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The materials engineer should start evaluating possible constructional 
materials, to minimize capital investment, with the earliest decision to com­
mercialize a process. This evaluation continues, with suitable modifications 
because of equipment and process changes, as the design develops. Specifica­
tions and procedures are drawn up so materials can be purchased and fabricated 
to give the results expected. Finally, plant oper4tions are followed closely 
to assure that specified co·rrosion controls are maintained, that new controls 
are added or modifications made as needed, and that the materials used deteri ­
orate in service only as predicted. With such a broad scope of activities, 
the materials engineer can function properly only if he is an integral part of 
the .process team from inception to ultimate plant operation. 

Some Ground Rules 
. 

Two terms should be defined at once to minimize possible misunderstanding. 
First, the materials engineer discussed here is not trained iri the field of 
"materials science" which is receiving so much attention and publicity from the 
government and from many of our colleges and universities. He is not supposed 
to develop new materials but is to utilize, most effectively and economically, 
existin~ mate rials that can be purchased and fabricated with definite schedules 
and lead times. The basic constructional materials still are metallic, so a 
good grounding i n metals and alternate eneineering materials, and the ways in 
which they can be modified and can deteriorate in service, is essential. How­
ever, even the best men trained academically in materials science will be of 
little direct value to the chemicals industry that needs a materials engineer~ 

Second , the term "chemical industry" means a plant which must operat.e at 
a satisfactory profit under a civilian economy in which urgency of plant com­
pletion is not necessarily the key factor and taxes are paid and capital in­
vestmen~ is recovered without artificial incentives . The capital requirements 
and operating costs of a proposed plant are the major factors that determine 
whether or not it will be bui l t . These costs , in turn, depend l argely on the 
materials of construction. Therefore, the mater ials engineer, who has the re­
sponsibility fop their choice. plays an important role tn the commercial tza ­
tion of new pr ocesses or products. 

:vhat Ha s To Be Conside re d - ---- -- - . ---- -
Considerat l.on will be given , first, to the over-all picture and how the 

materials engineer should fit into it ; second, to certai~ pract·tcsl questions 
which must be answe red, us t1ally by Management ; third, to the metallic and non ­
metallic materials avai lable for use, either as constructional materials or 
as liners or coatings, with some of the li~itations they impose ; and fourth, 
to the i nformation secured from the operating plant to control materials deter ­
iorat i on . 

The Over-All Picture 
··-- -·- ----

';Jl1en a dee i si on is made to ·'oui ld a new plant, the engineer lng and process 
desi~ns usually have to be reasonably well fixed in order to estimate capital 
investr,ent. 'r.ne major factors aJ'fecting this investment, therefore, are mater­
ials selectio~ and servicability. Service deterioration usually results from 
co rrosion or some combination of it and another factor, Stlch as mechanical wear, 
cyclic stressine (known as fat1gue), or over stressing (J~adine to premature 
fai lure by cracking) . When plant operation is at elevated pressures or temper­
atures, such deterioration is particularly hazardous because either the r aw 
materials or the products, intermediate or final, frequently are flammable and 

.may be noxious as well. It also can be costly because leakage or spillage may 
cause l oss of valuable raw material or product while the plant i s trying to 
operate. Even when there is no hazard or direct loss, a plant not operating 
because of an unplanned shutdown is not profitable. 

The Materials engineer must select and specify (a) materials of construc­
tion, (b) thermal or mechanical treatments, and (c) methods of fabrication to 
satisfy the process requirements. He also must have assurance that the mater­
ials supplied and the methods of fabrication used actually are as specified. 
After the plant is built he must be completeiy conversant with all service 
experience and field failures. 

In many plants this work is done successfully by several different en­
gineering groups with the materials engineer acting largely in a liaison and 
cDordinating capacity. However, even to coordinate all of these functions, he 
must be part of -the project team from the beginning. He should ~e conversant 
w1th bench scale developments and must be part of the development team during 
the pilot plant and process and engine~ring design stages. His responsibilities 
·should be well recognized and his knowledge and experience be utilized to the 
utmost. '· 
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Practical Que• tiona 

Betore a materials engineer can function effectively, certain practical 
questions must be answered. These answers usually are given by company man­
agement on the basis or •pacific cases or alternatives presented to it. 

First, how much contamination can be tolerated at various stages of the 
chosen process design? Both competitive products and the economic consider­
ations incident to e·stablishing or breaking into a market are involved. con­
tami~ants introduced with raw materials usually are recognized but those re­
sulting from corrosion or wear of mechanical or process equipment often are 
overlooked. These impurities, usually metallic, may deactivate existing cata­
lysts or catalyze undesirable side reactions as well as oontam1nate or decrease 
the yield of the final product. Contaminants from. corrosion also have im­
proved the yield or quality (e.g color) of the final product. This has been 
overlooked when the .R,ilo.t plant ~roup did not understand the nature or the cor­
ro• ion tully. 1110; in many processes, the bu11c1-up 01· corrosion products 
during tbe ·earl1er atagea or in recycle streams is ignored because care is 
takea to purity the product by d1at1llation, crystallization, or extraction 
aa a final 1tep. These are •ome ot the reasons why the pilot plant, it possi­
ble, ahould be b-11lt ot the materials projected for the tinal plant ~•sign. It 
thia 11 doae, a7 aaterials wealmess or disad~antagea may be shown up early 
when they are correctable. To overdesign the pilot plant so no corrosion occurs 
merely poatpone• the day ot decision or trouble. 

Second, must the engineering design conform to the requirements of ap­
plicable con1truotion oode1? These Codes may be local, state or national 11ke 
the ASME Boiler and Pressure Vessel Code or the ASA Code for Pressure Piping. 

Third, where will the plant be built? This can affect materials selec­
tion because it determines the type of worker who will run the plant and may 
affect safety considerations as well. Labor may be a signi ficant factor, ex-· 
pecially in foreign or previously nonindustrialized areas. The ability to se­
cure replacement materials readily when needed, also might occur in foreign 
locations and might have a profound effect. 

Fourth, what are the economics of materials selection? Although the 
materials engineer should be knowledgeable in this respect, the basic 1ecis1on 
often is made by company management as a general policy. A plant may be buj lt 
of corrosion-resistant (usually more expensive) materie.ls to decrease or elitr:1-
inate product contamination and maintenance expense,at the cost of a larger 
capital investment. Alternatively, less costl1 (usually less corrosion res1st­
ant) materials oan be used, at the cost of a larger operating expense, which i s 
immediately deductible for tax purposes. All chemicals plants are desi gned to 
be shut down periodically for lnspection and rehabilitation. The lost produc­
tion is part of the cost of doine business • . A materials fa1.lure frequently 
results in an unplanned shutdown or an extension of a planned shutdown . If so, 
the added cost of this loss of production,, which i s properly charged against 
the materials failure, frequently overbalances completely the savings resultine 
from using lower cost mater::.als in the first place. The best course might ap­
pear to be to use the lowest cost material that will last j ndefinitely . How­
ever, from a materials engineeri.ng viewpoint two other factors should be con-
sidered. 

(1) There always is a possibility of something unexpected happentne to 
cause serious deterioration or failu.re l n the supposedly superior materials. 
This is particularly true in a new process about whi ch not too much is known. 

(2) Proper attention tr:1ust be paid to the time value of money. As a rel­
atively simple example, if $100 is borrowed today {even if jt ls borrowed from 
yourself) it must be repaid in, say, one year by a larger amount, for example 
$115. Thus, for this simple example, $100 today is worth $115 Rfter one yeer, 
or the present. worth of the $115 a year hence is ~100 . Thi s $15 incr·ease also 
is known as the earnings rate of the $100. Therefore, mor.ey which ls not spe~t 
today can be earning a return in some other investment until it does have to 
be spent. It may cost considerably more cash in the long run to make a large 
investment initially and to have low operating costs (i.e., to have no repairs) 
than to spend less capital money and repair at scheduled intervals. 

. Fifth, how will existing business practices affect materials seJ.~cti on? 
Currently, the capitalized cost of the or1ginal installation is depreciated 
over its life at a rate set by the Federal Government, whereas the costs of 
subsequent replacements, so long as they do not upgrade the equipment, are 
looked upon as repairs to help the equipment reach that life and are expensed, 
(i.e., are deductible, for tax purposes, in the year incurred), even though 
they last more than a year. Thus current laws on taxes and rates can 1nflu• 
ence materials selection profoundly. As. an alternatlve to a high initial capi­
tal investment, annual operating expenses often can be increased much more than 
would be exp·eoted. If such replacements can be made during regularly scheduled 
shutdowna, only labor and materials need be charged against the replacement, 
but not the loss of production which ususally is much larger. A treatment dev­
eloped to assist in decisions involving long and short-life components is given 
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in the typical charts in Fig.l. With these charts, if any three of the four 
variables: (1) earnings rate~ (2) life of long-life alternative, (3) life of 
short-life alternative, and (4) ratio of the costs of the two alternatives, are 
known,· the fourth can be read directly. Also, when the life of the second al­
ternative is ~own, as usua~ is the case, the same charts can be used to 
determine what the life of this alternative will have to be in order to break 
even. For example, a given piece of equipment can be built either of carbon 
steel with a relatively high corrosion rate so -it has an expected life of two 
years or ot a low alloy steel which costs twice as much. If the desired earn­
ings rate is 15%~ the right-hand chart in Fig. 1 indicated that the low-alloy 
steel will have to last more than six years to be economical. However, if the 
earnings rate is 25%, the low-alloy steel would have to last considerably more 
than 15 years, on the same basis. Thus, unless there are overriding consider­
ations such as safety or preventing contamination; it often is not economical 
to use a more expensive material even if it last forever. 

M.ATERI ALS AVAILABLE 

Metallic Materials 

Only alloys based on iron, nickel, copper, and aluminum find much use in 
the chemical industries. The properties of the other four basic engineering 
metals: magnesium, lead, tin, and zinc, and their alloys, usually are not suit­
able. 

Relative costs and other pertinent data for some common industrial alloys 
used for process equipment .because of their combination of strength and corro­
sion resistance are given in Table I. Carbon or low alloy steel is the pre­
ferred material~ because of low cost and ease of fabrication into process equip­
ment. Stainless steels, usually·of . the higher alloy austenitic types of -which 

. 18:8 (18% chromium, 8% nickel, remainder iron)is the best known, ar~ most wide­
ly used of the higher alloyed iron. The simpler nickel alloys are used where 
necessary but are about as expensive as can be used in process units today and 
still leave a reasonable capital investment. The Hastelloys (complex alloys 
containing nickel and molybdenum with some iron, ·chromium, tungsten, etc.) 
cost much more than the simpler nickel alloys and usually can be justified only 
for special applications. A large number of alloys based on these engineering 
metals are available for use. Selection between them depends on the particular 
application and usually •is determined by factors such as the strength, both 
static and dynamic, and corrosion resistance. 

Producers of materials plan on potential consumers doing most of the devel­
opment work, particularly when the potential sale of product ~s relatively 
small, as it usually is -in the chemical industries. Also, chemical processes 
requiring materials for corrosion protection, if not completely new, often h£-l.ve 
been revised in such a way that previous experience is limited or of little 
value. The consumer must find out for himself', or with the aid of' experienced 
engineering contractors or vessel fabricators what strength, ductility and re­
sistance to service deterioration are needed and how materials with these prop­
erties can be assembled into operatfng equipment. Sometimes thermal conductiv-
1t·y and thermal expansion also may be important. 

New developments, both in materials and in the methods of using there are 
. being announced continually, but a high percentage of these announcements ~re 
premature from the viewpoint of the chemical eng ineer and the materials engi neer 
trying to make an operati ng plant from a process · desien. These new materials 
are l ·argely a direct outgro-v,th of the extreme temperature, streng th, and other 
requirements of the nuclear missile and space programs, and the tremendou.s a­
mounts of money being spent to develop materials. Some of these new metals were 
a little more than scient i.fic curiosities not too long ago. Initi·ally, such 
materials are produced in sufficient quantity to permit some of their propert i es 
to be determined and son1e times to have a limited special application. An 
effort then is made to extend their use in the hope that quantity production 
can be achS.eved at correspondingly lower prices. During th1s period, adver­
tising, technical papers, personal visits and technical seminars are used to a­
lert and arouse the interest of potential users so it is easy to be oversold by 
this convincing flood of information. 

However, the use of these new metals develops slowly in either government­
financed or business-financed industries, usually because they cost too much. 
Table I includes titanium, prob ably the best developed and lowest cost of these 
new metals. It's cost still is comparable .with that of the Hastelloys, ·even on 
a volume basis. consequently, titanium becomes competitive today, only where 
corrosion resistance is the main factor and strength is minor. 

. . 

In Table II several of the newer exotic metals are compared with carbon 
steels. The comparison is based on the simplest commercial form, frequently 
a metal sponge, rather than on a fabricated shape. Next to ti.tanium the best 
developed probably is tantalum, but it is so costly that its use can be justi­
fied only when nothing else is available. Furthermore, although practical meth­
ods suitable for fabricating vessels and other plant equipment from these metals 
may have been worked out, it usually has been only for simple constructions and 
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on a laboratory scale. All of them are extremely susceptible to .... c·ontamination 
by st1ch elements as oxygen and carbon and usually by nitrogen and hydrogen as 
well. Hence, the scale-up factor from laboratory or small-scale fabrication 
to full-size process reactors or di stillation columns may be far more diffi­
cult than would be expected. The mater ials engineer must know these facts and 
t he state of the art at any time because, if the need for an alloy is known 
far enough in advance, fabrication procedures suitable for a specific applica­
tion can be developed . MP.ny metal producers and fabricating companies are 
anxious to work with potential users if the demand is great enough or the po­
tenti al user will pay the costs. 

TABLE I 

TYPICAL METALLIC CON.5'rROCTIONAL MATERIAI:> NOW BEI?O uSP:n 

• 

Carbon Steele 

Aluminum All.oya 

Stainless Steels 

Nickel and Monel 

Hastelloys 

Titanium · 

Carbon Steel11 

Titanium 

Zirconium 

Molybdenum 

Columbium 

Tantalum 

(Plate) 
0.2% Off:!let A.S.M.E. Relative Coat 

Yield Strength Allowable Strea• Per Unit Per Unit 
1000 pai - 1000 p1i 

4o-48 15 

4-11 1. 6-7.3 

30-40 17.5 .. 18.75 

15-40 10-19 

5o-58 20 

4o-65 12.5 

TABIE II 

PROMISI?ll EXOTIC METAL5 

0.2% Offset 
Yield Strength 

1000 psi 

40-48 

4o-65 

29-61 

70-80 

20-30 

30-40 

Elastig Modulus 
_ 10 psi 

30 

15.5 

13.7 

47 

15 

27 

FIGURE 1 

Weight Volume 

1 1 

6-9 2-3 

10-15 ll-16 

21 24 

82-100 90-125 

125··225 75-135 

(Sponge) 
Relative Cost 

Per Unit Per Unit 
__ Weight Volume 

1 

40-42 

170 

210 

1 

290 

950-1450 1100-1700 

. 920 2100 

CHARTS FOR SElECTING BETWEEN A LONG-LIFE ALTERNATIVE AND 
A SHORT-LIFE ALTERNATIVE THE RATIO OF WHOSE COSTS IS r. 

.,, 15 -~ 10 
• 8 
Z 6 -... 
> ' -
~ 
z 
- 3 IU 

~ 
< ... ... 
~ 

J. -0 
:r: .,, 
... 
0 ... ... -.., 

( 

EARNINGS RATE ·25~ EARNINGS RATE 1591 

4 3 2 1.5 20 10 I 6 4 3 2 1.5 1 

LIFE OF LONG-LIFE ALTEINATIVE IN YEMS 
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Metallic Liner• 
Sometimes the more expensive corrosion resistant materials can be used as 

liners in process equipment. Many unexpected problems can ari"se with liners 
.however. esp~cially in. the initial application to a given process when elevated 
temperatures and elevated pressures are involved. Cyclic conditions are par­
ticularly troublesome. Leaks may develop -which can be quite serious under oper­
ating conditions, particularly when the lo~ 6ost backing material, e.g., carbon 
•~eel, has little corrosion resistance, and yet these leaks may not be detecta­
ble at the normal atmospheric conditions at which repairs would have to be made. 

Three classes or metallic liners are in common use. 

(1) Loose liners, either of the bladder type constructed externally for 
u1e inside a flanged steel vessel• ( which provides backing ._strength but not 
necessarily pressure tightness), or of the more conventional type constructed 
inside the vessel and supported primarily at the flange of each manway or noz­
zle •. 

c·2) Welded liners, attached to the vessel either as fairly large panels 
u.sing ~solated or continuous spot welds or plug welds on a square or diamond 
pattern designed to take care of thermai expansion differences. Liners of this 
~ype also are made by continuous depoaition of stringers of weld metal • 

. 

(3) Integrally-bonded liners, attached to the plates of which the vessel 
is made as completely as possible by roll welding, by casting and rolling, or 
by vacuum brazing. · 

With lined construction, however, savings on. materials costs seldom ex­
ceed 25% and some of this saving may be used up by the special procedures re­
quired d~ing vessel fabrication. For example, one factor which frequently is 
overlooked is that the clad plates themselves must be joined together to make 
the vessel and this may give considerable trouble. The welds joining these 
plates together generally have to be of carbon steel, but the process side 
either has to have corrosion-resistant weld metal, or be capped with a strip of 
corrosion-resistant metal. 

Nonmetallic Linings 
/-Nonmetallic linings may be used successfully if materials se:rvioeable 

under process conditions can be found. The carbon steel vessel itself may 
have adequate resist_ance to process corrosion if its temperature is low enough 
so the lining may only have to provide internal insulation to give a sufficient­
ly low shell temperature at a low cost. The refractory con~ete linin~s used 
to do this must be properly designed to avoid tensile stress-cracking and 
must have sufficient thiclmess of well-installed low-permeability material 
to provide good protection against corrosive fluids that might attack the 
shell but do not attack the concrete. Proper liner stress conditions seldom 
if ever can be obtained with~ut decreasing· the metal temperature substantially. 
Refractory linings intended primarily for corrosion control usually are made 
in one layer, supported by v- or ·T- studs. Two layer linings using light­
weight · insulating concrete against the shell and a thinner layer of dense con­
crete on the surface to resist erosion and corrosion are used frequently in 
vapor-state processes. In the two-layer lining, welding studs are used for 
support. If wear resistance is needed, hexagonal steel grating welded to these 
studs supports the dense concrete. Two-layer construction protects against 
corrosive vapors but is not reliable for liquid immersion. External insula­
tion on the vessel must be eliminated or kept to a minimum if low shell temp­
eratures are to result. Usually, shell temperatures are kept above the con­
densation range, however, to avoid both internal and external condensation cor-
rosion. 

· Glass linings have been used in the past, within the limits imposed by 
their corrosion resistance and susceptibility to thermal shock and mechanical 
damage. In addition to the limitations obviously imposed by the training and 
habits of plant personnel, e.g., dropped wrenche·s or carelessly used hobnailed 
boots, glass linings can be used only with sp~cially designed vessels. Mod­
ernized versions, partially crystallized borosilicate glasses (Pfaudler Com­
panyts "Nucerite" and Corning Glass Works• "Pyroceram" are examples. See J.R. 
Little and D.R. Hall, Ccystallized Glass Coatings, Materials Protection, 
June 1962, 40-44) have greater resistance to both corrosion, thermal shock, 
and mechanical damage, and apparently higher temperature limits, than the older 
linings. They appear to hold considerable promise, but experience still is 
limi·ted. 

' 

Likewise, the modern prestressed brick lining (C.A. Honigsberg and G.P. 
Eachenqrenner, Prestressed Nonmetallic Linings for Process vessels -- Structur­
al Design Considerations, presented at National A.I.Ch.E. Meeting, Loa Angeles, 
Califomia, Feb. 6, 1962; also J. Reya and A. Koeppel, Chemical Engineering 
Progreq, June 1962, 92-94.), originally developed in Europe, appears to have 
defi!lt~e _a~~&tJ.t,g~a over the conventional aoid-~root brick linings (Donald 
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Thompson, Brick-Lined Process Equipment, Chemical Engineering, Feb. 2ft 196C) ~ , .. ' 
129-134; March 21, 1960, 161-166). The prestressing is secured bJ' uae of· an!.·,. 
expanding thermostting organic resin or potassium silicate cement. This re•fn 
o~ cement is used both as a bedding material and as a mortar with either acid­
resistant clay or carbon brick. Expansion of the mortar during a curing cycle 
imposes elastic compressive stresses on the liner. With proper design, these 
liner stresses are always elastic and are held within· the compressive or, at 
worst, the very low tensile range, under all foreseeable conditions of opera­
tion. Each lining must be designed specifically for the vessel and for the . 
process and other (e.g., cleaning and shutdown) conditions under. which it muat 
operate. Design is not difficult if operating conditions are . nearly constant 
but it becomes much more complicated for cyclic conditions whether these are 
imposed by the normal operating cyclic or, for example, by steaming before shut• 
down. 

The use of plastic coatings or linings for protecting steel vessels and 
piping against corrosion is growing. Usually these are applied best 1n the 
shop, preferably on new vessels or lines, rather than in the field because of 
the many cleaning and application problems involved in securing an adherent 
coating free of defects. If the surface already has corroded and must be 
cleaned thoroughly before coating, these problems are magnified greatly. Plas­
tics for this purpose have definite temperature limitations. The older vinyl, 
epoxy, chlorinated rubbers and polyesters, and epoxy-modified . phenolic coat-
ing materials seldom can be used above 220F. The newer chlorinated polye~hers 
(e.g., Penton) after fusing at 425 F to 450 F, can be used to at least 250 F 
both as coatings and as solid components. The fluorinated polyolefins can be 
used to even higher temperature; FEP Teflon for example, is usable to 400 F. 
However, the coatings are expensive (about $8 to $12 per sq ft es app~ied, 20 
mil thick) and both applice.tion and service experience still are somewhat lim-
1 ted. Shop application of some of the new materials often ls 1n the form of 
cemented sheet linings. However, for. thermal plastic materials considerable 
progress has been made in plasma jet sprayed coatings on a developmentel basis. 
The older TFE Teflon still has the highest potential service temperature (550F) 
of ·any plastic material but it is not thermal plastic so it cannot be sprayed or 
applied by fusion. Sheet linings of TFE Teflon can be applied by cementing 
with FEP Teflon but the cement then limits the useful temperature to, roughly, 
400 F and the life of these linings still is somewhat questionable because of 
lack of service experience. The very high thermal expansion of Teflon (about 
10 times that of steel) also may be a serious disadvantage. A successful solu­
tion to the TFE Teflon application problem would be a significant breakthrough. 

Natural and synthetic rubber sheet linings are used widely at temperatures 
up to 200 For slightly higher. They are not usually satisfactory in contact 
with organic solvent·s but provide . reliable and durable protection against many 
aqueous solutions. Their. cost ls high compared to that of coatings, but sheet 
linings entail less risk of pinholes and have better resistance to mechanical 
damage and permeation by liquids than coatings. They are applied by using ad­
hesives, almo&t al~ays by specialists. Usual thicknesses are 3/16 to 1/4 in. 
Neoprene and soft or semiliquld natural rubber are used most commonly but ni­
trile and butyl rubbers and chlorosulfonated polyethylene (Hypalon)are .better 
for some purposes. 

Reinforced plastics, usually of the epoxy, or polyester types, also are 
much less used for linings or for primary constructional materials in chemical 
plants than ·might be expected from advertising literature. Both reinforced · 
plastic pipe and plastic-lined pipe are finding increased usage, howe.ver. Ac­
ceptability by engineers and by plant operators has not been good if there is 
any other solution, and constructional Codes usually have not considered the 
question. Although reinforced plastics often have definite advantages over 
metals in corrosion resistance and light weight, they also may have definite 
disadvantages in low elastic modulus, which gives them poor resistance to in­
ternal pressure and to buckling and collapse, and in low flexural fatigue re­
sistance, in poor flame resistance, and frequently in cost. Objection to the 
use of plastic piping has been particularly great if there is any possibility 
of fire. Resistance to overheating by fire is no more than a few minutes un­
less external fireproofing is· used. However, service experience with reinforced 
plastic pipe, selected for corrosion resistance, generally has been good. Both 
cemented joints and flanged joints are used. 

At the present time almost any vessels made of reinforced plastics have 
to be of standard shapes and sizes and usually have been used at substantially 
atmospheric pressures and temperatures. There are definite limitations re­
garding the number, size, and location of ~penings which can be used. For el­
evated pressures, proper reinforcement requires winding on specially prepared, 
relatively expensive mandrels which must be reused many times to be economical. 
For example, reinforced epoxy vessels have been made as large as 12 ft in diame• 
ter by 20 ft long, with a capacity of 17,000 gal. Even with a 1/8 in. wall -
thiclmess these tanks are more expensive than steel. In addition, because or 
the·· poor flexural fatigue strength of the. reinforc·ed plastic, a ractor · of safe­
t¥ of 6 to 8 must be used, as compared to 4 for steel, so a vessel of th1a ·s1ze 
for 200 psi service would have to. be 1 in. thick, about · the ~ama as steel with­
out the corrosion allowance. Service would be limited to 200 F. The 11nfabri­
cated materials coat of the plastic vessel would be about three timea that ot 
a carbon steel vessel; the fabricated coat much more. 
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Repair and Maintenance 

The use of n~w materials in the chemicals industries is much freer when 
maintenance and repair are involved than for new construction. In these cases 
the requirements -of the various constructional Codes either do not apply or 
apply less stringently t h an to new construction so the ingenuity of the en­
gineers involved govern more than any arbitrary rules • . 

-For example, although there are many objections to the use of glass­
reinforced plastics as basic constructional materials, they are finding ap­
plication for replacement and repair within the limitations of their chemical 
and thermal stability. For repairing a storage tank bottom (J.F. Wygant, Rein• 
forced Plastic Replacement Tank Bottoms, A.S.M.E., Petroleum Division, Dallas 
Meeting, 1962.), for example, where the deteriorated steel can be used as a 
construction form, a glass-reinforced isophthalic polyester plastic bottom 
costs about ·half as much as a replacement steel bottom. Isopolyesters adhere 
well to sand-blasted steel and are appreciably less expensive and more adherent 
than the epoxies which also have been used. 

CONTROL OF r1ATERI ALS DETERIORATION 

Electrochemical Control 
. 

Two methods of protecting met.al vessels are electrochemical in nature. 
The first of these is cathodic protection·, Fig. 2. · In this method another 
material is made anodic with reference to the material being protected. The 
anodic material may be more active electrochemically and thus corrode instead 
of the metal beine; protected or it may be relatively inactive chemica.lly and 
be made anodic by use of an impressed external voltage . 

The secor.d method is just the reverse, n8.Illely, anodic protection (C. 
Edeleanu, Anodic Protection, Chemistry and Industry, 11nrch 11, 1961, 301-308), 
Fig. 3. 11any metals are res i stant to corrosion in certain media because of 
the formation of a passive laye r on t heir surf.ace. For example~ stainless 
steels have excellent corrosion re sistance in the presence of oxidizing agents 
such as sodium dichromate or nitric acid but corrode rapidly in the presence 
of reducing environments. This corro~ion r esi stance is a type of passivity, 
and , in stai nless s teels at least, probably results from t he formation of a 
continuous oxide l aye r or monomolecular layer of oxygen on t he surface. Pas­
sivity can be induced and maintained by keeping the meta l anodic in the cor­
rosion system, althot1gh this may sound pa.radoxica.l becat1.se, a.s mentioned above : 
t he anode usually is the corroding electrode in such a system, In this new 
system of anodic protection the anodic potential must be kept under proper con­
trol so the metal remains passive. · If it become s active, it will corrpde. 
Some sort of stable reference electrode must be use d in the system, along with 
a catr.ode. The necessary relationshjp between electrode potential and log cur• 
rent or current density (proportional to corrosion r ate ) on the metal being 
protected i s shown in Fig. 4. 

In systems to which anodic protection i s applicable (D. A. Shock, O.L. 
Riggs and J.D. Su.db11ry , Application of Anodic Protection in the Chemic~l In­
dustry, Corros ion , 16, February 1960, 55t-58t.), as the potential first in• 
creases to a rnaximum (e.t point B) . \vith a further incree.se in potential the 
current density decre ases to point A rnd then remains sub stantially constant 
over a fairly wi de ran£e before i t starts to increase again • . This minimum­
current range is the passive ranee. In it the current density is a minimum 
so the corrosion rate is a minimum. · 

Inspectior. Contr ol 

In many cases, the first rea l test of constructional materials under ac­
tual operating conditions comes only when t he new plant goes on stream. Pilot 
plants often are used large ly to outline feasible operating ranges. The op­
timum operating conditions then are determined by mathematical analyses. Even 
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if pilot plant runs are made under the expected full-scale plant conditions 
the scale-up to a full-size unit frequently introduced unanticipated variables 
which affect materials deterioration. Such· things as localized process con­
ditions or velocity effects, or differences in material characteristics re­
sulting from construction techniques often cannot be predicted from either the 
process design or the pilot plant studies. Also, plant maintenance practices 
may introduce new corrosive conditions such as washing procedures or the for­
mation of corrosive solid depos i ts or condensates in piping. 

-
Four general procedures are available to give the materials engineer in-

formation on the service durability of the materials selected. Two of these: 
corrosion coupons and off-steam inspection, have been used for many years, but 
the other two: corrosion probes and on-stream inspection, are relatively recent 
developments. In addition, considerable insight often is needed to know where 
to look for possible deterioration in the time available. Any corrosion eval­
uation device is, in a sense, only a statistical tool because it can give in­
formation only on what is happening at a particular location. 

In exposing corrosion coupons of various materials to operating condi­
tions, the only real problems are the selection o.f materials and of a repre­
sentative exposure locatibn. Coupons customarily are evaluated by a combina­
tion of weight-loss measurements and visual and metallographic examination. 
They usually are assembled on racks, · which are either bolted or welded 
to the vessel in the locat ion selected. For l iquid or condensation conditions, 
especially aqueous, some sort of insulators, e.g., Teflon, customarily are used 
to prevent electrical connection and eliminate possible galvanic effects. Se­
lection of test spectmens depend s large ly on the application but these speci- . 
mens sho1.1ld be in a conditj_on, e. g ., welded or stressed, comparable to their 
use in the process equipment. Specimen t~icknesses of the order of 0 .1 to 0 . 3 
in . frequently are used for mechRnical durability, so long exposures are desir­
able to secttre acc11rately measurable weight losses. Exposures usually are de ­
termined bJr the length of rt1n between unl t t urnarounds. However, coupon chang ­
ers now ere available, which per~: t a limited number of coupons to be 
inserted or recovered durtng a run, even with pressurized systems. The chief 
dj Stlrivantaee of coupons is tha.t only avers.ge corrosion rates can be secured 
from tl1ern end even these req1.1ire certain assumptions, of which the simplest an c1 
nost co!lll:1or:1ly usf.1,.1 is tha t corrosion occ11rs at a uniform rate. Th.e main ad­
vant~ se of co11pons is tha t t i1e y evaluate corrost~n over a sizable period of 
ti~e as ~ell as ~i ving soma infor~ation on pittjn: or other J.ocqlized attack • 

. 

Off-stream inspection (A.J. FreedriRn , A. Drfl.vn ieks an!3 B. Ostrofsky, Cor­
rosion I·1easurement Short C curse, Petroleu.m Refiner, r1ay , J'.lne, J1.1. ly, 1960.) 
largely consists of vj_suA.l jnspectlon and tf'.ickness mee.surements of any parts 
of the pl~nt that are opened durine the shutdown. This seldom includes all 
vessels, so, if there is no past experience recor<l , locations of important mat­
erials deterioration may not be inspected. The likelihood of this is minimize d 
if the materials engineer is part of the inspection te~m, if only on a con-
sulting bas1 s. 

The cor~osion probe (A.J. Freedman, E. S. Troscinski and A. Dravnieks, An 
Electrical Resistance t'.ethod of Corrosion }~oni toring in Refinery Equipment, 
Corrosion, lli, April 1958, 17St), uses a very thin strip, wire, or tube 
spec imen and evaluates corrosion rates by a series of measurements of electri­
cal resistance {proportional to the loss in thickness). The slope of the 
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thickness-time plot then gives a corrosion rate, Fig. 8. The specimen is al­
ways in a selected location in the corroding medium so little if any information 
can be secured on localized corrosion such as pitting, etc. Probes are availa­
ble which can be removed or inserted while the unit is in operation. Mechan­
ical devices have been developed for doing this easily and safely at relative­
ly high pressures. When inhibitor or other injections are bei ng used to con­
trol corrosion, probes will give a continuous record 'of effectiveness. They 
also may be useful as operating tools to evaluate the effect on corrosi on of 
changing operating conditions. 

On-stream inspection now is being used more and more extensively, even 
at elevated temperatures. This has been a logical development. What a unit 
operator really wants to know is how much corrosion allowance is left at any 
time. This information should be available far enough in advance of a scheduled 
shutdown to have everything in readiness for immediate repair. In that way down 
t ·ime is minimized, sometimes enabling more expensive and longer life materials 
to be used effectively. On-stream measurements give the ·actual thickness of 
the material at one spot and can be made rapidly enough to permit numerous read­
ings. Radiography (X-ray or isot9pe) end pulse-echo ultrasonic are now the 
most cormnon methods of doing this. Radiography (L.A. White and T. Arnesen, 
R.adiographic Technig·ues as Applied to Onstream Inspection 11ethods, Procedings, 
American Petroleum Institue -- III Refining, btQ, 1960, 190-195.)is effective 
only where the source and film can be placed on opposite sides of the part be­
ing inspected, Fig. 9. This usually means only piping or small vessels. Pulse• 
echo ultrsonic thickness measurements can be used whenever there is access to 
the spot . to be measured. This presents no problem if the line is below, rough­
ly, 100 F. At high temperatures, up to at least 1000 F, specially sealed and 
watercooled transducers must be used (B. Ostrofsky and C.B. Parrish, Ultrason­
ic inspection at Elevated Temperature, Society for Nondestructive Testing, New 
York Meeting, November, 1962.) Lead metaniobate crystals are sat-
isfactory if protected properly. The cooling water also serves as a couplant 
thus simplifying or eliminating any requirement for surface preparation. Ex­
perience with on-stream inspection still is somewhat limited but it has proven 
to be strikingly effective in some instances by detecting severe and unexpected 
corrosion which undoubtedly would have resulted in a serious fail~re if the 
unit had continued on stream. · 

Any engineering design, whether for a chemicals plant on the ground or a 
rocket engine, is only useful to the extent that it can be translated into re­
ality by using available materials. The .selection of ma~erials often does not 
seem to be complicated. However, this discussion may serve to emphasize the 
breadth or· the problem and the large number of factors which must Qe considered 
if capital investment is to be kept to a minimum without paying for it by hav­
ing a low operating factor. It usually is unanticipated equipment and mater­
ials problems that make a chemicals process unsuccessful. · 
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