ISO 210 s
Ca**me a. t. e. e. a. . Aay a e e e e a e 130 130 130 210 75
Chtoehy& g As.d het Ny6echte.e Assd

210 -Chiesseshaar " a, t, si, a, n, Aar a. . 80 m a e 75 e 100 m .

' 7S e 70 m a 210- Cheweseamane ,e 100 m . . e e a

CNeopear a, e Aar a * a .s s * . FS 125 70 . 210 a

.s
- e - e. ISO 300. sCweeeeenasar a. ci, e. e Aas a e e a s.
75 a 125 s e . FSCnesomesrae a. es. e. ae 100 o . e a e
75 e 120 s a

.FSCueos,eesene e. e. si. se 80'l a a e a a *

em 100 e . e a a e FS ISO 20% FS 73 .FScme, yene 0 .er
155 7.is 135 aCee enamw t, n. . a50 0 .

e. 330 . .
m . s e o

Cuore n+e Caiane 10e e e a a a ..

75 80 70 . 230 a. CMoonstfen.s Ac.d . 100 a e e a e e-
e . e.
e * - = . .

100 210 en e 100 mChiemesueae a. e, ae. 6. se 300 m e a
.ae

* .cme.eer.eannethe eee - a, b. ee s * sa

Cveen S e 120 ISO e 100 ISO 75 s- 7ti e . 75 -
e Aay 155*1857T* ew 200 7 50 in . 13 e 10 340 .M EeA4sr*

C%eeme Amman.ee A8ve ' a. e Aa, 150 ISS ISS 200 200 ISO FS e 75 a 70 140 .

ISO ISS a 70 70 130 210 e
' 't Chesew Acad e, o 10 - a 100 e a

25 s * FS s s 120 m a 70 s 130 210 e
10 a * s e e 80 e 70 70 a 330 210 a
80 e * a a e . e FS a e 130 230 a
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Ch.es.c Aah,or.ce See Chess.c Acid
Chree. cut a - - s - * - e 70 - - a *

Clwomu.s Ammon we Svitate * a. = Any 15 0 185 185 200 200 150 75 a 75 s 70 140 -
CheoaJan Patass.ve Swfate * = Aa, 150 185 185 200 200 150 75 s 75 s 70 140 -
Chree.we frees de See Chronic Acid
Ciacar a 100 m - a e a e - - - - - - -

Caece Lasht Piecess 0,i a s - 150 1807 50 - - - - - - -
C tric Acad * a, e, = Aay 135 150 150 200 a 180 100 a 210 a
C.caaers tenha 100 m - a a 80 80 * - = * - * *
Cxoaapt Od a, ch, ci, e 100 m a 150 - 120 - - - - - - - -

Coe L.ver Oa a, ch, ct, e es,100 m a 150 - 120 - - - - - - -

se
Cois ne h re.s a, ci, e 100 150 - 185 150 150 150 170 - 180 100 - - -e

Ceeveras * Fenous Sulfate = Any 150 185 185 200 200 150 75 a 70 75 - 210 mCeauce A,seaate * h, he See $.tveals
Co.mer Chiaride * Any 150 150 185 200 200 150 200 m a e a 150 s=
Co hm Cya.noe * n, he See Selvents 200
Cw er %.te ne * a, e any 150 185 185 200 200 150 120 a 180 m - 210 -
Lan.ee >oT.ne * ,i,. ra, 155775785755755--'155700 180 a 130 266s s
cara cia b, ct. ct. e 100 s - 100 m a 150 - 170 170 170 170 170 -Can 5,...e a, et, e Any 120 185 120 12 0 150 - 170 170 170 170 170 --

Carres =e 5 wmate * a, e, vi, ay, = Any 150 185 150 s 150 150 - 70 70 - - 210 -
Catoawee Od a, b, ch, ci, e 100 m a 100 150 150 140 - 170 170 170 170 170 -E xc a, e, e 100 m - a a n - - 75 15M5 a 210 mCresyi 4.ceos a, e, e , he, e Any a - a e a a 75 75 100 100 m 210 ms

Cretrhc Ac.e 2, e, gi, he, = Aay a - a e a a 75 75 100 100 s 210 m
Csesa a, e, es, he, a Any a - a a a a 75 75 100 100 s 210 a
Cant Os a 70 e a 180 150 - - - - - - -

as, le See solveats!50 185 180 WM80 150L ye..te a

Cryuem F M R aw 0.1 s - - m - - - 70 70 * 70 70 -
Cryweas HC a - * E * - - a 70 - a 70 -Cryscom LT & W s - - s - - - e 70 - a e .

Crysceat47, 87, 89, & 894 s - - m - 70 70 70 70 * a 70 -
Crystas A.==oa,a * = Any - 185 185 200 200 150 75 140 70 150 - 200 75
Cour c Chier.de * = Aar 150 150 185 200 200 150 100 m a a e 150 :
Coor.c CyanWe * h, he See Selveses
Cuoric 4. tree * a, = Aay 150 185 185 200 200 150 120 a 180 m - 210 -
Cenic Sstate * gi, e Aa, 150 150 185 200 200 150 100 a 180 a 130 200 s
Cyclews.iar es 100 m - a a 80 80 75 70 70 70 70 75
Cyc'ohesaaone es 100 - e e a E 75 s 70 70 70 75 -
Cemeae a, ci, e 150 m - a e a a - - - - - - -

08P es, e Aay n - 75 m n - 75 150 !$0 150 130 180 -
007 6 Reeas.ae 150 150 150 75 s 70 10 70 75s - a -
Decanet a, e 100 s - a a 100 a 140 - - - - 140 -
Decri Ascabei a, e 100 m - a a 100 a 140 * - - - 140 *
De.eused nae, 150 - 150 150 200 150 - - - 180 - - -

Dea nce 4:cee 100 150 150 150 150 180 Is0 - - - - - - -

R ena so.ut.oa Any 155 - 185755705755 - E 70 - 70 210 -
Diacetic Ac.d a, = Any 80 - 40 m a a - 75 170 75u. acetic tstee a, a Aay 80 - 50 s s a - 75 170 75 -

75 -
- 75 -

Diameae a, e Any - - 100 m - - 75 a .75 75 a 75 -
0.am.noenuae a, e, e, Aay 80 - 100 80 80 - - 75 75 70 - 210 -
0..warfEthee es 100 = - 75 e = : - 75 170 170 170 170 -Evomuewae e Aay a a a e a 75 70 15 a 70 75 750.bie i Ether es 100 s a e 80 150 140 - - - - - - -r
D.%dri es.ae a, e. hc 100 m - a a a s - 75 - - - 75 -De**y' P'thalate es = Aay a - 75 m : - 75 150 150 150 130 180 -Den nearme a, t, e, 100 m - a e a - a 70 70 70 150 200 -
$cewoeos'.f u*aromet~ ine es, e 100 s - a a a m - a 75 70 105 15 -
0.chsoroetha.= 100 m - 75 m a a 180 100 100 70 100 210 s
0.chiare* ethane a, e 100 s - e a e s - 100 70 100 70 75 -
0 cNorotetratineoethane 100 s - a a e s - a 75 70 100 75 -0 cyc.e+sy8amac es, e Any e - e a e - - - - - - - -
D. ester 5y . Lee 0.1 100 m a a a a m - - - - - - -
0.ethytes.ae a, o Any 100 - 140 12 0 m a 75 a 100 70 s 180 750 ethviene 0.es.de es, e Aar s - a e a a 100 100 70 70 180 a0.'cthrie.= Ether es, a Aay a - a a a s - 100 100 10 70 180 a0.ethyicae Clyce a, ac, e, es, e Aay 150 185 180 180 180 150 - 130 170 100 70 180 s0.ceWe Cn cee 0.chy ttheey a - 150 s 150 - T5 = 70 m a 210 sD.cthysac Gi,ce Ue=Ay: Ethee s - 150 a 155' - 75 a 70 a a 210 s0.ethy*ae Circe U aea6,i

Ethe, Acetate os, me 100 a a 180 - 150 - - . - - - -
Diethylece Clycea Monobutyl Ether es. me 100 s a 180 - 150 -

-100 -100 -70 -TO
- -

0.cth,'ene us.de es, . Any . - a a a e 180 s
0'ethya Ettee a, e, ct, a, e, . Any n - a a 120 m n 70 70 70 70 150 75
Out%0 a..se 4. e, ea, es, e any a - e e a e - - - 70 - 75 -02hyl 5Ede a, b, si, e, e, e Aa, s - a a 120 m a 70 70 70 10 150 75
0'eth a Sewatey a - e e a - - - - - - -

0.gshc Ac.d * a, ac, e Aay 100 150 185 s a 150 75 m 180 m a 210 s
Shy''*sys .ccia.c Ac.d * a, e, e Aay 150 185 185 100 150 150 15 m 150 70 s 175 75
0 yd tay' E"*ee a. ac, M9. a Aar 150 185 180 lu M 80 150 - 130 170 100 70 180 s_
5~P. wine e. E:her

- es, e Eny 80 - e 50 - - - -

0...sewe y ne:we 100 a - a a a m - - - - - - -

>=tth,i Aes.ae a, e 103 . - 100 m a a - - - - - 100 -
0.awt. ye Ceanear a, e h00 e a a a e ISO s 150 150 75 - 75 s
0.N*y. ' h

,
o e, e Aa, 120, - 170_ 120 120 120 - 75 7's 10 75 210
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100 s e a - - - - - -

0. in*,' 8 erma=.ae n,e Aay e -

D. ta a scene a, ci, e, e, Aay a n 150 s e a 100 400 ISO 180 210 210 75

= - e a a - 75 75 75 75 75 -v
0..et ri unha, **

See 5e'veata
100 s - 100 s a m 140 75 70 - - 750.a.eee f r.e, * a, e -

0. ceys me%siste me
100 m - 100 s s . . . . . . .

Deivi he'>asai,
D.paac n, e Aay n - . s a a . 100 100 70 70 150 m

100 100 70 70 180 sD o.c yew Einee es, e Aar s - a a a :
.- . . . . . .

D araneae a 100 s - a a a

$w $*1=*miD wway * a. e

D iaear Einer * a, e 5ee hea eat' 120v

O a, e See 5eiveats
0.eway'ac. oe * See Selfur.c Acad

- - - - - -w. .ma..i. .c
100 e a s -

DUF n,* b9 s -

MT' a, e See Seivenis

Dam e=>.: Ac.d - s, e %e %' vents
75

*e 100 e - 100 s a a 75 75 70 - - -

00P
ow.an y ., 0.. 100 s - s 150 - - - 150 - - - -

100 s - a a a m - - - - - - -

Do.lvme w40 150 - - 150 150 - - - - - - - -

Don Pwilloc C-31
Dowthe,in A a, et, e 100 s - : 85 75 s - 170 - 170 - - -

- m - 75 -
100 - a a a 75 75

Do the,m E
70 100 - 85 - 70 70 a 70 - a 70 -

Oryc.d (13
100 = - 75 . m a 180 100 100 70 100 210 :

n - 75 m a a 150 100 100 70 100 zl0 .Dutch tiou,4
100

DJach 0 i
Electrolyte Acid See sulfuric acid

EUK a, e. o, = Any a a a a a a a 150 150 150 150 210 170
See Nitric Acid

os 100 m - a e a a 75 130 200 75 75 75 -Engrave,s Ac.d
75 130 200 75 75 75 -em

E o.chiorohydr.n os 100 s - a a e

E psom Saits * a, et, = Any 15F' IBM 5nUU750 150 n 100750700 140 zl0 :
80 m a a 75 170 150 150 70 210 -

Essence of Myrbane * a. 6, e, * Any n -

E thanethies a, e, n, = Any n - a a a s - m 150 150 s 200 -

See Acetic Acid

Etoanat a, ac, b, e, e, Any - 80 a a a a 125 210 210 75 600 mEthanoic A:sd

n, t , tug, =

[thanoi a, si, e 100 150 150 185 150 150 150 170 - 180 100 - - -

Ethanosamene a, cf. ct, e Any 80 80 140 80 80 - 210 150 150 75 - 210 200

Ether a, b, ci, n, o, e Any a - a 120 m n 70 70 70 70 150 75

Eth ne " a, ac, a Any 80 80 80 80 80 80 200 400 180 75 75 75 75

EthfAceme
a, ct, e, a Aay . - 100 m a = 75 100 130 70 210 .

Ei~nyi Aci.c Acet a,e,= Any a a a z - - 75 a 200 70 a 210 m

Ethyl Acetoacetate a,= Any 80 - 80 m a : - 75 170 75 - 75 -
75 -

100 - a a a - 120 70 - -

Ethy: Acryiate 180 100 - - -

Einyt A;cohol a, si, e 100 150 150 185 150 150 150 100 -

Ethyi Aachyae a, ac, tN e,5, n, Any a - 80 m a a a 125 210 210 75 600 m
t, tv, sy, e

E nyt 6ensene a, b, et, e, = Any n - a a a 140 75 150 150 150 210 75

Einyi Satanoate a, e 100 - a a a n 140 180 180 100 150 210 -
Etnyt Butyrate a, e 100 m - a s a : 140 180 180 100 150 210 -

See Solvents
es, * 100 : e . s s 200 200 150 150 210 75Ethyi Ceti ose * os

EthyeCm nde " 175~18 F 150 IC1507570 70 120 - 210 -o
e a, ci, e 100 m

Ein ient Kicono
. Any n - a a a s 75 70 75 a 70 75 75v

210 75titiyiene Bromie,
100 = - 75 s a a a 150 70 150 -

Etny ene Chlorohycnn os , = Any - 80 m a a 80 150 150 150 150 710 -Ethy'ene Ch4oride

Eth,;ene D amine a,e,. Any 80 - 100 80 80 - - 75 75 70 - 210 -l

= - a a s a 75 70 75 m 70 75 75
Any 15075D770750710Einylene 0.beom.de = s

i lu6 s e a a a a a
[t i, erWhio7e oe

8, e , * 100 150 185 185 150 180 150 200 100 TO 120 - 210 -
Ethyiene Glycol
E tayiene Glycol uon ,We yi Ethee mo, oh, e Any n - 150 m 150 - 75 100 100 100 150 180 -

n - 150 m 150 - n - - - - - -

Ethyiene circot uanowtyi hc , = Any

= - a a e e 75 200 75 70 300 75Ethe, Acetate
Eihytew On.de ** os , a Aay

70 70 707 0750 75~120 s a
Einyi Eine, a ,' 6, ci , n, e. = Any a - a a

Ethyt Myeroside a, cf. e 100 150 - 185 150 150 150 185 - 180 100 - - -

n - n a a s - n 150 150 s 200 -
Eihys ce,cantan a, e, n, = Any

Etnyi 0salate a,e ea,os,= Any a - e a a s - - - 70 - 75 -

E ibri O..se ad ct , n, e, e Any e - a n 120 m 70 70 70 70 150 75

Cings Fe'niacmonobennae Any : - a a a - - - - - 7

Ev.yt 5.iicate a 100 m - 180 180 180 150 - 75 - - - 210 -
150 150 a 200 -

Ethri Suilaby*ste a, e, n, e Any a - a a a m - m

E es.ccased A:o= * C, n Any 150 185 185 200 200 150 200 a 200 110 - 170 -
75

e t t .a* * go,e,= Aar 150 185 1a5 200 200 150 100 100 200 m a s

~BM50 : 56 7 0 7607's 7b570F '433s

f ati, Ami
Feee.c CMar de * a, et, e Any 150 185 185 60 200 150 200 m a : 210

Fe rvic Ar< ate * 4, = Any 150 135 185 200 200 150 200 a 70 m - 210 -

Feenc Pocm r.de * a , t,i , . Aay 150 18 '. 150 80 200 150 2CC a e a 210 m

Femt 5ew cw.de = - 'd' . * --A"1 !?O 185 150 80 200 150 200 m a a a 210 eu
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Solvents tration 2S Ed al 2 a5 2 dd 5 D 4 5 G

)Ferric Sesqu. sulfate * w Any 150 185 185 200 200 150 75 s 70 a 75 210 m
Ferric bobsultate * e Any 150 185 185 200 200 150 75 a 70 m 75 210 s
Ferric Surfate * e Any 150 185 185 200 200 150 200 m 70 a 15 210 m
Ferric frichlorede * a, gl, w Any 150 185 185 80 200 150 200 n. m a a 210 s
Ferric 7eisulfate * w Any 150 185 185 200 200 150 75 m 10 m 75 210 m
Fereous Chloride * a, w Any 150 185 185 80 200 150 200 a 70 s a 210 m
Ferrous 4.trate Any 150 185 185 200 200 150 200 - - - - - -

Any 150 IB M 5 200 200 7 50 200 m 70 75Ferrous Sadate * = 210 :-

Fertshaer Solutions
Aqua Ammonsa & Nitrogen 25 150 150 185 200 200 150 200 75 200 100 100 - -

SWution (non-oress!
Ammonium Phosnhate (Neutral) 150 150 150 180 80 150 200 - 200 - - - -

Baianced Man (Cominete Anal sis) 150 156 150 180 100 150 700 - z00 - - - -y

N trogen (Loa Pressare) 41 80 100 180 120 120 150 200 75 200 100 100 - -

Filter Alum * w Any 15 0 185 185 200 200 150 100 m 180 m 100 200 :
Firacod Oil n - a a 150 - - - 150 - - - -

Flasseed Od a, ch, cl, e, tu, pe 100 m - 150 180 180 130 75 75 70 70 - 200 -
Fo7reGtis* a, g8, e Any 150 18' 150 80 20675F700 m a a a 210 m
Florinated Cyclec Ether 100 s - a a a : - - - - - - -

Flowers of Sulfur * a, b, ch, ct, e See Solvents
Flueboric Acid a, w 65 15 0 - 80 150 150 - - - - - - -

Fluorine ** 100 s - m - a n 450 300 350 350 200 300 m
Fiuorobenzene a, e 100 s - a a a s - - - - - - -

Fluorochloroethylene 100 s - e a a s - - - - - - -

Fluorolube a, b, he - s - a - - - - - - -

Fluosihcic Acid a 10 100 185 185 150 150 150 75 a 70 a 70 s -

50 80 185 185 80 80 150 75 s 70 a 70 m -

Formaldehyde" a, e, a 40 80 m 150 80 80 150 150 s 100 150 70 210 m
Idmc Ac d a, e, w Any a m 150 150 - 80 100 a 150 70 s 210 m
formic Aldehyde" a, e, = 40 80 m 150 80 80 150 100 a 100 150 70 210 s
Formonstnie a, e, w Any 80 - 150 m a 150 120 s 150 70 a 210 -

= 10 150 - 150 s 150 200 m a u - 210 mFraud's Reagent
100 m - a a a a - : 75 70 100 75 -Freansa

Fuel oil (Ac.dec) 100 m - a 150 150 150 - - 150 - - 170 -
Fumaric Acid * a, w Any 80 - - - m - - 75 - - - - -

i Furan a, e 100 m - a a - - - - - - - -
'

Furfural a,b,e 100 m - 185 m a a n 100 140 100 100 210 75
Furfuran a, e 100 m - e = : - - - - - - - -

Fuses G.i 4, e , e Any 150 - 180 150 180 150 - 70 70 75 - 140 -
Cathc Acid * a,e,gl,w Any 150 - 150 m a 150 - a 140 130 - 75 -

| Griotan.c Aced * a, ac, e Any 100 150 185 m a 150 7$ a 180 m a 210
Gasohne 100 m - a 100 100 100 170 70 170 170 170 -

75 75 - 75 - 75 -Gavither.a 0. aa, e, . Any a - 80 - :

IW ~= TOl 200 m 70 175 - - -Geisten * aa, 9 , w Any 150 - 155 1308

Glauber's Sa's * gi, w Any 150 - 150 200 200 150 100 140 180 150 140 210 m
Glucose a, gl, e Any 120 - 185 120 120 150 - 170 170 170 170 170 -
Glue gl, h, a Any 120 - a 150 150 150 - 170 100 170 170 170 -
Glycerine a, w Any 150 - 150 150 180 m 75 110 150 200 70 210
Girceroi a, a Any 150 - 150 150N s 75 110~~lT0 7 0 M 6 710 .

Glycerp friacetate a, e, es, w Any a - 80 80 80 m - - - 70 - 75 -
Glyceryl 7eis'eate a, ci, et, e Any a - 100 80 120 - - - - - - - -

Glycery Trioa's. tate * ci, e See Solvents
Glycos 100 120 150 150 120 150 l', J 200 75 70 '5 - 210 -

RD-' 150 150 150 15 F 710 -G;rcos C,doreydren os, e Any a - 80 m a a

Glycol Alcohol a,. Any 150 - 150 150 180 m 75 110 150 200 70 210 m
Granam's Salt * = Any 150 150 185 200 200 150 - 70 m - 210 -
Gra.n Aicwios a, e, el 100 150 150 185 150 150 150 170 - 180 100 - - -

Gra.n 01 a, e, e Any a a 150 100 150 150 - 70 70 75 - 140 -
175' - 130 70 130 70 70 150 -Gray Acetate * 4, e Any 80 - 165 a

Grease 01 a, b, cb, ci, e 100 m - 75 m 100 - - - 70 - - - -

Any 150 - 185 200 200 150 75 70 75 - 210 :Green Coooeras * a
C,eenr nd Spar * al, te See Solvents |a
G,een Sudate Liquor 120 150 150 150 150 150 - 110 - - - - -

|Feen V.trioi * Ans 150 150 IBT- 760 N ~150 75 m 70 15 - 210 m
|

w
Gyssam * he, am, h, See SoNents -

Mahte * a, et, e Any 150 185 185 200 160 150 75 75 70 s 100 120 75
,

Had @wn * e Any - 185 185 200 200 - 75 140 70 150 - 200 75|

Heavy Saar * Conc. H $0 See Solvents4Mena, Cahs * h,. Any 150 185 185 150 200 150 75 100 100 70 - 75 -
100 a 17 0~ - ~;~ - - 170 -! heptyi Cartunol a, ca, e 100 s - a a

Menachlored.ohenyierethane 100 s a a a a a 75 75 75 - 75 -
Hesadecano c Acid * a, e See Solvents
Me nahydrobentene os 100 m - a a 80 80 75 70 70 10 70 75 m
yp e.oine a,e,. Aoy - n - - - - - - - - -

He aa me,yce ICJ s - 150 30 m s - - - - - - -

He namethylene os 100 s - a a 80 80 75 70 70 70 70 75 4

Mesanwhthsae os 100 3 - a 80 80 75 70 70 70 70 79 :
Me saae a, ac, e 100 m - a 80 120 120 - 75 - 75 - 75 -
Hesaned e.c Acid . Any 80 80 m a n - - - - - - - -

Me s sao' a, e 100 e - e 120 100 - - - - - 140 -
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So,se.s trat..n n u a a a t a s u - 1 a

He none es, a Any n - 75 m a m 70 150 150 150 150 210 -

Hesyi Alcohol a, e 100 m - a 120 100 - - - - - 140 -

Hydrated Lime gl, h, a Any 150 185 185 200 200 150 100 100 200 m a a 75

Hyttraulic 01 100 s - a a 150 - - - - - - - -

Hydragine a, e Anv
-80

- 100 m - - 75 a 75 75 m 75 -

Any - a a a s - - - - - - -

Hy&a rinetien tene
Hycrowomic Ac.d 100 100 - 150 m a 150 150 m a a n 210 m

15 150 185 m 120 150 200 e a a 210 a
H crochser c Aced n

38 150 185 s a m 80 200 m a a a 210 my

Hydrocyanic Acid a, e, w 20 150 - 150 m a 150 120 - 70 70 m 210 -
98 80 - 150 a 150 120 75 70 75 70 210 -

80 7C20 m a a 75 m -

10 75 120 180 aH orolevoric Acie a
20 a 120 180 m a 100 120 m a m 75 s -y

48 a 150 m a 100 m a a 70 m -

75 s n 75 s a 70 m a a a a m

a a a n - - - - - - -

( Anhy&ous)
Hydroth, ores.hcie Acid 10 100 180 185 150 150 150 75 = 70 70 m -

Hydrofluosiheic Acid 50 80 90 tes tso 150 150 75 70 a 70 s -

7s ton enn Ann 75 75 75 1
a.e.n Aw a - = = =R %,n -
e Any 100 - 150 m a ISO 150 m a e a 210 m

Hyurogen Bromice **
Hydrogen Carbosyhc Acid a, e, m Any a a 150 150 150 80 75 a 150 70 s 210 m

Hydrogen Chlorede ** w See Hydrochloric Acid

Hycro9en Cyanide a, e, a Any 80 - 130 m a 150 120 75 70 75 70 210 -

Hydrogen Dioside a, e 10 80 m a n 80 100 100 m 100 100 a 210 -

20 m - a a 80 100 200 m a a 75 s -

Hydrogen F#voride =

Hydrogen Peroside a, e, 10 80 m a a 80 100 140 a 100 100 m 210 -

H dros.en Sultase See Solfweic Acid
140 75 70 100 70 70 75 75y

Hyorogen Sviliae ** a, e Any a a 150 m m

Hydroquinol * 3, e, e Any 80 - a a a 120 120 70 70 70 70 125 m

Hyorownone * a, e, = Any 80 - a e 120 120 70 70 70 70 125 m

Hy&osshcftsoric Acid See Fsvesihcic Acid
Hydrous Aluminum Ouide * h, ho See Solvents
Hydromyacetic Acid * a,e,= 10 e s 100 m a - - 200 - 70 210 -

Hycroswooane Teicar9osyiic Aod a, e, = Any 150 150 153 150 110 150 120 m 180 100 a 210 s

Hydrory'wnsene * a, ct. e. gi, Any a n 100 s a : a 110 200 175 70 210 m
he,o,ogch,

Hydronyeinylamine a, si, et, a Any 80 - 140 80 80 - 210 150 150 75 - 210 200

Hydromysuconic Acid * a, e, = Any 80 150 m a n 120 140 m .50 75 75 150 m
Hypoac * es, = Any n - 80 m a s - 200 350 150 150 175 -
Hyoo * t, e Any 150 185 185 200 200 150 150 a 70 - 70 210 -

150 75
Hyaochlorous Acid 5 120 150 s a a 120 150 m a a a

scestone * al, fe See Solvents

IPA a, e, w Aay 120 - 120 120 120 120 - 75 70 70 75 210 -
tron Chlorine * a, vi, a Aay 150 185 185 ft0 200 150 200 s a : a 210 %

2To ~ s
Iron Dichiorioe * a,= Any 13D - IE5 E5 7 0 M 0 75 a 70 m a

iron 4trate * a, a Any 150 18; 185 200 200 150 100 m 70 m - 210 -

Bron Perchloride * a, gl e Any 150 185 185 80 200 150 200 m a a 210 m

Any 150 185 185 200 200 150 75 s 70 a 75 210 m
tron Persulfate * n

fron Protochloride * a,. Any 150 - 185 80 200 150 75 a 70 m a 210 m

tron Sullate * a Any 150 185 185 200 200 150 75 a 70 a 75 210 m

e,on Sesquichlor.de * a, el, = Any 150 185 185 80 200 150 200 m a a a 210 m

e,on 5.so s.esate * = Any 150 185 185 200 200 150 75 a 70 m 75 210 a
An, 150 185 185 200 200 150 75 70 a 75 210 m

s,on Ters.<f ate * *
pron Trichloride * a, el, . Any 150 185 185 80 200 150 200 s a a a 210 m

I,on wtried * = Any 150 - 185 200 200 150 75 s 70 75 - 2 T6 a

tsobutanoi a, e, = Any 80 - 100 80 80 80 - - - - - - -

100 80 80 80 - - - - - - -

Isobutyl Alcohol a, e, e Any 80 -

(so.0ctane 100 s - m 80 120 - - - - - - - -

75 70 70 75 210 -
hoo.ooanos a, e, = Any 80 - 185 120 120_ 80 -

m u - - 75 - - - 210 -
Isoorooys Acetate os, = Any n - 80
1sopropyl Aicohol 3, e, a Any 120 - 120 120 120 120 - 75 70 70 75 210 -

isopropyi Cheoride e, m, w Any s - a s s - - - - - - - -

iswopyicarbinal a, e, = Any 80 - 100 80 80 80 - - - - - - -

8 0 ._ - - - - - - - -

isopropyi Ether os , a Any 80 - m a

Isoprocyldieneacetone a, e, a Any n - a a a - - 7F' 70 - - 75 -

Isopropyttelvene a, e, cl 100 s - a a n - - - - - - -

Japanese Celatin aa, gi, = Any 150 185 185 180 180 150 200 a 70 175 - - -

Jet Fuel
f ree A&Ah F erosine

: - a : 150 150 - 170 70 170 170 170 -

s - s ICO 100 75 170 70 170 170 170 -

Troe B- Casohne Keros.ne 12 7-}$5 - - . - - - .

JP-1; haothi-kerosine s - a a

Casol ne-Kerosine s - a a 100 100 75 170 70 170 170 170 -

JP-3:
J P-4 : Caschne-Petroieva

- s a 100 1(,0 75 170 70 170 170 170i -

s - a s 120 150 - - - - - - -

JP-54 Kerosine
a - a 120 s - - - - - - -

JPs 150_ - 150 170 70 170 170 170 -
a - akeros* _
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j 'n jConcen- y eu

}J =Ml I e5 E CE 5 3 0Solvents tration =ca as

KetchesAmethylene os Any n - a a a a 75 m 70 70 70 75 -
Keteorooane a, ci, e, e, a Any a a 150 m a a 100 400 180 180 210 210 75
Kurroi's Salt Any 150 150 185 200 200 150 - a 10 s - 210 -
Labareague's Solution * = 20 m - a a a 120 75 s a a 150 75
Lace.c Ac.d a,e,gl,= 50 120 150 150 80 80 130 200 a 70 70 s 200
Gtos 105 a a 100 * - - - - * * -

Lacouer Solvents Aay n - a a m - - 75 170 170 - - -

Lard 0 i a, b, ch, ct, e 100 m - 75 a 100 - - - 70 - - - -

Laurc Ace * a, e See Solvents
Lavor caran9a * aa , qi, = Ary 150 185 185 180 180 150 200 = 70 175 - - -

Lead Acetate * a, ga, h, a Any 80 - 120 80 80 125 7 00 a 100 m a 200 :
Lead A, senate * HNO See Solvents
Lead Nitrate * a, 3

Aay 120 - 180 120 120 120 75 130 a 100 210 -
Lead Styphase * Any 120 175 185 180 120 120 - - - - -- - -=

Lead Soifme * h, e Any 120 - 185 180 120 120 75 e 150 m 150 180 75
e Any 170 175 185 180 120 'l20 - - - - . - -Lead Triaitroresorciaate e

Leucogea * e Any 150 185 185 200 160 150 75 a 100 m 70 m a
Lichea.c Acid * a, e Any 80 - - - u - - 75 - - - - -

Lvne * gi, h, a Any 150 185 185 200 200 150 100 100 200 m a a 75
Lee Acetate * a, e Any 80 - 180 = 120 - 130 70 130 70 70 150 -
L.me Bieacu * a, a Any 12 0 - 150 - - - - - - - - - -

Lime Hydrare * gl, h, e Amy 150 185 185 200 200 150 100 100 200 m a a 75
L.monene a 100 s - a a a 3 - - - - - - -

Lee Sa>toeter * a, ac, w Any 150 185 185 200 200 150 100 100 130 10 s 100
Laestone h See So ventss

L. a 100 s a - s - - - - - - - -

Lino etc Acid os 100 m - a = : - 2C3 s 500 500 a 600
Linolenec Acid os 100 a 80 150 a 80 80 200 70 10 - - --

Lenots Aced os 100 m - a a - 200 a 500 500 m 600 m
Linseed 01 a, ch, et, e, tu, pe 100 m - 150 180 180 130 200 75 70 ,0 - 200 -
L.rni.e 0 ygen 100 m a s a a m - - - - - - -

Lieund Petro'euen Gas 100 m a a a a a - - - - - - -

Laound Rosen s - a a 150 150 200 100 400 m - 600 -
Lube cating Ods a a a 120 150 150 - 170 170 170 170 110 -
Lube Oas s a a 120 150 150 - 170 170 170 170 110 -

Lye Any 150 185 185 200 150 150 100 75 150 m a = 75
Lyson a, a 150 - 150 150-" 15~5~ - - - - - - - -

Cacassargum * aa. gi, a Aav 150 185 185 180 180 150 200 s 70 175 - - -

Oaddrell's Salt Aay 15 0 150 185 200 200 150 - : 70 s - 210 -

Magnes.a Aiba * h See Sol eats
Magnes.um B sulf te * Any 120 - 12 0 120 120 - - - 100 a 100 70 :
T49aesium Carsonate * h See Solvents 150
Magaesium Chloeide * a, = Aay 150 185 185 200 200 130 200 70 70 m a 140
Magnesium Hydrate * am, h, w Aay 150 185 185 200 200 130 75 70 70 m a 140 -
Magnes um Hydros de * am, h, w Any 150 185 185 200 200 130 75 70 70 m a 140 -
Uav esium N.trate * a.= Any 150 185 185 200 200 150 75 70 70 70 - 210 -n

aes. .m Suirate * e, a, et Any 150 185 185 200 200 150 200 110 150 ~ 110 140 210M.ae 01Ua b, ch, cb e 100 m - 100 a a IW - 170 170 170 170 170 -
Male c Acid * a, b, a 25 80 150 m a a 120 200 m 70 70 - 210 -

Ma'e c Anhycrice * ac, ci, e, hc See Solvents
Male.aic Acid * a, n, = 25 80 150 m = 120 100 m 70 70 - 210 -
Mahe Ac.d * a, e, w Aar 80 150 m a i 120 140 a 150 15 75 150 m
Man 9anese Suhte * e Any 150 150 185 200 200 75T 75 - - - - 200 m
Marble h See Sotwents
Mari * h See Solvents
UEA a, ci, ct, w' Aay 80 - 140 80 80 - 210 150 150 75 - 210 200
UEK a, e, e, a Aay : a 100 e a a m 150 150 150 150 210 170~Mercur.c Chlor oe * a, e, go, py, a Any 150 185 150 a 150 75 M 00 m a a e 200 a
Mercurec Cyanide * a, a Aay 150 150 s 150 150 75 - 70 m - 150 m-

Mercueous 4trate * H%0 a Aay 150 - 150 80 80 150 70 - 140 a e 210 -
Mercury 8.chior.de * a, ed,i, py, a Any 150 185 150 s 150 150 75 s e a a 200 m
Mercury Vanoe s - a s a - - - - - - -

Mesety6 Ouide a, e, a Any n - a a s - - 75 70 - - 75 -
Vethanal a, e, a 40 80 m 150 80 80 150 100 m 100 150 70 210 m

Methanol a, e, e Aay 100 - 185 100 150 120 100 150 150 90 150 210 75
Methanecarbonylic Ac.d See Acet c Ac.d
Methyl Acetate he, e Any a - a a m - - 75 - - - 75 -

Methyl Acrylate e Any e - a a m - - 75 75 - 75 --

Methyl Alcohol a, e, w Aay 100 - 185 100 150 120 100 150 150 90 150 210 75
155 170 170 170 170 170 7 7 U -Methyibenaeae a, b, e 100 m a a a a

Methyt Sutanol a, e, e Aay 15 0 180 180 ISO 150 70 70 75 - 140- --

Methyl 8.eys tr tone a, , e Aay a -e 150 m a a m - - 150 - - -

Methyl Chiee de ** a, b, ci, ct, es, e Any n - 210 -80 s a a 75 m 100 m -

Memyreae Chlor.de a, e ICO e - e a e s a 100 70 100 70 75 -

m 70 210 -Methylene Chiarotwein.d. es 150 s s a a a s - 15M50
Methylene 0,coloride a, e 100 m - e a a s - 100 70 100 70 75 -
Mettyi Et*yi Ketene a, e, e, . Aay a a 100 m e a n 150 150 150 153 210 170
Methyl Hesyl Carb.ao! a, ci, e 100 m - a a 100 a 150 175- - - * *

Meet yf isobutea s det>ne a , e, . Aar s - e a - - 75 lo - *r 75 -
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Methyt isobutyl Kcteae a, e, e Any a - 75 a s a 70 150 150 150 150 210 -

a - a a a - - - - - - -

Methyt Iso.noisyt acione ., os Any
75

Metnyi Ucetaacrytate . Aay a - a a a a a 70 70 --

Ucihyinhe .oi a, e, ,i, ho, = Aay n - a a a : , 75 75 100 100 a 210 m-

Ucing Po ys.4osanes 100 - e a 180 - - - - - - . -

r

Feiny deropanoe a, e, o Any 80 - 100 80 80 80 - - - - - - -

Methylpropylbrazene a, ci, e 100 m - a a a : - - - - - - -

75- a a 75 75 - 75 -80 -

Methyt Sahcylate aa, e, a Aay n -

150 80 80 130 100 : 70 70 a 200 :
U.tk Ac.e

~ a, e, et, a 50 120 -

U.th of Magaes a * am, h, a Any 150 185 185 200 200 130 75 70 70 m -140 -

170 -
U.ek, Whose 100 - 100 100 100 100 170 170 150 200 -

110 70 170 110 170
u.nerar 0.t 100 m - a e 150 150 --

170 170 70 170 170
U aceat Pitch a s : 80 150 150 --

75 a
t U.neral So.rits 100 m a a a a 75 75 70 75 -

75 m
U.aeeas Th.nare 100 m e a a a 75 75 70 75 -

a, b, e see solventsaMiae,ai Teroent ne

U.rab.1,se * gi, . Aay 150 - 185 200 200 150 100 140 180 150 140 210
Any 150 185 185 200 200 150 - - - - - - -

Welasses =

Mo'ysete * . a, gl e Any 150 135 180 80 200 150 200 m a a a 210 a
100 -

Monobromo Beareae Aay n - a a a n - - - - -

Monobremote.Noromethane " 100 m - e a a e - : 75 70 100 75 -

' Monochloroacet.c Ac.d * a,e,. 10 m a 150 m a a 200 - 70 - - - -

- a 210 -
Gaochsoro Sentene Any a - a a a a a 73 70

Uoacchlorodefluoromethane " 100 m - a a a : - a 75 70 100 75 -
poacchlorotref tworometnane ** 100 s - a a a : - n 75 70 100 75 -

210 200210 150 150 75Moacetha,eiam.a. a, et, et, * Any 80 80 140 80 80 *-

U--- vetner 100 s 80 a 100 s . . - - - - -

Monosoceum Ac.d Metmaaearseaate 25 - 185 200 180 - - - - - - - - -

Monovinyl Acetate 100 m - - a : - - - - - - - -

75 210Any 150 185 185 200 200 150 75 a 70 aMonsel's Salt * w
150 - - - - - - - - - -

Morea Prem.c 150 -

Mor,hwa 0,, ae, a, ch, ci, e, pe 100 m = 150 - 120 - - - - - - - -

Motor So.rits 100 s - e : 100 100 75 170 70 170 170 170 *

Uwreates Acid See Hydrochforic Aced
- - - - - - - -

Westard a - - - -

Mothman's Leaved a, e 100 s - a a a : - . - - - - -

Myrist.c Ac d * a, e See Solveats

Naotna 100 m a a a a a 100 73 70 75 - 75 m

Naothalene * a,b,e See Solvents 130 200* 130 210 --
Napthea.c Aced he, os, w Any s - u - n - -

Nrothylbearene a, b, e 100 m a s a a 150 170 170 170 170 170 170 -

Natural Cas ** s e e u - 170 170 170 170 170 -

170 - - -
70 - - - -

- - - - -
75 -Nasee 70 - -

Schel Acetats * a, o Any 80 185 - - - - - -

N.chel Chlorede * he, w Any 150 185 150 200 200 150 200 a 70 m 100 140 -

behel 4trate * a,. Any 150 185 150 200 200 150 200 70 70 a 70 210 -

Sc6e# Salts * a, e Any 150 185 185 200 200 150 100 s 70 a 70 120

4 thel 5ellate * e, w Any 150 185 185 200 200 150 200 m 70 x 70 120 m
. - - - - - -

bcotine Beatoa te Any 130 - 153 200 200 130 75 -70 70
N. cot.ae Sulfate * a, e, e Aay 150 - 185 200 200 150 -- -

4 tee * a, ge, . Aay 1* 0 180 185 200 180 150 150 130 130 180 70 210 75
4.ter Cake * w Aay 150 185 185 200 160 150 100 a 150 a 70 200 a

4tric Ac.d to - 100 m a 150 125 a 200 70 m 400 m

gs 25 m - 75 a a 115 123 : 175 m a 400 s

40 s - a a a 100 80 140 400

Cwnememed n - m a a a a a 70 70 s 210 m
150

n - a a a s s 70 75 --

Fum.no
btrobeatene * a, b, e, = Any s - 80 m a a 75 170 AH 150 70 210 -

btrocate te * a, ac, e Any 150 185 185 200 200 150 100 100 130 70 s 100 m
7575 75 75 -

here Ethaar . Any 80 - 80 m 80 --

Etrogea ** 100 150 185 185 200 200 - - - - - - - -

= Aar See 4tric Acid4erogea 0.os.de "
- - - - . - -150 185 150 150 150 1504tronca reet hrer Solvt.on

= Any See 4tres Acid4trogen Peroside "
4trogen Tetraoside ** See 4trec Acid

75' -
htrohydrochloric Acid Coac- a a a a a s - a a a *

7575 75 75 -80 s s 80 -

N.iro Ueenaae e Any 80 --
73 -

4 teamer.atic Acid a a a a a s - a a a -

7575 75 75 -80 -80 -
Narapropane = Any --

4tromania.c Acid * a, b, cl, e, w Any s - - a a u 75 a 70 m a 210 s

Norge hier * a, ac, a Any 150 185 185 200 200 150 100 100 130 70 100

Norway Saltneter * a , ho , = Any 150 150 185 200 200 150 100 100 130 70 m 100 s

horaegaan 5altpetee * a, ac, w Any 150 185 185 200 200 150 10070 130 70 a 100
120 - * -

120 - - - -

NP4 100 - - - -

70 70
Condecate.eavec Acid os 100 e 80 150 s 80 80 200 - - --

Oc'adeceno.c Ac.d a, e, os 100 m - a a 150 150 a 70 100 70 s 210 s

OctaNorocycletivtaae 100 m - a a a : - s 75 70 100 75 -

- - - - 140
Quaael a, ct, e 100 m - a 100 a 140 -
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Consen. B v % 2 o j. 2 *3 $ 1 3

SWwes tem.es j f al J l 62 i DE < 3 O
'

!~
Ostr Assehee a se, e 100 e . e a 100 m 140a . . . ... 140

a a ISO 70 s-- 210 .
,

r 68 el Satse Ahmeans - a, e, e Aar s . 75 m e- ISO
80 e e e FS 370 150 150 70 210 . FS{-- Of of Wenet See Swfuns As.4

Oil ef Mataae * a, b e. e Aar a" . .

.

cit. SAE 100 e a a . ISO ISO 150 . .. . .. .

!- Ostde As d Mmenals (1) See Sessems
I

conse Aisas.ne Manends tts Aa, 150 185 -18S 200 1SG 150 100 75 ' FS . . s .

f Oahde 0C 31 (13 70 100 - 85 . 70 . . e 70 . 70 70 .
l CC 32 til 70 100 . 85 F0 " - a a . s 70 .
; OC 33 til s -e = . . s - a 70 . m 70 . .

OC 34 til a a . s . s . 70 - 70 m .
| OC 36 #13 70 100 70 70 -85 . . . a 70 **

GC 84N til 70 100 . SS . . . e s = s 70 .
OC 8AM til 70 100 a 70 ' .85 . . . a m

.-
*

OC 85 (13 s a . e . . . s 70 70 F0 -
OC 88 113 a e . 70 . . . e 70 = F0 70 .
OC 331 til 70 100 . 85 . . . = 70 - 70 70 .
O Cheen.seae
Ceysseats 4F,87,89,894

. . s . . . e 70 . * s .

. . s . 70 F0 F0 70 . e 70 .
. Cnyssess FM rese a . . s . . . 70 70 70 70 ..

i C,ysseat MC - n . . . . . . a 70 . s 70 .
| Caysceans L7 & SW s . . s . . . a 70 . s a *
- 0 0rysie (1) 70 100 . SS . 70 7 m 70 . a 75 .

0FM 184 t!8 70 100 . 85 . .

0
l

e s . a 70 -
! O Serieuse SA a e . s . . . e a . s 70 .

|. Oshee Selvom Maanais a a e a a e a 70 70 . . . .
! theheter.e Ac.d * * Aar 150 185 185 200 200 190__150 e 200 800 130 300 s

Gle.e As.d 4. e. es 100 s . e e 150 150 z00 70 100 70 e a0 a' Olem a, c6, se, e 100 m . 100 80 120 . . .

.70 .
. . .

ciews So.nas s . e e s a a 70 7S 400 s.,

Ohve Osa a. sh, se, e 100 m . 100 80 120 . . . . . . . ..
| 6 -. _- - _ _ aene 100 s . s a e a FS 75 . e . 75 -

- mthe-hydresyte.aes As.g a a. as. b. e. s s, e Any 50 * 50 a e a F3 e 100 70 350 ZIO s
Osases As d e a, e e 10 ISO 150 18S 200 150 130 200 e 70 70 s 210 75
Oeyeee " - 100 s . 100 300 100 too . . . . . . .

Onyma*eneae " - e, e. e 40 80 s 150 80 80 150 100 s 100 150 70 210 m,

) Osene " . 80 80 = 100 . * . . . . .

| Pa,4evs tasana 100 m a a s e a 13 73 1 13 . 13 e0 . . . .Pale Od a, se, si, e 100 a . s a 150 . . .|

' Pehndes Acid * a, e See Sel= emsi

' Pahn. tea.e Asad * a, e ' See Selvens
- - Pased.a * se, e See Se , emss

Passe Aleae . e Aay 150 153 153 200 400 130 100 a 150 a 100 JUG s
| Pead hymesyteaseae * a, e, a Aar 80 - e a e 120 120 70 70 70 - 70 12S s
j Parafere * ' he, e Aay e - a a e - 75 70 F0 70 . 75 75

Peafesmaidehyde * he, e Aar s - e a a- - 75 70 70 70 . 75 FS
Patene Aswe * e Aar ISO ISS ISS 200 200 ISO 100 s 180 100 -200 e
Pte Ales * * Aar 130 153 13T 755 700 130 a00 e aa0 a 400 zGO e
Peas Ash * e Aay ISO 185 180 200 180 !$0 150 100 180 m e 180 - FS
Pee 0il a, e 100 s - e a a a FS 75 70 70 210 .*
Peasachtened sheays e e e a e e FS 75 75 . FS. .
Peses**ed sheay8 Ketoe a e a a e a FS 75 - 75 . * FS .
Stashsesed.gheayl pede

~

a e a e . . 73 75 . 73 . 73 .
. Featasmarsee.r teasone a a e a a e 75 75 .s 75 FS. .
I PemasMaresheaytheosome e e a a a e FS FS 75 . 75 .*
i Peatasethyleae Asmae a, e. e - Any a . . a n . . . . . + . .

Peveaud fr.shesshase * = Aar e . . s a . . . . . . . .

PeWr8wethy+eae a, e, e, e Any e . a e a e * 320 320 300 TO 13 -
,

poesheers Ac.4 m 10 !$0 150 a e' 150 100 e a e . ~210*

| 7-_ _ _ - - _ a. k, cs. e. e, e. e Aar a a e a a ISO 200 75 70 70 100 230 75
i Peanenee wi.te * Cea, M 504 See Sea eats2

Peeemse a. e le 80 a e a 80 100 '120 s 100 100 . a 210 .
50 ' s a e e s 80 120 m 100 100 s 210

Pesemyde . gi, e may 33g . 333 200 200 330 . 70 10 a a ISO .a
-

Peremphyese et, e Aay ISS - ISS 200 200 ISO 70 70 m a 140 -*.

Peteos 100 s - e a 100 100 75 170 7 170 't; 1700 . .- .

.
Petroiewe 0 8 m e a 100 180 150 . .

Petre een Sew.es 100 e : e s e 79 75 70 75 75 :
.-Eews In.naer 100 e a a e a e 13 73 70 13 73

Pheastese Aar s . a e e a .

110 200 . IFS .70 210 m100 a s- a 200 .
. . .

Pheese a, si, gi, he Aay e .

Phenot Polytelemane e, e, sb. e 100 s . e a ISO * . . . . . . .

Phenes ina.neate * a. 6, st. e, e Aar s . . s s e 75 s 70 s a 210 a -
pheavise.ae e. t. e 100 e e FS a e ISO s 70 70 100 PS 210 75 '
pheny,heasene Any 5 - * a a a e . . . * . . .

Pheavisare.aer a. si, e, e Aar s . 18S e . . FS 100 100 100 210 s
Pheari chier.de u

10,0
s a a e e a IFS LSO 150 ISO 150 210 PS

Pheartenhane a, t.d. e. e Aa s . e e a e 140 PS 150 ISO 150 210 FS
Pheayi tener * a. e See $Weems
phea,1 Ethes (me. Aa, a . e a a . . . . . . . .

Phemynesame Ac.d Aar ISO - . ISO FS e 150 ISO e 210 sa .

rheapi nyeasiae any 50 . s a n . .

.110 200 175 70 230 m
. . . .

Phearhe As.4 e a, et, se, e, ge, Any e . 100 e e a a
he, e. .

Phea nesthane a, e, e 100 s a a e a ISO 170 170 - 170 170 170 170r .

P>eari Methy8 Estone es, e Aar s . 80 s a s- . 200 350 ISO ISO 175 .

PhsayiseHeas As.d * a, e 18 . e 120 s 70 21070 . . 140. . +

Phesghee tite s Aar e . 120 e a . . . . . . . .

[ M4 As.d 30 130 155 159 50 150 20'3 a 13 s JOC 300 s
.ISS

0
85 ISO 120

. ISO
a 140 200 s e 70 210 ac

' 104 s . 120 200 m . e 70 a00 a. .

Phesehe8ews 804 e 185 ISS s . . 200 m . e 70 400 e; .
Phesaens Aaye de *; = See sahesehens As.d

! Ash'e A#we * . Aa, 150 185 185 200 200 150 800 a 184 s 100 200 m
j; . P ens c d * g td'Ae. * Aar s . e e e FS e 70 e e 210 ea

!
l
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1 6d i E e .3 sa dSesse.as temeen ad sa e a' e

Pseeness As.d * et. st, e, e Aa, ,e . . a e s 75 a 70 e a 210 a
P.ee s aneene en 100 m . s a e s 75 s 70 70 70 P .

P aeae 100 m . . s a . . . . . . .Ss

.

. = . ISO . . . .P ae D' alSO,220,230,&IIF all . . . s ISO
P.pe,,e.ae e, e, o Aa, , . . . . . . . . . . . .

Pim.ae SWm.eas
Assanear 130 180 185 . . . . . . . . . .

Arsea s 100 . . . . . . . . . . . .

Sens 100 . ISS . . ISO . . . . . . .

ISO ISO ISO _ ISO . . . . . . .C8he* 150 .

Genome a . s a s 120 . . - . . . .

ISO
ISO . ISO ISOCohs4 ISO * * . . . . ..

180 . 340Cassee 100 . . . . . . ..

ISO. Cesd 100 e 180 = . . . . . .. .

e,en 100 . . . 180 ISO . . . . . . .

155 7 50' 7 88 150 . ISO
150 . . ISO . . . . . . .

. . . . . . .

m shel 100 * * * - . . .. .

. . . 200P.m.we
150 . . . . . . .' Saver 100 . ISO + *

ISO 150 . . ISO - . . . . . .7e .

Pem.as Seesas

2.as en As.o.a e .
100 . ' . ISO . .

ISO . . . . . .. .taas . .

. ISO .
- . . . . ..

FS 70 70 70 . 7S FSPolylometerbye * he, e any a . e a m

Po*yesvesenyte.e * he. e Aay e . e o e . 7S 70 70 70 . 7S FS
' Paesn * e Aa, ISO ISS ISO 200 ISO 150 ISO 100 ISO e a 180 PS

Penm Ai e A., ISO 139 ins 200 ISO 150 200 s ISO 70 100 200 180psuse va * a, e, y, e Aa, 355-~185 T85~755''155755'TDo n 13c . s e n'
Paass e aseeme * a, e Any 120 1 75 ISO . 120 150 75 PS 100 s . ISO 75
Penns.es As e * e Any ISO ISS las 2n0 ISO lle 200 s ISO 70 100 200 180
Pennseme Cetsame * e Aer ISO 185 ISO 200 ISO ISO ISO 100 ISO a e ISO 75
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APPENDIX B

INDUSTRIAL CHEMICAL CORR 0SION CHART FOR RESINS (15JSTEEL,ALLOYS, TITANIUM, CERAlilC, AND RUBBERS.

Code: A = Excellent
B = Good
C = Good to 80*F

D = Moderate effect tuse under limited conditions)
E = Not -ommended
F = Autocatalytic
X = Unknown

.

CH[WlCR % % %

ACIT ALO(NTSE E E 3 C 3 E I A A A A A A E 3 E A

AClist ACID. 20% 3 3 3 A A A A A A A A A A 3 3 A g
ActTIC ACID. 80% D D C B B B A A A A A A A B D A E
ACtilC ACID CLAtt4L E D C C D E A A A A A A A 3 g E g
AttTIC ANMTORigt E E 3 A g ( 8 A 3.~ ~C A A A A A A E
Act10E E t 3 e 3 E D A "A A A A D' A 9 ( B E
ALUMINUM CHLORIDE A A A A A A A A D 8 A D A A A A A
ALUMINUM FLDORIK A A 3 A A A A A C 3 3 3 3 A A A A
ALUMINUM $ULIAft 'A A A A A A A A 9 S A A A A A A A
AMMONIA 10% A A C A A A A A A A A A A A E A A
AMMONIUM CHLORIK A A A A A A ~ 'A A B C A A A A A A A
AMMC'NIUM N11 RATE & A A A A A A A A & S A A A A A A
AMMONIUM F(R5ULIATE A a 3 4 A A A A_1 3 3 1 _A A A A A
AMMONIUM PH0$PMAft 3 A 3 A A A A A A A A A A A A A A
AMMONIUM $ULI ATE A A, a A a A A A B A A A A A 0 5 S
AMTL ACITATE E E C E I a A A A A A A A E E t E
AWYL ALCOHOL 8 3 3 1 .I 3 E A A A A A A A & B B B
AMfL CMLORIDE E f__C 3 iE E A A L ,A A 3 A 3 3 E. A, ,
ANILIM E E C C E E A A A A A A A E E 8 A
AQUA RECIA 's E E 3 E E C A E [ 3.E A A E E B A
AR!!NIC ACS A A 3 a A A A A 3 3 3 3 A A 3 1 &
BadlUM CHLORIM A A A A A A A A

C~~ 'O A A A &~ A A A

3 & A A & B 8 8
BLAIUM SULIATE A A A A A A A A B
903 A A A A A A A A

~~
A A A

~A A E A AA
Sth2ALDINTBE E E 3 g g g g A A A A A A E E E E

B[Nllh[ ($[N20Q E E C C E E C & A A A E A E E E B
BtNiclC ACs A A A A A C A A e e A C & a E A
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BROMIN[ M AftB g C C E A 3 4 A E E & A A ( E 1. , A_
AUTTL ACf1 ATE E E C E E 3 C A B E A 3 A 3_ 8 E E
BUTTRIC ACS 3 9 3 A A S A A 8 A A C A E 3 E 9
(11CIUM Bl$UlflTE A A A A A 3 A A g 3 A C A A A A &
CatCIUM CMLORIK ' 'A A A A A A_ A A C A A A A A A A A

j
CatCIUM HTPDCMLORITE A A 3 A A A A A _g_ ,9 9 A A ,E_ 5 4 3 i

CattlUM $Uttait A A a A A A A A B 5 A A A A A A 4
CAR 80N II*R ACHLOR'DE C_1 C_ j C C. _E_ 3 A A S B A A A t 1 E E A
Cat:0NIC Ace A Iaie A A A A A e & A 3 3 A .I e ,s_ _e_
CMt0ROActilC Ate A A C e 3 a A A r 3 & A A tit A A
CHt0RINt % A1[3 A A 3_ ,E e a A A ( a a A ,A gTE p
tut 0R0erNzrNE E r 3 C t t & A A A A 3 A rie

,_,A ,
t A

CMt0R0f 0Ref E i (_ C t E t & A A A A A A E a a e
CMLOR01Ulf 0Nic ACle C C 3 E I E E A D 3 A_ A A E E I 1
CNROMIC ACID. It% A A 9 A A A A 4 5 A A A A_1.E A &
CMROMit AtlB. 30% A A E a f A A A B & 4 A A E E A A

Y~ s' ~ ACMROMIC ACIO. 50% t t t A E D A A C 3 A A A E t
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CNEMICAL % [ p%

8 A A A A A 'E A ACITRIC ACIO _A . A A A A A A A !

COPPER CHLORIDE A IA A A A A A A S B A A A A J B g_ $_.,
COPPER CTANiet A A B A A A A A A A A A A A!O I S

COPPER NITRATE ._$ - A A A A A A A A a A A A Ai B B ,g_
A A A A A A A 4 S A A A A AI8 g 8

COPPER SULFATE

CRESTLIC ACIO 8 B A I I I A A A A A A 4 I I I A

tiliTL ACETATE _E E S C E E C A B S S I A 1 I E E

ETHYL CHLORIDE E E C E E E A A A A 0 A A 0 E S A

ETHYLENE CLTCOL 4 A A A A A A A 9 A A I A A B B 3

FATTY ACIOS _.A,_,A A A A D A A A A A A 4 B A I 3 ,

FEtelC CHLORIDE A A A A A A A A E E B -C A A A E B 8

FERRIC NITRATE A A A A A A A A B A B A A A B ~~3'~-g

FERRIC 5ULFATE A A A A A A A A A A A A A A B g B

FERROUS CHLORIDE A A A A A A A A E. E 3 A A A I 3- 8~
B[SFERROUS SULFATE A A A_ A A A A A B B A A A A I

FLU 0 BORIC ACIO A A I~ ~~ ~~~'
A A 3 A A E E A I B j_IA B 8

FLUO 5tLICIC ACID A A D A B B 4 i e g B E E 8 ~ A Y I B
FORMALDENTDE, 40% 8i S A A 1 A A A A A A A A A i A S 3 LE

(A__E A A e A A A A 1A E 3 iEFORMIC Act0 _C_ C C A,

FREON 12 (WET) C C S A A I I A E I I g_ A C S E . A

FUEL 0lLS A A I C A I O A A A A A A A B 8 i B_
FURFURAL E E T E E I A A 8 A A I A E E I iE
GASOLINE C C 5 E E I E A A A A A E A E 5 E A

SLTCERINE (CLTCER0L) A A A A I ~ A A A A A A_ _A, A iA _ B~~"'S~3
NEPTAME A A B C E I A A A A A I A iO3 4 8 8

NEIANE C C C C _ I__I A A A A A I A 1 A I B S_
NTOR00ROMIC AC10. 20% A A 8 A A I A A E E A 4 C S E A A

A A A E E is-C 8 C A .I A 8NTDROCMLORIC ActD,0-25% A A A A A gY A A E I S-C D C A I__A _ A_NTSWOCMLORic ACID,25 37% A A A A A

NYOROCTANIC ACig A 4 I A A A A A A A A I_ C I 5 I A

NYOROFLOORIC ACID,10% C C I A A A A A C C 3 E E A I A A

NTOROFLUORIC ACIO,30% C C I B B D A A C C B E E ! A I A A

NTDROFLOORfC ACfD,60% 9 0 I 5 E D A A C C 5 E E E I S A

NTDROFLUO51LICIC ACID,20% A A B A B B A A B _B B E E A A I B

NTDROCEN PER0Il0E,30% A A C A I A A A B_ A A B _E D E A A

NYOROCEN PEROIIDE 50% C C I I I I A 4 B A A I I S E A IA
NYOROCtN PERCIIDE, ses E E I I i I C 4 S A A I I E E SiA
NTDROCEN SULFIDE, AQ. SOL C C 4 A A A A A 0 A A 4 I A E S Sj
IODINE (IN ALCON0L) E E I C D I A A B B A E A E E E A j
REA0$ENE 3 3 A C I A A A 4 A 4 4 A E_,S E A i

KETONES E E I E E E C A A A A A A E E E Ej
LACQUE2 THINNER 5 9 0I I C E E I A A A A A A E E I I I

LACTIC Atl0 8 9 A A~ A 0 S A B A 8 A A A I S SI
LEAD ACETATE A A A A A A A A A A A A A E I E A1
LUSRICATINC 0ft 'C C I C I A A A A A A A A E__A_ _S j 41
MACNESIUM CHLORf0E A A A A A A A A B A A A A A A AJ A
MACNESIUM NITRATE A A A A A A A A A A A A A *A A A 3A
MAGNE51UM 5EFATE A A A A A A A A A A A A A A A A A

MALEIC ACIO A A 8 A A I^~~ A B A A A A I I A AA

METHYL ALCON0L C C I A A I A A A A A A A A 8 B O

METNTL CHLORIDE E E I_. E_E____E__A A A A A A A E__E_ _E___ A_.
METHYt ETNTL RETONE E E C C E E E' 4 A A A A A E E E E

METNTt IS00UTTL IETONE E E S C E E B A A A A~
'I 'A

''
E E EA A E

METNTLENE CMt0 RIDE E E I E' 'E E
~ ~ "~~~~

''A A I AY 9 E A

S A A A A E E E S

NAPTNA B B A C I E A A A

NAPTHALENE E E S C I I A A A A A A A i E E E I O
INCIEL CMLORIDE A A A A A A A A 0 3 4 A A A 3 S Oe

NtCREL SULFATE ,A , , A_ ,A , _A__A A A A B A B A A. A S 5 8

NITRIC ACID.10% A A I A A S A A B A A A A E E A 4

NITRIC Atl0,20% 1 A I A S E A A 0 4 A A A E E A A

NITRIC ACle,50% ._4 ._A I C E E A A g A A A A E 1 _ QA_,
NiTIiG AsiD AsiHYGIGU$ E E I E E E O A S a e 4 a e E F i R,

NITRO DEN 2ENE E E I C E E g A B A S A A E E E E

SILS AND FATS A A I A I I I A A A A A~ ~A A A ~I A

SLEIC ACfD [A. 1 _ A_ .C A [I' A A ,0, B,''B 'I A 9 'A 9 [.
E I E E E A I I A I A E E E ASLEUM. 25% E E~--

TT ~e A A C- 1 _9__C~ 'A I I _A__A_,oIAuC AciS _A _ A A

PMENGL C C S S E A A # B B A A A E E E A '
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CnEMeCAL %

PMO$PMORIC ACIB. 0-50% A i A A A A A A A 3 3 A C A B 3 A 3
PH0$PH0RIC ActD,50100% 8 g 9 8 A A A A B B A-8 C A B I A_p
POTA$$fUM BICAR90NATE A A A A A A A A e B B A A A B B B
POTASSIUM SROMitt 4 A A A A A A A B 5 A A A A B B 3
POTAS$10M CAR 00NATE A A A~ A A A A Y 'B' B- Y 'A- A A 3 3 3i
POTAS$1UM CMLORATE A A I A A A A A A A A A A A B 3 3
POTA$$1UM CMLORIK A 'A A A A A A A D C Art A A A B B 3
P0TA151UM CTANIBE A tA 8_ A A A A A A 3 8. A A A 3~~~~Y"9
POTASSIUM DICMROMATE A tA A A A A A A A A B A A~ A 3 S
POTA351UM MTORCIIDE A }A A A A 3 A A B' "B '' 'B~ ' Ai| E A 0 S B
POTASSIUM NITRATE A ,A A A A A A A $ 8 9 A A A $~

~g 3;
B B 1

POTA1$1UM PERMANCANATE A ~ A B A A A A A g 8 A A A A g

PROPTL ALCOMOL C !C I I I I A A A A A ,A A A B- 'S~
SUPOTA511UM SULFATE A !A g A A A A A B B B A A A B B

37
SOAPS A ! A A A A A A A A A A A A A g 8 8
5001UM ACETATE A *A A ,A A A A A i 3_ 0 0 A A 3 E A E

SC0!UM BICARSONATE A A A A A A A A B A B A A A B 3 3
SC0tUM S!$ULIATE A A I A A

~~

A A A A S A A A 3 3 3A

10DIUM SISULFITE A A A A A A A A 3 3 3 A A A 3 3 3i

500 lum CAASONATE A {A A A A A A A B A B | A A A g 8 3
$0DIUM CMLORATE A A I A A A A 4 B 3 8 i A A A E 5 3-
$001UM CMLORISE A A A A A A A A ~f~B-~g }A A A 3 3 3
SODIUM CTANISE A A A A A A A A A A A . A A A g____,g g
5001UM MTDROIIDE,20% A A A A A B A A A A A IA E A 8 8 E

$001UM MTD40XIDE. 50% A A A A A B A A E & A IA E A 3 3 C
$0010M HTP0CMLORITE _A __A I A A A A A g__I_ A-B A A 0 E A 3
5001UM NITRATE A A A A A A A A A A B A A A 3 3 3
$001UM 53LICATE _A__A B A A. A A A 5 S S I_ A .A_ _A . _A__A_.
$0044M SULFATE A A A A A A A A A A A I A A 3 3 3
s00 rum Sutrief A A I A A A A A e o e A A A E a s7
STANNIC CMLORigt A A A A A A A A E C 5 A A A B D E

STEARIC ACIO A A 8 C I g A A A A A A A 3 E D T
STODDAROS SOLVENT E E I I E I A A. A A A A I E I I A}
$ULfuRIC ACID,0-10% A A A A A A A A E A B C A A 9~ A A 3
SULJURIC AC18,10 75% A A C A A B A A E A 9 9 A ETE' 'A Ai
SULTURIC Atle,75-100% C C E C A E A A E A B E, A E_ ,E D A

TANNIC ACIS A A A. A I I A A 3 3 3 A A A E B B|
TANNING UQUORS A A I A I I I A A A A A A I A I A-

A A A A A I A A 3 3 3 A A A E B B,TARTARIC ACf3 -~~

E I C E I D A A A A I A I E TTTETRANYDil0FURANE E

TOLUENE (TOLUOL) E E B C E E A A A A _A4A A E E E E-
TRICMLOR0 ETHYLENE E E B C,_E__I A A B B A i A A E E E A

TRICRESYLPHOSPMATE _E E I I I, _I__I __A A A A B A E (_ E A

TURPENTINE 8 9 C C I I A A A A A I A E E E A

USEA A A B A I I A A 8 3 $ A A A E A E
VINESAR A A B A A A A A A A A A A A E S S
WHITE LIQUOR (ACIB) A A I I A I A A A A A I A .I A I A

XYLENE (ITLDQ E E O E E E A A A A A I A E E E A

ZINC CHLORISE A A tA A A A A A B # B A A A 5 3 8
ZINC SUtFATE A A IA A A A A A A A 8 A A A A A A

* hlorinated poly (vinyl chloride) Haste 11oy Alloy C austentticc
b N1-Cr-Fe-Mo-W SSpoly (vinyl chloride) y
* "modified polyphenyline oxide
d utadiene-acrylonitrile copolymergg
* * ** ' * **poly (viny 11dene fluoride) ,

poly (tetrafluoroethylene) viny 11dene fluoride-hexafluoropropylenee
8stain. lass steel rubber

Carpenter 20Ch-3: austenttic
N1-Cr-Fe-Ib-Cb-Cu SS
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