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ABSTRACT

In attempting to improve corrosion control, the U.S. Navy has
undertaken a program of coating corros .on-susceptible shipboard compcuents
with th:rmally sprayed aluminum. 1In tuis report the program {s reviewed in
depth, including examination of processes, process controls, th: nature and
properties of the coatings, noncestructive examination, and possible hazards
to personnel. The performance of alternative metallic coating materials is
also discussed. It is concluded that thermally sprayed aluminum can provide
effective long-term protection against corrosion, thereby obviating the need
for chipping of rust and repainting by ship personnel. Such coatings are
providing excellent protection to below-deck components such as steam
valves, but improvements are needed to realize the full potential of
contings for above-deck service. Several recommendations are made regarding
pricesses, materfals, and research and development aimed at upgrading
further the performance of these coatings.
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CHAPTER 1

INTRODUCTION

Historically, corrosion of below and above~deck components of ships
has been controlled by painting. A large fraction of a ship's crew is
required to work on a steady basis cleaning and repsinting metal surfaces to
control corrosion. This chipping and repainting is considered nonproductive
labor and in effect reduces a vessel's operational readiness by reducing the
number of personnel available to operate it (Sulit et al. 1980).%
Conversgely, an inordinately large crew is needed to operate and maintain a
ship. During the past 1) to 15 years, naval ships have not been mannad
adequately to accomplish all necessary corrusion ccntrol by painting. As a
resu.t, extensive refurbishing is required during periodic overhauls.

Figure 1 1hows the extent of corrcsion in machinery compartments of the USS
Saratog,a at the time of majur overhaul in 1981.

1he National Bureau of Standards has estimated that nearly one- _nird
of maintep:~ce costs in the U.S. Navy can be attributed to corrosion
(Nacloral Purea. of Standards 1978). The Navy {s concerned with reducing
both the monproductive work load on ships and the total maintenance and
repair costs. One approach selected has been to use thermal--zpray aluminum
(TSA) conatings on zcrrosion-susceptible steel structu::s and corponents
whereve- possible. Such coatings promise to reduce b.th the need for
periodic repat! ‘*ing and the costs for repair and maintenance by extending
greatly tte usciul life of chrated components. Tests of TSA-coated steel
structures in marine enviromments indicate that service life in excess of 1V
years without the need for repainting may be possible (Navy, Department of
1966; National Bureau of Standards 1977; American Welding Society 1974).

The use of TSA coatinge to control corrrsion on Navy ships began irn
the early 1970s8. Initial studies and shipboard tes*ts were conducted with
wire-sprayed aluminum (WSA) coatings using o«yacetylene torches to melt,
atomize, and spray-deposit aluminum coatings on suitab.v prepsred steel
surfaces. This process, termed the "¥SA preservation syitem” in Navy
documents, is generally referred to an "flame-gpraying” a.u is described in
detail in Chapter 4 of this report.

*References cited throughout this report are listed in a sepsrate section
following Chapter 7.



FIGURE 1 Corroded steam lines :n machinery compartments of USS Saratoga
at time ‘f major overhaul, January 1981 (Courtesy COMNAVSURFPAC).



The WSA system has been used on aircraft carriers since 1974 to protect
launch and recovery systems (Navy, Department of 1976). A nonskid dock
coating applied by arc-wire-spray techniques also was developed and is now
uged routinely for jet-blast deflectors on carrier flight decks (Sulit .t
al. 1981). A test and evaluation program to implement WSA preservation in
ships of the Naval Surface Force, U.S. Pacific Fleet (NAVSURFPAC), was
initiated after 1974, but large-scale service tests did not begin until 1977
(Sulit et al. 1981). In that year one guided missile frigate, USS Schofield
(FFG3); three guided-missile cruisers, USS Wilifam H. Standley (CG32), USS
Fox (CG33), and USS Bainbridge (CGN25), and two Spruance—class Jestroyers,
USS Hewitt (DD966) and USS David R. Ray (DD971), were fitted with selected
components for shipboard evaluation of the WSA preservation system (Sulit et
al. 1980). Coated items included steam valves, boiler skirts, ladders,
instrument stands, lifeline stanchions, diesel exhaust stacks, missile
r xhaust deflectors, helicopter deck tiedowns, steam riser valves and piping,
helicopter flight decks (nonskid coating), walkways, and missile launch work
areas. This 1list has been extended since 1980 to include many more ships
and varieties of components and structures.

Results of shipboard tests and evaluations to date have been mixed, with
both good and poor performance, depending on the nature and area of
application. In a majority of applications, results have been very
encouraging, with a significant reduction in required maintenance and
nonproductive labor. WSA-coated steam valves have been in service over 4
years without any significant degradation. The Navy is now implementing as
a routine procedure the use of WSA preservation for components on which good
performance has been demonstrated (Sulit et al. 1980). This procedure
promises to reduce fleet maintenance hours and increase the useful life of a
wide range of shipbcard components.

for-ance has been less than satisfactory in topside components,
notab. y arc wire-sprayed aluminum nonskid deck coatings (Navy, Department of
1982). Coating separation occurred in less than one year of service in
several large installations on deck edge elevators and helicopter flight
decks. Corrosion occurred within the coating, and tne deck-coating
interface was undermined. The cause of these failures is not clear at
present, but the results indicate that current practices for WSA coatings
may not always be appropriate. Process and product improvements may be
needed to obtain maximum benefits from broad application of the WSA
corrngion control system.

Performance to date has been judged on the basis of relatively
short-term (<5-year) exposures. While the short-term benefits of WSA
preservation appear to be worthwhile, neither the long-term (>10-year)
effects nor the performance limits of these coatings in shipboard
applications are known. It is important that the potential limitations and
problems that could affect the use of this technology be more clearly
defined to provide guidance to the Navy in applying WSA preservation systems
to a wider range of shipboard applications. New and emerging technology for
thermal-spray coatings must be fully assessed in terms of Navy applications,
and current practices must be modified as needed to provide the best
possible preservation system.

‘ R ""‘—‘“.‘“wm ,,.-n-‘-:uﬁ-w- e



SCOP™ AND OBJECTIVES OF THIS REPORT

A committee organized at the request of the Navy reviewed thermal-spray
coating technology and assessed its practical application for WSA
preservation of shipboard components. Results of the committee's study and
its recommendations for future actions are presented in this report.

The stuly consisted of a detailed review and analysis of WSA technology
as used by the Navy and of the state of the art of metallization by
thermal-gpray processes for corrosion control. The committee took a broad
view of the overall field of thermal-spray coatings with the intent to
identify technologies not currently in use by the Navy that might aid in the
development of improved shipboard preservation systems.

The primary objective of the study is to provide guidance for the
expanded development and application of metallized coatings to control
corrosion of shipboard components. Specific goals are to:

o Indicate the long-term (>5-year) potential for preservatinn of
steel structures and components in Navy ships by metallized
coatings.

0 Identify problems that may arise in the application of metallized
coatings for shipboard service and indicate the degree of risk
involved in the use of this technology.

o Indicate what, if any, existing or emerging technology not
currently in use by the Navy should be considered to improve the
performance and expand the use of metallized coatings to solve a
wider range of corrosion problems.

o Identify the optimum materials and procedures for metallized
coatings in marine environments and indicate how this technology
can best be used.

o Recommend areas for further research, development, or testing that
may increase the performance of metallized coatings and expand
applications to reduce maintenance in naval ships.

The Navy identified a number of problem areas that the comaittee was
asked to examine:

l. Accelerated testing to estimate projected service life and time
between repair and overhaul cycles.

2. Ncndestructive testing and quality assurance techniques and
pryocedures.

3. Updated standards for materials and processes.
4. Recognition and incorporation of WSA preservation in ship

acquisition (new construction) versus repair and maintenance during
overhaul periods.

LR et i ML il 3



5. Additional areas for retrofit on deployed ships.

6. Approaches to analysis correlation and dissemination of performance
data as related to applications and processes.

7. Development of a technical information data bank for use by ship
acquisition and logistic support managers and staff.

A further objective of the study is to resolve these problems where
possible and to aid in the transition from paint to WSA preservation systems
in the U.S. Navy.

Chapter 2 presents the committee's conclusions and recommendations. In
the subsequent chapters, current Navy practice in a specific area, is first
reviewed, followed by a discussion of the state of the art in that area.
Comnittee findings with respect to existing or developing techmology, which
could be incorporated in the Navy program to improve performance or aid in
developing improved shipboard preservation systems based on metaliized
coatings, are then presented.




CHAPTER 2

CONCLUSIONS AND RECOMMENDATIONS

SUMMARY

The committee strongly endorsed the concept of corrosion control through
the use of thermal-spray coatings. Although information is not adequate to
predict service life accurately, present evidence indicates that coatings
are cost-effective (on a life-cycle basis, more economical than paint),
require much less maintenance when ships are at sea, and, with an estimated
service 1life of 10 to 20 years, may preclude the need for upkeep between
major overhaul perioda. Such coatings are providing excellent protection to
below-deck components such as steam valves, but improvements are needed to
realize the full potential of coatings for above-deck service.
Corrosion—-free life is controlled by coating defects. Therefore, major
attention should be given to appropriate specifications, process cortrols,
post-spray sealing, and training of operators and supervisors. Improvements
in some procedures--principally maintaining a clean, dry surface before
spraying and sealing of porosities--are needed. Three new cr different
approaches should be explored: utilization of the hot-dip process for
removable items such as stanchions, ttke evaluation and development of bond
coats, and, if it is determined that zinc or zinc~-aluminum alloys do not
constitute hazards, their use as alternates to aluminum. Finally, an
amplified program of evaluating material and process variables, such as by
shipboard or shore test panel installations, is needed to enable
improvements to be identified and wrong choices to be avoided.

DETAILED CONCLUSIONS AND RECOMMENDATIONS
Conclusions
General Comments on Shipboard Utilization of Metallized Coatings

0o Thermal-spray coatings of aluminum, zinc, and zinc-aluminum allcys are
capable of providing effective long-term (>10 years) corrosion
protection to steel in shipboard zpplications. Well-bonded, relatively
dense, sealed coatings have the ability to protect both above- and
below-deck components for many years with miaimal periodic maintenance.
These coatings have the potential, by preventing corrosion, to reduce
significantly the nonproductive labor required to maintain Navy ships.

- - i



WSA coatings are considered to be cost-effective for shipboard
applications. In many applications metal spraying 1s competitive and
sometimes lower in cost on ar initisl-cost basis when compared with high
quality paints. When considered on a life-cycle basis, which includes
maintenance and repair costs, thermal-spray coatings are more economical
than paints.

Widespread use of WSA—coated steels on naval ships does not present a
personnel safety or fire hazard under either normal or wartime service
conditions. Sparking, which could cause ignition of combustible vapors,
is the only recognized potential hazard; this can occur when rusted
steel strikes a clean aluminum surface. The risk of sparking appears to
be negligible when the coating is sealed and/or painted. Zinc or
zinc-aluminum coatings, 2n the other hand, appear to present a possible
significant personnel ssfety hazard. Zinc oxide fumes can be produced
in a shipboard fire or explosion, and the fumes are toxic. Widespread
use of zinc could present a safety risk: however, a detailed analysis of
the hazard potential has not been made.

Considerations Related t:0 the Coating Material

o

Aluminuam; zinc, and zinc-aluminum coatings protect steel by acting both
as barriers to corrosion and as sacrificial anodes at local defects
where corrosion occurs. Zinc provides better galvanic protection,
vhereas aluminum is better as a less reactive barrier layer.
Zinc-aluminum alloys appear to combine the better qualities of both
materials, but thermal-spray coatings of these alloys have not been
tested for long-term resistance to marine corrosion. Zinc coatings need
to be painted for resistance to direct attack by corrosion. Aluminum
coatings must be sealed for best performance. Suitably primed, sealed,
and painted coatings of pure aluminum or zinc appear to offer equivalent
long-term protection. No other metallized coatings are known to provide
equal or better protection at couparable unit cost. The committee
strongly supports and endnrses the selection of unalloyed aluminum as
the primary metallized coating for shipboard preservation systems. The
effect of top coat paints on performance has not been defined adequately.

Process Considerations

o

It is possible for thermal-spray coatings of acceptible structure and
properties to be sprayed by either combustion-gas-wire, arc-wire, or
plasma energy processes. No one process has been conclusively shown to
be inherently better than any other process with respect to the
structure and properties of sprayed-aluaminum coatings that can be
deposited on suitably prepared, clean steel substrates. The choice
between processes can be based more on economic and producibility
considerations than on coating structure and property considerations.

- Al - =ik B - R
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The combustion-gas WSA costing process selected for the initial
shipboard applications and used today for the majority nf WSA
preservation coatings permitted an early and effective demonstration of
the broad capabilities of metallised coating systems. The process is
considered to “e suitable for continued and more widespread use. The
arc~vwire-spray process offers increased rates of production and lower
cost operation. This process is well suited to high-rate production
coating of large surfaces. Recent developments in small, precision guns
promise to increase the versatility of the arc-wire process,
particularly for coating small, complex parts.

Process control is the only practical approach to product quality
control and assurance for thermal-spray coatings. Strict adherence to
process specifications at all times is required for uniforzly
high-quality coatings. Currently used practices and process
specifications are based largely on experience in thermal-spray coatings
for machinery repaiv and do not necessarily represent the best practices
for a shipboard corrosion protection system. The major deficiency in
current process specifications is in the control of moisture and surface
contamination during grit-blasting for surface cleaning and preparation,
during storage before coating, and during the coating process. High
molgture and surface contamination contribute to low and variable bond
strength, and current specifications do not provide for adequate control
of moisture in cleaning, storage, and spray atmospheres. Specification
of a time limit between surface cleaning and coating instead of a
moisture limit in process and storage atmospheres, although helpful, 1is
not considered to be an adequate method of control for WSA coatings.

Thermal-spray coating is a technology in which product quality and
performance are and will continue for some time to be governed by
knowledge, understanding, and skill of designers, spray operators, and
users. Close process control, education at all levels, and extensive
operator training and certificatfon are required to produce consistently
high-quality coatings. This is not a technology in which low bids can
be accepted on faith, and prime consideration must be given to technical
excellence and skill rather than to cost in selecting coating sources.
The current approach to training and certification of operators is
limited in both scope and depth and needs to be expanded. Improved
education and training also are needed for supervisors and engineers who
make decisions concerning the manufacture, installation, and use of WSA
coatings.

Mechanization and automation of spray processes provides a means to
reduce the variation in *hickness, structure, and properties of WSA
ccatings. Feedback controls are needed for continual adjustment of
process variables; the two most fmportant are stand-off distance and gun
orientation. Work in this direction has been started by the Navy for
arc-vire-spray coating large deck areas and by the Air Force for
plasma-coating turbine blades. Computer-controlled robot systems offer
a major advance in improved quality and reduced cost ‘>r all
thermal-spray coating processes. The risk encountered in using these
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systems can be decreased by reducing dependency on operator training and
skill and increasing the degree of control over all aspects of the
process.

The integrity of the bond between the substrate and the coating 1is
believed to be the single most important characteristic that controls
performance. The bond is largely mechanical, and, hence, adhesive
strength between coating and substrate is the primary measure of bond
integrity. Low strengths indicate incomplete or poor bonding. A direct
correlation between bond strength, bond integrity. and coating
performance has not been made to date, and minimum values that will
ensure good performance have not been determined.

Coatings must be sealed or densified for maxi{mum resistance to
corrogion. Densification by mechanical deformation is effective but can
result in bond separation and may, in effect, reduce useful life.
Sealing, by infiltrating porosities with vinyl or aluminum/vinvl
sealants, 18 considexred to be the best overall approach. The . 3ieful
life of existing coatings could be extended by more effective sealing of
pores. Improved methods and approaches to sealing may be needed to
improve compatibility with commonly used Navy top-coat paints.

Fully dense coatings of aluminum, zinc, or zinc-aluminum alloys that are
bonded metallurgically to the substrate can be produced by hot-dipping
parts to be coated in molten metal or alloy. Hot-dip coating is a
high-rate, low-cost production process that can produce a superior
coating on small parts and components. Coatings of this type might be
very useful for above-deck components exposed to the most severe'
environments. Long-term tests in marine environments have been made for
zinc, but no data are available for aluminum-coated steel.

Testing and Evaluation Consideratiors

o]

Currently used NDE and mechanical tests for WSA coatings represent the
best gtate of the art available for product and process quality
control. Bond strength is measured by tensile and bend tests but
neither method 18 adequate for production quality control. The bend
test 18 considered to have the best potential for day-to-day control of
production but is not standardized and results have not been correlated
with either bond strength or performance. Improved methods for
assessing bond strength are needed.

Available NDE tests for bond integrity and porosity are not adequate and
cannot be used effectively for process or product control. Newly
developing techniques, however, do show promise for detecting bond
sepatation and excessive porosity. These are a modified ultrasonic
techaique and optical holography used singly or in combination. They
appear to have good potential for more effective product control and
quality assurance in the future.
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The Navy corrosion test program has moved rapidly from minimal
laboratory and field tests o’ corrosion resistance to a full-scale
service evaluation of shiphoard components. However, a comprehensive
program has not been devised to document, track, and characterize most
shipboard components. JTn addition, there is no plan to conduct either
laboratory ox field tests in vwhich variations in coating performance can
be rolat.d.ggvvarintionl in process variables or in coating composition,
structure, aid properties. This is considered to be a major deficiency
in the cerrosion control program. A technically sound supportive
corrosion test and evaluation program will reduce the risk in the
overall program. While the committee agrees that the WSA preservation
system has the ability to provide over 10 years of maintenance-free
service, it doubts that ail coatings as currently produced have this
capability. Extensive corrosion testing and evaluation are needed to
develop the optimum material, production practices, ard process controls.

Service-environment field tests of limited scope are essential for
planning wide-scale implementation of corrosion protection systeus, as
well as to monitor their performance after adoption. The Navy has made
good use of such testing, but, because of limited resources, less than
adequate effort has been spent in the statistical planning of
experiments, system performance evaluation, and fafilure analysis.
Additional field test sites are needed where test panels and/or
componients can be evaluated by controlled corrosion tests in more
realistic shipboard enviromments.

Recommendations

Recommendations Regarding the General Program

o

The committee strongly supports and endorses the shipboard preservation
syste= of netallized coatings as introduced by the Navy and recommends
more widespread use in both new ship construction and in repair and
overhaul of deployed ships. Corrosion-prone shipboard components and
structures currently protected by paint should be replaced with WSA
coatings wherever possible. WSA preservative systems should be
incorporated in all new ship construction, particularly in below-deck
and machinery compartments. A more careful review and analysis should
be given to above-deck applications in teras of acceptable properties
and quality levels.

The coomittee recommends that the Navy sponsor and conduct a
comprehensive coating research and development program to provide the
technical basis needed for an effective, long-life WSA preservation
system. The program should comprise a statistically sound evaluation of
the most important product and process variables for WSA coatings as
deposited by both combustion-gas and arc-wire thermal spraying. It
should establish by controlled experiments the aminimum levels of bond
strength and porosity for acceptable performance and should define
limiting process parameters to achieve these levels. Capabilities and
limitations of each process should be more clearly defined. The program
should be conducted as two separate but interrelated studies:
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1. A study that correlates coating performance and useful life with

variations in bond strength, porosity, defects, and thickness for both

sealed and unsealed WSA coatings. This study will define the
limiting conditions in terms of structure and properties for
acceptable performance and will proviie a technical basis for
predicting useful 1life.

2. A study that correlates bond strength, porosity, defects, and
thickness with major process variables, including surface
preparation and surface cleanliness. This study will define
reasonable and realistic process controls and will provide the
technical basis for improved process specifications.

Performance of coatings should be evaluated on a statistically sound
basis. Use of the Weibull distribution function is recommended.

Education and training courses should be developed for designers,
supervisors, and users of WSA coatings as well as for spraygun
operators. More effort should be given to developing a technical
understanding and appreciation of how these systems work and how they
must be prepared and used in order to be effective. Civilian
contractors should receive equal education and training. University
short courses mey provide a basis for training non-Navy personnel. It
1s recommended that only fully educated, trained, and certified

personnel be used to produce and to specify the use of WSA coatings for
shipboard applications.

Recommendations Relating to Coating Materials

o

All WSA coatings should first be treated with a strontium chromate wash
primer followed by application of vinyl or aluminum—pigmented vinyl
ssalers before being placed in service. This is the best known
available sealing practice and is recommended for use on r1ll shipboard
components and structures, particularly for above-deck, sea-exposed
areas. Manufacturers' recommendations for application of sealers should
be strictly adhered to for effective sealing of pores.

A research ard development program should be initiated to improve
compatibility between thermal-spray coatings, sealants, and top~-coat
paints. The behavior of pure aluminum, pure zinc, and zinc-aluminum
alloys with a variety of top—coat paints, primers, and sealers should be
studied in both laboratory and shipboard corrosion tests. Consideration
should be given to the use of duplex coatings such as zinc or
zinc-aluminum sprayed over wire-sprayed aluminum on steel to provide a
aore suitable surface for paints. New organic or inorganic sealers more
compatible with Navy paints or newv paints more compatible with vinyl
sealers should be developed. The WSA coatings should be treated as a
composite organic/inorganic coating and should be optimized for maxirum
stability and resistancs to corrosion.
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It {s recommended that the Navy initiate a test program to evaluate the
effectivenass of bond coats such as nickel~aluminum and iron-alnminuam.
Effect on bond strength and corrosion behavior of WSA coated stesl
should be defined and the optimuz materials and processes identified.

Limited shipboard testing of zi.c ard zinc-aluminum alloy thermal-spray
coatings on steel is recommended. These materials should be considered
as alternate or possible replacement systems for WSA coatings in
above-deck applications. A detailed hazard analysis with respect to
possible toxic effects of zinc oxide vapor should be conducted before
any large-scale use of zinc~based coatings is contemplated.

A study should be undertaken to define the defect tolerance of WSA
coatings and to relate performsnce to flaws likely to be formed in
manufacture and use. Suitable repair procedures should be developed and
tested. It is iamportant to know what types of anodic coatings,
post-spray sealings, and coaubinations of these methuds would be most
effective in minimizing the damage from scratches or gouges.

Recommendations Relating to Processes

o

Process specifications should be amended to include a destructive test
for coating quality control in day-to-day production. Use of the bend
test is recommended for this purpose. A random sample of production
should be taken at periodic intervals to assess bond strength and
coating quality.

The requirements for atmosphere control in process specifications should
be changed to reduce surface contarination that contributes to low bond
strength. Specifically, the moisture content (humidity) of air used for
surface-cleaning, grit-blasting, and thermal-spraying should be
specified and controlled at a reasonable and acceptable low level. It
is recommended that refrigerator dryers be used to reduce che dew point
of air to 35°F in all permanent installations operating on a continuous
basis. In portable or temporary setups, dessicant driers with a
capacity of 35 cfu/spray torch should be used. A compressor
after-cooler may be needed to keep air temperature below 100°F for
effective dryirg with dessicants. In addition, air cleaners should
include a 5 ym filter with gutomatic water dump and a coalescing filter
to remove oil.

Atmospheres in which parts are stored between grit-blasting and coating
should be controlled with respect to tempersture, humidity, and
cleanliness. Recommended conditions are a temperature of <80°F and a
dew poiut <35°F. WSA coating facilities in both Navy and civilian
plants as well as in stipboard (field) sites should be upgraded to
controlled-environment conditions. Air-conditioned facilities are
recomnended wherever possible. Portable equipment rnd tents can be used
for on-site atmosphere control. Cleansd and blasted parts should be
stored in covered bins or sealed bags to prevent surface contamination.
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It {s recommended that the Navy initiate a manufacturing development
program on hot=dip coating of steel with aluminum. The program should
denmonstrate the practicability of batch-coating small parts in high-rate
production. Optimum process variables should be established, and coated
components should be evaluated in shipboard corrosion tests. In
addition, consideration should be given to the support of work leading
to the development of aluminua-clad steel plate for use in naw ship
construction. Continuous or batch hot-dipping and roll or explosive
bonding of steel platz should be developed as low-cost production
practices.

It is vecommended that mechanical densification such as shot-blasting
not be used to seal porosity due to a high potential for weakening or
loss of bond. Shot or grit blasting also should not be used to remove
paint from WSA coatings for the same reaso>n. Surface cleaning by wire
brushing is recommended.

The Navy should initiate and support a man. "acturing development program
on automated AWS processes for shipboard components. The program should
be conducted with combustion-gas, and arc-wire spray equ'pment with the
goal of reducing dependency on operator skill. 1t ghould include the
use of microcomputers and feedback controls to improve coating
uniformity and quality for &« wide range of applications.

Recommendations Relating to Testing

o

A standardized bend test should be developed to assess bond strength and
coating quality in an expeditious and effective manner. Bend behavior
should be correlated with test parameters, specimen geometry, coating
thickness, tensile bond strength, and coating performance in order to
establish a technical basis for the design of a more effective
production quality control test.

The committee recommends that shipboard sites be made available for more
extensive testing and evaluatisn of coated tast panels and small
components under realistic field conditions. Corrosion test racks
should be installed on selected ships for "at sea” corrosion tests in
both above~ and below-deck locations. In addition, specific ships
should be designated as corrosion test facilities for limited testing
and evaluation of actual components 1n a manner similar to that used in
the USS Standley for the coated steam valve program.

A research and development program should be inititated to define the
defect tolerance of WSA coatings and to establish the useful life of
coatings with the presence of representative flaws or defects produced
in wanufacture and use. Types of defects that require early repair or
maintenance should be identified, and suitable repair practices should
be developed. Both short-term repairs by painting and long-term repairs
by respraying should be considered.
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A gtatistically sound approach to the testing of coatings should be
used. The use of extreme-value distributions such as the Weibull
function is recommended for analysis of data. More extensive use -.0uld
be made of metallographic and various electron beam materials analysis
techniques (AES, EMP, SEM, TEM, and XRD) in the evaluation of coating
behavior. Failure analysis studies of in-service componsnts should be

cotducted on a periodic basis to provide a better technical basis for
developaent and use of WSA coatings.




CHAPTER 3

METALLIZED CO.ATINCT. DPOR CORROSION CONTROL

LURRENT NAVY PRACTICE

The only material currently in use as a metallized coating for shipboard
corrosion ~on*rol in the U.S. Navy is aluminum to WIL Std. 6712 (navy,
Department of 1980a; Sulit et al. 1980). The design goal in 1977 was to
deposi® coatings 0.004 to 0.006 in. (4 to 6 mil) thick. Par*s operc'ing
above 125°F (i.e., steam valves) were sealed 'sith silicone~sluminua paint.
Navy paint primers and color topping without seslers were used or many
above-deck surfaces and components operating at awbient temperatures. <11
components were “reated with a strontium-chromate wagh prime:- prior o
sealing cr painting. Som? components were sealed with an epoxy sealer
(epoxy polyamide). The 4 to 6-mil thickness was selected on the basis of
the Ar arican Welding Society's 19-year corrosion study (Aserican Welding
Society 1974) which indicated that 3 to 5-mil wire-sprayed aluminum would
give complete base-metal protec“ion.

Most components from these early tests demonstrated protectin: for
1-1/2 years without further pruservation work required. However, some it<.ae
did show local nreas of degradation and base-~metal corrosion. A 1lncal
corrosion failure of a WSA-coated deck sta. hion after 7 months of sazvice
in the Pacific 1s shown in Figure 2. Failures of this type were attriputed
to thin areas of coating (Sulit et al. 1980). It was concluded from these
tests that coating :"hickness should exceed 5 mil to minimize o. eliminate
local thin spots. WSA coatirg thicknesues in the range of 7 to 10 mil
currently are recommended for ambient-temperature components (Navy,
Department of 1980a). Thicker coatings (10 to 15 mil) are applied to
components that operate aktove 125°F (e.g., steam valves).

Perhaps the best performance to date hae been exhibited by WSA coatings
on hot steam valves in below-deck muchinery compartments. No further work
or preservation has been necded, and no signs of local deterioration are
evident as of the fourth inepe:tion in September 198C (Navy, Dejartment of
198la). Cfoated valves were installed in May through Augudt 1978. Similar
valves painted with heat-resigtant aluminum paint operating in the same
environment have been repainted between 3 and 7 time- during the same time
period. This test program involves some 350 steam viives ard associated
flanged piping cn the USS W.H. Standley (CG 2I). Thig ship was visited by
members of the committee in May 1981, and a cursory inspection indicated no
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FIGURE 2 Corrosion of WSA-coated steel stanchion after 7 months of service
on the USS Standley (CG 32) (Courtesy Lockheed Missiles and Space Co.).
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change in the condition of WSA-coated steam valves. The Naval Sea Systems
Command adopted the use of WSA preservation for steam valves in May 1979 to
replace heat-resistant aluminum paint.

The only problems encountered with WSA coatings have been with
above~deck components that are exposed directly to seawater by alternate
immersion, washing, or spray. Some problems can be attributed to locally
thin areas. Major problems have been encountered with thick nonskid
metallized deck coatings; these have been due to corrosion within the
coating, accelerated galvanic corrosion from coupling with dissimilar metals
(notably stainless steel), or formation of a poor interface bond. The
committee inspected a helicopter flight-deck coating on the USS Fox (CG 33)
where bond separation and coating delamination occurred in large areas.
These were areas in which gas-WSA was applied by hand-held torch. The main
part of the coating, in which arc-WSA was machine-applied was intact and
offered good protection except in local areas where stainless-steel lamp
covers and straps were in contact with the coating.

Three different coating systems are currently being evaluated for
nonskid deck applications:

l. Spray- or roller-coated conventional (organic) nonskid over an
arc-WSA undercoat 5 to 8 mil thick.

2. Arc-WSA nonskid overcoat 10 to 25 mil thick over an arc-WSA
undercoat 5 to 8 mil thick.

3. One-coat arc-WSA nonskid and barrier (corrosion protection) layer
15 to 45 wmil thick.

System 1 (convercional nonskid over a 5 to 8-mil-thick arc-WSA cover or
corrosion-control coat) is being service-tested on the USS Donald B. Beary
(FF 1085) by the Naval Surface Force of the U.S. Atlantic Fleet, the Naval
Sea Systems Command, and the Naval Air Eungineering Center. This system is
expected to last 3 to 5 years with only minor repairs to replace worn or
damaged conventional nonskid areas. The WSA corrosion-control coat is
expected to last from one overhaul to the next.

System 2 (double-coat arc-WSA) has been applied to the helicopter flight
decks of the USS Hewitt (DD 966) and the USS Fox (CG 33). The USS Fox deck
coating was applied in June 1979 and is in use and under observation. The
USS Hewitt's flight-deck coating was applied in September 1978. It had a
1.1 to 0.9 coefficient of dry static friction. However, it was covered over
with a spray-on conventional nonskid coating making it equivalert to System 1,
Because of lack of sufficient technical and safety service testing. no
data are available on wear qualities compared to conventional nonskid decks
versus time and use conditions and friction degradation with cosmetic
painting and fuel/oil spills. There is no sign of degradation to date.

When mechanically damaged or chipped, the conventional nonskid coating 1is
more easily repaired because the WSA precludes corrosion of the substrate.

System 3 (one-coat arc-WSA 15 to 45 mil thick) was applied to the
walkways and ASROC-launcher work area on the forecastle deck of the
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USS Bainbridge (CGN 25) in Mc- 1979. This nonskid coatiung has survived
ASROC and Terrier missile lauichings that destroyed adjacent conventional
paint-preserved areas. System 3 also was used in nonskid coating of
aluminum alloy X deck-edge elevators, which failed by internal corrosion and
coating separation in less than 1 year. Multiple guns (quadrahead) vere
used in this application, which increases the rate of deposition and hence
reduces cost (Navy, Department of 1982), but which also increases heat input
that can cause debonding due to high thermal stress induced at the
coating-subgtrate interface. The cause of this premature failure was still
under investigation at the time of writing, and no conclusions can be drawn
at present.

The use of WSA preservation coating for the control of shipboard
corrosion has proved highly effective in most applications. A number of
COMNAVSURFPAC ships have had a wide range of items or spaces preserved with
WSA, such as propulsion-plant gteam valves and piping, boiler skirts, deck
hardware and mac':inery, topside deck surfaces, helicopter deck tiedowns, and
nonskid flight-deck and weather—deck walkways. These applications have
demonstrated a reduction in repetitive, nonproductive ship's force
preservation work. The potential exists for additional significant
reduction in such preservation work by the widespread use of WSA coatings on
topside, well decks, machinery space, and other corrosion-prone areas. The
Naval Sea Systems Command is implementing a program for WSA preservation in
the acquistion, repair, and overhaul of U.S. Navy ships (Sulit et al. 1980).

STATE-OF~-THE-ART SUMMARY

Basis for Corrosion Protection

The primary agency by which a metallized coating protects a steel
surface from corrosion is physical in nature. The coating, like paint, is a
barrier that geparates the steel substrate from the corrosive environment.
However, with aluminum and zinc coatings in marine environments, cathodic
protection provides a second and perhaps equally important basis. When a
simple inert coating such as paint {s damaged, substrate corrosion occurs
rapidly at the defect site. Corrosion often spreads along the interface,
further destroying the coating. However, with an active mecal coating that
is more electronegative than steel, corrosion of the substrate will not
occur at local defect sites.

Pure zinc, zinc-based aluminum alloys, and pure aluminum act
galvanically to protect the more noble steel substrate in electrolytic
golutions (such as saline environments). The metallized coating is
essentially a sacrificial anode and will be consumed with time. These
metals, being particularly active electrochemically relative to iron, afford
a high degree of cathodic protection to steel. Even if the coating is
penetrated or damaged mechanically, the coating will continue to provide
effective cathodic protection to the adjacent exposed substrate. In
conditions where substrate geometry is such that complete metal coverage 1is
not possible, aluminum and zinc are known to afford cathodic protection
through their high electrochemical activity.

-
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This key aspect of behavior is clearly illustrated by Figure 3, which 1is
a cross section of the WSA~coated stanchion shown in Figure 2. The aluminum
coating on the stanchion near a local failure spot has been attacked
preferentially, thereby preventing attack of the steel. This occurs around
the local failure site until sufficient coating has been dissolved and
removed to expose a larger area of the subatrate to direct attack. The
distance to which the coating can be stripped back before substrate attack
occurs is a measure of the degree of cathodic protection offered by the
coating. As indicated by the local failure shown in Figure 2, this is
probably less than 1/2 in. for WSA-coated steel. That is to say, direct
attack of the steel f{s likely to occur where selective attack and removal of
the aluminum coating exposes an area of steel about 1/2 in. or more in
dismeter. As shown in Figure 3, selective attack of the coating is
occurring within about 1/2- to 3/4-in. distance from the local failure
site. Coating has been dissolved from the lower side and edge of the
stanchion cap just above the failure site but not from the coating on top or
on the opposire side of the cap. Coating condition on the opposite side of
the cap is shown in Figure 4. The coating is continuous and uniform over
the top and edge of the cap, with an average thickness of about 6 mil. This
indicates that failure most likely did not result from a localized thin spot
but was the result of anodic dissolution of the coating in an area ad joining
a very small local defect. It is believed that a mechanical or physical
defect in the coating set up a local electrolyte cell by exposing a small
area of substrate to direct seavater exposure.

Anodic dissolution of the coating results in a form of exfoliation
attack, as shown in Figure 5. The reaction products from corrosion of the
aluminua are voluminous and tend to rupture the coating in layers, causing a
mechanical as well as a chemical breakdown. Zinc or zinc-aluminum coatings
on the whole do not behave in this manner, since their corrosion products

are not as voluminous. These coatings are degraded primarily by straight
chemical attack.

Coating Materials

Cathodic protection of steel in marine and industrial) environments is
obtained by the application of a continuous active metal coating.
Thermal-spray metallization with aluminum, zinc, and zinc-base aluminum
alloys 1s a highly effective means of forming such a coating. There are
significant differences in both the chemical and electrochemical behavior of
these materials that will have a major infuence on the useful life of a

coating with respect to time to first maintenance and eventual wearing out
of the coating.

The resistance of aluminized steel to corrosion is reported to be better
than that of galvanized (zinc-coated) steels in many environments {Van Horn
1967). This is largely due to the protective nature of oxide filws formed
on aluminum. The rate of attack of aluminum in plain corrosion will be very
low compared with that of zinc but its ability to protect at local defezts
in the coating will be significantly lower. Pure aluminum is more
electronegative than zinc under reducing conditions, but in the presence of
oxygen the electrode potential 1s increased by the formatio: of thin alumina
films that are electrically insulating. These films limit corrosion
currents and provide a very high over-potential for anodic dissoiution
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FIGURE 5 Corrosion of WSA coating on steel J-bolt by exfoliation near a
local failure site, aboard USS Schofield (FFG 3) after 7 months servic:
(Courtesy Lockheed Missiles and Space Co.).
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(Sempels and Leclercq n.d.). This accounts for the large differences
between calculated thermodynamic and measured corrosion potentials for
aluminua and sctuslly limits the ability of aluminum coatings to protect
steel cathodically. Once & coating fails, the zinc-based material will
provide better overall cathodic protection but for a much shorter period of
time because of the rapid anodic attack of the zinc. A failed aluminum
coating will provide less overall cethodic protection but will provide that
level of protection for a much longer period of time at local failure
‘sites. Results of the AWS 19-year study (American Welding Society 1974)
confirmed that the life of low defect aluminum coatings on steel exceeds
that for zinc coatings at equal coating thickness (3 mil) for each
material. In general, zinc coatings are qpplied more thickly than aluminum
coatings to offset the more rapid rate of several corrosion.

Both zinc and aluminum are more electro-negative against stainless steel
than against low-carbon steel. Coupling of metallized coatings with
stainless steel will accelerate greatly the anodic dissolution of either
coating and should be avoided. Accelerated corrosion of these active
coating metals as a result of dissimilar metal contact becomes a very
i{aportant consideration in the design and application of metallized
components. Coupling with copper and copper-based alloys also should be
avolded.

Underrusting is a serious problem with aluminum coatings, and corrosion
at local defects spreads rapidly along the interface between steel and
coating. Zinc coatings, on the other hand, are not susceptible to this type
of attack. Zinc provides much more effective cathodic protection and will
delay the onset of substrate corrosion and preclude spread of substrate
attack along the interface (underrusting). In addition, zinc is more
resistant to pitting corrosion than aluminum (Sempels and Leclercq n.d.).

It would be desirable to have the better properties of both materials
embodied in one metallized coating. The desired material would combine the
excellent resistance of aluminum to direct corrosive attack with the strong
cathodic protection provided by zinc. This can be accomplished by coating
steels with binary zinc-slusinum alloys (Horton 1978). These elements are
coapletely miscible in the liquid state but immiscible in the solid state.
Small crystals of pure zinc and aluminua crystallize from the molten alloys
on cooling. Thus, the coatings formed from such alloys will have a range of
properties dependent on the size, distribution, and volume fraction of the
zinc and aluminum phases produced in the coating. It should be noted that
aluainum is a lightweight element and that small increases in the weight
percentage of aluminum in the alloy will produce large increases in the
volume fraction of the aluminum phase. At 28 weight percent aluminum, the
alloy is 50 volume-percent aluminum and 50 volume-percent zinc.

At this equivolume fraction composition (72 weight-percent zinc,
28 weight-percent aluminuam) the zinc phase is just sufficient to prevent
underrusting of the coating but is not sufficient to provide effective
cathodic protection. Such a coating behaves no better than pure aluminum
(Sempels and Leclercq n.d.). At high zinc contents (>95 weight-percent
zinc), the zinc phase predominates and the coatings behave more like pure
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sinc. Coatings with 5 to 22 weight-percent aluminum (78 to 95 weight-
percent sinc) exhibit a behavior that combinas the better properties of both
saterials. Large amounts of the szinc phase can be dissolved anodically to
provide needed cathodic protection. After the zinc is totally dissolved,
the remaining porous residual coating of aluminum can be electrochemically
activated to provide a reasonsble potential of ~0.6 volt, providing
additional cathodic protection.

French investigators report that the optimum performance of sinc~-
alusioum coatings occurs at the 83 weight-percent zinc, 15 weight-percent
aluminum composition (Sesmpels and Laclercq n.d.). Metalligzed coetings of
this alloy have a continuous network of elongated sluminum particles
(30 volume percent) separated by pores filled with a finaly divided
ginc~rich phase. The improved resistance to corrosion relative to either
pure zinc or aluminum coatings is the result of more efficient self-healing
by corrosion production coupled with effective cathodic protection by the
zinc-rich phase (Sempels and Leclercq n.d.). The alloy is being used
commercially as wirz-sprayed costings to protect steel from corrosion (TAFA
Metallisation, Inc. 1981).

U.S. researchers, on the other hand, have concluded that a 55 percent
aluminum, 45 percent gzinc alloy is the optimum composition for use as a
costing on steel (Horton 1978). This alloy is mostly alpha aluminum, with
an interdendritic zinc-rich phase. It is applied as a hot-dip coating and
is reported to combine the best properties of pure zinc and pure aluminua
coatings. Hot-dipped sheet with this coating is produced commercially by
Bethlehem Steel Co. under the trade name Galvalume sheet (Horton 1978).

While a reasonably extensive technical literature i{s available for
omsite tests of thermal-sprayed corrosion protection coatings, little has
been done to understand the actual protection mechanisms and the probleas
associated with such costings. Few electrochemical studies have been
carried out, and the metallurgically relevant features of these coatings are
not fully apprecisted. In one study, however, it has been shown that the
electrode potential of WSA coatings is much more electronegative than the
solid aluminua wire used to form the coating (Magome et al. 1980). The
potential was decreassed from a normal level of -0.92 volts for solid wire to
a level of ~1.13 volts for the sprayed coating in saline solutions. These
data indicate that sprayed sluminum coatings would tend to be more active
electrochemically cowpared with bulk sluminum metal. The ability of
aluminum to cathodically protect steel may be enhanced ss a result of
thermal spraying.

Alloy melting and boiling points are important factors that also amust be
considered in the selection and application of shipboard corrosion control
coatings. These are of primary concern with respect to safety and fire
hazard, as diacussed in Chapter 7. A summary of melting and boiling point
data for the four aost widely used corrosion control coatings is presented
in Table 1 bdelow:
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TABLE 1 Melting and Boiling Points of Coating Alloys

Alloy Melting Point

Al (wt.-X) 2n (wt.-X) Solidus °C Liquidus °C Boiling Point ©C
[ ]

100 - e 1 et 1810
55 45 495 600 -
15 85 380 450 -
- 100 420 907

Zinc and the high-zinc alloy melt at 380 to 420°C (716 to 7880OF) and

would be marginal to unsuitable for use on superheated steam lines or valves
or in jet exhaust or missile blast deflectors. The low boiling point of
zinc also may be marginal or unsuitable from a damage control point of view
if a ship 1s under attack. Aluminua or the high-alumiaum-zinc alloy appear
to be more suitable for general shipboard use based on this criterion.

Life Prediction

The foregoing discussion indicates that a rational hasis for esztimating
or predicting useful coating life in marine environments probably does not
exist. Based on simple and direct dissolution of the coating by corrosion,
life could be calcul.*ed from valid surface-recession rate measuremerts.
Unfortunately, data of thig type are very limited for both aluminum and zinc
in marine environments. Aluaminum should be a superior material to zinc,
since it corrodes at a slower rate in seawater. The corrosion rate of zinc
in natural seawater ranges from 0.5 to 7.8 mil per year (Zinc Substitute,
Inc. 1971). Typical rates in tropical Pacific Ocean waters are 0.57 to 0.9
ail per year. At this rate, an 8-mil thick zinc coating would be dissolved
by corrosion in 9 to 14 years. With aluminum-coated steels, over 90 percent
of the original coating thickness remained after 67 months (5.6 years) of
exposure to severe Pacific Coast ataospheres (Van Horn 1967). Galvanized
steel lost 90 percent of the coating under the same conditions. Expressed
as surface recession, the loss was 0.85 mil for aluminum and 3.8 mil for
zginc in 5.6 years of exposure. One amight reasonably expect a typical zinc
coating to have a useful life of at least 10 years but no more than 15,
whereas a typical aluminum coating should survive for 50 years or more.
These values might be taken as the maximum life expectancy of a "perfect”
metallized coating in which the coating acts only as a physical barrier to
separate steel from a corroding atmosphere.

The life of coated steels, however, does not depend only 2n the
resistance of the coating material to direct corrosive attack. In a large
degree it depends instead on what happens vhen defects are formed in the
coating during manufacture or service. Defects «re defined as local regions
in which the base iron substrate i{s exposed to cuntact by the corroding
media. The may be formed in many ways--cuts through the coating; coating
resoval in thin areas by corrosion; excessive porosity in the coating;
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coating removal by abrasion, impact, or spalling; bond line separation;
and/or pitting corrosion. Fo coating is perfect, and defects of one tyr or
another are unavoidable. The defects may be formed during manufacture or
may be developed during installation or service.

Coating failure will be accelerated by defects as a result of anodic
dissolution of the coating at defect sites tec protect the steel
cathodically. With gluminua coatings, underrusting wiil occur to accelerate
failure. With zinc, rapid dissolution of the coating will result. The rate
of attack in either case will depend on the nature, size, shape, and
distribution of defects. Predicting what the useful life will be under
these conditions is not possible for three reasons:

l. It iz not possible with available NDE techniques to detect all defects
that will degrade performance in as-coated components and large, complex
gtructures.

2. It is not possible to predict when and what kind of defect will be
formed in service.

3. There are no data on the effect of various defects on residual coating
life in marine environments.

Research and development is needed in each of these areas to provide at

least some technical basis for estimating performance and to aid in the more
effective selection and use of coatings.

Sealants and Top Coats

Thermal-sprayed metallized coatings of either zinc or aluminum tend to
be porous, vhich may allow electrochemical corrosion at the coating
substrate interface. Steel corrosion products often are observed on the
surface of thin (<5 mil), porous WSA coatings (Sempels and Leclercq n.d.).
Through=porosity can generally be eliminated by depositing thick (>9 mil)
coatings, but these may have poor adhssion due to a thermal-expansion
mismatch, which causes bond-line separation to occur. As a rule, aluminum
coatings sre deposited between 5 to 8 mil thick to minimize through-porosity
and maximize bond-line adhesion. It is generally recommended that such
coatings be sealed or painted to close residual pores and prewvent
underrusting of the steel (Sempels and Leclercq n.d.). 2Zinc coatings also
should be sealed and painted to retard general coating corrosion and extend
useful life. Use of appropriate sealers and paints appears to be essential
for long life (10 to 20 years) of hoth zinc~ and sluminua-metallized stesl
in marine environments. These materials not cnly inhibit or retard initial
breakdown of the coating but also provide an effective repair to seal off
coating defects. Sesled coatings continue to protect the substrate
electrochemically but with greatly improved effectiveness.
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A wide variety of sesalants snd paints have been developed for these
macerisls to ;oovide maximum performance in a wide range of environments.
Polymeric, low~viscosity sealers, such as vinyl chloride acetate copolymers
or umodified phanolic resins, enhance both the corrosion protectiom of
thernal-sprayed active metal coatings (through increased passivation) and
tl 2 mechanical strength of the coatings. Seslers are particularly {mportant
when metal coatings thinner than 5 mil are amployed, ani, in fact, sealers
will permit the application of substantially reduced metal coating
thicknesses, thus saving msateriai and labor tis~-. PFurthermorc,
pigment—-bearing sealers can be used to enhance appearaice. When such
considerations are {mportant, it should be noted that unsealed thermal-spray
coatings pick up dirt and ternd to appear unattractive with the passage of
time. It is possible to further enhance the role of the sealer by adding
metal powder to it. When zinc coatings are sesled with such formulations,
they become particularly effective in marine environments.

Following thermai-spray metallization, the surface should be primed with
a zinc chromate wash primsr. The sealer is then applied (generally by
spraying), peuerating the pores of the coating and filling them. The
porous quality of the as-sprayed coating acts as an excellent base for the
application of vinyl, with good adhesion being achieved. Aluminum-pigmented
vinyl is considered to be the best overall sealant for thermal-spray
coatings (private communication, F. Longo, Metco, Inc., 1981). Bare metal
vwill be covered aud the top of the coating will be smooth. Capillary action
will draw the sealer intc coating pores, and surfaces should be kept wet for
4 to 6 hours with repeated sealant applications for effective sealing. The
lifetime of this ccating systea is estimated to be in excess of 20 years,
and it {8 easy to clean and maintain. In fact, a simple brushing and local
resealing will normally be all that is required after a number of years.
Overall, sealers greatly simplify maintznance. Sealing is aspecially
indicated in acidic and alkali eanvironments (for sprayed-zinc coatings at pH
levels below 5 and sbove 12 and for sprayed aluminum at pH levels below &4
and above 9). In any cas. sealing is scrongly indicated for protection
against specific chemicals.

Technical guidance for the selection and use of sealers and top coats in
marine applications is limited at best. Few definitive performance tests
have been conducted, and virtually no vork leading to an {mproved
sechanistic understanding of behavior has been undertaken. Each major
coating vendor has his own proprietary bran. or type of recommended sealer.

Effective 3ealants for marine use are aluminum~pigmented vinyl,
low-viecosity epoxy, anaerobic polyester resins, low-viscosity polyester
resins, air-drying phenolic resins, and clear polyvinyl chloride solutions
(Brown 1979). There are navw sealers that may find useful application over
sprayed coating to enhance resistance to marine corrosion. These are not
recommended at this time but ars suggested for potential evalustion, since
there is limited experience in marine exposure. One of these i{e silicone
aluninum--a silicone resin-sluminum flake, air-drying type of coating
material for application over sprayed metal to provide corrosion resistance
at temperatures up to 900°F. Another new sealant that may be useful for
zinc coatings is ethyl silicate. Commercisl preparations exist contsining
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ginc dust and a special ethyl silicate making them usable to seal pores in
ginc. Since the zinc is still exposed to the seavater, an overcost with a
suitable resin may be required for further protection (such as epory

[polyimide cure], vinyl, or acrylic). An alusinum~vinyl sealer wculd be
satisfactory.

Thermal-sprayed active metal coatings (e.g., zinc and aluminum) can be
mechanically treated to close surface-connected pores and to improve surface
smoothness. Rolling and shot-psening have been used for this purpose, with
major improvements being achieved. Althougn sealing of pores amechanically
can have a beneficial effect on corrosion resistance, it could lead to
coating degradation as well. The coating/substrate bond with aluminum is
largely mechanical, and deformation of the coating by peening or rolling
could induce bond separation. It is rscomsended that these processes be
considered for use on sprayed alvminuam only under conditjons where high
strength bonds resistant to separation have bsen produced.

Properly sealed coatings will accept virtually aay top-coat paint. The
coating provides an excellent paint base, and painced surface=~ will offer
years of maintenance-free service as a result of cathodic protection of the
steel provided by the coating. The need for frequent repainting of uncoated
steel surfaces is the result of iron corrosion beneath the paint. With
aluminum or zinc-coated parts, corrosion of the steel is prevented, and
top-coat paints have very lorg lives. The twn most commonly used top coats
arzs polyurethane or epoxy polyamide-type paints. The polyurethanes have
been particularly effective on both aluminum and zinc coatings in marine
environments (Sempels and Leclercq u.d.).

Established Performance

Metal spraying is used extensively for the corrosion protection of steel
and iron in a wide range of environments and has been shown to safford very
long~term protection (over 20 years) in both marine and industrial
locations. The British Standards Institution (BSI) Code of Practice
specifies that only metallization will give protection of greater than
20 years to first maintenance for every type of environment considered and
that only sealed sprayed zinc or aluainum will give such protection in areas
of immersed seawater or in seavater splash-zones (British Standards
Institution 1977). The corrosion tests of flame-sprayed coaté&l steel
carried out b’ the American Welding Society, as given in its 19-year report,
confirm the remarkable effectiveness of sprayed zinc and aluminum coatings
over long pericds of time in a vwide range of hostile enviromments (American
Welding Society 1974).

Industrial Applications
The application of both flame~ and arc-sprayed zinc and aluminum

coatings is increasingly displacing both painring and hot-dip galvanizing
for reasons of both effectiveness and economics. Over the years thermal
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spraying has besen used in a broad variety of corrcsion-protection schemes.
In Burope, where metal spraying hss been far more widely used than in the
United States for corrosion protection, there ars numerous case histories of
styuctures successfully sprayed, some 24 long as 40 years ago, that have
been maintained in good cowdition with ainimal masintenarnce.

An important use of thermal spraying for corrosion protection has been
for bridges. In the United Kingdoa the suspension chains and other
components of the Menai Straits Bridge were rinc-sprayed just before World
War 1I. During the war the bridge received nc maintenance, and when it was
ingpected after the end of the war the sprayed areas of the bridge were
found to be in excellent condition. Tue steel deck structure, on the other
hand, whicn had been painted but not sprayed, wus rusting. Sowme 20 years
after the original metal spraying, “he protective ~oating of the sprayed
areas was still intect, and only simple renewal of the paint top coots was
necesgsary. The obvious reduction in required maintenance of the bridge
prompted the British to ,pply sprayed-metal coatings to numerous other road
and railway bridges over tiie past 30 years (Bailey 1976).

- &e, like the Forth Road Bridge in 1961, were sprayed prior to
construction. r(he Forth Road Bridge, which remain: the largest such
structure to be metal~sprayed, was zinc-coated and then painted. When the
bridge was insnhected after 12 years, there was scae breakdown in the paint
treatment, but the zinc coating was found to be almost completely intact.
This exrerience was in remarkable contrast to the neighboring Forth Reilway
Bridge, which was not metal-sprayed and which requiir..i a continuous program
of maintenance painting (Bailey 1976). The British have used zinc spraying

to renovate older bridges as well--among others, parts of the Tower Bridge
in Loadon.

Bridges have been sprayed in many parts of Europe, especielly in France
and the Scandinavian countries, as well as .. the United States, Canada,
South Africa, Australia, snd the Persian Gulf countries. In Norway, where
*he weather conditions are s.vere and the need to reduce routine maointenance
.o imperative, the experivice with metal-spraying zll sorts of road, ferry,
rajlway, and crane bridges has be.n so favorable that metal-spraying hus
been routinely applied to all new steel bridges with only a few minor
exceptions.

Another interesting example of corrosion protection of bridges bty
thermal spraying is the kilometer-long Pierre-~Laporte Bridge in Quebec,
Canada, which 1s zinc sprayed and is the largest structure to bz metal
sprayed following erection (Beunsimon 1976). The three-span bridze was
completed in about 1970 and was originaliy protected against corrosion with
a systea of lead silico-chromate, oil, and alkyd paint. Howvever,
maintenance and paint retouching procedures became prohibitively expensive,
and the Canadian government carried out a cost evaluation of metallizing.
The report stated: " ...a comparative cosi analvsis was nade covering a
130- ym thick conventional paint system, with an approximate 8-year life
span, requiring frequent touch-ups and the erection of mobila scaifoldings,
and the alternative, expenditures for a 175 um zinc coatiag with & probable
life of 20 to 25 years, re=quiring ro wajor touch-ups.” Upon coneideration
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of the sums involved, together with probable inflation and annual increases
in lab.v¢ costs, metallizing was chosen for the job (Jodoin and Nade:

1980). The bridge was cleaned by grit blasting and thermal-gpray coated
with zinc.

There 18 also a long history of currosion protection by metal-spraying
of structural steelwork for buildings and otlier outdoor structur~s such as
steel towers, radio and TV antenna masts, steel gantry structures,
high-power search radar aerials, steel outdoor overhead walkways, railroad
overhead line support columns, electrification magts, tower cranes, bollards
on traffic islands, railings along streets and bridges, etc. The British,
in particular, have long used zinc spraying to protect such structures,
especially Iin remote areas where maintenance is difficult or in highly
polluted areas where other methods such as painting or galvanizing have
failed to provide sufficient protection. An outstanding example of sprayed
zinc being used for corrosion protection of the steelwork of an entire
building is the Centre Pompidou in Paris. On the other end 2f the scale,
zinc spraying has been used successfully to protect wrought-iron outdoor

furniture in highly corrosive conditions that had defeated all previous
attempts at protection.

There have been many uses of metal-spraying in the chemical and
petrochemical industies. Since the 1950s wellhead assemblies for offshore
use have been zinc-coated to protect them from the highly corrosive salt
atmosphere along the Gulf Coast. Metal-spraying has been used for flare
stacks, refinery columns, and external protection of oil and propane gas
storage tanks. In the United Kingdom, liquid-propane gas cylinders are
required by code to be zinc-sprayed, since galvanizing would degrade the
structural integrity of the vessels. Aluminum is normally used for
protection of steel in gas and chemical plant uses under conditions of high
temperatures and corrosive atmospheres, but there is evidence that
sprayed-aluminum coatings should be avoided whenever there is a fire or
explosicsn hazard, as in mines, oil rigs, etc., because of the conceivable
possibility of impact sparking (Bailey 1978). Sprayed zinc is always used
in coal mines for this reason (Bensimon 1976).

Other industrial uses for metal spraying against corrosion include the
protection of raillway tank cars and similar vehicles, which have becen
sprayed since 1940 against both corrosion and contaminatjion. The interiors
of fluid cargo tanks have been zinc-sprayed to control the fluid purity,
especially to guard against iron pickup, and also to avoid discoloration of
the cargo. Tanks designed to carry glycerine, ethyl alcohol, styrene,
xylene, benzene, and various ketones are treated in this manner. Steel
railroad cars have also been externally zinc-sprayed against corrosive
attack, and it is expected that these coatings should last the lifetime of
the cars, precluding the necessity to remove the cars from service for
painting approximately every 5 years.

Spraying has also been used to protect pipelines agains: many
environments. Lengths up to 40 feet have been successfully coated
internally. Pipe couplings, manhole covers, and other small industrial
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items are often metal-sprayed. Zinc-spraying can restore corrosion
protection to areas of products where galvanizing is removed during
fabrication, as in the case of the threaded ends of electrical conduit or
along the welded seam areas inside galvanized barrels and drums. In many
cases arc—-spraying is particularly advantageous for restoring the zinc
coating to ends of pipes or conduits because it ensures uniformity and
reproducibility of the thickness of the coating, even for pipes with
different diameters. Also, the superior integrity of the bond obtainable
with arc-spraying makes this method especially suitable for spraying small

areas where high bond strengths are essential--e.g., the ends of arnored
electrical cable.

Marine Applications

The corrosion protection of steel in salt-water and marine environments
by sprayed coatings of aluminum or zinc has been accepted and proven
practice for many years. Ship superstructures, hulls, and fittings that
have been flame-sprayed with aluminum to a thickness of 0.15 mm or with zinc
0.15 to 0.30 mm thick, and sealed with a solvent based resin or suitable
paint have long and exceptional corrosion~free performance (Conde et al.
1981). FEulls, deck sections, and parts of the superstructure of barges,
scows, tugs, and fishing vessels have been sprayed with excellent long-term
results in Norway, Britain, Iceland, and Canada. Lifeboats and floating
caissons have also been metal-sprayed, as well as smaller items such as ship
rudders and the axles of boat trailers. In Scandinavia, ferry berths are
metal-sprayed. In many parts of the world, it 1is common to metal-spray
marine piers and pilings. Sluice gates and canal lock gates that have been
zinc-coated have remained in perfect condition with virtually no maintenance
for decades. The St. Denis Canal Lock Gates in France, coated in the early
1930s, are an outstanding example. The locks of the Panama Canal have also
been zinc-sprayed (private communication, F. Longo, Metco Inc., Westbury,
New York 1981).

Controlled Comparative Evaluation

A number of carefully planned and controlled tests have been conducted
to compare the long-term performance capabilities of thermal-spray aluminum
and zinc coatings in marine environments. The 19-year AWS study (American
Welding Society 1974) is the one most commonly quoted; its results indicated
that 3 to 6 mil of flame-sprayed aluminum on steel would provide long-term
(>19 year) protection. Complete protection was provided in all test sites by
both sealed and unsealed sprayed-aluminum coatings. Sealed or unsealed zinc
coatings required a minimum of 12-mil thickness for complete protection in
seawater. Sealed zinc coatings behave similarly to sealed or unsealed
aluminum coatings in marine atmospheres (no seawater immersion), although
the rate of attack for zinc was greater than that for aluminum at equivalent
thicknesscs.
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Vinyl sealers wvere found to provide good protection for aluminum but
were ineffective on zinc in seavater immersion tests. Viuyl ceslers
deteriorated rapidly on zinc during seawater immersion but not in coastal
atmosphere tests. High chloride concentrations appear to degrade vinyl
sealants on zinc (Americauy Welding Society 1974). The AWS report clarifies
the performance and the effect of sealers on aluminum coatings. Both sealed
and unsealed WSA panels vere rated as protected after 19 years of exposure
in seavater imsersion and in coastal atmospheres. This was based on the
criterfa that no measurable surface recession of the steel substrate
occurred. However, there were numerous areas where the coating blistered
and the substrate rusted. In one marine atmosphere test, unsealed panels
had over 20 blisters per square inch, each up to 1/8-in. in diameter.
Vinyl-sealed panels had 6 to 20 blisters per square inch, each less than
1/8-in. in diameter. The vinyl sealant reduced both the size and number of
blistered spots. In i{immersion tests, blisters up to 5/16-in. in diameter
formed on unsealed panels and many blisters broke open, revealing
underrusting but no significant surface recession. Although the panels are
rated as protected, the coatings have failed and substratz corrosion has

started. Nineteen years would appear to be close to a maximum vszeful life
under these conditions.

It gshould be noted that these test panels are not truly representative
of production WSA-coated hardware and structures. They are, in effect,
close to perfect coatings that by and large are free uf both common
manufacturing and service defects. The panels were macline-sprayed, 16 at a
time, under rigidly controlled conditions to produce uniformly thick, dense,
and bonded high-quality coatings. Also, immersion tests were conducted in
still seawater at full and half tide and in slowly flowing (3 %knots)
seawater. Splash, spray, or impingement tests were not conducted. The
results of these tests probably represent the best performance that can be
expected and should not be considered typical behavior. Commercially coated
structures in service with numerous defects present would be expected to
have significantly shorter lives.

In some tests of WSA, a 1-mil bond coat of iron was applied first to
improve bonding of the coating to the steel. Analysis of the results
indicated no effect on performance; samples with and without the bond coat
behaved the same (American Welding Society 1974). On other tests, different
surface preparations were employed before spraying. These included blasting
with fine or coarse silica sand or with chilled iron grit. No noticeable
difference was found in the behavior of the different surface preparations
during seawater immersion tests.

A 7-year exposure test of coated steel piles imbedded in a surf area at
Virginia Beach, Virginia, yielded results similar to those of the 19-year
AWS test (National Bureau of Standards 1977). Production-coated structural
elements more representative of actual coated hardware were used in these
tests. Steel H-piles 8 by 8-in. square and 35 ft long were driven into the
sand and extended up into the air in a beach surf zone. The piles were
exposed to sand abrasion, seawater immersion, seawater splash, and marine
atmosphere conditions. Coating systems tested and the results are
summarized in Table 2. The best material was wire-sprayed aluminum sealed



with clear vinyl. Attsck uvn this system was negligible except in the sand
erosion zone. The unsealcd WSA coating had significantly more corrosion in
all zones. Hot-dipped zin: and sealed wire-sprayed zinc were comparable to
unsesle? WSA. Vinyl-coaced wire-sprayed gzinc was attacked severely. The
top coat failed on this material in the first year.

TABLE 2 Result of 7/-Y.ar NES Study of Coated Steel Piles

Coating __ Penetration (mil/year)

Imbedded Erosion Immersion Air
No. Type - Avg. Zone Zaone Zone Zone
10 Hot Dip 2n 0.14 O 0.67 0.32 0.06
13 WS Al + clear vinyl 0.03 0.01 0.17 0.07 0
14 WS Al, ungesled 0.16 0.19 0.39 0.19 0.03
15 WS Zn + poly- 0.10 © 0.14 0.12 C.29

vinylidews ziuloride

16 WS Zn + v'ryl red 1.40 0.08 3.20 1.80 2.30

lead p7: er

A more extensive series of tests conducted over a 21-year period by the
Navy produced results similar to those reported for the AWS and NBS tests
(Navy, Department of 1966; Alumbough and Curry 1978). Coared fla* panels
1/4 in. by 4 in. by 10 ft long were field-tested in the harbor area at Port
Hueneme, California. Panels were sugpended vertically from a dock in the
harbor mouth so that the top portion was exposed to atmosphere (zone A), the
midportion to tidal splash (zone B), and the lower area to total immersion
(zone C). Coating systems tested and the results are summarized in
Table 3. These tests were conducted as top coat (paint) evaluation tests,
and the thermal-sprayed metal coatings were treated as primer coats for the
organic top coat. As shown in Table 3, the sprayed-metal coatings were thin
(2.5 to 5.15 mil) and the paint top coats were thick (3 to 7.5 mil).

The standard reference coating, Saran paint, began to deteriorate at 9
to 10 year of exposure, with significant pitting and corrosion observed at
14 years. Corrosion was heavy at 20 years. The following metallized
coatings greatly surpassed this performance with no significant corrosion
observed in 20 years of exposure: 1. flame-sprayed aluminum (powder)
unpainted, 2. wire-sprayed aluminum unpainted; and 3. wire-sprayed zinc
with (a) Saran paint, (b) vinyl lead paint, and (c) epoxy paint.

Unpainted sprayed-zinc coatings had poor performance, with general
failure in 2 to 4 years. Surprisingly, the sprayed-aluminum coatings were
degraded by the application of paints. Saran, vinyl red lead, clear vinyl
phenolic, epoxy, and grey Saran paints all degraded sprayed-aluminum
coatings, with fallure in 4 to 8 years. In general, the paints were not
compatible with the aluminum and blistered within the first several yecars.
Severe corrosion of the aluminum then occurred. Vinyl-base primers were the
worst, losing adhesion and blistering within 2 to 3 years. All the paints
were compatiole with zinc, with the best performance by vinyl red lead,
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although the paint had moderate to dense blisters at 20 years. Clear vinyl
on zinc failed at 15 years, with loss of the zinc costing and rusting of the
steel.

TABLE )3 Results of Port Hueneme Simulated Pile Tests Suspended From Test Dock

Coating Thickness Top Coat Thickness

No. Type (uil) Type (mil) Results

12 FS Zn powder 3 None Poor, failed 2 yr

13*  FS Al powder 4.5 None Excellent to 21 yr

14 FS Zn wire 5.5 None Poor, failed 4 yr

15 FS Al wire 5.0 None Good, failed 10.5 yr

83 FS Zn wire 4.0 None Poor, failed 4 yr :

84% FS Al wire 4.0 None Excellent to 18.5 yr

18% FS Zn wire 2.5 Saran 7.5 Good, failed 18 yr

19 FS Al wire 3.5 Saran 5.5 Fair, failed 6.5 yr

22* FS Zn wire 2.5 Vinyl red lead 4.5 Excellent to 20 yr

23 FS Al wire 4.5 Vinyl red lead 4.0 Poor, failed 4 yr

26 FS Zn wire 3.0 Vinyl acrylic 5.0 Poor, failed 5.5 yr

27 FS Al wire 2.5 Vinyl acrylic 5.0 Poor, falled 4 yr

3 FS Zn wire 2.5 Vinyl finish 5.0 Good, failed 15 yr

35 FS Al wvire 3.0 Vinyl finish 4.5 Fair, failed 7.5 yr

39 FS Al wire 3.0 Phenolic primer 5.0 Poor, failed 5.5 yr
Phenolic finish 5.0 Poor, failed 5.5 yr

42% FS Zn wire 3.0 Epoxy finish 5.5 Good, failed 18 yr

43 FS Al wire 2.5 Epoxy finish 6.5 Poor, failed 5.5 yr

64 FS Al wire 3.5 Al vinyl 3.0 ———-

50 FS Zn wire 3.0 Grey furan 4.0 Good, failed 15 yr

51 FS Al wire 3.0 Grey furan 4.0 Poor, fafiled 5.5 yr

16%% — Saran 6.5 Good, fatiled 14 yr

* Designates system *ith 15 to 20 years' life.
*% Standard reference paint coating.

Organic paints on flame-sprayed zinc were better than the same paints on
steel and far superior to the same paints on flame-sprayed aluminum. When
the paints blistered and began to fail, the zinc provided nrotection from
rusting and did not deteriorate the paint. Sprayed aiuminum, on the other
hand, rapidly degraded the paint and in turn was degraded when the paint
began to fail. Results of these tests indicate that direct soplicatior of
paint to sprayed-aluminum coatings wouid not be advisable for marine
service. It should »e noted that the sprayed-aluminum coatings were not
primed and sealed before painting. The use of a zinc chromate wash coat
followed by a clear viuyl sealer might alter this behavior. More definitive
and mechanistic studies are needed of the interaction between
sprayed-aluminum coatings and organic top-coat paint in marine environments.

Thermal-sprayed zinc-aluminum alloys have not been trsted in long-term
marine exposures, and data do not exist to compare their performance with
that of either sprayed-aluminua or -zinc coatings. There has been, however,
a long-term comparative evaluation of hot-dip aluminum, zinc, and
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zinc-aluminua alloy coatings on steel in tests at Kure Beach (Navy,
Department of 1982). These coatings were 0.8 to 1.0 mil thick on
13-mil-thick sheut-steel samples. All samples had sheared, uncoated edges.
Pure zinc coatings began to rust through in 4 years, whereas the 55 Al-45 2Zn
alloy and pure aluminum were in good condition after 14 years. The
corrosion rate of zinc-based coatings decreased with increasing aluminum up
to 7 percent, but then incressed with further addition of aluminua to

21 percent. The corrosion rate decresased steadily beyond this point with
increasing aluminua content. All coatings galvanically protected the
sheared edges, but after 14 years the corrosion of cut edges was creeping
inward on the coated faces >f sven the bast materials. The average coating
loss by corrosion in 12 years at Kure Beach was about 0.2 mil for aluminum,
0.4 mil for 55 Al-45 Zn, and >1 mil for zinc hot-dip coatings on steel.

Experience in the United Kingdom with respect to long term performance
capabliiities of thermal-spray costings is summarized in Table 4. These data
are from the the British Stendards Institution (1977) and constitute a code
of practice for use of coated steels. They are not actual test results or
test data.

TABLE &4 BSI Code of Practice for Metallized Steel in Seavater Splash
Zone or Salt Spray
Minisum Coating Thickness (mil)
Required llot-Dip Sproved Zinc Sprayed Aluminum
Life (yr) Zinc Unsealed Sealed Painted® Sealsad  Painted®

<5 3.3 3.9 - 3.9 - -
5‘10 5.5 5.9 509 - 3-9 -
10-20 8.3 9.8 6.9 3.9 -- 3.9

>20 - - 9.8 - 5.9 .

* 2.4 to 3.9-mil-thick top coat organic paint.

Minimua coating thicknesses of 6 ail for sealed aluainun and 10 mil for
sealed zinc are specified for >20 years service. Unsealed sprayed zinc is
slightly less protective than hot-dipped (galvanized) zinc and significantly
less protective than sealed zinc or aluminum. The BSI code does not specify
unsealed sprayed aluminum for use in marine environments.

COMMITTEE ASSESSMENT

Thermal-sprayed (metallized) coatings of either aluminum or zinc are
capable of providing effective long-term corrosion protection for steel in a
wide range of marine environments. Such coatings when properly sealed or
painted can reduce significantly the maintenance requirements for a wide
range of shipboard applications. Corrosion protection for up to 20 years

without the need for periodic maintenance is possible with lov-defect
coatings.
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1t is recommsnded that more extensive uee of thsee materiels be made in
both shipboard and shore-based epplicetions. Corrosion-prone shipboard
components and structures currently protected by organic paints should be
replaced vith thermal-spray metallised corrosion protection systems wherevar
possible. The committee strongly supports and endorses the shipboard
preservation systea of metallised coatings introduced by the Navy in 1974
and recommends more widespread use in both new ship construction and repair
and overhaul maintenance of existing ships.

An analysis of 10~ to 20~year field test data and preliminary
performance data for shipboard installations indicates that thermal-sprayed
and sealed aluminum coatings have the best demonstrated long-ters resistance
to corrosion. The Navy's choice of vire-sprayed aluminum (WSA) for the
shipboard preservation program is considered to be correct, although the
best practice with respect to use of sesalers has not been followed
consistently. Available performance data indicate that the optimua
performance system consists of a strontium chromate wash primer followed by
application of an aluminum-pigmented vinyl sesler. The latter is specified
for many applications in parts exceeding 175°F (i.e., steam valves) but
has not been required for lower temperature applications. An unpigmented
vinyl sealer could be used for low-temperature applications where top-coat
paints will be applied. Proper spplication of the sealer is important, and
care must be taken to ensure that the sealer adequately infiltrates coating
parts by capillary action.

Thermal-sprayed zinc coatings do not appear to offer any significant
advantage over aluminum with respect to performance as a metal preservation
system. They are equal in many respects, however, if suitably primed and
painted and are capable of providing up to 20 years of maintenance-free
service. Zinc coatings may provide a better base for application of
top-coat paints and should be considered as an alternate or possible
replacement syste~ for aluninum coatings in above-deck applications.
Selective shipboard testing and evaluation of zinc coatings is recommended.
However, it should be recognized that use of zinc coatings may be limited by
the low melting and boiling point of zinc.

Zinc-aluminum thermal-spray coatings have the potential to offer
improved performance over either pure aluminua or zinc. These alloys
combine the better properties of both aluminum and zinc but have not been
tested in long-term exposure to marine environments as thermal-spray
coatings. Shipboard testing and evaluation of sealed and unsealed 85~15 and
45-55 zginc-aluminum slloy sprayed coatings are recomsended, but with the
regervat!on that low melting and boiling points may limit usge.

Field-test data indicate a potential problem in top-coat painting of
wire-sprayed aluminum coating. A mutual degradation between many different
paints in use by the Navy and WSA coatings appears to exist. A research and
development study to more clearly define the nature and mechanisa of such
reactions should be initiated. Paint formulations and conditions leading to
unacceptable mutual degradation should be identified. Acceptable top-coat
painting systems for WSA coatings should be more clearly defined. Field
data also indicate that such reactions do not exist with zinc coatings.

]
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Consideration should be given to the use of duplex coatings, such as
wire-gsprayed zinc or ginc-sluminum alloy over wire-sprayed aluminum to
produce msetal preservation systems more compatible with top-coat paints.
The bulk of field test data on both sprayed aluminum and zinc coated steel
is on unpainted structures. Lack of krowledge in this area introduces a
risk factor in the more widespread app.!:ation of WSA coatings for
above-deck applications. Useful coating life may be reduced from
anticipated values of more than 20 years to actual values of less than 5
years by unexpected interaction between WSA and top—coat paints.

The majority of field-test data from which useful life is predicted is
based on tests of near-perfect coatings. Few, if any, defezcts have been
introduced i. manufacture and service. Since these coatings preserve by
cathodic protection at local defect sites, their useful life will be
shortened significantly by local defects arising in manufacture and use.
This introduces an additional risk factor in the use of such coatings, since
defects are bound to exist. A research and development study is recommended
to characcerize the defect tolerance and life degradation by representative
flaws or defects for typical coating systems. Systems most tolerant of
defects must be identified. In addition, types of defects that require
early repair or maintenance should be identified and suitable repair
practices for shipboard use developed.

Finally, more effective sealants for both zinc and aluminum sprayed .
coatings would appear to be desirable, particularly for extending life
beyond 20 years. State-of-the-art technology for sealants is quite old, and
little definitive research has been conducted in recent times. A research
and development study is recommended to establish more clearly how a sealer
functions and to identify how its performance could be improved.
Life-limiting factors and modes of degradation must be identified.
Consideration should be given to the use of inorganic sealers or
low-temperature curing sealers of the phosphate-bonding type Lhat may seal
coating pores more effectively.
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CHAPTER 4

METALLIZING PROC3ISSES

CURRENT NAVY PRACTICE

Two processes are being used to apply WSA to shipboard components--gas
wire-spray and arc wire-spray. In the first process, aluminum wire is
melted in an oxyacetylene flame, atomized, and sprayed with the combustion
gas onto the work. In the second, two aluminum wires are melted by arcing
and the molten droplets are atomized and propelled to the work by a blast of
air (Rogus and Vapniarek 1980). The majority of work is done with flame
wire-spray equipment, using hand-held guns and relying strictly on operator
skill and control to produce a uniform, high quality coating. In some
applications, notably for anti-skid deck coatings, mechanized arc wire-spray
guns have been used (Navy, Department of 1978). In these cases, the
gun—-to-work distance and rate of travel are set and controlled mechanically,
which improves significantly the quality and uniformity of the coating.

Wire-sprayed coatings are deposited at naval shipyards, aboard naval
ships, at shipbuilding yards, and at industrial coating shops by both Navy
and civilian operators. Initial work on WSA coatings for shipboard
corrosion control was perfo-med at the Naval Air Engineering Center,
Lakehurst, New Jersey. Subsequent pioneering work to develop ship
applications was accomplished by the Shore Intermediate Maintenance Activity
(SIMA), San Diego, and an industrial contractor, Flame Spray, Inc. of
San Diego (Vanderveldt et al. 1981). At present, all naval shipyards and most
intermediate maintenance fazilities have wire-spray capabilities and are
providing WSA preservation services. Both SIMA and Puget Sound Naval
Shipyard also provide arc-WSA services for deck coverings, with Puget Sound
being the lead yard for improving the process and developing equipment for
cost-effective production. In addition, combustion-WSA facilities have been
installed on a number of repair and fighting ships, including the USS Samuel
Gompers (AD 37), USS Hector (AR 6), USS Dixon (AS 37), and USS Coral Sea
(CV 43) (Vanderveldt et al. 1981). The principal industrial contractor has
been Flame Spray Inc., of San Diego. The Ingalls Shipbuilding Division,
Pascagoula, Mississippl, is providing the first application of WSA coatings
in the area of new ship construction (Vanderveldt et al. 198l1). This is the

first commercial shipyard to develop a production WSA preservation
capability.
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The choice of oxyacetylene combustion (flame) wire-spray equipment has
been based on both technical and economic considerations. From a technical
point, coatings with levels of bond strength and porosity that are
acceptable for most applications can, under carefully controlled conditions
and with skilled operator control, be produced using combustion gas
wire-spray equipment. Test samples for the 19-year AWS, NBS, and Port
dueneme field tests (American Welding Society 1974; National Bureau of
Standards 1977; Navy, Dcpartment of 1966) of aluminum-metallized steels were
prepared by gas combustion powder and/or wire-spray procedures. Results
indicated a 15 to 20-year preservation capability in marine service. Wire
spray vas selected over powder-spray largely on the basis of improved bond
strength and general quality for WSA coatings. In addition, both naval
shipyards and civilian contractors had been using combuation flame (powder
and wire) equipment for machinery repair. Facilities, process
specifications, and skilled personnel were available to produce WSA
preservation systems. From an economic point of view, combustion gas spray
equipment was readily available at low capital cost, and operating costs
were low. Equipment was portable and could be used easily for shipboard
on-gite coating or coating repair.

The cost-effectiveness of this approach i{s clearly indicated by tue very
guccessful steam—valve coating program. In two shipyards, over 5,000
valves have been coated with rthe WSA preservation systeam at a cost of 1 to
1-1/2 man-hours per valve (labor plus materials) (Sulit et al. 1980). The
SIMA facility at San PMlego has coated thousands of valves at a rate of about
1 man-hour per valve since 1977. Another shipyard has coated 500 valves at

aa estinmated coust of 3/4 man-hour per valve. Many of these valves have been
in service for over 4 years without the need for repainting, repair, or
maintenance. On a life-cycle basis, the WSA preservation system on steam

valves is more cost-effective than paint preservation sy:tems by at least a
fuctor of 2 (Vanderveldt et al. 1981).

Process Control and Quality Aesurance

The thermal—-spray military standard, DoD-STD-2138(SH), is the basic
document establishing the thermal-spray facility and process requirements
{or WSA preservation systems on naval ships (Department c¢f Defense 1981).

[t specifies in detail the equipment, materials, and procedures that must be
followed in preparing WSA preservation systems by arc and gas wire-spray
processes. In addition, it sets forth requirements for training and
certificaticn for both Mavy personnel and civilian service contractors.

This is a new specification, issued for the first time in November
1981. Up until that time, WSA coating was done in accordance with the
military specification for machinery and ordnance coating applications,
MIL-STD-1687(SH) (Navy, Department of 1980b). Since this standard did not
address all of the requirements and controls for WSA preservation systems, a
series of process instructions and orders were issued by the Navy to add
needed controls. Surface preparation was governed by the Steel Structures
and Paint Council (SSPC) specification 5-63. Coating application was
governed by NAVSEA 56435-AE-MNA-010/W sprayed CTT as developed for WSA
coating of steam valves (Navy, Department of 1981b). A detailed process
instruction for WSA coating of deck areas was prepared by the Puget Sound
Naval Shkipyard (Navy, Department of 1980c).
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Significant factors to note with respect to the current specification
(Department of Defenss 198l) are as follows:

1. Bond streagth of coatings is assessed by tensile and bend tests only in
certification of operators. There is no requirement for sampling and

destructive testing of day-to-day production as a means of quality
control.

2. There is no staniaidized bend test for quality control although this
test is used for daily checks of product quality.

3. Purity and dryness levels for compressed air used both for grit blasting
and thermal gpraying are not specified in terms of measureable
parameters suitable for process control.

4. Surface contamination is controlled ty specification of a maximum
holding time between grit blasting and spraying. Purity, temperature,
and control of storage atmospheres is not specified.

5. Coating thickness is specified by area of application with 10 to 15 mil
required for machinery spuce components (i.e., steam valves) and 7 to
10 il for other topside or wet interior space equipment.

6. Coating porosity levels are not specified in terms of any measureable or
controllable variable.

The basic approach to quality control and assurance is through the use
of process controls. There are few satisfactory NDE procedures for product
control, and those thar are available in general cannot be relied on to
ensure good product quality for large or complex coated parts and
structures. NDE can be used to evaluate effectively small test strips or
panels, which in turn are used to certify the quality of products produced
using the same operator, equipment, materials, and procedures to coat parts
that were used to coat the test strips. That is, for each batch or lot Jf
parts produced, product quality test strips also are produced. Results of
various tests on the strips are used as an indirect form of quality
assurance. No changes in process, materials, or operators are allowed.

Several direct product quality asaurance tests also are made directly on
production parts. These include tests on cleaned and grit-blasted surfaces
for anchor tooth profile, thickness tests on coated surfaces using
magnetic-type gauges, and visual inspection for a wide range of coating
defects.

Trainiqg;and Certification

An indispensable aspect of implementing thermal-gpray technology is the
training, certification, and recertification of thermal-spray operator. and
instructors in conjunction with the equiping and certification of
thermsal-spray facilities or shops in the Navy and thermal-spray service
contractors in industry (Vanderveldt et al. 1981). The Navy's approach is
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to use the American Welding Society standards, guidance, and recommendations
vherever possible for process, facility, operator, and instructor
certificatina and control. The Navy can and does control use in the public
sector, as evidenced by the duvelopment anx! use of technical manuals for WSA
corrosion control (Bless and Moskovitz 1979; Navy, Department of 1980d).

The U.S. Naval Reserve is also developing an exiensive training program
consisting of some 350 slides-with-sound for indoctrinating azd svalifying
the naval reservist tc apply the WSA preservation system (Navy, Department
of in press).

For COMNAVSURFPAC, WSA operators are now being trained and cer.ified by
the West Coast naval shipyards. A San Diego-based thermal-spray service
contractor, Flame Spray, Inc. has deliversd training programs and certified
operators for several ships--e.g., USS Samuel Gompers (AD 37); USS Hector
(AR 6); USS Coral Sea (CV 43); and USS Dixon (AS 37)--and has trained and
“started up” Ingalls Shipbuilding Division in its metallizing corrosion
control work for the U.S. Navy. Formalized training, work experience, and
certification and recertification requirements and procedures fur
thermal-spray instructions have yet to be developed.

The thermal-spray military standsrd (Navy, Departasent of 1980b) is the
basic document establishing the thermal-spray facility and operator
requirements and certification for both Navy and civilian service
contractors in the area of thermal-spray applications for wear coatings and
restoration of dimensions. The Navy is incorporating this information into
its rate training manuals for machinery repairmsen and will teach it in its
technical or "C" schools (Navy, Department of 1981c).

STATE-OF-THE-ART SUMMARY

Thermal-Spray Processes

Thermal spraying is the process of depositing molten metal, alloy, and
ceramic coatings on properly prepared substrate materials so that they
solidify and mechanically bond to the substrate materials. Thermal-spray
coatings are applied to improve surface-wear characteristics, to provide
resistance to heat, oxidation, and chemical environments; to restore
dimensions or to build up the surfuce of a worn part so that it can be
remachined or ground to its original specifications; to reduce erosion wear;
and to improve corrosion control. The thermal-spray coating does not
ugually add to the structural strength of the component. When used to
restore dimensions, the worn or damaged component must be structurally sound
for the intended + rvice prior to applying the thermal-spray repair.

Thermal spraying can be defined as the buildup of a coating by melting
and projecting conto a substrate any heat-fusible material. The various
thermal sprayiug processes used to apply such coatings include a numbcr of
different techniques, equipment, and heat sources. The spray materials can
be metallic or nonmetallic, and in the form of wire, rod, cord, or powder.
As the materials pass through the spray unit they are heated to a molten or
semi-wolten state and rhen atomized and/or accelerated and carrind to the
substrate in this form (Figure 6).

i
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FIGURE 6 The thermal spray process.

The heating is accomplished by gas flame, electric arc, plasma, or
detoration of a combustible mixture. The hot particles are couaveyed from
the spray equipment to the substrate by the gas jet, which also accomplishes
the atomization and particle acceleration. As the sprayed particles impinge
on the substrate they cool and build up, particle by »article, into a
cast-like structure. The particles, as they strike tl2 surface, flatten and
form thin platelets whicn conform to the irregularities of the previously
prepared surface, as well as to each other.

Most metals, oxides, cermets, snd hard metallic compounds, as well as
some organic plastics and certain glasses, can be deposiced by one or more
of the process variations. The substrates onto which the thermal-spray
coatings can be applied include metals, oxides, ceramics, glass, most
plastics, wood, and some disposable substrates. Not all sprayable materials
can be applied to all substrates, and some require sp :cial techniques.

The bonc betweer. the spreyed coating and the substrate may be
mecheaical, metallurgical, chemical, or a combination of these. In general,
proper surface preparation of the substrate prior to spraying is the most
critical influence on the bond strength of the coating. The bonding
mechanism i{s affected by the coating material and substrate. the process
te.perature before, during, and after rpraying, and other processing
parameters. The bond strengths of sprayed coatings aie significantly less
than in welding.

The deposited structure of thermally sprayed coatings is differc.c from
that of the same material in the wrought form due to the incremental nature



of tha coating buildup .nd the fact that the composition i- often affected
by reaction with the procecs gases and the surrounding atmogphere while the
material is in the molten state. For exsmple, where air or oxygen 13 used
as the process gas, oxides of th: material spplied may be formed and become
a part of the coating. In the caee of metals the deposited coating tends te
be harder, more brittle, and more porous than the origiral material. The
as—applied structure of all thermally sprayed coatings will be simila~ in
lamellar nature but will exhibit varying characteristics depanding on the
particul: - thermal spraying process used, parameters and tachniques
employed, and the material applied. A scheratic ~oating crcss secion
microstructure is shown in Figure 7.

Oxide inclusions Subotrate roughness
Cohesive strength

Sese material

FIGURE 7 Schematic of coating cross section.

The density of coatings will vary, usually depending on the working
temperature of the particular process involved and the particle impingement
velocity. Figure 8 shows the range of particle impact velocities developed
by each of the commonly used spray techuiques. For example, the oxy-fuel
powder spray gun has an impact velocity of about 8G to 100 ft/eecond,
producing the lowes! .!a3ngity, hardness and bond strength of the
thermal-spray proucesses.
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FIGURE 8 C“pray particle velocity.
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Preparation of the Substrate

Preparation of the substrate prior to spraying is necessary and common
to all thermal-spraying processes and is virtually the same regardless of
which process is used. Items tc consider are surface cleaning, roughness,
and preheating. Surface roughening serves the dual purpose of cleaning the
surface to eliminate any cuatamination that might inhibit the bonding of the
coating to the substrate, as well as creating a profile of minute surface
irregularities that will enhance the adhesion of the coating and give
greater effective surface area (see Figure 7). Chemical cleaning is used on
parts that are contaminated or impregnated with material that cannot be
removed by other preparation techniques.

Preheating is sometimes used on certain metal substra_e applications
immediately before depositing the coating to drive off any moisture that
aight have developed (especially with flame guns) as well as to expand the
workplece to minimize stresses formed in the coating as it cools. The
amount of preheating required will vary with the substrate material, the
process used, and the material applied, but as a general rule the
temperature will be in the neighborhood of 1219C (2509F). To be
effective it is important that the preheat soak entirely through the
workplece and not be restricted to the surface.

Consistent success in the use of thermally sprayed coatings relies
heavily on the establishment of parameters for surface preparation,
preheating, and deposition of the coating, followed by exacting attention ina
observing them in practice. One overriding truth in thermal spraying is
that variations from the standards set for a particular process and
inattention to detail can be expected to produce unreliable results. A
detailed description of each process and its capabilities and limitations is
presented in a manual on thermal spraying to be published by the American
Welding Society in 1983 (American Welding Society, in press).

Hot Dip Metallizing

Hot-dip metallizing is highly effective for forming an active metal
coating for cathodic protection of steel in a wide range of environments.
Furthermore, it is economical and long-lasting. From a processing poiantr of
view, a wide range of shapes may be employed, from small parts to sheet
stock, where continuous hot-dip galvanizing systems have been developed
(Schaper 1979). It is possible to modify the coating alloy to the extent
that a large spectrum of zinc-aluminum alloys have been emp'oyed. For
example, a 55-45 zinc-aluminum alloy trade-named “Galvalume" has recently
been receiving considerable attention. There are also available zinc-rich
(85-15 zinc-aluminum) alloys that show excellent behavior. The process
produces a coating that is fully dense and metallurgically bonded to the
substrate. The negative aspects of hot-dip galvanizing iuclude size
limitations; the need to grit-blast to white metal (limiting its application
to relatively new parts); the potential for degrading the strength of
heat-treated steel parts in the hot molten bath; the possibility of forming
embritrling intermetallics at the part surface due to metallurgical
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reactions; and problems associated with proper paint adhesion to hot-dip
galvanized coatings, although advances have been made in this regard and it
is now possible to achieve reasonable paint adhesion to hot-dip galvanized
parts, for example, in decorative finishing.

The major problems, however, are size limitation and the need to remove
the part to a molten metal bath facility. Hot-dip galvanizing will thus be
indicated principally when the parts in question are new, small, and the
galvanized coating will not be disturbed or removed during subsequent
fabrication or installation steps. A case where hot-dip galvanizing is used
together with thermal-spray metallization is in the production of steel
conduit for the electrical industry. In this instance, it is common
practice to hot-dip galvanize the pipe prior to end-threading and then to
apply zinc to the threaded ends by arc-sprayiang techniques. Such an
approach is eminently suitable for any number of production probleums.

Hot-dip metallizing is not confined to zinc coating (galvanizing), as
might be impli:d from the foregoing discussion. A large number of steel
parts also are coated with aluminum for corrosion protection by hot-dipping
(Schaper 1979). Aluminum hot-dipped parts are about 20 percent higher in
cost than zinc-coated parts because of the higher bath temperatures and the
need for more meticulous surface cleaning. The only limitation on size of
parts that can be coated by hot-dipping is the limit on size of the molten
aluminum bath in which parts are dipped. The largest parts commercially
hot-dip coated by a single immersion are 40 in. diameter by 8 ft long. The
length could be doubled by dipping first one end and then the other. Small
parts are well-suited to coating by this process and can be batch hot-dipped
at high rates of production. Typical coating thicknesses are In the range
of 2 to 4 mil. Coatings are fully dense and metallurgically bonded to the
substrate. Parts are coated by dipping in molten aluminum at 1,100 to
1,290°F for 1 to 2-1/2 minutes. The bath is covered with a molten flux to
prevent oxidation of the surface before and after dipping. Up to 40 1b of
small parts are commonly co.ted at one time in a steel basket. Excess
aluminum is removed by shaking, air blasting, or centifuging.

Other Processes

There are many other processes for aluminum coating of steel, including
vapor deposition, pack cementation, explosive bonding, surface fusion,
electroplating, and roll-bonding. However, none of these are really suited
to low-cost high-volume production coating of shipbuard components. They
are not considered to be viable processes for shipboard corrosion control
coatings, with one possible exception: roll-bonded or clad steel (Schaper
1979). 1t is conceivable that large plates of roll-bonded steel could be
produced for use in new ship constructicn. This material might provide a
low-cost, highly protective structural material for bulkheads, decks, hulls,
or other structure. All cut edges and welded joints would have to be coated
by WSA preservation techniques to produce a fully corrosion-resistant
structure.

rk
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Advanced Thermal Spray Processes

Automated, computer-controlled, robotic handling systems have been
developed to improve the uniformity, quality, and reproducibility of
thermal-spray coatings (Alloy Metals, Inc. 198l1). A number of these units
have been operating for coating industrial parts since 1978 with
considerable success. Most of these are dedicated to a single, simple task,
such as repetitive coating of cylindrical shapes or flat surfaces. However,
with recent advances in robotics and microcomputers, complex shapes can now
be sprayed effectively. Process controlling variables such as gun stand-off
and travel, gas flows, and wire or powder feeds are accurately measured and
set without operator intervention. Spray parameters for each part are
estabiished in advance and then stored in a computer memory or on a disk for
repetitive coatings of similar parts. Equipment at present is relatively
expensive. However, as the trend to computer-controlled robotics for ail
types of industrial processes continues, costs can be expected to decrease.
High initial capital costs at present can also be largely offset by savings
in labor and by reduction in scrapped parts due to improved process control:.

The density and bond strength of thermal-spray coatings are governed by
the temperature, velocity, and cleanliness of sprayed-metal particles that
impact on the substrate surface. All of these factors are improved by
spraying in air at low pressure (partial vacuum) instead of air at ambient
prassure. Coatings produced under such conditions are very dense
(>98 percent) and have very high bond strengths (Gupta and Pennici 1981).
Chambers up to 6 ft in diameter by 6 ft long are commercially available for
low-pressure spraying. These are coupled with computer—controlled robotics
to produce a fully automated system for production of the highest quality
thermal-spray coatings available (Gupta and Pennici, 1981). Current systems
are used to plasma-spray intermetallic (carbide, boride, aluminide. etc.)
coatings. Although they have not been used to spray pure aluminum, the
equipment should be easily adaptable for this purpose.

ECONOMICS OF METALLIZING

In this section the different thermal—-spray processes are compared in
terms of relative costs. Although any analysis of economics becomes quickly
dated if specific numbers are used, it is difficult to develop a working
knowledge of a process without using specific examples and related costs.
Readers, therefore, are cautioned *hat the numbers in this section should be
considered just numbers; all data should be regenerated based on a srzcific
situation under consideration. The comparisons presente., however, can be
considered valid and can be used as a basis for generating cost figures. A
detailed discussion of economics of metallizing is presented in the
thermal-spray manual (American Welding Society, in press).

Costs for Thermal-Spraying Equipment

The basic equipment costs for different types of thermal-spraying
systems vary considerably. Thev are estimated to be as follows: for powder
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combustion, $3,000 to $4,000; for wire combustion, $5,000 to $6,000; for
electric arc, $8,000 to $10,000; and for plasma arc, $15,000 to $60,000.
Support equipment such as exhaust systems, scrubbers, and soundproofing
rooms can add from $5,000 to $50,000 or more to ianitial installation cost.

A significant item in many thermal-spray systems is the cost of gas and
electricity, which would depend on the amount used, the geographic location,
and associated transportation and demurrage costs. Table 5 gives typical
operating costs of various thermal-spray devices when certain gas and
electric rates are agssumed. The numbers will give the reader a feel for the
relative operating costs of the various devices. Material costs vary widely
from apparatus to apparatus, and gas consumption costs are sometimes
overshadowed by higher costs of consumables. Furthermore, some spray
devices cannot be easily turned on and off, so the actual energy
consumption, whether gas or electricity, can be much higher than shown by a
simple analysis of spray rates and gas consumptions during a given spraying
time. In such cases a factor should be allowed for the on time of the heat
source which could be longer than the spray time. In the case of spraying,
the importance of these factors varies with the type of material being
sprayed. For example, if one is spraying material such as zinc costing
$1 per pound, energy costs are more significant than they would be when
spraying a material costing $30 per pound.

TABLE 5 Hourly Energy Cost Comparison for Thermal-Spray Devices*
Cost per Hour (¥)

Type Air and Gas Electricity Total
Nontransferred plasma 8.57 3.72 12.29
Wire arc 0.32 0.18 0.55
Combustion wire 4,75 0 4.80
Powder combustion 13.44 0 13.44

*The various units were compared spraying the same material (stainless)
at 10 1b./hour (except rod gun).

On an overall cost basis, with the expense of future maintenance
included in the calculations, metal-spraying has long been competitive with
paint as a corrosion-protection system. A 1971 study of structural steel
protection costs in Great Britain found, for example, that metal-spraying
zinc or aluminum was approximately 10 to 20 percent more expensive than
comparable paint schemes on an initial cost basis. However, these paint
schemes, in the same eavironmental cond!tions, provide a minimum of 5 to
15 years shorter maintenance-free protection lifetime than metal spraying.
Thus, with rhe expense of maintenance, the apparent relative advantage of
paint schemes on an initial-cost basis is quickly eliminated. In long-term
use, metal-spraying provides better protection at an equal or lower cost.

This experience 1s be ing confirmed in the United States as well. For
example, in a service evaluation program started in 1978, a fleet of
railroad tank cars has been metal-sprayed to test the performance and
economy of various thicknesses of zinc-coatings both with and without
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sealers. The cost of zinc coating an average tank car in this program was
$1,365 or approximately 2-1/2 times the cost of an average paint job.
Howev2r, the spraying cost could have heen substantially reduced had the
cars been treated during manufacture, where the benefits of automation would
have been pcssitle. Futhermore, it i{s expected that the zinc coatings will
last the life of the cars, with only cosmeti:z touch-ups required. A tank
car that was painted, on the other hand, would have to be taken out of
service and undergo repainting approximately every 5 years over a 20-year
lifetime. Thus, even without the lowered cost made possible by automation,
thermal-spraying will yield a substantial savings over the lifetime cf the
car. For example, in the program cited above, it has been projected that
thermal spraying of the railroad tank car fleut will lead to an annual
savings of $80,000.

It is important fo note that more recent studies indicate that there is
a trend towards metal-spraying becowming cheaper than comparable paint
schemes, even on a fi~st—cost basis alone. A survey was made in the United
Kingdom in November 1977 of the comparative costs per square meter of
surface for protecting different types of fabricated steelwork using
different protection systems. The survey, which was based on actual cost
estimates from painting and metal-spraying companies, found that unsealed
zinc was approximately 20 percent cheaper on a first-cost basis than the
comparable paint schemes. Sealed sprayed zinc was about the same or
slightly cheaper than comparable paint schemes on a first-cost basis.

Thus it is now often true that zinc or aluminum sprayed coatings are
completely competitive, even on an initial cost basis, with high-quality
paint schemes. When the increased maintenance costs and lower protection
times that paint systems normally entail are included in the economic
calculations, the cost advantages of corrosion protection by metal spraying
are obvious. Furthermore, it i{s important to recognize that inadequate
corrosion prctection may lead not only to the need for extensive and
expensive malntenance operations but also to the premature fallure of the
structure as a whole, thus necessitating its replacement long before its
planned lifetime. In an age when conservation of the world's natural
resources is a financial as well as an enviromnmental priority, corrosion
protection methods must both last the life of the structure and lengthen the
life of the structure. Metal-spraying not only exrends the life of iron and
steel structures but also avoids the waste of resources required for their
replacement and maintenance. The more reasons society has to perpetuate the
iife of existing or new steel structures, the more metal-spraying is seen as
economically deslirable.

Costs for Hor-Dip Metallizing

Equipment for the hot-dip process, compared with gas or arc wire
thermal-spray processes, is more expensive. Costs Include furnaces, power
supplies, flux handling, fume collection, and surface-cleaning equipment.
Such installations would be suitable only for large shore-based coating
facilities. Once installed, actual production coating costs would be
comparatively low. Valves or stanchions, for example, could be hot-dip
galvanized or aluminized in batches at a fraction of the current WSA coating
costs. Costs for hot-dip aluminizing w111 be about 20 percent more than for
galvanizing.
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The major econoaic advantage of hot-dip aluminizing would come from high
production rates, particularly for small and sometimes complex parts such as
valves, stanchions, brackets, clsmps, and fittings. Using batch hot-dip
processes, 50 to 100 or more parts could be aluminum-coated in a few
minutes. In comparison, the current practice for WSA spraying of steam
valves requires 3/4 to 1 hour per valve. Hot-dip galvanizing (zinc or
Galvalume coating) could be done in many exi{sting industrial facilities and
would be very practical for use in naw ship construction. Hot-dip
sluminizing is not in use today, but technology exists to set up and operate
aluminum hot-dip facilities. All current work on hot-dip coating with
aluminum is in contiruous rather than batch processing. Dipping facilities
at Navy yards probably would be needed for repair and overhaul coating of
parts currently in naval service. Another economic advantage c¢f this
process accrues from the fact that sealing of hot-dipped coatings wouvld not
be required. The coatings are fully dense and would only need to be primed
to accept top-coat paints where needed. It is also possible that u-ique
duplex coatings of improved parformance could be pr