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FOREWORD

This report presents a review of issues associated with bridge painting. The
review takes into consideration paint debris containment problems, worker
exposure and safety considerations, general environmental problems associated
with bridge painting, and new regulations which have been designed to limit
volatile emissions and the use of toxic ingredients in bridge paints.

Recommendations and conclusions regarding the various factors assessed are
presented.

Chér1es J. ehmers, Director
Office of Engineering and Highway
Operations Research and Development

NOTICE
Tnis Document is disseminated under the sponsorship of the Department of
Trensportation in the interest of information exchange. The United States

Governmant assumes no liability for its contents or use thereof.

The contents of this report reflect the views of the contractor who is
responsible for the accuracy of the data presented herein. The contents do

; ne:essari1y reflect the official policy of the Department of
reneportation.

-

This report does not constitute a standard, specification, or regulation.

The Uniteg States Governﬂent does not endorse products or manufacturers.
Trede or manufacturers’ names appear herein only because they are considered
ecseniial to the object of this document.



GENERAL DISCLAIMER

This document may have problems that one or more of the following disclaimer
statements refer to:

This document has been reproduced from the best copy furnished by the
sponsoring agency. It is being released in the interest of making
available as much information as possible.

This document may contain data which exceeds the sheet parameters. It
was furnished in this condition by the sponsoring agency and is the best
copy available. :

This document may contain tone-on-tone or color graphs, charts and/or
pictures which have been reproduced in black and white.

The document 1s paginated as submitted by the original source.
Portions of this document are not fully legible due to the historical nature

of some of the material. However, it is the best reproduction available
from the original submission.
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CHAPTER 1: INTRODUCTION

The economic health of a nation is dependent on its ability to engage in
commerce. This ability is directly related to the capability of its
infrastructure to efficiently and safely respond to the demands placed upon
it, not only by its users, but also by the environment. A recent survey
(1993) indicates that of the nearly 600,000 bridges tabulated, just over
190,000 bridges were considered substandard ™ While the reasons for this
c1a551f1cat1on are varied, a growing number are the result of the presence of
lead-containing paints previous]y applied for corrosion protection. Both
recently adopted and proposed future requlations have resulted from a growing
awareness of the need to protect the environment from uncontrolled pollution,
and to safeguard the health of workers engaged in renovation as well as that
of the general populace. In 1992, Congress requested that the Federal Highway
Administration (FHWA) commission, through the competitive bid process, a study
to evaluate the state of technology as it pertains to the rehabilitation of
bridges. In particular, the study was to evaluate how lead-containing paints
are removed and tested, and to evaluate alternative coating techniques. To
this end, six technical and three management and reporting tasks were
initiated. The technical tasks performed were:

Task A-Economic Evaluation

Task B-Worker Protection/Paint Removal
Task C-Waste Treatment and Disposal
Task D-Alternative Coatings

Task E-Accelerated Testing

Task F-Productivity Improvement

The evaluation of coatings, materials, and processes for the rehabilitation of
bridges is based on their ability to meet regulatory standards, perform in the
field, and be economical.

Task A developed an economic model by which rehabilitation options can be
ranked in terms of long-term benefits versus present-day expenditures. As
with any study, information has been gathered from the literature and by
experiments done in the laboratory. However, only when tested in the field
can such information be validated. To that end, in cooperation with the
I1Tinois Department of Transportation (IDOT), field tests for the various
tasks were performed on a stretch of [-55 near Wood Avenue in Chicago,
[11inois. Several methods of paint removal were tested as part of task B, and
debris was collected for analysis in task C. Several selected alternative
coating systems typified by painted and metallized panels were deployed at the
test site for environmental exposure testing as part of task D. Furthermore,
the feasibility of extending Taboratory testing into the field was evaluated
as part of task E. Finally, the deployment of sensors in the field to
evaluate surface preparation and the condition of existing paint systems was
successfully demonstrated as part of task F.






CHAPTER 2: TASK A - ECONOMIC EVALUATION

Introduction

The cbjective of task A was to perform an economic study of the highway bridge
maintenance painting problem. A major goal of this task was to develop
economic models that can be used to provide a rational framework for the
evaluation of alternatives in the maintenance painting of steel bridges. To
accomplish the objective, an extensive study of steel bridge maintenance
practices was conducted. The purpose of this effort was to acquire cost data
and detailed information on practices and performance experience, and to gain
a better understanding of the bridge maintenance problems as viewed from the
owner's perspective. This study has included a 1iterature search and a series
of meetings and discussions with various groups and individuals within the
bridge maintenance community, including various State highway department
personnel, representatives of the paint industry, the Steel Structures
Painting Council (SSPC) and bridge painting contractors. Site visits have
been made in I11linois, Wisconsin, and Kentucky. The site visits included
bridges that were undergoing total lead-containing paint removal within a
containment structure, and bridges that were being overcoated. These two
categories represent the most commonly employed alternatives currently being
pursued by bridge owners. The data and experience from the bridge maintenance
painting study were used to formulate the models and to provide input data for
the completed models.

Background

Over 40 percent of the steel bridges in the United States are painted with
lead-containing paints. In Illincis alone, over 2800 steel bridges that are
owned by I1Tinois Department of Transportation (IDOT) fall into this category.
This number can double or triple for States that have large numbers of rivers
or extensive coastal areas. In the past, lead-containing paint provided a
reliable economical solution to the long-term corrosion protection of these
structures. Painting did not represent a major item in bridge maintenance,
and a maintenance paint job that Tasted 5 to 7 years was adequate. Recent
concerns over the effects of Tead as a toxic substance in the environment have
resulted in a dramatic increase in the dollars spent by owners in areas
associated with lead-containing paint removal. Open sand/grit blasting
followed by repainting of the structure is no longer an acceptable solution.
Potential solutions to the maintenance of these structures may follow one of
the alternatives Tisted below:

1. Allow the paint to deteriorate, with potential loss of
steel, until replacement of the structure is required.

2. Remove all of the lead-containing paint using negative-pressure
containment and re-paint.‘

3. Spot clean, wash, spot prime, and overcoat the steel.®

A variation on strategy 2 that is also currently practiced in specific
situations, particularly on old bridges with only a few years left prior to
replacement, is the spot-repair approach wherein bad areas of paint/corrosion
are removed using vacuum power tools or localized containment and are then
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repainted.’®’ This is essentially an installment-plan version of number 2
that becomes less economically sound as containment, erection, and removal
costs increase due to more stringent requlations.

The cost-effective solution must be chosen by careful evaluation of many
complex and sometimes interacting factors. Maintenance costs of these
structures have been severely impacted by the need to protect the environment.
For example open blasting and repainting with a typ1ca1 alkyd paint system
prior to 1985 might have cost $10.76 to $20. 52/m ($1.00 to $2. 00/ft}
Maintenance painting of the same structure with negative-pressure conta1nment
total lead remova] and repainting in 1993 may cost $75.32 to $161.40/m® ($7. 00
to $15.00/ft? ). Replacement of the bridge's superstructure can cost $322.80 to
$538. OO/m ($30.00 to $50. OO/ft ),while total replacement may cost $430.40 to
$860.80/m° ($40.00 to $80. OO/ft)

In the past, the maintenance painting approach that was the cheapest in the
short term was usually the one chosen. No consideration was typically given
to factors such as life-cycle cost. The current situation involves painting
costs that have dramatically increased by factors of two to three, and in some
cases, as much as tenfold. Reality is that maintenance budgets have
essentially remained frozen; therefore, the choice of the correct maintenance
painting alternative becomes critical. Serious consideration must be given to
factors such as long—term performance of coating systems and life-cycle
costs.

It is this latter consideration that is the driving force behind this study.
In the following sections, we will review the development of the economic
models for evaluation of steel bridge maintenance painting.

Model Development

Two paths were pursued in the development of economic models for evaluation of
steel bridge painting alternatives. They were:

* (lassical engineering economics.

*  Multi-parameter models that include additional factors beyond purely
economic ones.

Development work on the first category is complete. A Tife-cycle cost model
that computes equivalent uniform annual cost (EUAC) has been developed.
Sensitivity analysis has been performed, and a generic chart has been produced
that will allow alternatives to be compared on the basis of initial cost per
square foot and expected 1ifetime. The second approach to model development
was based on a model developed by the National Institute of Standards and
Technology (NIST) using the analytic hierarchy process (AHP) decision-aiding
method. Its chief positive feature is the ability to include both financial
and non-financial quantitative factors as well as non-quantitative factors in
the decision-making process. Work on this approach to modeling is in process.
Members of the Coating Center Advisory Committee have received copies of the
NIST software and we are using a team approach in developing categories,
criteria, and weighing factors for the AHP model. The initial response to
this approach was favorable. However, as development proceeded with the life-
cycle cost (LCC) model, which would provide one of the key criteria in the AHP



model, we discovered that there were serious problems with the LCC input data.
These problems are discussed in detail later in this report. These findings
led us to conclude that under these circumstances, the time and money could be
better spent refining the LCC model before AHP can profitably be employed.

Life-Cycle Lost Model Development

A life-cycle cost model has been developed using Microsoft Excel™. The model
uses traditional engineering economics procedures to evaluate investment
alternatives. It has long been recognized that this approach, which makes use
of the cost-of-money concept, tends to penalize lTong-term alternatives. Such
is the case particularly when interest rates are higher than about 7 percent.
[t is not the purpose of this report to enter into a lengthy discussion of the
philosophical correctness or incorrectness of this approach to evaluating
alternatives. The chief attraction to using this approach is that it is
widely accepted and thus provides a rational means for comparison that has a
high degree of acceptance.

The bridge maintenance painting process consists of a series of cash flows
that occur over the life of the structure. Our model applies an escalation
factor to these cash flows to take into account the effects of inflation. The
cash flows are represented as cost per square foot. This quantity is the most
commonly available measurement of maintenance painting costs. It includes all
of the cost components of the paint job, such as mobilization, traffic
control, access, surface preparation, paint application, etc. Due to the
realities of contracting for maintenance painting, detailed breakdowns of the
individual components that comprise the cost per square foot are seldom
available. These costs vary widely with bridge size, type, and location.
Since a large amount of cost data is available on a square-footage basis, and
this approach seems better related to readily observable factors, we decided
to base our model on cost per square foot.

The second variable to apply to our economic analysis is the expected lifetime
for the maintenance paint job. The future cash flows are spaced in time by
the 1ife expectancy of the applied coating system. Each future cash flow is
inflated by the escalation factor by using the following equation:

FC=IC(l+e)mP (1)

where FC future cash flow

IC = initial cost
e = gscalation rate (inflation)
np = number of periods (years)

The cash flows will repeat until we reach the nearest multiple of the life
expectancy that is less than the remaining 1ife of the bridge. The future
cash flows are brought back to the present by computing the present value of
each of them. The equation that is used for this is:



(1+1} 7P

where EV
i
np

present value of a future cash flow (FC}
interest rate
number of periods (years)

Then, we calculate the total present value of the lifetime maintenance costs
for the bridge by summing the present values.

n=integeri;' (3)
TPV= Y PV,
(n=1)
where TPV = total present value
L = 1ife expectancy of the bridge
I = 1life expectancy of the coating
. .
puac-Tpy1(1*+11%
(1+3)E-1 (4)

Finally, using equation 4, we annualize the TPV over the lifetime (L) of the
bridge using the interest rate (i) and we get the equivalent uniform annual
cost (EUAC) in dollars per square foot.

A sensitivity analysis has been conducted using the above-described 1ife-cycle
cost model. The effects of coating life expectancy on EUAC for a range of
interest rates were explored. The case chosen for our ana]ys1s is a typical
overcoating job. The cost used is $21.52/m® ($2. 00/ft?). We chose an
inflation rate of 4 percent and an interest rates of 6 percent, 7 percent, and
10 percent, respectively. The Tife expectancy of the bridge was 90 years.

The sensitivity analysis varied the coating life expectancy in l-year
increments from 6 to 30 years. The Towest estimate given by various highway
department personnel is 6 years. Any 1ife expectancy lower than & years would
represent a serious failure of the coating system. An extremely optimistic
life expectancy for any paint system in a typical midwest environment is 30



years. The results of the analysis are summarized in figure 1.

The analysis clearly shows that improvements in the life expectancy for the
coating system have a strong effect on EUAC in the range of 6 to 15 years,
with the effect rapidly diminishing after 15 years. The effects of changing
the interest rate are also clearly shown. Again, the strongest effect on EUAC
by a change in interest rate is in the 6- to 15-year range of life expectancy.

LCC Model Applications

The basic life-cycle cost model discussed in the previous section has been
used to produce a chart that plots EUAC versus initial cost for a range of
coating life expectancies. The resultant chart conta1ns a family of EUAC
curves for initial cost, ranging from $0.00 to $215. 20/m? ($0.00 to
$20.00/ft* )y for life expectanc1es of 6, 10, 15, 25, and 40 years,
respectively. An example is shown in figure 2.

The chart in figure 2 can be used to compare various coating strategies on the
basis of the initial cost of application and the expected 1ifetime for the
coating. The strong sensitivity of life- cyc]e costs to the life expectancy of
the coating is readily apparent from examini ng this figure. For example, a
coating system that has a $26.90/m° ($2. 50/ft°) initial cost and a 11fe
expectancy of 6 years has a life-cycle cost of $10. 76/n|/yr ($1. OO/ft /yr) for
its remaining life. If we could extend the 11fe expectancy to 10 years, we
could afford to spend approximately $43. 04 /m? (54. OO/ft ) and still maintain
the same life-cycle cost. Another way of utilizing this chart would be to
compare two different coating systems, one with an 1n1t1a1 cost of %107 60/m?
($10.00/ft%) and another w1th an 1n1t1a1 cost of $43.04/m? ($4.00/ft Let

us assume that the $43.04/m° ($4.00/ft?) system has 3 1ife expectancy of 10
years. To be competitive, the $107. 60/m ($10. OO/ft ) system would have to
have a Tife expectancy of approximately 40 years. All of the above is true
for the financial parameters chosen, interest rate of 7 percent interest and
an inflation rate of 4 percent. The interest rate and inflation rate tend to
counteract each other. If the interest rate rises, but inflation remains the
same, the slopes of the curves decrease and the sensitivity to changes in life
expectancies Tonger than 15 years decreases. This effect is shown in

figure 3.

This figure shows the same range of initial costs and Tife expectancies as
shown in figure 2 except that the interest rate has been increased to 10
percent and the inflation rate is held at 4 percent. The effect of changing
the inflation rate can be seen in figure 4, where we have held interest
constant at 10 percent and reduced the inflation rate to 0 percent.

Here we can clearly see that the slopes are decreased and any advantage
between 25- and 40— year 1ife expectancy has disappeared and, in fact, there
is 1ittle advantage to extending life expectancy beyond 15 years under these
financial conditions. In any case, one has no control over these purely
financial factors and, furthermore, over an extended lifetime of a structure,
we can be certain that significant variation will occur. The purpose of this
model is simply to allow uniform comparisons to be made under present
conditions.
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The EUAC versus initial cost chart can also be used to compare coating
alternatives and to define the allowable ranges of initial cost and life
expectancy for a candidate to be competitive on the basis of life-cycle costs
with another candidate. In figure 5, we see the chart for an interest rate of
7 percent and an inflation rate of 4 percent, with two regions of the chart
that represent overcoating and full lead removal.

In this figure, we can see that for the cheapest overcoat job with a poor
performance of only 6 years life expectancy, we would have to get 25 years out
of even the cheapest total lead-removal job for the two approaches to be
competitive on the basis of life-cycle costs. This approach could be used to
evaluate any new coating alternative with an existing one. The chart would
tell us what we would have to get in life expectancy out of a new candidate
system that might be more expensive than an existing system for it to be 1ife-
cycle cost—competitive. This approach could also be used to tell us how much
we can afford to spend to 1ncrease the life expectancy of a system. For
example, if a $21. 52/m? ($2. 00/ft? ) system is g1v1ng us only 6 years of life
expectancy, we can afford to spend up to $43. 04/m? ($4.00/ft?) to extend the
life to only 10 years. This latter observation should have an impact on how
State h1ghway departments look at the question of warranted paint jobs. Some
paint companies offer warranties that typically cover 10 years. The warrantee
adds a cost increment to the paint job. The life-cycle cost approach of
comparing these two alternatives says that the increment could be

f=7% ; esc. rate = 4% : Remaining life of bridge =90yr
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as high as 100 percent {certainly, considerably more than is typically charged
for a warrantee) for the case shown above. The allowable margin for increased
cost to get increases in life expectancy decreases as we go to higher initial
1ife expectancy.

These examples have shown that an apb]ication of a simple life-cycle cost

method can add significant insight to the consideration of various
alternatives in the maintenance painting of steel bridges.

Expanded Spreadsheet Model

The basic Tife-cycle cost model based on present value analysis discussed
above was expanded to allow input of more detailed cost data and to allow
exploration of mixed coating strategies. Seven individual cost-item
categories are available for input. Each cost-item category can be ass1gned
an individual escalation (inflation) factor to account for the fact that labor
and non-labor items may have different escalation rates. An eighth cost
category is available, Lump Sum Costs, in case detailed data are unavailable.
The escalation factor used for the lump sum cost is a weighted average of the
other seven escalation rates. The weighing factors are taken from detailed
cost information provided by several sources,including both painting
consultants and highway departments.’ 6.7 An additional refinement of

the model is the ability to use different costs and coating life expectancies
for each of the maintenance paint cycles. The current implementation covers
up to 10 repaint cycles and is easily expandable both for additional repaint
cycles as well as more detailed cost components. The resultant output
includes both the total present value (TPV) and the equivalent uniform annual
cost, (EUAC). As in the previously d1scussed model, the computation is
accomp11shed using a Microsoft Exce] spreadsheet. Figure & shows a portion
of the spreadsheet with the Excel™ formulas printed in the appropriate cells.
Several case studies using the spreadsheet model have been done and a
discussion of them follows.

The first case shown in figures 7, 8, and 9 compares the overcoating process
for a bridge with 10 percent surface corrosion for overcoat life expectancies
of 6, 10, and 15 years, respective]y The bridge has 60 years of remaining
1ife, and the 1nterest rate is assumed to be 7 percent. Cost data are taken
from Angeloff.* > The model shows that, as expected, the life-cycle costs are
profoundly affected by the life expectancy of the applied process. Table 1
summarizes these results.

The next case study considers a bridge that has degraded beyond the point
where overcoating is a viable option. Here we compare a typical total lead
removal with containment and conventional-painting (figure 10) with the same
total lead-removal process, but with thermal spray, an advanced coating
process, evaluated in task D (f1gure 11). The paint data are taken from
Oregon DOT, and Angeloff and Kay.° ©3.8) "The therma] Spray process

utilizes coating material that costs $21. 09/m ($1 86/ft°) as compared to the
conventional paint system's $5.38/m® ($0. 50/ft2 ) cost. The
coating_application costs are a]so higher for the thermal spray [$15.49 versus
10.76/m° (51.44 versus $1.00/ft%)]}. In fact, the total initial cost of the
thermal spray is 8 percent higher than the conventiona] paint job [$203.90

11
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Rigging 3.00%| $1.04| $1.04| $1.04| 51.04] $1.04 | $1.04| $1.04| $1.04) $1.04| $1.04

Mobilization 3.00%¢ $0.13 ) $0.13 | $0.13 | $0.13 | $0.13 | $0.13 | $0.13{ $0.13 | $0.13 | 50.13

Hazardous Waste Storage & Disposal 6.00%| $0.03| $0.03| $0.03| %0.03| $0.03| $0.03| $003! 50.03| 50.03| 50.03
Coatiﬁg Life Expectancy 6 6 6 3] 6 6 6 6 6| &

T Remaining Bridge Life 60 '

) interest Rate 7 0‘0'77'5

$1.00/Ft%=$10.75/m°

Figure 7. Maintenance painting life-cycle costs:_oyercoating
(10-percent surface corrosion), 6-yr durability.



Maintonerca’l
Lump Sum Cost

$0.00

$0.00

Surface Preparation {Labor + Material) $0.60 $0.60 | $0.60 |
Coating Application {Labor) $1.18 $1.18| $1.38]| -
Coating Material $0.59 §0.59 | $0.59 B
Containment & Air Filtration System $0.03 $0.03 | $0.03
Rigging $1.04 $1.04 | $1.04
Mobilization $0.13 $0.13 | $0.13
[—lazardous Waste Storage & Disposal $0.03 $0.03 ] $0.03
Coating Life Expectancy [EEs 10 10 10

12!

Remaining Bridge Liie
Interest Rate
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Note: All costs are on a per-square-foot basis.
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Figure 8. Maintenance painting life-cycle costs: overcoating

$1.00/ft?=$10.75/m°

(10-percent surface corrosion), 10-yr durability.
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Coating Application {Labor) 4.00%] $1.18] $1.181 $1.18| $1.18 -
Coating Material 1.91%] $059 | $0.59| $0.59 | 4$0.59 o
Containment & Air Filtration System 3.00%} $0.03 | $0.03| $0.03 ! $0.03 _
Rigging 3.00%| $1.04] §1.04 | $1.04 5$1.04
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Hazardous Waste Storage & Disposal $0.03§ 50.03| $0.03| 50.03
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e painting life-cycle costs: oyercoating
face corrosion), 15-yr durability.



versus $188.30/m’ ($18.95 versus $17.50/ft%)]. The resulting Tife-cycle
costs, however, clearly favor thermal spray. This occurs because the life
expectancy is doubled by going to thermal spray.

Summary and Conclusions

The application of life-cycle cost considerations to the maintenance coating
of steel bridges represents a major departure from the current practice of
basing coating decisions on lowest initial cost. The spreadsheet model
developed here can be exercised for a variety of possibilities and provides
some interesting observations. A major problem becomes apparent upon a
careful examination of the data that feeds the model. The cost and
performance data are highly variable and considerable doubt exists about the
validity of comparisons between different sources. The reasons for these
problems are many. The costs are seldom available in a detailed breakout
format. Typically, the cost data are simply a Tump sum that may be
transformed to a unit cost per area if the surface area is provided. Some
States still use the practice of expressing coating costs as a cost per ton of
steel. This practice stems from the commonly used approach applied to new
construction. Given the wide range of geometries used in bridge construction,
conversion of cost per ton to cost per square foot is difficult. Another
major factor in the variability of the cost data is the presence of hidden
costs. For example, we may consider two similar bridges with the same surface
preparation and coating system that have different accessibility limitations.
In one case, access for painting is unrestricted, while in the other case,
painting can only be performed during periods of minimal traffic disruption.
For the first bridge, scaffolding and containment can be erected and left in
place until the job is complete, while the second bridge requires the
scaffolding and containment to be assembled and disassembled before and after
each daily painting period. If all other costs remain identical, these two
jobs could easily differ by two or three times in cost per square foot.
Another source of hidden costs results from typical contractor practices that
stem from cash-flow problems. Contractors will typically shift Jlabor costs to
purchased materials so that they can front-load their invoicing. This
practice introduces large variations in hardware and material costs.

Performance data is also badly clouded. The judgment of when a coating system
has failed can be very subjective, particularly if no uniform quantitative
standards exist for judging failure. The current study being conducted by
Ocean City Research, under FHWA funding, addresses this problem to some degree
and should result in better, more objective coating system performance data. A
very important consideration in judging coating system performance is to

Table 1. Summarizing life-cycle costs for three overcoat 1ife expectancies.

Life Expectancy TPY EUAC ($/ft?)
6 Years $16.97 $§ 1.21
10 Years $10.86 $ 0.77
15 Years $ 7.83 $ 0.56

$1.00/ft?=$10.75/m’
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Lump S{Jr-n"Cosi B

"3.75%

~$0.00

~$0.00

— .75% $0.00 | $0.00 $0.00
Surface Preparation (Labor + Material) 3.94%] $3.00| $3.00| $3.00| $3.00| $3.00
Coating Application {Labor) 4.00%f $1.00( $1.00| $1.00{ $1.00| $1.00
Coating Material 1.91%] 50.50| $0.50| $0.50| $0.50| $0.50
Containment & Air Filtration System 3.00%] $6.00| $6.00| $6.00] $6.00| $6.00
Rigging 3.00%§ $2.00) 52.00| $2.00| $2.00) 82.00
Mobilization 3.00%] $2.00] $2.00| %2.00| $2.00| 52.00
Hazardous Wasta Storage & Disposal 6.00%) $3.00 | $0.00| %0.00| $0.00| $0.00
B Coating Life Expectancy 15 15 15 15 15
B Remaining Bridge Life 60]
o " Interest Rate

$1.00/Ft2=$10.75/m’

Figure 10. Ha1ntenanbe painting 1ife-cycle costs: total lead removal.
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Lump Sum Cost

Surface Preparation (Labor + Material} 3.94%] §3.07 | $3.07| $3.07 _ I R
Coating Application {Labor) 4.00%] §1.44 ] $1.44} $1.44 o ] _
Coating Material 1.91%] $1.96| $1.96] $1.96 -
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Mobilization $244|
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Figure 11. Maintenance painting life-cycle costs: thermal spray [0.15 to 0.20 mm
(0.006 - 0.008 in) pure zinc, Phenolic Sealer].



ensure that uncontrelled variables such as surface preparation are minimized.
The development of improved global and local sensors to ascertain the
condition of the prepared surface prior to coating application will aid this
aspect of judging performance. A very important aspect of sensor development
is the provision for traceability of data. Current visual inspection does not
provide this important feature.

Additional consideration needs to be given to contracting practices. If life-
cycle cost methods are to provide meaningful comparisons of alternatives,
reliable cost data must be available. One approach that might aid the
situation would be uniform coating contract standards that require detailed
cost breakouts of the elements of the project. These cost elements need to
hold up to audit standards so that hidden costs cease to exist. This process
will not be popular with painting contractors, but if we are going to employ
1ife-cycle costs as a criteria for judging coating alternatives, we must be
sure that the data (cost and performance) are accurate and that we are indeed
comparing alternatives on a rational basis.
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CHAPTER 3: TASK B - WORKER PROTECTION/PAINT REMOVAL

Introduction

The objective of task B was to review current worker health and safety
practices pertaining to the removal of lead-based paint from existing
structures. This included reviewing containment concepts and methods of
testing the relative efficiency and safety of different types of paint-removal
methods. Development of a test chamber to assess the relative merits of
various removal techniques also was suggested in the initial plan. The
objectives were achieved by: (1) assessing information obtained from State and
Federal DOT personnel, the general Titerature (including Steel Structure
Painting Council (SSPC) publications), and materials and equipment suppliers,
(2) conducting and participating in field paint-removal and recoating trials,
(3) observation and assessment of contract bridge repainting operations done
in cooperation with State departments of transportation, especially the
I11inois Department of Transportation (IDOT), and (4) performing laboratory
tests and analysis of samples from the various field operations in addition to
samples prepared in the laboratory.

The program plans were reviewed with an advisory committee consisting of
experts in the field, including State DOT representatives from Oregon,
I1Tinois, and Kentucky; the U.S. Army Corps of Engineers; paint and thermal
spray companies; and the FHWA program monitor. The consensus of the committee
was that it would be difficult to develop and qualify a universal test chamber
to accurately assess the relative merits of paint-removal techniques within
the time and funds allocated to this task in this program. It was agreed,
however, that a controlled-environment chamber could be valuable for certain
removal-method evaluations as well as for paint-application control studies.
Thus, the majority of the paint-removal/worker-protection analyses were based
on field operations, and a lesser number of analyses were based on chamber
tests. Valuable information also was provided by the Iowa, Kentucky,
Louisiana, North Carolina, and Wisconsin DOTA.

Discussion

Paint-Removal Methods

There are many methods of paint removal, including abrasive or grit blasting,
water jets, handtools, power tools, chemical stripping, and heat. Each of
these general methods consists of a number of subcategories as shown in table
2.

An excellent comparison of many of the attributes of these methods is given in
the Industrial lead-Paint Removal Handbook by K.A. Trimber (see chapter 5,
table 4). Additional comparisons based on our work in this program are
provided later.

In the past, the most common paint-removal method has been abrasive or grit
blasting. It is fast, and it removes paint, corrosion, and millscale to
produce a clean surface with a good profile for recoating. Its main
disadvantage is that it produces large volumes of dust. The dust contains
very fine particulates-from which the environment and the workers must be
protected. The cost of this protection is high. Today, continucus blasting
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Table 2. Paint-removal methods.

A. Grit-Blasting Options:

Open to environment,* vacuum attachment, or total confinement.
Expendable or recyclable abrasive.

Wet or dry.

Water soluble or insoluble blast media.

Silica, slag, steel, silicon carbide, salt, or plastic media.
Single component, additives, blends, or mixtures.

YU PP =

B. Water-Jet Options:

Low, medium, high, or ultra-high pressure.
Heated or ambient temperature.

With or without abrasive injection.

With or without additives such as detergent.

¥ % B LN Iy W)

C. Handtools Options:
1. Knife, chisel, brush, etc.
D. Power-Tools Cptions:

1. Open to environment or vacuum attachment.
2. Needle gun, roto-peen, abrasive disc.

E. Chemical-Stripping Options:

1. Solvent, gel, or paste.
2. Open to environment or within confinement.

F. Heat (or Light) Opticns:
1. Flame, heat gun, laser, high-energy 1ight, induction, etc.

2. Embrittle, burn, or pyrolyze.
3. Open to environment, off-gas scrubbing, or within confinement,

* No Tonger acceptable.

without containment will generate particulates in excess of the U.S.
Environmental Protection Agency (EPA) regulations. An alternative is vacuum
blasting without confinement, but the removal rates are greatly reduced
(approximately 80 percent). The added weight of the vacuum attachment tires
the operator and the added bulk reduces mobility. In case of containment,
building and moving the confinement structures are both costly and time-
consuming. In both cases, the used blast media and the paint debris need to
be separated so the media can be recycled and the volume of hazardous waste
can be reduced. This significantly reduces the cost of treatment and disposal
of the waste.

Steel grit often is selected because it can be recycled repeatedly because of
a low breakdown rate. It gives a good surface profile, and provides temporary

22



stabilization against leaching of Tead from the debris as measured by the
toxicity characteristic Teaching procedure (TCLP) test. Steel-grit blasting
produces large numbers of paint debris particles with diameters of less than
1.0 pm. As discussed in greater detail later, size analysis of the particles
collected on a filter within the blast confinement area showed that more than
50 percent of the particles had diameters of less than 1.0 um. Elemental
analysis of these fine particles shows that they contain lead. It is
difficult to determine how many particles with diameters less than 0.3 um are
produced by the blasting cperation because such small particles pass through
most filters and common particle size analysis techniques are not applicable
below 0.3 uzm. Particulates that contain lead/chromium and have diameters less
than 0.3 um would present a hazard to the worker because: (1) they would not
be totally removed by standard high efficiency particle absolute (HEPA)
filters, which are rated 99.97 percent efficient down to 0.3-um size
particles, (2) they would be difficult to contain within the confinement
structure, and (3) they would produce contamination at greater distances from
the work site.

Despite problems associated with grit blasting, its high removal rate
outweighs the additional costs associated with worker and environmental
protection when compared with other paint-removal options. In general,
blasting within confinement is the method of choice when complete paint
removal is specified, while vacuum blasting may be selected for spot-
preparation requirements. In this process, it is difficult to recover all
dust and debris with the vacuum system. Very few additives are used in grit
blasting. One exception is the addition of a material such as Blastox™,
which has been shown to help stabilize the lead in the paint debris against
leaching in the TCLP test. A negative aspect of Blastox™ is the need to keep
it dry; when wet it clogs the blasting system. ‘

Water jets can be used to remove loose paint and rust, as well as salt, dirt,
and soils. Advantages of this method are: (1) the degree of loose paint and
rust removal can be altered by adjusting the water pressure, (2) the paint
usually comes off in chips so that these chips can be collected on a porous
tarp, while allowing the water to pass through, (3) the water temperature can
be adjusted, and (4) it is relatively inexpensive. Disadvantages are: (1) the
method, by itself, is not suitable for total paint, corrosion, and millscale
removal; (2) it does not produce any surface profile; and (3) care must be
taken to be sure all hazardous debris is contained and properly disposed.
Paint removal by handtools gives a minimally prepared surface. This may be
satisfactory provided good surface-tolerant paints are available and limited
coating Tifetimes are acceptable. Handtcol removal is probably the most
operator sensitive of the removal methods. It has the advantage of producing
the least debris and the debris that is produced can be easily collected on
tarps. ;

Chemical stripping is used in certain cases, depending on bridge type and
location. It is used most often to remove paint from tanks. This process
involves messy, dangerous acidic or alkaline materials, often as gels, which
are hazardous and require thorough rinsing and proper disposal.

Paint removal by laser was examined in the laboratory using a Coherent EFA51,

1500-W, continuous-wave CO, Taser. The substrates (test samples) were 102-mm
(4-1n) square or 51-mm by iOZ—mm (2-in by 4-in) rectangular sections of
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painted steel cut from bridge girders that had been taken out of service and
stored by the I1linois Department of Transportation. The existing paint was a
three-layer system consisting of a red-lead/alkyd primer, a leafing
aluminum/phenolic matrix intermediate coating, and a green-pigmented, non-
leafing aluminum/phenolic topcoat. The test samples were placed within a
glass confinement system with a zinc selenide (ZnSe) window so that all
byproducts from the removal process were contained. The containment system
consisted of a 2-L glass filter flask with side tubulation and the bottom cut
off. The test sample was placed on a steel-base plate to which the flask was
sealed by vacuum-bagging tacky tape. The ZnSe_window was sealed to the top of
the flask and the side arm led through a Tenax™ adsorbent tube to a Tedlar™
gas bag. The apparatus is shown in figure 12.

The laser beam covered a 6.4-mm (1/4-in) diameter area of the sample surface.
It was found that approximately 1 s of laser operation was sufficient to
remove the paint without damage to the steel. Thus, the sample was moved to
expose a different spot on the surface after each 1-s irradiation until
sufficient byproduct could be collected for analysis.

Figure 12, Laser paint-removal test apparatus set up beneath the laser beam.
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Each time the laser beam impinged upon the painted surface, the paint burned
with a yellow, sooty flame that rose 76 to 102 mm (3-4 in) above the painted
surface. Visibility through the flask was reduced with each application of
the laser. This was due to the fine soot that formed and was deposited on the
sides of the flask. It scattered light within the flask and was deposited on
the inner walls of the flask as shown in figure 13. Larger, heavy soot
particles fell to the bottom of the system, depositing on the base plate as
well as on the painted sample itself.

Samples of the soot were collected from various parts of the apparatus and
were analyzed by scanning electron microscopy (SEM) and energy dispersive x-
ray (EDX). SEM micrographs of soot from the walls of the flask, from the base
plate, and from the area where the byproduct gases escaped from the flask are
shown in figures 14, 15, and 16, respectively. By comparing the particle
sizes with the 10-gm bar on the photos, it is evident that particles with
diameters much less than 1 pgm are prevalent. In fact, the larger particles
appear to be agglomerates of finer particles.

Figure 13. Flask used for laser paint removal (after treating
the painted steel surface for 15 min).
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Figure 14. SEM photomicrograph of fine soot deposited on
the interior walls of the containment flask.

Figure 15. SEM photomicrograph of fine soot deposited on the
stainless steel base of the containment flask.
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Figure 16. SEM photomicrograph of fine soot deposited
on the vacuum seal of the containment flask.

The condition of the painted surface after being subjected to the laser beam
for 1 s is shown in figure 17. Several different areas are apparent in the

x 10 magnification photograph. The raised black area is where the charred
paint has blistered up away from the steel. A portion of the char was broken
off, revealing that there is still some residual red lead Teft on the steel as
seen in the upper right-hand corner of the photograph. Some large pieces of
soot deposited on untreated green paint are shown at the Teft and the bottom
of the picture.

EDX analysis of soot samples shown in figures 14, 15, and 16 demonstrated that
the soot contains Tead. The other elements detected by EDX were silicon and
aluminum.

Figure 18 is a photograph of the surface after laser treatment. The
photograph is at x 7 magnification and shading was produced by the Tight
shining at an angle from the top of the photograph. Several interesting
features are apparent. Over most of the treated area, the topcoats were
removed leaving red-lead primer. Complete paint removal down to bare metal
occurred only over a small area as seen near the top of the treated area.
Residual aTuminum can be seen along the periphery of the treated area.
The laser tests lead to the foliowing conclusions: -

* Paint can be removed rapidly by laser treatment.

* Care must be taken to ensure compiete paint removal.

* Large volumes of soot are produced during paint removal using the laser.
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Figure 17. Photographs at x 10 magnification of two different
spots on the surface of the painted steel 1 s after laser
treatments prior to cleaning off the char residue.



Figure 18. Photograph at x 7 magnification of a spot on the surface
of the painted steel after l-s laser treatment and after cleaning
off the char residue.

* The particle size of much of the soot produced by laser treatment is very
fine (less than 1 ym).

* The Taser-produced soot contains lead and aluminum.
Since the use of heat or light sources to remove the paint would most Tikely
result in similar conclusions to those above, they were not extensively
studied.

IDOT Paint-Removal Demonstration—Testing Protocol

The I11inois Department of Transportation (IDOT) conducted a paint-removal
demonstration program at [-55 between Wood and Damen Streets in Chicago,
I1linois, on April 22 and 23, 1993. The project was monitored in this study.
The IDOT objective for the program was to familiarize contractors with various
aspects of paint removal, including removal methods, I11inois DOT
requirements, EPA and Occupational Safety and Health Administration (OSHA}
requirements, full-containment structure construction, paint-condition
determination, and analysis of paint/blast debris. The objectives of this
study were to monitor the removal methods, assess and compare their advantages
and disadvantages, obtain samples for TCLP and other analysis, and demonstrate
thermal-wave imaging (task F) and electrochemical impedance spectroscopy {task
E) as methods of evaluating existing conditions.

Work within this study was divided into three categories: tests before paint
removal, tests during the removal processes, and tests after paint removal.
A1l of these tests, which are listed below, provided information directly
related to the objectives of task B of this study. In addition, several of
the tests, such as 1, 2; 3, and 4, provided information generally required in
order to make an economic analysis to fulfill our task A objectives. Several
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of the tests (4, 5, 12, and 13) provided the type of data needed to address
issues related to task C {Analysis and Disposal of Paint Debris), such as
assessment of the degree of hazard and handling procedures for the waste
debris. Paint debris samples were taken for TCLP analysis in order to verify
results reported by others concerning the ability of steel blast media to
stabilize the lead from leaching in the TCLP test. Other tests, such as 2, 3,
and 5, provided information relating to task D (Advanced Coatings).

Initial Test

1. Videotape the initial bridge steel surface condition.

2. Measure the paint film thickness using dry film thickness
gauge.

3. Conduct paint adhesion tests using an Elcometer.

4. Collect samples of existing paint for metals and chloride
analysis.

5. Measure lead (Pb) levels in existing paint using an x-ray
fluorescence (XRF) paint analyzer.

6. Collect water samples from web sections of girder to be
washed.

7. Document the initial paint surface condition of a section of

bridge girder, similar to the one from which paint is to be
removed, by thermal-wave imaging.

Tests Conducted During the Paint-Removal

8. Collect air samples as near as possible to the blast or tool
surface during the paint-removal operations.

9. Collect airborne particulates as near as possible to the
blast or tool surface during paint-removal operations using
filters and pumps.

10,  Measure temperature and humidity.

Tests Conducted After Paint Removal

11. Measure lead {(Pb) Tevels remaining on the cleaned surfaces
using XRF.

12.  Collect samples of paint debris from each removal method and
submit for total Pb analysis and toxicity characteristic
leaching procedure (TCLP) testing.

13. Laboratory tests:
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a. Analyze air samples taken during paint-removal operations
using gas chromatography/mass spectrometry (GC/MS) for
volatile organic compounds (VOC) determination.

b. Analyze particulates collected on filters for metal
content and size distribution.

Double containment was used in the demonstration in order to minimize the
possible escape of dust from the grit-blast area. The containment structure
was recorded on videotape for future reference and is part of the IDOT
records, but is not discussed further in this report. Details are available
from IDOT. Entrance and exit from the containment area was via an anteroom or
change room. The grit blasting was done using G-40 steel grit. The original
paint film thickness was measured as 0.15-0.20 gm (6 to 8 mils). It was a
three-Tayer system consisting of a red-lead/alkyd primer, a leafing
aluminum/phenolic intermediate coating, and a gray non-leafing
aluminum/phenolic topcoat. Adhesion varied significantly from area to area on
this structure, Elcometer tests gave adhesion values of approximately 2067
kPa (300 1b/in?), but since the paint was brittle, it spalled off while
crosshatching during the ASTM D3359-90 test (Measuring Adhesion by Tape Test,
Method B - Cross-Cut Tape Test) producing an 0B rating (extremely poor
adhesion). Weather conditions were mild throughout the 2-day removal
demonstration. Temperatures ranged between 12.8 and 15.6 °C (55 °F and

60 °F), and relative humidities were 35 to 45 percent. Details of the tests
relating to task B are discussed below.

Analysis of Paint and Steel for Lead by X-Ray Flluorescence

Both the paint and the base steel were analyzed for Tead content using a
Princeton Gamma Tech (PGT) x-ray fluorescence (XRF) lead-paint analyzer. This
work was done by George Cardis of Loyalty Environmental, Inc. of Skokie,
I[1Tinois. The XRF_method gives results per unit area —-1t analyzes
approximately 1 cm® of surface. For lead, 1t is accurate to t 0.5 mg/cm°.
Paints with lead levels greater than 1 mg/cm are considered hazardous.
Analysis of the base steel was needed to obtain a background lead level. The
paint contained such large amounts of_lead that all paint readings were off
scale, i.e., greater than 10 mg Pb/cmz. After the various paint-removal
methods were demonstrated, the cleaned-surface lead levels were again
measured. It was found by visual inspection that grit blasting did drive a
small amount of lead from the paint into the cleaned surface. This amount was
below 0.5 mg/cm and thus was no longer considered as hazardous. Some concern
has been expressed as to the possibility of the presence of sulfur resulting
in false lead-concentration measurements by XRF. While it is true that the
lead M series line measured at 2.3 keV is interfered by the sulfur K series
1ine, the XRF device used during the IDOT test measured lead concentrations
using the lTead K series Tine at 74.9 keV with no interference by sulfur.

Although originally designed for use in homes, schools, and other buildings,
the method is finding more and more use with steel structures. This is
because the measurements are easy to make, they require only a few minutes to
obtain, and the results are known immediately on site, If the owner does not
want to purchase the equipment, consultants who will provide the service are
readily available.
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Water-Jet Cleaning Results

Water-jet cleaning of bridge girders was demonstrated under various conditions
of water pressure and temperature. The chloride Tevels on the surfaces of the
I-beams before and after water-jet cleaning were measured using two different
sampling methods. In the first method, a plastic pipe elbow with an o-ring
that could be sealed to the painted surface by hand pressure was used. The
elbow was filled with 60 mL of deionized water that was allowed to remain in
contact with approximately 15 cm® of the surface for 30 s and then was poured
intc a plastic container by rotating the fixture. This method was used to
sample the surface of the vertical portions (webs) of the I-beams before and
after water-jet cleaning.

In the second method, runoff water from the water-jet cleaning operation was
collected at the start of cleaning and at the end of cleaning. The initial
sample contained both soluble and insoluble contaminants, including loose
rust, Toose paint, dirt, and salts coming from the horizontal flange areas as
well as from the vertical web area. The final sample contained only soluble
materials. The pH of the initial water runoff sample taken under conditions
of 17914 kPa (2600 1b/1n ) water pressure and a starting water temperature of
99,9°C (210°F) was 5.0, while that of the final run-off sample at the end of
the cleaning was 5.5. The water-sample analyses are given in table 3.

The chloride content of the starting water was subtracted from each sample
analysis and the results were vreported in table 3 as milligrams of chloride
per square foot of girder surface. The results indicate that the plastic-
elbow device gives reasonably reproducible results since the two samples taken
before cleaning (1A and 1B) had essentially the same chloride content as did
the two samples (2A and 2B) taken after cleaning. Since these samples were
taken from a vertical portion of the beam, there was little or no accumulation
of salt and dirt on the area sampled. Although the chloride levels were
rather lTow to start with, washing gave approximately a 70 percent reduction in
chloride.

The water-jet runoff samples contained much more chloride, probably due to an
accumulation of salt on the I- beam flanges. The chloride level in the initial
sample was 12953 mg/m (1205 mg/ft ). wash1ng gave a 94 percent reduction in
chloride down to a final level of 120 mg/m (11.2 mg/ft%). The initial sample
also was slightly more acidic than the final sample. In other water-jet
cleaning trials conducted in this program and by IDOT, the use of unheated
water gave results very similar to those obtained with hot water. As a
result, IDOT now requires cleaning with unheated water.

Air-Sampling Tests for VOC's Generated During Grit Blasting Within Confinement

No volatile organic compounds (VOC's) were found in a vacuum-bottle test of
the atmosphere in the Conf1nement area during grit blasting. In addition, no
VOC's were collected on a Tenax™ adsorbent tube through which the confinement
area atmosphere was continuously cycled during the blasting operation. This
is the expected result since there were no organic solvents involved and no
heat to cause thermal decomposition of the paint.

Three different air-sampling tests were conducted within the confinement area
during the steel-grit blasting procedure. The first test was a vacuum-bottle
test in which the valve on an evacuated sampling bottle was opened within the
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Table 3. Chloride content of water samples from I-Beam
surfaces before and after water-jet cleaning.

Sample Sample Source pH C?]oride )
No. mg/m°  (mg/ft")
1A From I-Beam Web Before Cleaning* - 188 (17.5)
1B From I-Beam Web Before Cleaning* - 177 (16.4)
2A From I-Beam Web After Cleaning* - 63.4 (5.9)
2B From I-Beam Web After Cleaning* - 43 (4.8)
3A Initial Water-Jet Runoff Sample 5.0 12953 (1205)
3B Final Water-Jet Runoff Sample 5.5 120 (11.2)

* Samples taken using plastic-elbow method.

confinement area during blasting to collect an air sample. The objective was
to determine whether or not the process produces any significant quantity of
VOC's. Analysis of this sample by gas chromatography/mass spectroscopy (GCMS)
did not indicate the presence of any VOC's resulting from the blasting.

The second test also was to determine whether or not VOC's are produced during
the blasting process. In this test, 2 small pump was, used to continuously
draw air through an adsorbent (Tenax ") tube at 20 cm /m1n Organic
contaminants in the airstream are adsorbed and later in the laboratory are
driven from the adsorbent into a GCMS for analysis. This test is better
syited to the determination of small concentrations of VOC's than is the
vacuum-bottle test since a much larger volume of air is used in this test and
the VOC's are concentrated by adsorption. Nevertheless, nc VOC's were
detected.

Airborne Grit-Blast Debris Particulate Sampling and Analysis

The objective of this air-sampling test was to determine the size distribution
and composition of particulates in the air within the confinement area during
and after blasting. Samples were collected by drawing ambient air through an
0.8-um mixed cellulose ester (MCE) in-line filter at a rate of 400 cms/min for
a total period of 90 min of which only the first 10 min was actual blasting
time. The remaining 80 min was time during which blast debris was being
vacuumed out of the conf1nement area. From the weight of the collected
residue and the flow of 400 cm /m1n over the fyll 90-min period, an average
airborne particulate concentration of 280 mg/m3 is calculated. The residue
was analyzed for particle-size distribution by the Coulter technique and by an
Elzone™ particle-size analyzer. Particulate size, shape, and composition
were determined by scanning electron microscopy (SEM) and energy-dispersive x-
ray (EDX) microanalysis. Particle-size analysis results indicate that the
presence of many particles having diameters less than the nominal 0.8-gm
filter porosity are present in the filter cake. This apparently is the result
of partial clogging of the filter porosity as the residue built up during the
test. The filter cake was thicker in the center of the in-line filter due to
the high airflow rate.
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Coulter particle-size analysis: Filter-cake particulates were dispersed in a
saline solution using an anionic surfactant to prevent the particles from
agglomerating. The Coulter Counter particle-sizing system allows for a
measurement of a size distribution between certain minimum and maximum
particle-size diameters depending on the orifice sizes chosen. A range of 2
to 60 um was chosen for analysis because preliminary SEM analysis indicated
that the smaller particles tended to be more rich in lead. Figures 19(a) and
(b) depict the particle-size distribution obtained for two samples taken from
different areas on a single filter cake. Sample #l was taken from an area
near the outer edge of the filter, while sample #2 was taken from an area near
the center of the filter. The plots in figure 19 are most easily understood
by imagining the particles passing through a series of sieves with mesh sizes
indicated on the horizontal axis. The height of each vertical line (or bar)
represents the number of particles of that size. Neither sample contained
many particles with diameters greater than 10 um. The plot in figure 19(a)
indicates that 50 percent of the particles are smaller than 2.5 um in size.
The plot in figure 19(b) indicates that of all the particles measured in the 2-
gm to 60-gm range, the largest number occurred at the 2-gm cutoff. Since this
strongly suggests that a large portion of the particulates have diameters Tess
than 2 um, samples were sent out for analysis by the Elzone™ system, which
was capable of measuring sizes down to well below 1 um. These samples were
representative of the remainder of the filter cake after having removed the
two small samples analyzed in figures 19(a) and (b).

Elzone™ particle-size analysis: The Elzone™ technique 15 similar to the
Coulter technique. The difference was that in the Elzone™ case, a smaller
orifice (capable of detecting particle diameters down to 0.6 gm) was used.

Two samples were analyzed and the results are shown as number percentages in
figures 20 and 21 and volume percentages in figures 22 and 23. For the sample
corresponding to figure 20, more than 50 percent of the particles detected had
diameters less than 0.8 gum and the highest number count occurred at 0.65 pm.
For the sample shown in figure 21, more than 50 percent of the particles had
diameters less than 1.0 gm and the highest number counts occurred between 0.65
pgm and 0.73 pgm. Although neither sample contained a large number of particles
with diameters greater than 6 gm, the larger particles make up a significant
volume of the total particulate volume as shown in figures 22 and 23. Note
that the sample in figure 22 contained a 10-um latex marker.

The increased residence time of the smaller particles of aerosol degrades
visibility and air quality within the containment zone and raises safety
concerns as the particle size approaches the fi]teriqg efficiency of different
classes of respirators. Neither the Coulter Counter™ nor the Elzone™ system
were capable of determining whether or not particles with diameters less than
0.3 pm (the porosity of HEPA filters) were present.

SEM and EDX microanalysis: The air filter was heavily loaded with
particulates. Sample particles were prepared for analysis in the SEM using
two different techniques. The first technique entailed scooping particulates
from the filter and dispersing them in semiconductor— grade acetone. The
suspension was then transferred via pipette to a spectroscopically pure carbon
plate. The second technique relied on electrically conductive adhesive carbon
tape that was gently pressed against the surface of the filter and then
mounted on a carbon plate. Both techniques produced satisfactory dispersions
as indicated in figures 24(a) and 24(b) that show the acetone dispersion at
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(a) x 200 magnification.

—as
-l

(b) x 500 magnification.

Figure 24. SEM micrograph showing particle sijzes
using the acetone dispersion technique.
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x 200 and x 500 magnifications and-figures.25(a) and 25(b) that show the
carbon tape dispersion at x 200 and x 250. The SEM photomicrographs indicate
that a wide variation in particle size is present in the airborne grit-blast
debris.

Figure 26 shows the top surface of the filter cake together with its energy-
dispersive x-ray spectrum (EDX)-and composition. The primary constituents are
lead and calcium from the paint, iron from the steel grit and rust, and minor
amounts of aluminum and magnesium that may come from the paint or from
residual dust. The detection of silicon separately and in combination with
aluminum is nearly always due to ambient dust. Note that this x-ray spectrum
and the spectra that follow were acquired with an x-ray detector that uses a
beryllium window to insulate the x-ray detecting crystal from the vacuum in
the SEM. Although the beryllium window ensures proper operation of the
detecting crystal, it completely absorbs low-energy x-rays from elements
lighter than sodium. Therefore, elements such as oxygen, nitrogen, carbon,
and hydrogen are not detectable. Three large fragments of steel grit found in
the filter cartridge are shown in figure 27. Note that no lead was detected
on the steel grit within the detection limits of the system. Smaller iron-
containing particles were also detected, typicallly in the size range down to
approximately 10 um. Two such particles are shown in figures 28 and 29. The
iron-rich particle shown in figure 29 also contains lead and silicen. These
two particles may contain significant amounts of rust since they are
morphologically different compared with the steel grit in figure 27.

The majority of particles analyzed contained lead, although some did not.
Representative samples of particles are shown in figures 30 through 35. The
particle in figure 34 contains significant amounts of lead and silicon
together with iron, magnesium, calcium, and zinc. It may have come from the
topcoat that had dust blown on it before it had cured. Figure 35 shows a
particle that is primarily zinc and probably originated from an intermediate
layer of paint between the primer and the topcoat.

The proportion of particles that contain lead as a major constituent appeared
to increase with decreasing size. Smaller particles, down to approximately 1
um, are shown in figures 36 through 39. The angular morphology, together with
the cleavage step appearance of these smaller particles, suggest that they
originate from a brittle layer, possibly the primer that is fractured by
impingement of steel grit. Table 4 gives the composition of various sizes of
particles collected on the filter within the grit-blast confinement area. The
figure number of the corresponding SEM and EDX analyses also is listed in
table 4.

Effectiveness of Paint-Removal Procedures

Three types of paint-removal methods were compared in the demonstration. They
were vacuum steel-grit blasting, steel-grit blasting in full containment, and
vacuum power-tool cleaning. A1l blasting was done using G-40 steel grit. Two
vacuum power-tool system suppliers demonstrated the use of their equipment.
Needle guns, roto-peening, and abrasive-disc cleaning tools were demonstrated
by both companies. The debris collected for analysis from each power-tool
company's cleaning work was a combination of debris from all three types of
tools.
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(b) x 250 magnification.

Figure 25. SEM micrograph showing particle sizes
using carbon tape dispersion technique.
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Figure 26. EDX analysis and SEM micrograph of airborne
particulates collected within confinement zone during blasting.

41



Composition Wt.Z

Fe 97.7
Mn 2.3

M

__ __&.H.----'—'U—-'-.-_uw\-vu.u..ia...--—-'.-.l--J". R U

8. 200 VFS = 4896 12 249

Figure 27. EDX aha1ysis-and SEM micrograph of 650-zm particles
collected on filter within confinement zone during blasting.
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collected on filter within confinement zone during blasting.
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Figure 29. EDX analysis and SEM micrograph of B-pgm particle
collected on filter within confinement zone during blasting.
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Figure 30. EDX analysis and SEM micrograph of 6-zm particle
collected on filter within confinement zone during blasting.
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Figure 31, EDX anai}sﬁg and SEH‘micrograph of 35-um particle
collected on filter within confinement zone during blasting.
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Figure 32. EDX analysis and SEM micrograph of 4-gm particle
collected on filter within confinement zone during blasting.
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Figure 33. EDX analysis and SEM micrograph,so-hm particle
collected on filter within confinement zone during blasting.
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Figure 34, EDX analysis and SEM micrograph of 270-um particle
collected on filter within confinement zone during blasting.
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Figqure 35. EDX analysis-and SEM micrograph of 55-um particle
collected on filter within confinement zone during blasting.

50



Composition Wt.ngmww

Si 5.0
Pb 91.4
Fe 2.9

Hie

Figure 36. EDX ana1ys1s and SEM m1crograph of l-um particle
collected on filter within confinement zone during blasting.
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Figure 37. EDX analysis and SEM micrograph of l-um particle
collected on filter within confinement zone during blasting.
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Figure 38. EDX analysis and SEM micrograph of l-um particle
collected on filter within confinement zone during blasting.
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Table 4. Composition of various size particles collected on
a filter within the grit-blast confinement zone.

Particle | Figure Composition of Particles in Weight Percentage
Size (pm) No. :
Pb Ca Al Si Mn Fe Cu Mg In
1 36 91.4 | 0.7 ~ 5.0 - 2.9 - - -
1 37 87.9 | 1.7 ~ 6.8 - 3.6 -~ - -
1 38 89.5 [ 1.5 - 6.9 - 2.1 ~ - -
1 39 89.7 - - 9.1 - 1.2 - - -
4 32 81.9¢{ 1.1 6.4 6.3 - 1.6 2.7 - -
5 29 6.6 - - 1.9 - 91.5 - - -
6 30 82.9( 2.7 | 5.8 5.5 - | 1.7 1.4 - -
25 28 - ~ - 1.0 | 1.2 | 97.8 - - -
35 31 61.8119.8] 6.6 | 8.8 - 1.8 1.8 | 9.4 -
50 33 87.2 - - 5.7 - 7.1 - - -
55 35 2.8 0.7 3.4 | 3.3 - 3.0 - - 86.6
270 34 33.1 - 5.9 | 31.8 - 4.4 2.7 | 17.1] 5.0
650 27 - - - - 2.3 | 97.7 - - -

A qualitative comparison of these methods is presented in table 5. It is
based solely on observations made during the demonstration. Each method has
advantages and disadvantages and the method of choice depends on the size,
location, and geometry of the bridge being refurbished, as well as the size of
the area to be coated, degree of surface preparation required, etc.

Julien Dubuque Bridge at Dubugue, Iowa

Paint debris samples were obtained from a paint-removal and recoating project
on the Julien Dubuque Bridge over the Mississippi River between Dubuque, Iowa,
and East Dubugue, ITlinois, done by the Iowa Department of Transportation.

The paint-removal method used was steel-grit blasting with full containment.
This required bringing a preconstructed scaffolding under the bridge on a
barge, raising the scaffolding up under the bridge as shown in figure 40, and
putting the confinement structure in place. The grit-recovery system
consisted of vibratory grit separation, air washing, and cyclone separation,
but did not include a magnetic separation step.

This bridge was originally painted in 1942 using a lead pigment. In 1976, the
paint was removed from all the easily accessibie areas by grit blasting and
the bridge was recoated using a zinc chromate pigment. Paint was removed from
the areas not blasted in 1976 using vacuum-blast equipment. This paint debris
is a combination of the original lead-based paint and the 1976 zinc chromate
system.

55



Table &§. Comparison of paint-removal methods.
Characteristic Paint-Remaval Method !

Vacuum Blasting | Confined Blasting Yacuum Power
Tool
Setup Time Very Short Time Consuming Insignificant
Setup Cost Very Low Very Expensive Insignificant

(leaning Rate

Med.=5.6 mi/hr

Fast =22 m?/hr

Slow =2.8 m?’/hr

Surface Quality Very Good Excellent Good

Worker Stress Heavy Work Need Breaks Least Stress
Controllability Good Best Good

Meets EPA Specs Fair Good Good

Meets OSHA Specs Fair Fair/Good

The following debris samples were collected: (1) wheelabrator GL40 steel grit,
(2) used GL40 grit prior to cleaning, (3) paint waste separated from the used
grit by the separation/recycling system, {(4) debris obtained by magnetic
separatian from steel grit initially treated by the separation/recycling
system, and (5) a sample of the vacuum blast debris described above. No
analysis was done on the first two samples. The other three samples were
examined by SEM as shown in figure 41 and by optical microscopy as shown in
figure 42. They also were analyzed by EDX and these results are shown in
figure 43.

The material magnetically separated from the once-treated grit (see figure
43(a)) is very high in silicon and, in fact, appears to contain glass or sand
particles. The other main component identified is iron, which came either
from the steel blast media or from the structure itself. The sample was
extremely nonuniform in composition and contained some fibrous materials
(perhaps wood). It appeared to contain only small amounts of actual paint
components, such as red lead and zinc chromate. |[n fact, several other
elements, such as aluminum, magnesium, calcium, and titanium, were found in
similar small concentrations. Sieve analysis of this sample showed that
despite its very dusty brown appearance, less than & percent of the sample by
weight was smaller than 45 um in diameter (passed through a 325—mesh screen
steve).

The paint waste sample (figure 43(b)) is very high in iron. This sample also
contains silicon, although at a much reduced level compared to the
magnetically separated sample described above. Lead, zinc, and chromium as
well as magnesium, aluminum, calcium, and titanium were also found. The
relatively low levels of lead in the paint waste are consistent with the fact
that most of the lead had been previously removed. This sample contained the
largest amount of fines. More than 20 percent of the sample passed through a
45-um screen.

The vacuum blast debris sample (figure 43(c)) contains many elements,
including lead, chromium, jron, and zinc, that are present in relatively larqe
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Figure 40. Scaffolding and grit-blasting confinement structure
built for Julien Dubuque Bridge paint-removal job.
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(a) Paint debris separated from
steel blasting grit using
air separation/recycling.

ﬁlﬁw Lwm WO

(b) Debris magnetically separated
from steel grit after initial
treatment by air separation/
recycling equipment.

(c) Paint debris from steel-grit “A
vacuum blasting. ‘

Figure 41. Low-magnification SEM photomicrographs of paint debris samp]es.'
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(a) Paint debris separated from
steel blasting grit using
air separation/recycling.

(b) Debris magnetically separated
from steel grit after initial
treatment by air separation/
recycling equipment.

(c) Paint debris from steel grit
vacuum biasting.

Figure 42. Low-magnification optical photographs of paint debris samples.
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Figure 43, EDX analysis of paint debris samples from Julien Dubuque job.
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amounts. This analysis is consistent with the paint records that show that
both red-lead and zinc chromate pigments were used in the paints. Again, the
iron most likely comes from steel or rust. This is the only paint-waste
sample from the Dubuque site that actually looks like it contains paint. Some
of these paint particles clearly show four layers of paint under optical
microscopic examination. Approximately 16 percent of this sample was finer
than 325 mesh (45 pm).

The fines (the portions that passed through the 325-mesh sieve screen) from
each of the above three samples were also examined by SEM. Figure 44 shows
the <45-pm particles in the magnetically separated material at magnifications
of x 500, x 5,000, and x 50,000. In the x 500 photomicrograph, particles
ranging in size from less than 1 um up to about 30 um are clearly discernable,
The x 5000 photo shows a Tess than 0.5-um particle nest to an approximately
10-pm-diameter particle. The x 50,000 photc shows only the 0.4-pm-wide
particle.

Figure 45 shows a similar set of photomicrographs for the paint-waste
particles that passed through the 325-mesh screen. Figure 46 presents the
results for the vacuum blast fines. In each of the three sets of figures, the
particle featured at x 50,000 can be identified in the x 5,000 and x 500
photos upon c¢lose examination. Particles smaller than 0.3 um in diameter
appear to exist in each of the samples, but since this size is near the limit
of resolution of the instrument, further study is needed to establish whether
or not such small particles are present, and if so, how many.

Two particles, approximately 0.5 gm in diameter, from each of the above three
samples were analyzed by EDX. The results are presented in figures 47, 48,
and 49. For the paint-waste samples separated from the grit by air and
magnetically, one particle contained lead and the other did not. For the
vacuum blast debris, both particles contained lead. Again, these results
demonstrated that the fine particles produced during grit-blasting operations
contained lead.
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Figure 44. SEM photomicrographs of magnetically separated paint
debris particles < 45 gm in diameter at magnifications of
x 500, x 5,000, and x 50,000.
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Figure 45. SEM photomicrographs of air-separated paint debris particles
< 45 pm in diameter at magnifications of x 500, x 5,000, and x 50,000.
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Figure 46. SEM photomicrographs of vacuum-blast paint debris particles
< 45 gm in diameter at magnifications of x 500, x 5,000, and x 50,000.
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Figure 47. EDX analysis of 0.5-pgm magnetically separated particles.
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Figure 48. EDX analysis of 0.5-uzm air-separated particles.

66



ATOM.Y  WT, ——|
SI 94.87 71.46
PB S5.13 28.54

Q.90 VFS = 124 10.248
=% C413, VCM. BLAST., 0.Sum PART .1, SCREEN SCAN

i i i i i i i i

— ATOM.Z WT.X

S &7.93 26.14
; : ; : : P8 23.71 &7.43 _
P FE 8:30 o:.43
B B H H H : : i H

| VFS = 1224 10.240
= C413, VCM. BLAST, ©.Sum PART.2, SCREEN SCRN

Figure 49. EDX analysis of 0.5-gm vacuum-blast particles.

67






CHAPTER 4: TASK € - EVALUATION OF PROCEDURES FOR ANALYSIS AND
DISPOSAL OF LEAD-BASED PAINT-REMOVAL DEBRIS

Introduction

The objective of this task was to review current waste analysis, handling, and
treatment procedures, especially with respect to the toxicity characteristic
leaching procedure (TCLP) and the effect that iron has on Tead Teachability.
This objective was achieved by: (1) analyzing published reports, (2)
discussing results with other investigators, including State DOT's, and (3)
analyzing paint debris samples obtained from removal operations, including
operations where recyclable steel-grit blasting was used.

Qur results are consistent with observations made by others, wherein Tead was
found to be stabilized-against leaching in the TCLP test by using steel
blasting grit. The steel (iron) may be present as an additive or as the
primary blasting media. The effect appears to be due to the fact that iron is
more electropositive than lead, thus reducing the lead ions in solution to
metallic Pb that plates out on the iron particles and are subsequently removed
by filtration from the leachate being analyzed. Initially, this dramatically
reduces solubility, but the permanency of the stabilization of lead-paint
debris by iron is questionable on long-term exposure to commercial dump
environments. Repeated leaching of the same debris has shown that the rate of
leaching increases to where the lead is sufficiently solubilized to fail the
TCLP test. As a result, some State DOTS have chosen to treat all paint debris
as hazardous waste regardless of whether it passes the TCLP test.

Additives to blast media other than iron are being developed and evaluated.
Lead-based paint debris stabilized against leaching by proprietary silicate-
based materials such as Blastox'" have proven to be more resistant to the TCLP
test conditions than the iron-stabilized debris. This is true both in terms
of the initial degree of leachability as well as for repeated leaching. While
the long-term stability in commercial waste dumps remains to be demonstrated,
work is under way at BIRL and other laboratories to try to define test
procedures more nearly representative of natural exposures. Other candidate
additives undoubtedly will be forthcoming. These additives will be based on
their ease of reaction with the soluble lead compounds in paints to convert
them to highly insoluble products.

In the future, environmental regulators may increase the aggressiveness of the
TCLP test environments. Consideration is being given to lowering the pH of
the test from 5.0 to 1.5, substituting mineral acids for the acetic buffer
solution, and lowering the permissible Timit of leachability from 5 ppm to 1.5
ppm. But since neither the present TCLP test nor the proposed changes
represent long-term commercial dump exposures, the logic behind these changes
is questionable. It may be much more realistic to specify a reduction of the
debris to a smaller particle-size distribution and to perform longer term,
repetitive leaching. An obvious difference between the TCLP test conditions
and those present in disposal sites is the availability of oxygen. The
disposal site environment is likely to be less oxidizing and this may effect
the chemistry that controls lead solubility. Any proposed changes in the TCLP
test need to be shown to correlate with containment-site environments before
they are implemented.
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Discussion

Waste Analysis Methods

Analysis of the Existing Paint. Paint analysis should begin with the existing
paint to determine if it contains toxic metals such as lead, chromium, etc.
The composition of the existing paint may be determined by:

* DOT paint history records, or as defined in 15 USC 2601,
Section 40].

* QOnsite x-ray fluorescence analysis.

* Laboratory paint chip analysis by atomic absorption (AA) or
inductively coupled plasma atomic emission spectroscopy (ICP or
ICP-AES).

Each of the above methods has its advantages and disadvantages. Examination
of the records should be sufficient provided accurate records have been kept.
But since the records probably do not tell how much lead existed in what
originally was called a non-lead-based paint or what subsequent contamination
from maintenance painting may have occurred, actual analysis is necessary in
order to know which precautions need to be taken in removing, handling, and
disposing of the paint. Since lead was a common contaminant in zinc, the use
of high levels of zinc in paints for corresion inhibition has been examined to
estimate whether or not removal of these paints might lead to a debris that
would be a hazardous waste (Journal of Protective Coatings and Linings, 3/93,
pp. 24-36). It was concluded that the lead in zinc-rich paints does not pose
a significant environmental or public health hazard.

Paint chip analysis is an inexpensive means of determining the amount of lead
present. The analysis is done by atomic absorption or ICP after acid
digestion to dissolve the lead, and the results are generally expressed as
total weight percentage lead in the paint. The disadvantages of paint chip
analysis are that the analysis is done off-site and that care must be taken to
ensure that the paint is uniformly removed down to the steel substrate without
inclusion of any significant amount of rust.

We have found energy dispersive x-ray (EDX) analysis to be a valuable
laboratory tool when used in combination with a scanning electron microscope
(SEM} to analyze paint chips. The method, although semi-quantitative, is
rapid and very informative. Elements heavier than fluorine can be determined
by this method. Thus, the presence of elements found in the most common
pigments and contaminants can be determined. These include sodium, potassium,
chlorine, calcium, silicon, titanium, iron, lead, zinc, copper, aluminum, etc.
By analyzing both sides of the paint chip, separate ana1y5es can be obtained
for the topcoat and the primer.
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Samples of Existing Paint From I-55

Samples of paint were taken for analysis prior to paint removal. These
samples were taken from three different locations. The first sample (no. 414-
1) was taken from an area beneath the center of a span. This paint was gray
in color and came from an area that later was used to demonstrate vacuum
power-tool paint removal. The gray paint was a three-coat system consisting
of a red-lead/alkyd primer, a leafing aluminum/phenolic intermediate layer,
and a non-leafing aluminum/phenolic topcoat. The second sample (no. 414-2)
was taken from the same span, but from an outer beam that was painted green
for aesthetics. This paint system also had a red-lead/alkyd primer followed
by an intermediate coating that contained aluminum. The green topcoat,
however, contained significant amounts of lead and titanium and much less
aluminum. The third sample (no. 414-3) was taken from a badly deterijorated
area between spans on eastbound I-55, where heavy rusting and loss of adhesion
were obvious. Its composition was the same as that of sample no.414-1 as
described above.

Photographs of the inner (next to the steel) surfaces of the paint chips at x
20 magnification are shown in figure 50. A1l samples of this surface show the
red-lead primer, but to a different degree. Sample no. 414-1 contains a
thick, nearly continuous layer of primer, indicating that the primer was more
strongly adhered to the rest of the paint than to the steel beneath. Sample
no. 414-2 has a large amount of what appears to be rust attached to the
primer, indicating that corrosion had taken place beneath the primer. Sample
no. 414-3 has little, if any, iron or rust attached to the inner surface and
has less red-lead visible, indicating that the primer was more strongly
adhered to the steel and separated cohesively.

Existing Paint Analysis by Energy-Dispersive X-Ray Analysis

The three paint chip samples were analyzed by energy dispersive x-ray (EDX)
analysis and the results are given in table 6. Both the outer (exposed to the
atmosphere) and the inner (next to the steel) surfaces of each paint chip were
analyzed. EDX analysis is a relatively quick and very informative technique
that analyzes surfaces to a depth of approximately 1 um. Since EDX analyzes
only a small area at one time and old paint surfaces are not homogeneous, it
is important to try to analyze as representative a portion of the surface as
possible. Also, it is important to note that only elements with an atomic
number greater than 10 (sodium and above) can be determined by EDX. Thus,
elements such as C, H, 0, and N are not detected by EDX. The results shown in
table 6 for two portions of the outer surface of sample no. 414-2 indicate the
general degree of variability in going from one spot on the surface to
another.

The data presented in table 6 were calculated by the Kevex EDX unit using
standardized weighing factors. Trace amounts of other elements were found,
but are not listed in table 6. In addition, sample no, 414-3 had potassium
(7.2 percent) on its outer surface. Although the EDX analyses reported in
table 6 were single-spot results taken on surface areas of approximately 1
mmz, they were representative of several such analyses made at different spots
on the paint chip surface.
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{a) Paint chip sample no. 414-1.

(b) Paint chip sample no. 414-2.

{c) Paint chip sample no. 414-3.

Figure 50. Inner surface of paint chip samples (x 20 magnification).
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Table 6. EDX analysis of paint chips from I-55 in Chicago, I1linois.

Sample %Pb* | %A1 | %Fe | %S1 | %Ca %Na %C1 %T§
#414-1 Quter Surface 11.4 | 37.3| 6.4 | 22.8| 4.7 7.0 9.9 0
#414-1 Inner Surface 75.7 3.9 | 14.8 0 0.4 4.1 0 0
#414-2 Quter Surface-| | 30.8 | 10.9] 9.6 | 14.5| 2.2 0 13.7 { 17.3
#414-2 Outer Surface-2| 26.2 10.0| 8.5 | 12.3] 1.8 0 12.4 | 15.5
#414-2 Inner Surface 26.3 0 63.11] 1.5 3.8 0 2.6 0
#414-3 Outer Surface 56.5 | 33.7 | 6.6 | 17.9] 1.2 0 2.5 0
#414-3 Inner Surface 95.4 1.1 0.3 4.9 0.5 0 0 0

* The percentages listed are weight percentages based on the total amount of
the elements analyzable by EDX.

From the photographs in figure 50 and the EDX results in table 6, the

following observations and conclusions can be drawn.

* -The use of a lead-containing primer is confirmed for all

samples. This is consistent with the corange color and also was
consistent with IDOT records that identified that a red-
lead/alkyd primer was used.

The top coats of all of the paint samples contained aluminum,
but the relative concentration in sample nos.414-1 and 414-3
was more than three times that of sample no. 414-2. Again,
this is consistent with IDOT records that show that the gray
paint (sample nos. 414-1 and 414-2) consisted of a leafing
aluminum/phenolic intermediate layer with a non-leafing
aluminum/phenolic topcoat.

The composition of the green paint, sample no. 414-2, clearly
was different from the other two samples. It appeared to
contain titanium dioxide in addition to aluminum. Furthermore,
its lead content was nearly the same on the outer and inner
surfaces, indicating that both the primer and the topcoat
contained lead. These conclusions also are in agreement with
the IDOT records.

Between 5 and 10 percent of the elements found on the outer
(topcoat) surfaces of the chips was iron. The source of this
iron is not known. It could have come from the pigments, but
probably was surface contamination by rust and dirt.
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* The amount of iron found on the inner (primer) surface varied
greatly. A high concentration of iron (63 percent) was found
on the inner surface of sample no.414-2. Iron apparently was
pulled from the steel aleng with the chip, suggesting that
rusting beneath the primer may have occurred. This was
confirmed visually as seen in figure 50.

* Chloride was found in significant quantities on the outer
surfaces of the paint chips, but generally its concentration on
the inner surfaces was quite Tow. These data indicate that
salt, probably from deicing, is mainly on the outer
surface and that very little diffusion of chloride through the
topcoats to the primer occurred.

* The most likely source of silicon, which was found in rather
large amounts on the outer paint chip surfaces, is dirt.

* Lead chloride crystals were found on the topcoat surface of
sample no. 414-2, Of the paint chip samples taken, this sample
would have had the greatest exposure to vehicle exhaust fumes.
It is possible that the source of lead in these crystals was
tetraethyl Tead from prior use of leaded gasoline.
Alternatively, this may be the result of interaction of lead in
the topcoat with deicing salt.

TCLP Analysis of the Paint Debris

An analysis of the paint debris to determine if it should be classified as
hazardous waste was done by the toxicity characteristic leaching procedure
(TCLP) test (EPA Method 1311). It is the required regulatory test to
determine if the debris contains sufficient Teachable toxic materials to
classify the waste as hazardous. Briefly, the test consists of extracting 100
g of the solid debris with 2000 g of aqueous solution, pH adjusted to 5 with
acetic acid. The solid sample and the extractant Tiquid are placed in a
bottle and rotated end over end at 30 rev/min for 18 h at 23 °C. The mixture
is filtered and the filtrate is analyzed. If the filtrate contains 5 or more
ppm lead, the waste is classified as hazardous.

Although the TCLP test was designed to try to simulate dump-site conditions,
it suffers from several drawbacks. The test is sensitive to debris particle
size, shape, and surface area. Particle size and shape will depend on the
method of removal, the type, and the age of the paint. Although grit blasting
will tend to produce fine debris particles, the actual size distribution will
depend on the type of media used. Vacuum power-tool removal will produce an
intérmediate size debris, and handtool removal will produce the Targest
particle sizes. Although the TCLP test specifies a maximum particle size, it
probably would be improved by ball milling the debris to a definite screen
size range prior to extraction. This would make the test samples more uniform
in surface area as well as increase the surface area. The more uniform
surface area from one sample to another should make the results more
reproducible and, therefore, allow a mere precise comparison of sample leach
rates. The greater surface area should have two significant effects. The
first would be to increase the leach rates because of the increase in surface
area exposed to the leachant. The seccnd would be to break up lead-containing
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particles that have been encapsulated or complexed by additives such as iron
or Blastox™, thus simulating long-term leaching where natural events such as
ground shift and chemical interactions occur.

The TCLP test was designed to be mildly aggressive by specifying that the
leachant should have a pH of 5,which is slightly acidic. Actual ground
conditions in the Tandfill site, however, may be quite different, not only in
terms of pH, but in terms of the soil composition. For example, the TCLP test
specifies an acetic acid leachant, whereas the soil may contain other acids
and salts and possible chelating agents.

The TCLP test results depend not so much on the amount of lead present as on
the form of the lead. Certain lead salts are much more water scluble than
others and lead metal is very insoluble. Conversion of more soluble lead
salts to less soluble forms will reduce the amount and rate of leaching. It
is for these reasons that treatments with iron and proprietary compositions
are effective. On the other hand, it is possible that certain contaminant
ground components may convert the lead to more soluble forms after disposal.

The TCLP test is widely used, being the best test currently available, and it
is the EPA-specified standard. It will continue to be used until a better
test is specified. In general, the TCLP test is more aggressive than natural
conditions and, therefore, has been thought to represent a worst-case
scenario. Recently unreported work by Lloyd Smith and Gary Tinklenberg,
however, indicates that a more severe and perhaps more realistic test
procedure might be to periodically percolate the Teachant solution through a
bed of the debris and analyze the effluent for lead concentration. This
simulates the effects of natural changes in ground-water flow. Under these
conditions, stabilization by iron ultimately fails.

Changes in the TCLP test are being considered by the EPA, both at the State
and Federal levels, that would make the test more aggressive. Changes under
consideration are: (1) to Tower the pH from 5.0 to 1.5, (2) to use mineral
acids rather than acetic acid, and (3) to lower the permissible limit for non-
hazardous classification from the current 5 ppm to 1.5 ppm or lower. Lowering
the pH makes the test more aggressive for two reasons. First, most lead salts
become more soluble as the pH is lowered (acidity is increased). Second, the
protective nature of lTead-stabilizing additives may be reduced because they
may dissolve in the acid and may no longer be available to react with the lead
salts. Mineral acids being considered are sulfuric and combinations of
sulfuric and nitric acids. These acids are strong oxidizers and are very
aggressive in terms of their reactions with metals, salts, and the paints
themselves. Commercial landfill environments where the pH is below 5 and
where large amounts of mineral acids are present are extremely rare and would
only occur in the case of an acid spill or if the site was built on an acid
runoff area. Lowering of the permissible Tead level standard for hazardous
waste has been implemented by some States. Il1linois and North Carolina
classify debris having TCLP leachable lead levels between 0.5 and 5 as special
wastes that have to be handled much Tike hazardous waste.

Waste Treatment

Paint debris that is determined to be a hazardous waste by the TCLP test must
be stabilized against Teaching prior to disposal. It is illegal to simply
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dilute the waste to pass the TCLP test. Stabilization can be accomplished by
several means. Onsite post-treatment is legal, but a waste-site analysis plan
must be provided and a license must be obtained that may be very difficult to
get. Onsite post-treatment methods, therefore, can be avoided by including
iron or other materials such as Blastox™ in the blast media,which renders the
lead much Tess leachable. The mechanism of iron stabilization of lead-based
paint debris is discussed in the next section. The mechanism of stabilization
appears to be conversion of the lead compounds in the paint debris to Tess
soluble forms. As the mechanism of stabilization by other materials becomes
better understood, it is expected that new stabilizers will become
commercially available.

Post-treatment methods include encapsulation in portland cement, and treatment
with 1ime, lime/fly ash, cement/kiln dust, and proprietary silicates. The
most common method is the one based on portland cement. Care must be taken
to be sure that these treatments are done properly. For example, if the
cement is underhydrated, its effectiveness will be greatly reduced. Also,
Time stabilization may not be permanent. An excellent discussion of fixation
of metals by cement-based processes is given in Chemical Fixation and
Solidification of Hazardous Wastes by Jesse R. Conner, Van Nostrand Reinhold,
New York, 1990.

Iron Stabilization of Lead-Based Paint Debris

The mechanism by which lead is stabilized against leaching when steel-grit
blasting media is used has been reviewed by personnel from various DOT and
independent laboratories as well as by suppliers and users of blast media.

The users and suppliers of blasting media tend not to have any explanation for
the reduced leachability in the TCLP test. They view it as good and do not
care why it is so. DOT laboratory personnel, such as Rich Kramer of IDOT
(private communication), suggest that the effect steel (iron-based) blast
media has on leachable lead in paint debris appears to be due to a reduction
of lead ions to lead metal by reaction with metallic iron. Others call this a
plating-out effect. Since the Tead metal is not soluble in the acetic acid
leachant, the portion analyzed in the TCLP test, the measured soluble lead is
reduced. It should be noted that all of the lead need not be made insoluble
to pass the TCLP test. If the exposed surface of the lead in the paint
pigment becomes converted to the insoluble metallic form, it will protect the
remaining unexposed lead from the leachant. As this protective outer layer
erodes away, however, the material may again become soluble and hazardous.

The oxidation potentials for lead and iron are -0.126V and -0.441V,
respectively, so the following oxidation reduction reaction occurs:

%+ Fe® —— Pp® o+ Fe¥
(ion) (metal) (metal) (ion)

Since this reaction does not remove lead from the debris, but only changes its
solubility state, there exists the possibility that some later reaction will
allow the lead to redissolve and therefore become hazardous. If this happens,
the co-generators (State/contractor), treater, and anyone in the disposal
process becomes responsible.
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Other factors that may affect the Teachability of lead in paint/abrasive
wastes are as follows.

* The chemical form of the lead in the paint being removed may
have an effect. For example, red lead (Pbj0,), which is the
most common form of Tead in the primer, may dlsso1ve in the
leachant more or less slowly than lead silicochromate or white
Tead (2PbCO;-Pb{OH),), which may be found in the topcoat of
older pa1nts 0n1y the soluble surface lead is available to
readily react with the iron.

* The composition, shape, size, hardness, and oxidative state of
the ijron-based blast media may play a role in how readily the
iron and lead interact.

* The effects of other oxidizing and reducing chemicals that may
be in the waste being disposed of may determine the degree of
conversion of ionic lead to metal as well as how long the lead
will remain unleachable.

In 1992,North Carolina removed lead-containing paint from two bridges. For
one bridge, 10-percent steel grit was used in their blast media and for the
other bridge, no steel was added. The debris generated from the mineral-steel
abrasive contained 0.3 to 3.7 percent total Tead, but the TCLP leachate
contained only 0.3 to 6.3 ppm. The debris where no steel was added in the

- blast media contained between 0.5 and 1.5 percent total lead and the TCLP
Teached lead was between 124 and 202 ppm. While the lead may or may not be
permanently fixed (made inscluble) by the addition of steel, the initial
reduction of lead was impressive. This effect of iron on the reduction of
leachable lead has been documented by many investigators, but the Tong-term
insolubility in commercial containment site environments is unknown.

JCLP and Optical Analysis of Paint Debris Samples

TCLP test analysis of paint debris obtained via different removal methods are
summarized in table 7. The amount of lead found by the TCLP test and the
amount of Jead remaining in the paint debris after the TCLP testing (residual
lead) are reported. The total lead in each sample is the sum of the TCLP lead
analysis and the residual lead after TCLP testing. The first four samples in
table 7 contain both paint debris and steel. grit that was not removed by the
vacuum systems. Photos at x 20 magnification of the paint-removal debris for
the first, fourth, fifth,.and sixth samples in table 7 are shown in figure 51.

The data clearly show that use of steel-grit blast media within full
containment areas (the first three samples in table 7) produces debris that is
classified as a non-hazardous waste according to the TCLP test. Even though
these samples contain a few thousand parts per million lead, the amount
leached was less than the detectable 1imit of 0.1 ppm. Thus, for the first
three samples in table 7, the residual lead determined after TCLP testing is
essentially the same as the total Tead in the sample. It should be noted that
much of the remaining (unleached) lead was encapsulated by paint resin and was
not subject to dissolution. Furthermore, use of a non-iron-containing
abrasive was not tested in this removal demonstraticn. Thus, the magnitude of
the reduction in leachable lead resulting from the use of steel grit as
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Table 7. Analysis of paint debris for lead by the TCLP method.

Sample

Lead Analysis
(mg/L by TCLP)

Residual Lead
(mg/kg After TCLP)

Steel Blast Debris on
Containment Floor (I-55)

<0.1

1280

Steel Blast Debris on
Containment Flange (I-
55)

<0.1

2060

Steel Blast Debris on
Containment Fioor
(Madison)

<0.1

966

Vacuum Steel-Grit Biast
Debris (I-55, Chicago)

133

5570

Yacuum Power Tool No. 1
Debris (I-55, Chicago)

227

22 200

Vacuum Power Tool No. 2
Debris (I-55, Chicago)

246

26 300

Handtool Debris
(I1linois River Bridge)

62

31 800
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(c) Yacuum blast debris. (d) Blast debris within confinement.

Figure 51. Paint debris from different removal methods (x 20 magnification).

79



compared to non-iron-containing grit is not available. Debris picked up on
the tarp around the vacuum blast area was found to be a hazardous waste even
though the blast media was steel. Debris from the vacuum power-tool
operations contained over 200 ppm lTeachable lead. These paint debris samples
are very high in total lead since they are not diluted by blast media
(abrasive).” Paint debris from handtool removal was high in total lead and
Teachable lead, but the Teachable lead was not as great a percentage of the
total lead as it was in debris produced by the power tools. This difference
is due to the power tools breaking up the paint to a greater extent than did
the handtools, thus exposing more of the paint surface te the TCLP Teachant.

Conclusions and Suggestions

The results of this task study lead to the following conclusions and
suggestions. Good paint analysis techniques are available to determine both
qualitatively and quantitatively the presence of lead and other hazardous
metals in existing paints and in the debris produced by various paint removal
methods. They include: (1) x-ray fluorescence (XRF) as an onsite,
nondestructive means of determining whether or not the paint should be
classified as lead-containing and (2) paint chip analysis done by classical
laboratory methods such as atomic absorption (AA and ICP-AA) or energy
dispersive x-ray (EDX) analysis to determine total and leachable Pb, Cr, Fe,
etc.

* The best paint debris analysis method for determining total
metal content, including lead, is acid digestion and atomic
absorption. This is the accepted regulatory method.

* Although the TCLP test has its deficiencies, it is currently
the best method and the regulatory specified method of
determining if paint debris is to be classified as a hazardous
waste.

* One of the main deficiencies of the TCLP test is that repeated
Teach testing often gives different results than originally
obtained, such that a waste originally passing the test may
Tater show high soluble Tead levels depending upon the
waste exposure environment history.

* It is suggested that the reproducibility of the TCLP test
results could be improved by: (1) specifying reduction of the
paint debris to a narrower range and finer particle size
distribution, and (2) introducing a periodic percolation of
Teachant through the debris, either instead of or after the
presently specified 18-h leaching procedure.

* Despite the fact that steel (iron-based) blast media has the
advantages of recyclability and stabilization of lead in paint-
removal debris, and that Blastox™ works well as an additive to
reduce Teachable lead, the search should continue for materials
that will stabilize Tead efficiently with long-term resistance
to aggressive waste containment site environments.
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* The production of hazardous paint-removal waste should be
minimized by the use of recyclable abrasive and the waste
generated should be treated by effective methods to ensure its
stability in waste containment sites.
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CHAPTER 5: TASK D - ADVANCED COATINGS

Introduction

The rehabilitation of steel structures, in general, and bridges, in
particular, is a significant drain on resources, including manpower and
budget. As restrictions on both the permissible methods of paint removal and
the VOC content of paint systems increase, the options available to bridge
owners diminish.

For years, standard maintenance painting practice for steel bridges has
entailed the use of open-abrasive blasting for the complete removal of
existing paint prior to repainting. Open-abrasive blasting not only removes
the existing paint, but also cleans the steel surface of corrosion products
and millscale while providing a roughened surface profile desirable for the
adhesion of new paint. In the past, lead-containing paint provided a reliable
economical solution to the long-term corrosion protection of these structures
without requiring extensive surface preparation, such as the removal of
millscale. Recent concerns over the effects of lTead as a toxic substance in
the environment and the release of VOC's during the application of paints has
caused a radical change of direction to be pursued in the painting of steel
highway bridges. The primary objective of task D was to investigate advanced
coatings that have the potential to meet the changing needs associated with
the rehabilitation of steel bridges.

Background

Organic coatings are applied onto steel surfaces to provide a barrier to
minimize the interaction of the steel and corrosive elements of the
environment. In order to be successful, these coatings must delay and limit
ingress of the aggressive corrosive elements: water, oxygen, and ionic species
such as Cl and SO,”. These aggressive corrosive elements can reach the
substrate/coating interface either by intrusion through defects or by
diffusion through the protective coating. While the incidence of defects can
be reduced by proper coating application based on good quality control
practices, the diffusion of oxygen and salts in solution will always take
place. However, the rate of diffusion varies widely, based on the coating
system chosen. Considerable research has been performed on the mechanism of
coating degradation. However, due to the complexity of metal/coating and
coating/environment systems, theories do not exist that quantitatively or even
qualitatively describe the coating degradation processes and relate them in a
manner that allows the prediction of the performance of coating systems during
service. Figure 52 describes one model, developed by NIST, indicating the
major factors that they perceive as influencing the durability of a coating
system,

Aging is one of the factors that affect coating durability and is a direct
measure of the success or failure of the system to provide its stated goal of
protecting the substrate. It is primarily aging that determines when, and to
what degree, a coating system is removed and replaced.

As mentioned in task A, advanced coatings can benefit the maintenance of steel
bridges within the following options: (1) total paint removal and recoating,
and {(2) partial paint removal and overcoating.
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In addition, advanced coatings can be of benefit during the rehabilitation of
steel bridges that require replacement of structural components.

Total paint removal and replacement may be the most economical option if more
than 20 percent of its protective coating system has failed. Within the
context of total paint removal, several options exist that are based on the
integrity of the structural elements, If component replacement is not
necessary and/or can be deferred, a VOC-compliant paint system with an
expected Tifetime comparable to the next planned rehabilitation of the
structure can be chosen.

If component replacement is necessary, a coating system applied in the
fabrication shop should be chosen such that it can both perform and be
repaired in the field. However, fabrication shops have to face increasing
challenges in this area, again due to the implementation of ever more
stringent VOC requirements as discussed below.

Dilemmas Facing Fabrication Shops

Increased Shop Painting

For many years, highway agencies specified paint systems for new bridges that
were reasonably long-lasting and relatively simple for steel fabrication shops
to apply. Initially, shop painting involved the application of a primer coat
that was supplemented by additional coat(s) of paint applied after the steel
was shipped to a job site and erected. Multi-coat paint systems offering
enhanced performance have gradually been adopted by many highway agencies,
resulting in a desire to limit or eliminate field painting. This is partially
due to the increased contrel of the painting and quality control practices in
a shop environment. At least eight highway agencies have adopted the practice
of complete shop painting, limiting field painting to touchup work.

Containment for Maintenance Painting

Environmental regulations currently prohibit environmental releases of
particulates generated by abrasive blasting during maintenance painting of
bridges in urban areas. Worker exposure to these particulates necessitates
the use of protective respirators, even when abrasive blasting operations do
not involve lead-based paints. In the future, it is likely that all bridge
maintenance painting incorporating abrasive blasting will require total
containment. Highway agencies anticipating that eventuality are currently
seeking extremely durable shop coatings to forestall the need for maintenance
painting.

Fabrication_Shop Problems

In the past, fabrication shop personnel considered shop painting as a
nuisance, however, it was necessary to sell fabricated steel. In many cases,
the quality of painting operations in those shops took a back seat to other
activities, such as welding. The forgiving nature of the early oil-alkyd
paints promoted that antipathy. The advent of advanced structural steel
paints, such as the inorganic zinc/vinyl systems, demonstrated the need for
improved quality control. For example, poor control of wet thickness for
inorganic zinc paints resulted in "mud cracking." As more highway agencies
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have required the shops to perform more painting work using high-performance
paint systems, painting has had greater impact on shop profitability and the
quality of shop painting has become more critical.

Requlation of Fabrication Shops

Fabrication shops are point sources of waste generation. As a result, they
are easy targets for regulation by State departments of environmental
protection (DEPs). Those agencies promulgated regulations restricting the VOC
content in paints. In addition, if materials are used that exceed these
limits, the fabrication shops are faced with a 1limit on their total yearly VOC
emissions. Highway agencies specifying paints with high-VOC content have been
forced to employ Tower VOC coatings or the fabrication shops nearing their VOC
point—source limits are unable to supply the components.

Current limitations on VOC content of paints and the total allowed yearly VOC
emissions by fabrication shops will most 1ikely be tightened in the future.
The VOC regulations for paints, as the result of the ongoing regulation-
negotiation activities related to architectural industrial maintenance, will
most 1ikely reduce the VOC limits on bridge maintenance paints to 336 g/L (2.8
1bs /gal). Most States require for new construction that point sources use
paints with a VOC limit of 420 g/L (3.5 1b/gal). In States restricting the
total yearly VOC emissions from fabrication shops, those restrictions probably
will be more limiting than that for the VYOC content.

A solution to the problems of both highway agencies and fabrication shops
would be for State highway agencies to specify water-based paint systems such
as the acrylic systems now offered by a number of paint companies. However,
while these systems may meet present and projected VOC restrictions, they are
not as durable, particularly in high-salt environments, as conventional
solvent-based systems. In addition, waterborne paints are less application-
tolerant than their solvent-based counterparts. They require close control of
application conditions (e.g., temperature and humidity) and surface
cleanliness (e.g., sensitivity to surface oils and other contamination).
Fabrication shops able to apply high-performance solvent-based paints have
experienced problems with waterborne systems. Due to shop layouts and the
proximity to other operations, some of those problems are difficult to resolve
and severely 1imit painting operations when waterborne systems are employed.
Several highway agencies have experienced reduced performance using those
systems on new bridges.

Many polymer manufacturers and paint companies have invested heavily in water-
based paint technology. With continued research, some of the problems
currently experienced with waterborne systems will be remedied over the next 5
to 10 years. However, it is problematical that coating durability of
waterborne paints will improve sufficiently to match that of some of the
solvent-based systems presently in use, such as inerganic zinc.

The 100-percent solids paint technology employs two-component systems that
react chemically and polymerize to form a solid film. The coatings are
automatically mixed during the feeding process or internally mixed in the
spray-qgun head during application. Common two-component systems include
epoxies, polyureas, and polyurethanes. The 100-percent solids painting
generates no VOC's. Typically, the 100-percent solids paints are applied in

86




high builds 0.5 to 0.75 mm (20 to 30 mils). The coating components react and
dry quickly (typically within 15 to 30 min), facilitating shop handling.
Special application and handling equipment, coating materials, and operator
training are required., Coating costs will initially be somewhat higher than
for conventional solvent-based paint systems. These costs are anticipated to
be offset by somewhat longer service lives. The 100-percent solids paints are
presently being employed on chemical plants, boat hulls, and railway cars,

The Union Carbide Corporation has developed a proprietary paint application
method, the Unicarb System, that uses carbon dioxide to replace up to,80
percent of the solvents in conventional solvent-based paint systems. Carbon
dioxide gas is introduced in a spray gun during application. It improves
paint atomization during spraying and acts as a carrier for the paint. The
method has the advantage of being abie to employ current solvent-based paint
technolegy, while ach1ev1ng a significantly reduced VOC release level. The
reduced Tevel of VOCs causes the paint to dry fairly rapidly (depending on the
paint system), facilitating handling. Special application equipment, coating
materials (i.e., compressed gas-carbon dioxide), and operator training are
required. Coating costs will initially be siightly higher than for
conventional solvent-based systems. The same coatings applied using the
Unicarb System in place of conventional solvents have had relatively lower
permeability. Therefore, longer service lives may be obtained. The Unicarb
System has been employed for commercial products; it has been demonstrated
successfully in several areas, including automotive and aircraft applications.
The system as presently employed appears to be more economically attractive
for higher production rate, repetitive operations.

Overcoating

Spot repair and overcoating of compromised coatings involves: (1) cleaning the
surface of the bridge with pressurized water to remove salts, soils, and other
contaminants, (2) mechanically removing loose corrosion products and paint,
(3) spot priming areas where paint and corrosion products have been removed,
and (4) applying coats of paint over the entire surface. The conditions
required for successful overcoat appiication are: (1) adequate adhesion and
mechanical properties of the old paint, (2) compatibility of the overcoat
system to existing coating system, and (3) proper surface preparation. In the
past, many highway agencies maintained bridge paint systems by overcoating.
Typically, existing lead-based alkyd systems were overcoated with similar or
identical paints that provided years of acceptable service. Maintained alkyd
paint systems have lasted well over 15 years. Often, oil-alkyd painted
bridges were overcoated until they had paint builds as high as 0 75 to 1.0 mm
(30-40 mils).

Overcoating has some potential advantages compared to full removal with
containment. [t minimizes the disturbance of the existing paint, which in
turn, Timits the generation of (possibly hazardous) wastes and minimizes
precautions necessary for preventing waste discharge, worker exposure to lead,
and efforts required to dispose of generated wastes. Repair and overcoating
operations do not require expensive containment enclosures. Costs for repair
and overcoating are low (typically one-fifth to one-third that for full
removal with containment) and overcoating. Overcoating may extend the service
1ife of the in-place coating system by 15 years or more. Low initial painting
costs coupled with potentially significant extension of service 1ife are very
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attractive to State highway agencies strapped with limited painting budgets
and large backlogs of bridges needing to be repainted. However, there exists
significant danger of short-term failure of the complete system if the
original coating system does not have sufficient adhesion/mechanical
properties or if a non-compatible repair system is chosen.

The uncertainty with this maintenance option is that long-term experience with
many of the newer paint systems as repair material is lacking.

Factors Affecting Performance and Durabjlity of Overcoating Systems

In the following section, we will discuss the factors that affect the success
or failure of an overcoating job. The relative importance of the discussed
factors is not clearly understood. Furthermore, in many cases, the current
test methods available do not clearly characterize various factors.

Adhesion/Cohesion

The use of adhesion tests to rate the ability of an existing paint system to
be overcoated and to estimate the durability/compatibility of the repair merit
review. Current tests are time—consuming to perform, difficult to repeat,
and the meaning of the results are subject to individual interpretation. For
example, large differences have been observed between the test results when
different methods are used. Existing paints may be brittle and lack cohesion
and intercoat adhesive strength (i.e., typically occurring between an alkyd
primer and existing intermediate or topcecats of alkyd paints containing
aluminum pigments). Knifing adhesion tests such as ASTM D3359-90 (Measuring
Adhesion by Tape Test) typically fracture old alkyd paints, causing intercoat
(cohesive) failure. The pull-off test, ASTM D-4541 (Standard test Method for
Pull-0ff Strength of Coatings Using Portable Adhesion Testers), measures
adhesion between existing coats or between the primer and the substrate, or
the cohesive strength of a specific coat depending upon which component fails
first. Brittle alkyds may provide only a 1B cor OB rating using the knifing
adhesion test. If used on existing paint that contains several overcoated
layers, the knifing adhesion test may provide similar values. However, a
pull-off adhesion test on the same system may provide readings in excess of
2067 kPa (300 1b/in?).

Surface Contamination

The presence of soluble salts on existing paint surfaces and in corrosion
products pose a distinct threat to the repair coating’s durability. Soluble
salts must be removed in order to provide extended paint durability even
though their effects are difficult to assess. They are difficult to detect in
the field and their concentration may vary depending on the level of deicing
salt application, bridge design, and structural location. Currently, the
primary tests for chloride surface contamination are wet chemical tests that
are slow to perform and are questionable as to accuracy and precision.
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Thermal Spray Technology

Introduction

As can be seen, the dilemmas facing facility owners and fabrication shops are
complex. One potential answer may be thermal spray (TS) technology. TS is a
coating process that has been proven in FHWA, National Association of
Corrosion Engineers (NACE), U.S. Navy (USN), and other sponsored programs to
provide superior long-term corrosion protection in a variety of environments.
As part of task D, thermal spray was evaluated by both ongoing field tests and
also as part of Task E, Accelerated Testing.

Thermal Spray Coatinas -

The term "thermal spray" is commonly used to describe a family of coating
technologies associated with the application of thick coatings onto components
in order to reduce or eliminate the debilitating effects of wear and
corrosicen. In general, material in either powder, wire, or rod form is
introduced into a region of high enthalpy (figure 53). Within this region,
the material is brought to either a plastic or molten state. As part of this
process, an expanding gas is used to accelerate the droplets onto the
component surface, forming a coating. As the droplets impact onto the
surface, they form lenticular splats (figure 54) and form a coating layer.

The coating is built up to the desired thickness by multiple passes over the
component surface. As with any coating, the surface must be properly prepared
in order to ensure coating adherence. In the case of thermal spray coatings
applied in open atmosphere, the proper surface preparation is the roughening
of the surface either by grit blasting or chemical etching in order to
generate the asperities necessary for the mechanical bonding of the coating to
the component surface. In addition, thermal spraying is a line-of-sight
process with optimum coatings being obtained when the angle of impingement of
the molten droplets is perpendicular to the surface being coated. Depending
on the process being used, excellent coatings can be obtained when the
droplets impinge at angles between 90° and 45° relative to the surface being
coated. Below 45°, evaluation of the coating microstructure determines the
applicability of a given coating and process to the problem being addressed.

Flame spraying, the oldest form of thermal spraying, has been used since the
late 1800's. 1In its simplest form, it consists of a nozzle assembly wherein a
fuel (acetylene, hydrogen, propane, etc.) is mixed either with oxygen or air
and undergoes combustion external to the nozzle. The flame front is
stabilized by matching the flame propagation speed to the average unburned gas
velocity. Heat transferred to the nozzle also aids in anchoring the flame
front. For materials in powder form (figure 55(a)), the powder is injected
into the flame in a manner designed to optimize the heating of the powder.

For materials in wire or rod form (figure 55(b)), the flame is concentric to
the wire or rod in order to maximize the uniform heating of the wire rod. A
coaxial sheath of compressed gasses around the flame acts to atomize the
molten particles and accelerate them toward the substrate. The main
advantages of these processes are low capital investment costs and ease of
operation. Because of the relatively small size of the equipment and the ease
of operation, the process is field-portable, and there is little restriction
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Figure 53. Thermal spray process.

Figure 54. Splat structure.
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to the size and complexity of components that can be coated. However,
particle velocities are relatively low and, therefore, the coating porosity
can be as high as 20 percent.

The electric arc process is illustrated in figure 55(c) and involves the
continuous feeding of two wires into a device such that the wires converge at
a point in space. The wires are held at different electrical potentials, such
that an electric arc is generated between them. These wires are, in essence,
consumable electrodes and are continuously melted. A jet of gas, usually
compressed air, is used to atomize the molten material and accelerate the
resultant droplets onto the component surface. It is not necessary for both
wires to have the same chemical composition resulting in alloyed coating,
however, adjustments to the feeding mechanism are necessary to compensate for
these differences. Very high deposition rates are achievable by this process,
but the atomization process generates more fumes than other thermal spray
processes. In addition, this process frequently results in porosity levels of
25 percent by volume. Recent advances in the design of electric arc equipment
have incorporated the use of Coanda accelerators. The Coanda accelerators use
the geometry of the flow chamber to enhance the syphoning action of the
atomizing gas, thereby increasing the volumetric flow through the same cross-
sectional flow area. This results in higher particle velocities and coatings
of higher density.

Thermal Spray Materials

As with any coating process, the proper choice of coating materials may
determine whether or not the desired goals are achieved. Historically,
thermal spray coating systems have used pure zinc, pure aluminum, and
zinc/aluminum alloys for applications involving corrosion protection of steel
structures. Being metallic, the coatings offer additional protection in high-
wear areas.

Zinc. Zinc provides long-term corrosion protection to steel through galvanic
action at the zinc/steel surface as well as by its ability to protect itself
with its own corrosion byproducts. Zinc has a Tower oxidation potential than
iron and will therefore preferentially corrode, preventing the steel from
rusting. In addition, this properly provides cathodic protection to any small
discontinuities or damage done to the zinc coating that may expose the steel
components. Being a reactive metal, zinc readily forms a protective
corrosion-product film. When exposed to air, a very thin layer of zinc oxide
forms. When exposed to moisture in the atmosphere, the zinc oxide reacts with
the moisture to form zinc hydroxide. During the drying process, the zinc
hydroxide reacts with carbon dioxide to form an insoluble zinc carbonate layer
on the surface, providing excellent protection to the underlying zinc.

Aluminum. Aluminum provides a barrier to the corrosion of steel by the
formation of an inert aluminum oxide layer on the surface of the coating.

When damaged, this coating is self-healing. Like zinc, aluminum has a lower
oxidation potential than steel with respect to iron and therefore provides
galvanic protection to the steel substrate. Unlike zinc, pure aluminum has
not been extensively thermally sprayed onto steel bridges and structures,
although extensive use by the U.S. Navy indicates that aluminum is more
corrosion-resistant than zinc in marine environments. Figure 56 describes the
estimated service 1ife for aluminum thermal spray coatings.
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Zinc/Aluminum. With the proven protection associated with zinc and the
implied improved performance of aluminum in salt environments, alloys of zinc
and aluminum have been developed. Initial work in Japan indicates that such
alloys, particularly 85 percent zinc/15 percent aluminum alloy, have
advantages over all-zinc coatings. This alloy has successfully been applied
to steel bridges within the United States. Figure 57 describes the estimated
service life for Zn and 85/15 Zn/Al thermal spray coatings.

Recently, the application of polymers such as ethylene acrylic acid (EAA) by
thermal spray technology has been suggested for corrosion prevertion on
bridges. Unfortunately, unlike the metallic coatings described above, success
has been limited for two reasons. First, control of the substrate temperature
is critical for adhesion and to date, no definitive method for ensuring the
proper temperature has been proposed. Second, like most paint systems,

these coatings are solely barrier coatings w1thout any additional protect1ve
mechanisms such as those exhibited by the metallic coatings.

Sealers. Although zinc, aluminum, and their alloys provide galvanic
protection, additional protection can be obtained by sealing the porosity with
acrylic urethanes, polyester urethanes, vinyls, phenolics, epoxy sealers, or
thermally sprayed polymers.

Infrastructural Applications of Thermal Spray Technology

There is a history of corrosion protection by aluminum and zinc thermal spray
coatings for structural-.steel work: buildings, bridges, towers, radio and TV
antenna masts, steel gantry structures, high-power search radar aerials,
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overhead walkways, railroad overhead line support columns, electrification
masts, tower cranes, traffic-island posts, and street and bridge railings.

The interior of steel-hopper rail cars for hauling coal have been sprayed with
aluminum for sulfuric acid corrosion protection and with aluminum composite
for both corrosion and abrasion protection. Steel car exteriors have been
sprayed with zinc for atmospheric corrosion protection.

Zinc thermal spray coatings used to protect potable water pipelines and
storage tanks as specified in ANSI/AWWA D-102-78, American Water Works
Association Standard for Painting Water-Storage Tanks.®’ Aluminum and zinc
thermal spray coatings are used on sluice gates in irrigation systems and
canal lock gates in shipping canals. These coated components have required
virtually no maintenance for decades.

In marine applications, ship structural areas and components are preserved
with aluminum and zinc thermal spray coatings. The U.S. Navy routinely uses
aluminum thermal spray coatings in new ship construction and in the overhaul,
repair, and maintenance of ship structures and for a wide range of shipboard
components, especially those in topside and wet spaces. The British,
Australian, and New Zealand Navies use a duplex zinc (base) and aluminum {top)
thermal spray coating system.

Zinc thermal spray coatings complement hot-dip galvanizing when fabrications
are excessively large or otherwise cannot be hot-dip galvanized. Zinc thermal
spray coatings are used for repairing galvanized coating damaged during the
fabrication process (e.g., welding, cutting, and joining areas) and for
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maintenance recoating. Here, zinc spray is particularly advantagecus because
it ensures the uniformity and reproducibility of the galvanized coating
thickness.

Thermal Spraying of Steel Bridges: A Short Histeory

Thermal spraying of bridges is not a new idea. Since the 1930's, zinc
spraying has been extensively utilized in Europe, and in many countries zinc
spraying is specified as the only corrosion protection system for new bridge
construction. To date, several hundred bridges have been thermally sprayed to
provide long-term corrosion protection. Table 8 lists several significant
bridges, the year of metallization, and the last date when the coatings were
inspected and found to be intact. In the United States, the oldest known
bridge to be thermally sprayed is the Kaw River Bridge in Kansas City,
Missouri. In 1936, the bridge was sprayed with between 0.25 to 0.30 mm (10 to
12 mils) of pure zinc. The bridge with the most notoriety is the Ridge Avenue
Bridge in Philadelphia, the underside of which was sprayed with 0.25 mm (10
mils) of pure zinc in 1937. The Ridge Avenue Bridge is a railroad overpass
and therefore has been subjected to severe corrosion environments due both to
its exposure to the effluence of generations of steam and diesel Tocomotives
as well as to road salts. Fifty-five years later, the zinc coating is still
effectively protecting the bridge. The Forth Road Bridge in the United
Kingdom is noteworthy in that it is the Targest structure in the world to have
its entire outer surface thermally sprayed. In 1961, over 18140 Mg (20,000
tons) of structural steel was metallized with a 0.125-mm (5-mil) coating of
Zzinc, and upon assembly, supplemented with three coats of paint. The Pierre-
LaPorte Bridge, spanning the St. Lawrence River near Quebec City, Canada, is
the largest onsite metallized structure in the world. The original
construction of the bridge was completed in.1970. The corrosion protection
system consisted of painting with a lead silico-chromate, oil, and alkyd
system. Maintenance and repainting of the bridge began in 1975. [In 1977, the
Province of Quebec decided to zinc_ spray the entire understructure of the
bridge [160 000 m® (1.8 million ft2)]. An economic study concluded that while
the paint system would have provided an 8-year lifespan requiring frequent
touchups, the alternative zinc spray system would give a probable life of 20
to 25 years, requiring no major touchups. As recently as 1991, the coating
was providing superior corrosion resistance on the bridge.

Table 8. Metallized zinc bridges.

STRUCTURE COATING SYSTEM , YEAR YEAR LAST
METALLIZED INSPECTED
Kaw River (U.S.) 10 mils Zn 1936 1975
Ridge Avenue (U.S.) 10 mils Zn 1938 . 1984
Forth Road (U.K.) 3 mils Zn + 3 coats 1961 1975
paint
Pierre-LaPorte 5 mils Zn + 5 coats 1977 1985
(Canada) paint :

1 mil= 0.0254 mm
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Since 1985, Ohio has coated four bridges with the thermal spray process. The
first br1dge selected consisted of five lines of 21 WF 62s, 31 m (102 ft)
long, over a stream. The surface area of steel to be coated was 309 m? (3323
ft). The bridge was to have a new concrete bridge deck constructed on the
existing beams. The metallizing of the beams was to be done after the deck
was replaced. The beams were required to be sandblasted to a white metal
surface (SP 5) and the 85 percent zinc/15 percent aluminum metallizing was to
be applied (0.15-2.0 mm (6-8 mils) thick), followed by 0.0375 mm (1.5 mils) of
epoxy, and 0.05 mm (2 mils) of a urethane topcoat. The metallizing had to be
applied within 4 h of sandb]asting to avoid flash rusting of the freshly
blasted surfaces. The bid price on this first bridge for surface preparation,
meta111z1ng, epoxy 1ntermed1ate coat, and urethane topcoat was $30,000 or
$95.35/m? ($9. 03/ft? ). This cost did not include containment of blasting
debris since this work was done before containment was a requirement in Ohio.
The actual time required for metallizing the beams was 8 working days. To
date, this bridge remains in excellent condition and exhibits no rusting of
the steel beams.

A second bridge was selected to be metallized in 1985. This structure was
considerably more complicated to metallize because: (1) it is a bridge over an
Interstate highway and (2) the beams are composed of riveted plates and
angles. The bridge consisted of four lines of riveted beams, each being 1llm
(364 ft) long. Again, this was to have a concrete deck replacement with the
metallizing to be done after the deck had been replaced. Containment of the
blasting debris was not a requirement on this project. The bid pr1ce for
cleaning and painting this bridge was $217,000 or $87. 44/m* ($8.28/ft?).

In an effort to better evaluate the effectiveness of the metallizing, it was
decided not to topcoat the beams with the epoxy and urethane, but rather only
seal the metallized surface with a clear sealer. This bridge, being situated
over an Interstate highway, is subject to much salt spray and to date, the
beams remain in excellent condition.

At the time of the meta111z1ng of these two bridges, standard paint systems
were costing $36. 96/m ($3. 50/ ft? ) and it seemed unlikely at that time that
metallizing would ever become cost-competitive on a first—-cost basis.
However, recent cost increases in standard systems are narrowing the margin
between metallizing and conventional painting.

A third bridge, which carries a local road over a four-lane divided highway,
was selected for metallizing in 1988. This bridge was also to receive a
reinforced concrete deck replacement with the metallizing of the steel beams
to be completed after the deck was replaced. The bid price for metallizing
the four lines of 30 WF steel beams, 117.2 m (384.5 ft) long, was $237,000 or
$91.66/m° ($8.68/ft%). This price included surface preparation, but not full
containment (which was still not required at that time).

Test-Panel Preparation

As part of this task, 210 test panels were prepared for field and accelerated
testing. Initially, it was proposed that in addition to thermally sprayed
test panels, paint systems under testing at the Mathis River Bridge in New
Jersey would be included in the testing. This was proposed to provide a
baseline comparison between the paint coating systems and the thermally

96




sprayed coating systems. Unfortunately, many of. the paint systems tested at
Mathis River are no longer VOC-compliant and, therefore, it was decided that
paint systems meeting existing and proposed VOC 1imits would be used in this
study. Table 9 details the thermally sprayed samples prepared and table 10
details the paint systems samples prepared.

A11 coatings were applied onto standard 102-mm by 152-mm by 4.76-mm {4-in by
6-in by 3/16-in} A-36 steel panels purchased from KTA Tator. All samples were
degreased in a vapor degreaser/ultrasonic bath containing 1,1,1
trichloromethane. They were then grit—blasted using 36 grit aluminum oxide
at 511 kPa (80 1b/in®) to a SP-5 white metal finish with at least a 0.051-mm
(0.002-in) profile as shown in figure 58. Using ANSI/AWS C2.18-93, Guide for
the Protection of Steel with Thermally Sprayed Coatings of Aluminum, Zinc, and
their Alioys and Composites, the zinc (figure 59), aluminum (figure 60), and
85/15 zinc/aluminum (figure 61) samples were prepared. The EAA coating
(figure 62) was applied using manufacturer supplied parameters. In addition,
the paint systems were applied following manufacturers' guidelines.

A typical set of samples for field testing was composed of one each of paint
systems 1 through 5 and one each of the thermally sprayed zinc, aluminum, and
85/15 zinc/aluminum. In addition, one each of the zinc, aluminum, and 85/15
zinc/aluminum test samples had one-half of each panel sealed with the
cycloaliphatic/aliphatic amine epoxy. Finally, one each of the 85/15
zinc/aluminum test samples had one-half of each panel thermally sprayed with
the EAA copolymer. One set of test panels has been deployed to the I-55
bridge with three remaining sets to be deployed in early 1994. Follow-on
evaluation of these panels will occur as part of an ongoing 4-year program on
overcoating. The remaining samples were supplied for evaluation under task E.

Conclusions and Recommendations

The most critical factor in the implementation of advanced coatings is the
relative lack of history as it pertains to the durability of these coatings,
with the exception being thermally sprayed coatings. One difficulty with the
implementation of thermally sprayed coatings is the relative age of the
infrastructure and limited access to portions of the bridges where advanced
corrosion has occurred.
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Table 9. Thermally sprayed samples.

MATERIAL NO. OF PANELS SEALED OTHER
Zinc 68 (1) No
Aluminum 58 (1) No
85/15 Zn/Al 45 (1) (2)

(1) On one-half of four panels, a modified cycloaliphatic/aliphatic
amine epoxy [VOC's 9.6 g/t (0.08 1b/gal)] was applied as a sealer
with 0.025 to 0.0375 mm (1 to 1.5 mils) dry film thickness.

(2) On one-half of four panels, a thermally sprayed ethylene acrylic
acid copolymer [VOC's 0.0 g/L (0.01b/gal)] was applied with 0.254

mm

(10 mils) thickness.

Table 10. Paint systems.

PAINT SYSTEM 1

PRIMER MIDCOAT TOPCOAT - # OF
PANELS
Epoxy Amidoamine None Acrylic Aliphatic 4
Polyurethane
VOC (1b/gal) 0.7 NA 2.4
Dry Film Thickness 1-2 NA 2-3
(mils) _
PAINT SYSTEM 2
Epoxy Amidoamine Aluminum Epoxy Acrylic Aliphatic 4
Mastic Polyurethane
VvoC (1b/gal) 0.7 0.74 2.4
Dry Film Thickness 1-2 4-5 2-3
(mils)

NA=Not Applicable

98




Table 10. Paint systems (continued).
e |

PAINT SYSTEM 3
Epoxy None Epoxy 4
VOC {1b/gal) 0.0 NA 0.69
Dry Film Thickness 1-2 NA 4-8
(mils)

PAINT SYSTEM 4
Calcium Sulfonate None Calcium Sulfonate 4
Alkyd Alkyd
VOC (1b/gal) 2.3 NA 2.4
Ory Film Thickness 4-5 NA 3-4
(mils)

PAINT SYSTEM 5
ATkyd None ATkyd 4
VOC (1b/gal) 2.69 NA 2.72
Dry Film Thickness 3-6 NA 2-4
(mils)

PAINT SYSTEM b6
Zinc~-Filled Epoxy Aluminum Epoxy Acrylic Aliphatic 29

Mastic Polyurethane
VOC (1b/gal) 2.52 0.74 2.4
Dry Film Thickness 3-4 3-6 2-4
(mils)

1 mi1=0.025 mm
1 1b/gal=120 g/L

NA-not applicable
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Figure 58. Grit-blasted surface of steel plate.

Figure 59. Thermally sprayed zinc coating,
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Figure 60. Thermally sprayed aluminum coating.

Figure 61. Thermally sprayed 85/15 zinc/aluminum alloy.
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Figure 62. Thermally sprayed EAA copolymer.

Since many bridges have suffered loss of cross section, the application of
thermally sprayed coatings retard corrosion, but cannot replace lost steel.
In addition, since the regions of most serious corrosion are in the area of
expansion joints and bearing areas, thermal spray technology's need for line
of sight can limit the quality of coating applied. This should not preclude
use of this technology when the above-mentioned 11m1tat10ns do not
contraindicate its use.

Two immediate areas where thermal spray technology can be implemented are in
structural replacement and fabrication. In these applications, if the steel
at an expansion joint was sprayed with 85/15 Zn/Al, it would provide lTong-term
corrosion protection and minimize Toss of cross section.

The use of paint for overcoating requires an understanding of the durability
of these paint systems and a fuller understanding of the equivalent uniform
annua] cost as demonstrated in task A. A partial list of companies and State
DOT% addressing the technical and economic aspects of overcoating include:
Ocean City Research, Inc., BIRL, the industrial research laboratory at
Northwestern University, IDOT, KTC, NCDOT, LADOT, VDOT, WI-DOT, etc.
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CHAPTER 6: TASK E —~ ACCELERATED TESTING

Background

Corrosion detrimentally affects bridges, reducing section thickness and
resulting in a weakened bridge structure that compromises safety. Corrosion
control is normally achieved by applying a coating system to the steel bridge.
Unfortunately, coating systems do not completely protect and have 1imited
durability. Moisture vapor penetration, water absorption, stress from thermal
gradients across the coating, and ultraviolet radiation from sunlight can
deteriorate the coating and cause it to fail prematurely. Furthermore,
deicing chemicals and salts from the atmosphere can penetrate the coating and
allow corrosion to occur at the steel substrate underneath the seemingly
intact coating, causing premature blistering and delamination.

Types of Coating Failure

Coatings on bridges can fail in many ways. In general, coating failure is
defined as the premature deterioration of the coating system under normal
service conditions with subsequent corrosion of the structure's steel
substrate. Coating failure may occur because of inadequate substrate
preparation, poor adhesion of the coating, improper coating application,
formulation problems with the coating, or unsuitable coating selection for a
given environment. Additional factors, such as non-flat bridge geometries
with hard-to-coat areas and exterior forces such as abrasion of the surface
and bridge movement from vehicle traffic, also increase the chance of
premature coating failure. Table 11 T1ists the main factors influencing
coating failure as well as the common types of ccating failure that occur on
coated steel bridges. Three types of coating failure that eccur frequently
are highlighted below:

Table 11. Important factors and types of coating failure.

Factors Influencing Coating Failure

Coating Application _
Brush marks, runs and sags, holidays, overspray, pinholes, spatter coat,
cratering, improper coating thickness

Bridge Design and Geometry
Edges, corners, welds, nuts and bolts, rivets, washers, overlapping
joints, plates

Exterior Forces
Abrasion, faying surfaces, joint movement

Improper Coating Selection
Mixed surfaces, recoating and repair

Types of Coating Failure

Substrate and Adhesion Related
Undercutting, delamination, blistering, peeling, flaking

Formulation Related
Chalking, checking, cracking, wrinkling, discoloration, pinpoint rusting
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* Undercutting: Moisture penetration to the steel substrate

~and buildup of corrosion products underneath a coating can
cause disbonding and failure of a coating. Osmosis is an
important factor, especially when coatings are subjected
to salt exposure, water immersion, frequent condensation,
or high-humidity environments. A coating must have strong
adhesion to the substrate to be resistant to undercutting.
Organic-barrier coatings tend to be less resistant to
undercutting than inorganic zinc and thermally sprayed
metals. The reason is that adhesion of organic coatings
is primarily physical, whereas the adhesion of inorganic
zinc and thermally sprayed metals are a result of chemical
bonds as well. This combined physical and chemical bond
tends to be more durable and more resistant to

undercutting.
* Cracking: Cracking, or breaks in the coating extending

from the surface through to the substrate, are caused by
stresses in the coating film and between the coating and
steel substrate that exceed the strength of the coating.
Cracking results in further water penetration and
corrosion of the steel substrate. Cracking is caused by
polymer chain breakage due to aging and weathering of the
paint system as well as premature failure due to exterior
forces such as bridge movement between overlapping joints.

* Holidays: Holidays are bare or thin areas of the coated
surface where reduced barrier protection can lead to a
concentration of the corrosive environment at the steel
substrate and can accelerate corrosion. Holidays and reduced
coating thickness are most often found in areas that are -
difficult to coat and are caused by inadequate coating
application. Bridge geometries, such as edges, corners,
welds, overlapping joints, and bolted faying surfaces,
represent areas where uniform coating application is
difficult and non-uniform. Failure of the coating in a
critical area, such as a nut-and-bolt or overlapping joints,
can lead to rapid corrosion, such as pitting and steel loss-
that compromises the structural integrity of the bridge.
Bridge geometry and design plays an important role in
reducing coating durability. However, it is often overlooked
in accelerated and long-term field testing procedures because
of the difficulty reproducing similar effects in laboratory
tests.

Coating Properties

A protective coating’s function is to prevent corrosive service environments
{e.g., salt-air atmosphere or deicing chemicals) from contacting the
underlying steel substrate and initiating corrosion. To accomplish this
function, a coating must have several properties essential to maintaining a
proper barrier to the environment. Some of the more important properties are:
water permeability resistance, weathering resistance, sunlight resistance,
‘ease of application, good adhesion, and abrasion resistance.
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As noted, an important property of a coating is its resistance to water
penetration. Two related properties are coating dielectric strength and
coating resistance to ionic movement. Water can penetrate a coating either as
a liquid or as a vapor. Water penetration decreases the dielectric strength
of a coating, decreasing its resistivity and making the coating less
insulative. Water penetration can also cause chemical breakdown of the
coating, allowing increased ionic movement to the substrate, and further
decreasing the useful life of the coating. Moisture also transports oxygen
that is necessary for corrosion te occur. Since corrosion is an
electrochemical process, ionic and oxygen transport towards the steel
substrate increases the chance of corrosion being initiated. Once corrosion
has begun, the corrosion products formed can cause undercutting and loss of
adhesion of the coating. Water penetration may swell the coating and produce
stresses that eventually 1ift the coating from the substrate. Although water
containing naturally occurring salts or deicing chemicals penetrate coatings
at a slightly slower rate than pure water, their presence increases the
likelihood of coating deterioration and substrate corrosion, since they can
accumulate underneath the coating, cause delamination by blistering, or
accelerate corrosion of the substrate.

Although immersion of a coating in salt water alone is a severe environment,
periods of wetness and dryness and frequent changes in temperature can also
cause mechanical damage to a coating. Surprisingly, only small amounts of
atmospheric salts, such as ammonium sulfate or sodium chloride, need be
present to cause coating degradation because wet/dry cycling tends to enhance
ionic movement and concentrate salt in the coating and at the substrate, ‘
leading to accelerated corrosion rates.

Coating Evaluation

The performance and durability of bridge coatings are often evaluated by
either an accelerated test, such as a salt-spray fog, or by long-term
atmospheric exposure to a particular environment. Condition assessment of
bridge coatings is accomplished using ASTM standard methods such as those
listed in table 12 to determine the degree of rusting, cracking, blistering,
gloss retention, and adhesion to the substrate. Most of the ASTM standard
methods require visual inspection of the coating to determine coating
degradation and are subjective. [n addition, ASTM B-117, the standard salt-
spray test, does not correlate well with long-term field exposure. For
instance, waterborne coating systems exhibit poor performance using ASTM B-
117, but show improved performance in field environments. ASTM D-1014, the
long-term field exposure test procedure for coatings, is the best method to
judge how well a coating will last in a particular environment. However, it
can take years to acquire meaningful data. Current accelerated tests lack
credibility as predictors of field service performance.

Electrochemical techniques have also been used to evaluate bridge coatings.
Direct-current electrochemical measurements such as linear polarization and
potentiodynamic polarization have been attempted on various coating systems,
however, the complexity of the coating/steel substrate does not allow accurate
interpretation of the data. Electrochemical impedance spectroscopy (EIS)
measurements, on the other hand, can resolve these complexities and provide a
fast, quantitative method of assessing coating properties related to water
penetration and identify the early onset of corrosion of the steel before it
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Table 12. ASTM methods for evaluating paint and coating systems.

ASTM Method Name of Test

D610 Evaluating Degree of Rusting of Painted Surfaces
D661 Evaluating Degree of Cracking in Exterior Paints
D714 Evaluating Degree of Blistering of Paints

D2197 Adhesion by Scratching or Scraping

D3359 Adhesion by Tape Test

D1471 Gloss Measurement

B117 Salt-Spray (Fog) Testing i

D1014 Long-Term Field Exposure Test

is seen visually. When used in combination with accelerated tests and long-
term field testing, EIS can be a powerful technique for comparing a coating's
ability to reduce the corrosion rate of the substrate. In addition, EIS
measurements taken on existing bridge coatings in the field and as part of a
total bridge management program can provide ongoing data on the condition of
the coating. Such information would allow bridge owners to schedule
overcoating before severe corrosion of the structure has occurred and
ultimately would reduce overcoating costs and increase the life of the coating
system.

EIS is capable of probing the electrochemical interface of a coated metal and
providing quantitative information on the influence of corrosive environments
affecting protective coatings and metallic substrates. For example, an EIS
scan of a well-coated sample gives a high electrical resistance (R.) and low
capacitance (C.) due to the dielectric property of the protect1ve coat1ng

The steel substrate properties are not measurable and corrosion is not
occurring under the coating because the substrate has not been exposed to
corrosive elements such as salt and oxygen. If the coating is subjected to an
electrolyte by immersion, accelerated salt spray, or atmospheric exposure, the
electrolyte can eventua]]y permeate the coating, reducing R_ and increasing
C.- The change in these parameters is related to water penetration into the
coating and indicates that the coating is degrading. Furthermore, electrolyte
and oxygen may penetrate to the steel substrate and initiate corrosion of the
steel substrate. At this point, the polarization resistance (R.) and
capacitance (C_) properties related to the steel corrosion rate will become
measurable. EI$ parameters, such as Rp Cp, R., and C_, can be plotted versus
time to determine how well they correlate with the rafe of deterioration and
the onset of corrosion for each coating.

Another important EIS parameter that has been used to correlate steel

corrosion is the frequency at maximum phase angle (w,, ) The frequency at
maximum phase angle 1s given by the equation:
1 R
PIN (1+E)/2 (5)
"X (C,R,) R

This equation is independent of area because the area dependence of R_ and C_,
and Rp and R, the e1ectro1yte resistance, cance! out each other. The area-
1ndependence oftu is a desirable property since the active, corroding steel
area under a coat1ng is usua11y not known. Research by G.7. Ruck et al. has

shown that for bare steel pipe in soil, w, stayed relatively constant with

106




time when the corrosion rate was low and the pipe was protected.®

However, w,, decreased two orders of magnitude when the pipe was not

protected and the corrosion rate increased. The same decreasing trend of w
can be used to determine the onset of corrosion underneath a coating., Further
details on the EIS techniqgue and the important parameters measured are given
in appendix A.

Objectives and Approach

The objectives of this task were: (1) to identify potential accelerated test
methkods that improve the evaluation of bridge coating performance and (2) to
use these methods to evaluate the corrosion resistance and weathering
performance of several coatings.

Three accelerated test procedures were identified and used to evaluate the
performance and durability of five bridge coatings: (1) a cyclic salt-spray
exposure test, (2) a test combining cyclic salt-spray exposure, a freeze/thaw
cycle, and carbon-arc, ultraviolet-1ight exposure, and (3) an electrolyte
immersion test. Four of the five coatings studied were thermally sprayed
zinc, aluminum, and zinc/aluminum, and a three-part VOC-compliant coating
system., Test panels were also cut from a bridge section removed from service
that contained a naturally weathered, red-lead primer/alkyd topcoat. In
addition to flat test panels, non-flat panels were constructed to simulate a
welded section and a bolted faying surface configuration commonly found on
bridges. EIS was performed periodically on the test panels in the immersion
experiments and before, during, and after the two cyclic tests to quantify
coating res1stance and capacitance (R, and C), po]ar1zat1on resistance and
capacitance (R and C p)s and the frequency af maximum phase angle (w,)-
Consumption ra%es of the metallic coatings and corrosion rates of the steel
substrate were calculated from R. and R Visual and photographic inspection
of the test panels were also per%ormed %efore and after testing.

Materials and Procedures

Test-Panel Preparation -

Experimenters prepared 99 coated test panels for exposure in the 3 accelerated
tests. Of these test specimens, 94 were 10.0-by 15.0-by 0.64-cm (4 by 6- by
0.25-in), ASTM A36, hot-rolled, carbon steel plates that were either grit-
blasted with a G-40 grit to a white-metal finish (SP-5), or were left with as-
received millscale. The remaining five test panels were cut from a coated
bridge section that had been taken out of service. Of the test panels, 52
contained either of 2 modifications: a welded steel support or 2 right-angle
brackets welded to the panel and attached to each other with 2 nuts and bolts
(as shown in figure 63). The non-flat geometries were used in the two cyclic
tests to simulate welded sections and bolted, faying configurations (surfaces
that are difficult to coat properly). Table 13 summarizes the test specimens
. used in the experiments. The flat panels and flat panels with the welded
steel supports were purchased from KTA-Tator Company. Additional KTA-Tator-
supplied .flat panels were modified to construct the we]ded and bolted r1ght—
angle bracket configurations.
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Figure 63. Steel test panel with. typical bridge geometries.

Table 13. Summary of experimental materials.

TEST SPECIMENS

‘Materials ASTM A36 steel plate

‘Size 10 by 15 by 0.6 cm (4 by 6 by 0.25 in)
Surface condition | White-metal grit-blast (SSPC-10), millscale
-Geometry -Flat plate

-Flat plate with welded support
-Flat plate with welded and bolted
right-angle brackets

COATING TYPES

-Red-lead primer/alkyd topcoat (naturally weathered)

‘VOC-compliant 3-layer system: organic zinc primer,
aluminum epoxy mastic
intermediate coat,

polyurethane topcoat

-Thermally sprayed zinc
‘Thermally sprayed aluminum
-Thermally sprayed 85% zinc/15% aluminum

ELECTROLYTE

-0.40% wt. ammonium sulfate
+0.05% wt. sodium chloride
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Coating Type and Application

Five coatings systems were evaluated in this task: thermally sprayed (TS)
zinc, aluminum, and 85/15 Zn/A1, a VOC-compliant coating system; and a
weathered, red-lead primer/alkyd topcoat taken from a bridge section that had
been removed from service. The VOC-compliant coating system consisted of a
three-component, zinc-filled, epoxy primer [VOC, 302 g/L (2.52 1b/gal)]; a
two-component, high-build, modified aluminum epoxy mastic intermediate coat
[VOC, 89 g/L (0.74 1b/gal)]; and a high-gloss, high-solids, aliphatic
polyurethane topcoat [VOC, 288 g/L (2.4 1b/gal)]. The bridge section
containing the red—lead primer/alkyd topcoat was obtained from the ITlinois
Department of Transportation (IDOT). Further information on the thermally
sprayed metal coatings are given in the previous task. Application of the
coatings was done following either manufacturing recommendations or standard
practices. Prior to coating, the test panels were ultrasonically cleaned in
trichloromethane to remove any grease or dirt on the surface. After coating,
thickness measurements were performed using either an Elcometer thickness
gauge or a Positector-2000 thickness gauge. Wet thickness was also measured
on the VOC-compliant coating as recommended by the manufacturer.

Linear polarization, potentiodynamic polarization, and EIS were made on ASTM
A36 carbon-steel rods that were left bare or were thermally sprayed with zinc,
aluminum, or Zn/A1. Initial consumption rates of the metallic coatings and
initial corrosion rates of the steel substrate were obtained for comparison
with values obtained from the three accelerated exposure tests. Any change in
the metallic coating consumption rate or steel corrosion rate would mean that
the metallic coating has become ineffective and that significant corrosion of
the steel is occurring.

The carbon-steel rods were grit-blasted to a white-metal finish (SSPC-10) or
left with original millscale. The electrolyte used was 0.40-percent ammonium
sulfate and 0.05-percent sodium chloride. Two, thermally sprayed coating
thicknesses were put onto the steel rods (75 pm (0.003 in) and 150 um (0.006
in)). The 75-um thickness represents a coating of minimal through-porosity
and the 150-pm thickness represents a flow-through porous coating., The
experiments were performed in triplicate and average values of R_, Cps Re» Cos
and w,,, were obtained. Coating consumption rates and steel corrosion rates
were calculated from R, and R,. The carbon-steel rods were thermally sprayed
by ASB Industries, Incorporated, Barberton, Chio.

The linear polarization and potentiodynamic polarization experiments were
carried out using the Model 342C Soft corr™ corrosion measurement system.
The system uses an EG&G Princeton Applied Research Model 273 potentiostat
driven by software in an IBM computer. The EIS measurements were performed
using the EG&G Princeton Applied Research Electrochemical Impedance System.
It consists of an EG&G ‘Model 273 potentiostat, a Schlumberger 1255 Frequency
Response Analyzer, and Model 388 software used to control the system and
acquire the data. The EIS parameters were calculated from the impedance
spectrum using the EQUIVCRT software program from EG&G. A brief overview
describing the electrochemical techniques of EIS, Tinear polarization, and
potentiodynamic polarization is given in appendix A.
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Electrolyte Preparation

The electrolyte used in the three accelerated tests contained 0.05-percent
sodium chloride and 0.40-percent ammonium sulfate, two salts commonly found in
industrial, atmospheric environments. The particular concentrations of the
salts have been used in the Mebon Prohesion salt-spray test and are
recommended by the Q-Panel Company, Cleveland, Ohio. Reagent-grade sodium
chloride and ammonium sulfate were used to make up the electrolyte for the
immersion experiments and the salt solution for the cyclic tests.

Accelerated Test Procedure Identification and Modification

Immersion Experiment. An experiment involving continuous immersion in an
electrolyte was chosen for accelerated testing because it provided a severe
environment that accelerates water penetration into the coating, a significant
failure mechanism that occurs on bridge coatings.

Immersion Test Procedure. To quantify the characteristics of the coating and
steel as the coating deteriorates in an electrolyte-saturated environment, 14
flat, coated steel specimens were exposed to an electrolyte containing 0.05-
percent sodium chloride and 0.40-percent ammonium sulfate. For each coating
and surface condition, two steel panels were used. In addition to the
laboratory-prepared samples, two test specimens were fabricated from a
weathered bridge section obtained from IDOT. Table 14 Tists the number of
immersion cells by coating type and surface condition.

Table 14. Number of test specimens for immersion experiments.

“A36 STEEL
White-Metal
Coating . Blast Millscale
Red Lead/Alkyd - 2
VOC-compliant 2 2
TS Zinc 2 2
TS Aluminum 2
TS In/Al 2
Total Number of Cells: 14

The immersion cells consisted of a 20-cm (8-in) long, 8-cm (3-in) diameter,
translucent polyvinyl chloride (PVC) pipe to which an 8-cm (3-in) PVC flange
was attached. The coated test panels were placed between the flange and
tightened with four bolts, as seen in figure 64. A rubber gasket between the
upper flange and the coated test panel prevented electrolyte Teakage from
occurring. A PVC cap was placed on top of the cell to prevent evaporation of
the electrolyte. Periodic EIS measurements were performed using a graphite
anode and a saturated calomel reference electrode (SCE) placed at the top of
the cell.

Cyclic Test I. The cyclic (Prohesion) salt-spray test was chosen for
evaluation because wet/dry cycling has been shown to correlate with outdoor
weathering exposure more realistically than the standard salt-fog test, ASTM
B117. The failure mechanism associated with wet/dry cycling is similar to

110



PVC CAP

/////’

: GRAPHITE
’ ANODE
CLEAR
PVC PIPING
FELECTROLYTE
PVC PIPE
FLANGE WITH
RUBBER GASKET
STEEL COATING
TEST PANEL
R

Figure 64. Corrosion cell used in immersion experiments.
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water/electrolyte immersion in that osmotic pressure causes water and other
ions, such as chloride and sulfate, to diffuse and concentrate in the coating
near the steel substrate. Thus, it was thought to be a good alternative test
to the immersion experiments. It was decided that a cyclic test with only the
salt spray would be run to determine whether the cyclic salt spray alone is a
good method for determining coating performance and durability.

Cyclic Test I Procedure. To quantify the characteristics of the coating and
stee] as the coating deteriorates in a wet/dry cyclic environment, 41 flat and
non-flat, steel panels coated with 4 of the 5 coatings were exposed to a
cyclic salt fog. The four coatings were the VOC-compliant coating and the
thermally sprayed zinc, aluminum, and zinc/aluminum. Two or three coated
panels for each coating and surface condition were tested for statistical
significance. Table 15 lists the number of panels for cyclic test I by
coating, surface condition, and geometry. The salt sclution used was an
electrolyte consisting of 0.05-percent sodium chloride and 0.40-percent
ammonium sulfate.

Table lé gives a summary of the cyclic experimental procedure. Before
testing, the test panels were photographed and initial EIS measurements were
run on the flat panels by placing them in an immersion cell filled with an
electrolyte of 0.40-percent ammonium sulfate and 0.05-percent sodium chloride.
The samples were then placed in the salt-fog chamber and were exposed to a
modified cyclic Prohesion salt-spray cycle for 28 d (672 h). The cycie
consisted of 1.5 h salt spray, followed by a 1-h dry cycle at 35 °C. This
differs slightly from the Prohesion cycle as given by the Q-Panel Company,
where the salt spray is for 1 h. It was observed in initial tests with the
Prohesion cycle that it took approximately 15 to 20 minutes for the chamber to
fi1l completely with salt fog. The slightly longer spray time allowed the
test samples to encounter a more evenly distributed salt spray for a full
hour. After 14 d, the flat samples were taken out and EIS measurements were
performed. After 28 d, a final EIS measurement was made on the flat panels.
A1l 41 test panels were photographed to show any changes in the coating,-and
ASTM Standard 610, Evaluating the Degree of Rusting on Painted Surfaces, was
performed.

The salt-fog chamber used in the tests was a Q-Fog Corrosion Chamber SF/MP450
manufactured by the Q-Panel Company, Cleveland, Ohio. The test panels were
placed in the salt-fog chamber on plastic Tedges that were attached to the
wall of the chamber, as recommended by the Q-Panel Company for the cyclic
test. In addition, flow rate and air pressure were periodically adjusted to
maintain an even distribution of salt spray in the chamber.

Cyclic Test II. The cyclic salt-spray, freeze/thaw, and ultraviolet-exposure
test was chosen for the same reasons as the cyclic salt-spray test; however,
it has the additional benefit of providing thermal stressing due to the
freeze/thaw cycle and elevated temperature achieved in the ultraviclet
exposure. The ultraviolet exposure also subjects the coatings to possibie
chemical breakdown of the constituents in the organic ceatings. In addition,
any water that penetrated the coating in the salt-spray portion of the cycle
would freeze in the freeze/thaw cycle and expand in volume and could cause
cracking and loss of adhesion. Also, the higher temperatures in the
ultraviolet exposure might drive off water from the coating. This continual
cycle of water penetration, expansion due to freezing, and evaporation at
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Table 15. Number of test panels for cyclic tests.

CYCLIC TEST I

White-Metal Blast Millscale
Coating Non- Non- Non- Non-
Flat | Flat Flat | Flat Flat 1 Flat 2
1 2
VOC-compliant 3 2 2 3 2 2
T-S Zinc 3 3 3 0 0 0
T~-S Aluminum 3 3 3 0 0 0
T-S In/Al 3 3 3 0 0 0
Total Number: 41 Test Panels.
CYCLIC TEST II
White-Metal Blast Millscale
Coat‘ing Non- Non- Non- Non-
Flat | Flat Flat | Flat | Flat 1 Flat 2
1 z
Red Lead/Alkyd 0 0 0 3 0 0
VOC-compiiant 3 b4 2 3 2 2
T-S Zinc 3 3 3 0 0 0
T-S Aluminum 3 3 3 0 0 0
T-S Zn/Al 3 3 3 0 0 0
Total Number: 44 Test Panels

Non-Flat 1 is flat plate with welded support from KTA-Tator.

Non-Flat 2 is flat plate with welded and bolted right-angle

brackets.
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Table 16. Summary of cyclic experiments.

‘Cyclic Salt Spray 2 h on: Ambient temperature
1 hoff: 35 °C

-Cyclic Ultravioiet 8 hon: 40 to 50 °C

Exposure 4 h off: Ambient temperature

-Freezing Cycle 20 to 24 h: -23 °C
CYCLIC TEST 1

(1) Initial EIS measurement, photographs

(2) Cyclic salt spray, 14-d exposure

(3) EIS measurement on test plates

(4) Repeat step 2 for total 28-d expasure (672 h)

(5) Final EIS measurement, visual inspection, photographs

CYCLIC TEST 2

) Initial EIS measurement, photographs
) Cyclic salt spray, 7-d exposure
) Freeze cycle, 1-d exposure
) Cyclic UV exposure, 7-d exposure
) EIS measurement on test plates
) Repeat steps 2 through 5 for total 30-d
expasure (720 h)
(7) Final EIS measurement, visual inspection, photographs

elevated temperature represents an accelerated cycie of a northern-type
exposure of rain or snow, freezing conditions, followed by drying conditions
with suniight and heating of the bridge surface.

Cyclic Test II Procedure. To quantify the characteristics of the cocating and
steel as the coating deteriorates, 44 flat and non-flat, steel panels coated
with the 5 coatings were exposed to a cyclic salt-fog, freeze/thaw cycle, and
carbon-arc-generated ultraviolet radiation. The five coatings were the VOC-
compliant coating, thermally sprayed zinc, aluminum, and zinc/aluminum, and
the weathered red-lead/alkyd topcoat. Two or three coated panels for each
coating and surface condition were tested. Table 15 lists the number of
panels for cycliic test Il by coating, surface condition, and geometry.

Table 16 gives a summary of the cyclic experimental procedure. Before
testing, the test panels were photographed and initial ELIS measurements were
run on the 18 fiat panels. The samples were then placed in the salt-fog
chamber and were exposed to the modified, cyclic, Prohesion salt-spray cycle
for 7 d (168 h). The on/off cycle time was the same as for cyclic test I.
After 7 d, the test panels were taken out and placed in a freezer. The
initial temperature was slightly above 0 °C (32 °F). The final temperature of
-23 °C (-10 °F) was reached in about 2 h and was held for 24 h. After
freezing, the samples were immediately taken out of the freezer and were
placed in the ultraviolet (UV) weatherometer. The UV exposure period was 8 h
on, 4 h off, for 7 d. The temperature in the UV weatherometer was initially
at ambient temperature, but rose to about 60 °C (120 °F) in about 1 to 2 h.
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After 7 d in the UV weatherometer, the flat panels were taken out and EIS
measurements were performed. The cycle was repeated for a total exposure of
30 d (720 h). Afterwards, the test panels were taken out and a final EIS
measurement was made on the flat panels. A1l 44 test panels were photographed
to show any changes in the coating, and ASTM Standard 1014, Evaluating the
Degree of Rusting on Painted Surfaces, was performed.

The salt-spray experiments were conducted in the Q-Fog Salt-Fog Chamber. The
UV-weathering cycle was done in an Atlas Model XW-W weatherometer that uses
Sunshine Carbon-Arc Lamps to provide the ultraviolet radiation. The freezer
used for the freeze/thaw cycle was a True Manufacturing Company Model T-23F,
0.57-m> (20-ft’) upright freezer. It was purchased from Pierce Food Service
Equipment Company, Countryside, [1Tinois.

Results and Discussion

Immersion Experiments

Immersion experiments were performed on eight thermally sprayed (TS) test
panels, four test panels coated with a VOC-compliant coating, and two test
panels cut from a weathered bridge section containing a lead (Pb) primer and
alkyd topcoat. The TS-coated test panels were immersed for 174 d, two each of
the VOC-compliant coatings were immersed for 92 and 98 d, respectively, and
the two weathered bridge sections were immersed for 72 d. Figures 65(a)
through (c) show representative EIS Nyquist plots for the TS-Zinc, Pb/Alkyd,
and VOC-compTiant coatings as a function of immersion time,

Thermally Sprayed Coatings

Figure 66(a) shows a plot of the high-frequency section of the EIS scan for a
TS-zinc-coated test panel illustrating the increase in coating resistance as
given by the increasing semicircie. The straight Tine going off of the scale
is actually a second semicircle at the Tower frequencies due to the steel
corrosion rate. The second semicircle was absent on the EIS scans for the TS-
Al- and TS-Zn/Al-coated test panels, indicating that steel corrosion was not
yet measurable on these coatings.

Figures 66(a) and 66(b) show the consumption rate of the thermally sprayed
coatings; the corrosion rate of the steel underneath the TS-zinc coating; and
W...» the frequency at maximum phase angle versus immersion time. The TS
coatings initially showed a high coating consumption rate of 102 to 635 um/yr
(4 to 25 mil/yr (mpy)), which decreased with time to approximately 25 pm/yr (1
mpy). The sacrificial coatings are actively corroding and protecting the
steel substrate. Assuming a constant consumption rate, the 300-um (4-mil)
thick coatings would be completely consumed in 12 years of electrolyte
immersion. The immersion test has accelerated the coating consumption rate
threefold, given an estimated service 1ife of 40 years for a 300-pm thermally
sprayed coating thickness.

In addition, corrosion under the thermally sprayed coatings was measurable
immediately upon immersion in the electrolyte. The EIS measurements indicated
that electrolyte penetrated through the TS-zinc coating to the steel
substrate. Initially, the corrosion rate of the steel substrate was 128 um/yr
(5 mpy), but decreased to 25 gm/yr (1 mpy) after 20 d. Though it appears that
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Figure 65. Representative EIS Nyquist plots for the immersion experiments.
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the TS-zinc coating is sufficiently protecting the steel substrate. Corrosion
of the steel under the TS-Zn/Al coatings was also not observed. The EIS scan
for the TS-Al coating, however, showed an additional diffusional element due
to ionic movement in the coating, most Tikely towards the steel substrate,
suggesting that corrosion of the steel may become measurable in a short time.

The frequency at the maximum phase angle, w,,, is plotted in figure 66(b).
The w,,, decreased with time and with decreasing consumption rate for the
thermiT]y sprayed coatings, amplifying the change from a fivefold decrease in
consumption rate to a three to four order-of-magnitude decrease in uﬁ?*' On
the other hand, w, due to the steel under the TS-zinc ceating staye
relatively constant, although the corrosion rate decreased from 128 to 25
gm/yr (5 to 1 mpy). As noted earlier, the TS-zinc is protecting the steel,
which is reflected in the relatively constant value of w,,. A significant
change in w,_, would probably not occur until the TS-zinc coating had been
consumed or was not sacrificially protecting the steel, causing the steel

corrosion rate to increase to higher values.

Pb/Alkyd and VOC-Compliant Coatings. Figure 65(b) shows EIS Nyquist plots for
the Pb/alkyd coatings as a function of immersion time. Initially, one
semicircle was observed. After 2 d of immersion, two semicircles were
measured that continually became smaller with time. The first semicircle is
representative of the Pb/alkyd coating and the second is due to the steel
substrate. Theoretically, for a weathered coating, one would expect an EIS
scan with three semicircles representing the alkyd topcoat, the lead primer,
and the steel substrate properties. However, visual observation of the test-
panel surface under jmmersion showed areas of exposed steel where significant
corrosion was occurring. This provides evidence that the second semicircle on
the EIS scan is due to steel corrosion and not to the lead primer. The
Pb/alkyd coating properties appear to be lumped together into a single
semicircle on the EIS scans and can be represented by one coating resistance.

Figure 65(c) shows EIS Nyquist plots as a function of immersion time for the
VOC-compliant coatings. One high-impedance semicircle was obtained,
indicative of a highly insulative coating. However, the high initial coating
resistance decreased after 29 d, indicating that there was an initial uptake
of electrolyte into the coating. Further changes in the coating resistance
were small, but they still indicated further electrolyte penetration into the
coating.

Figures 67(a) and (b) show the coating and polarization resistance, and w

as a function of immersion time for the Pbs/alkyd and VOC-compliant coatings.
Figure 67(a) shows coating resistance decreasing for both coatings. This is
indicative of a coating absorbing electrolyte and becoming less resistive.
However, the YOC-compliant coating is still five orders of magnitude higher in
resistance than the Pb/alkyd coating, meaning it is still insulative and
providing a barrier for moisture penetration toward the steel substrate.

Steel corrosion was not observed under the VOC-compliant coatings. On the
other hand, the Pb/alkyd coating gave a relatively low coating resistance that
continued to decrease with time, indicating that the coating had degraded. In
addition, corrosion of the steel substrate was observed from the EIS
measurements and confirmed visually. However, the polarization resistance,
Rp, appeared to be high==three orders of magnitude higher than obtained from
experiments done on bare-steel rods of known area in the same electrolyte. A
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possible reason is that R_measured on the test panels is due mostly to the
exposed steel areas. However, the total area of the test panel, including the
area covered by the Pb/alkyd coating, was used in the calculation. This area
is larger than the actual corroding steel area and would give an apparently
larger R, than the actual value. ‘

More importantly, the EIS measurements are able to distinguish between the
highly resistive VOC-coating that is beginning to degrade and the weathered
Pb/alkyd coating with corrosion of the steel occurring underneath.
Furthermore, the immersion experiments can accelerate coating degradation in a
reasonable Tength of time. Extrapolation of the VOC-compliant coating
resistance to values observed with the weathered Pb/alkyd coating give
immersion times of 350 to 500 d (1 to 1-1/2 yr). In addition, corrosion of
the steel underneath the coating would be measurable before this time. Such a
timeframe for an accelerated test is reasonable given that long-term field
exposure takes 3 to 5 years before meaningful data is obtained.

Figure 67(b) shows w as a function of immersion time for the Pb/alkyd and
VOC-compliant coatings. The w,, for the steel under the Pb/alkyd coating
shows values indicative of a significant corrosion rate, i.e., above 25 pgm/yr
(1 mpy). This confirms that the apparent polarization resistance measured is
incorrect due to the area term, On the other hand, w, for the two coatings
shows the same trend even though the coating resistances are much different in
value. This suggests that w, is a useful parameter for determining the

onset and extent of steel corrosion underneath a coating, but not necessarily
for characterizing the level of coating degradation. Fortunately, however,
coating resistance is an excellent parameter to characterize the state of the
coating. In addition, the coating capacitance can be used to further quantify
water penetration into the ccating, however it was not calculated in this
task. h

In conclusion, it appears that electrolyte immersion combined with EIS is a
good method to accelerate coating degradation and corrosion of the steel
substrate underneath. EIS measurements allow determination of the consumption
rate of sacrificial coatings, quantification of coating degradation, and
determination of the onset and extent of steel corrosion. The electrochemical
properties of coating resistance and capacitance, polarization resistance, and
w,., are good parameters that can be used to correlate the performance of
metallic and organic coatings subjected to an accelerated, corrosive
environment. Although immersion times of approximately 1 yr are needed to
ocbtain significant coating degradation, the onset of steel corresion under the

coating will occur in a much shorter time.

Cyclic Accelerated Tests. Two accelerated tests consisting of a cyclic
(Prohesion) salt-spray test (cyclic test I) and a cyclic (Prohesion) salt-
spray, freeze/thaw, and carbon-arc UV-exposure test (cyclic test II) were
performed on 85 flat and non-flat test panels coated with TS-zinc, aluminum,
and zinc/aluminum, and a VOC-compliant, coating system. Flat test panels were
also cut from a weathered bridge section taken out of service and that
contained a lead primer/alkyd topcoat coating system. The test panels were
subjected to cyclic test I for a total of 672 h, and cyclic test II for 720 h.
The salt solution used in the salt spray was an electrolyte of 0.4—percent
ammonium sulfate and 0.05-percent sodium chloride.
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In general, cyclic test I subjected the test panels to a longer saltZspray
exposure (twice as long as cyclic test II), which caused more salt solution to
penetrate into the coatings. This was especially detrimental to the
sacrificial TS coatings, which are porous, and the weathered Pb/alkyd coating
that was already naturally degraded. However, the combination of salt spray,
freeze/thaw, and UV exposure represented a more severe test that not only
allowed salt penetration from on/off cycling of the salt spray, but also
allowed chemical and mechanical breakdown of the coatings due to the
freeze/thaw and UV-exposure cycle. A longer exposure period for cyclic test
11 is recommended because it would allow a higher degree of salt penetration,
coating degradation, and possible steel corrosion to occur after several salt
spray, freeze/thaw, and UV-exposure cycles.

Non-Flat Panel Results. Figures 68(a) through (d) show representative before-
and-after photographs of the four coatings on the two non-flat test panels
subjected to cyclic testsl and II. Table 17 Tists the corrosion rating of
each coating and test panel on a scale of 1 to 10 according to the ASTM-D610
visual corrosion rating standard, with 10 representing a coating of excellent
performance and durability, and 1 indicating a coating of poor performance and
durability.

The VOC-compliant and TS-zinc coating performed the best of the four coatings,
showing excellent coating performance. The TS-zinc showed excellent
durability and the VOC-compliant coating showed better-than-average
durability. Both coatings had visual ratings of between 8 and 10, performing
well in the accelerated tests with virtually no corrosion occurring on the
surface. Some yellow staining was observed on one of the TS-zinc-coated test
panels that was due to the consumption of the zinc. However, several of the
VOC-compliant coated test panels showed several small areas of steel corrosion
on the welded bracket or the nut-and-bolt area. Though these corroded spots
were not encugh to decrease the rating significantly, they are noted because
they probably occurred due to the difficulty in uniformly coating the non-flat
area. The coating thicknesses in these areas were thinner compared to the
rest of the flat panel area. In addition, one of the VOC-compliant coated
test panels subjected to cyclic test II showed cracking along a nut and bolt
as well as on the welded bracket. The cracking was caused by the thermal
stressing from the freeze/thaw cycle and subsequent UV exposur® at elevated
temperatures and this decreased the durability rating of the coating. These
results highlight the usefulness of using non-flat test panels to rate coating
performance because such observations were not seen on the TS-zinc or VOC-
compliant coated flat test panels.

The corrosion rating for the TS-Zn/Al-coated test panels was between 5 and 6,
indicating moderate coating performance and better-than-average durability.
Although rust from the steel was not observed, the T5-Zn/Al coating showed
visible signs of consumption, with many white "pits" where corrosion of the
coating had occurred. The surface of the coating was generally rougher than
before testing, and the nut-and-bolt area showed fair amounts of coating
consumption. This made the coating aesthetically unpleasant. However,
overcoating the TS-Zn/A1 with a topcoat or a TS-polymer may solve this problem
and would alsc increase coating performance and durability.
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Before

After

(3a) Thermally sprayed aluminum, cyclic test I.

Figure 68. Before-and-after photographs of the coated, non-flat test panels
-subjected to cyclic tests I and II.
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P 3

After
(b) Thermally sprayed Zn (85%)/A1 (15%), cyclic test I.
Figure 68. Before-and-after photographs of the coated, non-flat test panels
subjected to cyclic tests I and II (continued),
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Figure 68. Before-and-after photographs of the coated, non-flat test panels
subjected to cyclic tests I and II (continued).
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Table 17. ASTM-D610 visual corrosion rating for the non-flat test panels.

Cyclic Corrosion
Coating Test Geometry Rating Comments
T-S Aluminum* I Non-Flat 1 | 3, 2, 2
I Non-Flat 2 [ 5, 5, 3*
I1 Non-Flat 1|7, 6, 1.5 | Heavy Al
II Non-Flat 2 { 8.5, 1.5, 1.5 corrosion product
T-S Zn/A1 I Non-Flat 1 |5, 5, 6
[ Non-Flat 2 [ 4, 5, 5
Il Non-Flat 1|5, 6, 6
I1 Non-Flat 2 [ 6, 5, 5
T-S Zinc* I Non-Flat 1 | 10, 10Q, 10
I Non-Flat 2 | 10, 10, 10
Il Non-Flat 1 | 10, 10, 10
[1 Non-Flat 2 | 10, 10, B Yellow staining
VOC-Compliant I Non-Flat 1 | 10, 10, 10, 1Q**
[ Non-Flat 2 | 10, 10, 10,10%*
[I Non-Flat 1 10, 9 Edge chipped
Il Non-Flat 2 10, 9 Cracking along
bolt
Non-Flat 1 is flat panel with welded support.
Non-Flat 2 is flat panel with welded and bolted right-angle brackets.
*Corrosion rating reflects coating consumption.
**One to three steel corrosion areas found on nut-and-bolt area.

The corrosion rating for TS-aluminum was the worst of the four coatings, with
a wide scatter of values between 1.5 and 8.5. C(Coating performance and
durability was moderate to poor. The poor rating was due to significant
consumption of the aluminum that caused large amounts of aluminum corrosion
deposits on the surface of the coating, as seen in figure 68(a). Steel
corrosion was also observed on the nut-and-bolt areas and at the weld and
crevice between the two right-angle brackets. As noted for the TS-In/Al, an
organic or TS-polymer overcoat might solve the problem of coating performance,
although it appears that once the overcoat is compromised, significant
consumption of the TS-aluminum coating would occur, which would further
delaminate the overcoat.

In conclusion, the TS-zinc and VOC-compliant coated non-flat test panels gave
the best coating performance and durability of the four coatings. The TS-
In/A1 coating gave moderate coating performance and better-than-average
durability; the TS-aluminum gave poor coating performance and durability. The
usefulness of the non-flat test panels in cyclic accelerated testing was
demonstrated and showed cracking of the coating and significant steel
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corrosion at the nut-and-bolt and welded bracket areas, observations that
could not have been made on flat panels alone.

Flat-Panel Results

Visual Rating. Figures 69(a) through (d) show representative before-and-after
photographs of the five coatings on the flat test panels subjected to cyclic
testsI and II. Table 18 Tlists the corrosion rating of each coating and test
panel on a scale of 1 to 10, according to the ASTM-D610 visual corrosion
rating standard.

The VOC-compliant and TS-zinc coatings performed the best of the five
coatings, showing excellent coating performance and durability. The TS-zinc
coating showed some discoloration due to zinc consumption, but steel substrate
corrosion was not observed. The VOC-compliant coatings showed no
discoloration, cracking, or rust spots on any of the test panels,

The TS-Zn/A1 and TS-aluminum coated test panels showed moderate to better-
than-average performance and durability. Alternating areas of a white
corrosion product and dark discoloration were observed on the TS-Zn/Al
coatings. Discoloration and aluminum corrosion pits were observed on the TS-
aluminum coatings. However, steel corrosion rust spots were not observed on
the test panels.

The Pb/alkyd coated test panels showed poor performance and durability of the
coating. Significant steel corrosion was observed on the surface where the
steel substrate appeared to have been exposed. However, discoloration of the
alkyd topcoat was not observed.

EIS Analysis. Figures 70(a) through (c) show the consumption rate of the

thermally sprayed coatings, the corrosion rate of the steel underneath the TS-

coatings, and w,, (the frequency at maximum phase angle) for cyclic tests I

and 1. The TS-zinc coating gave negligible consumption rates throughout

cyclic test I, as shown in figure 70(a). This corroborates with the excellent

rating given by the visual observations and indicates that salt or water has

not penetrated to the steel substrate. On the other hand, the TS-aluminum and

TS-In/Al coatings gave initial coating consumption rates of 127 to 190 pgm/yr

(5 to 8 mpy), which decreased with time to approximately 25 to 114 um/yr (1 to

4 mpy). These two sacrificial coatings are actively corroding and protecting

the steel substrate. These results are also corroborated by the visual rating

that showed significant coating consumption. In addition, steel corrosion

rates were observed for the TS-aluminum and TS-ZIn/Al after 670 h of exposure.

The corrosion rate was less than 25 um/yr (1 mpy) for the TS-Zn/Al, but was

241 pm/yr (9.5 mpy) for the TS-aluminum. Since steel corrosion was not \
observed visually on the surface of these coatings, corrosion must be
occurring under the TS-aluminum coating. Thus, the EIS measurements were able ,
to characterize the early onset of steel-substrate corrosion under the |
metallic coating before corrosion was observed visually.

Figure 70(b) shows consumption rates for the three TS coatings subjected to
cyclic test II. In this case, the TS-zinc showed fairly high consumption
rates before, during, and after the test. The TS-Zn/Al and TS-aluminum
consumption rates were much lower than the TS-zinc, but were still
significant. A1l three TS coatings are active and are protecting the steel

128



Before

After

(a) Thermally sprayed atuminum, cyclic test I.

Figure 69. Before-and-after photographs of the coated non-flat
test panels subjected to cyclic tests I and II.
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After
(b) Thermally sprayed Zn (85%)/A1 (15%), cyclic test I.

Figure 69. Before-and-after photographs of the coated non-flat
test panels subjected to cyclic tests I and II (continued).
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(c) Thermally sprayed zinc, cyclic test II.

Figure 69. Before-and-after photographs of the coated non-flat
test panels subjected to cyclic tests I and II (continued).
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After

(d) Pb/Alkyd weathered coating, cyclic test II.

Figure 69. Before-and-after photographs of the coated non-flat
test panels subjected to cyclic tests I and II (continued).
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Consumption rate of coating and

corrosion rate of steel, mpy

Table 18. ASTM visual corrosion rating for the flat test panels.
!“WMI
Coating Cyclic Corrosion Rating
Test
T-5 Aluminum 1 6, 8, 8
11 9, 8, 8
T-S In/Al I 7, 8, 8
I1 7, 7, 8
T-S Zinc 1 10, 10, 10
11 10, 10, 10
Pb/Alkyd 11 2, 2,3
VOC-Compliant I 10, 10, 10, 10, 10,10
I1
10, lo, 10, 10, 10,10
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—¥— Steel Under TS-Zn/Al
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(a) Consumption rate of the coating and corrosion
rate of the steel, cyclic test I.

Figure 70. Electrochemical parameters for the thermally
sprayed coatings in the cyclic tests.
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Figure 70. Electrochemical parameters for the thermally
sprayed coatings in the cyclic tests (continued).
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substrate underneath. Steel corrosion rates were not observed for the test
panels in cyclic test II, however. As noted earlier, the salt-spray exposure
time is half of the cyclic test, or 360 h. Increasing the total exposure time
of cyclic test II would provide a longer salt-spray exposure that when coupled
with freeze/thaw cycling and UV exposure, would accelerate the onset of
corrosion under the coatings.

Figure 70(c) shows w, . for the three TS coatings subjected to cyclic tests]
and II. In general, the Tow values of w_  indicate active, corroding metals.
The values also agree with the results from the immersion experiments that
showed similar consumption rates and values of w,,. As noted earlier, w .
appears to be a sensitive indicator of the consumption rates of the TS
coatings. In addition, the onset of steel corrosion was observed by EIS in
approximately 670 h of accelerated exposure time. Increasing the total
exposure time to 1400 h (2 mo) would be sufficient to further quantify steel
corrosion underneath the coatings and determine how long the TS coatings can

adequately protect the steel substrate.

The coating resistance, polarization resistance, and w . for the VOC-
compliant coating subjected to cyclic testsI and II are given in figures 71(a)
and (b). The coating resistance was high for all of the test panels, but
decreased by two to three orders of magnitude for several of the test panels,
Electrolyte penetration into the coating was occurring, but there did not
appear to be any trend for surface condition or accelerated test method. 1In
addition, a test panel with a millscale surface subjected to cyclic test II
showed measurable steel corrosion underneath the coating, even though
corrosion was not observed visually. Thus, it is necessary to measure the
onset of steel corrosion underneath organic coatings before it is visually
seen. Still, a Tonger exposure period is needed to further validate steel
corrosion and coating degradation. Extrapolation of the coating resistance
for two of the test panels showed that a total exposure time of 1500 to 1900 h
(2 to 2-1/2 mo) would be needed to reduce the coating resistance to values
similar to a degraded coating.

EIS was able to reduce the coating resistance to values similar to a degraded
coating. Steel corrosion underneath the coating would be initiated as well in
that time period.

Figure 71(b) shows w . for the VOC-compliant coatings subjected to cyclic
testsI and I1. The w_, due to the coating decreased two orders of magnitude
for the test panels sJBjected to cyclic test I, following the trend of
decreasing coating resistance and indicating that the electrolyte is
penetrating the coating. The w, due to steel corrosion on a coated panel
with a millscale steel surface was low, indicating that significant corrosion
was occurring underneath the coating. A coated test panel with a grit-blasted
surface gave a measurable w,_  due to steel corrosion after testing, which

suggests that the onset of corrosion occurred sometime between 360 and 720 h
of exposure time.
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Conclusions and Recommendations

Based on the research performed in this task, it can be concluded that:

* The cyclic exposure tests and immersion experiments combined with EIS
measurements provide an early indication of coating degradation, degree
of water penetration, and the onset of steel corrosion underneath a
coating before it is visually seen in a relatively short period of
time.

EIS measurements performed on the flat test panels in the cyclic salt-fog
test, the cyclic salt-fog, freeze-thaw, and UVY-exposure test, and the
immersion experiments allow determination of the consumption rate of
sacrificial coatings, quantification of coating degradation, and determination
of the onset and extent of steel corrosion, after 1 mo of cyclic exposure and
3 to 6 mo of immersion. EIS was able to distinguish between the highly
resistive VOC-compliant coatings that were beginning to degrade and the
weathered Pb/alkyd coating with corrosion of the steel substrate underneath.
Estimates made from the change in coating resistance and frequency at maximum
phase angle with exposure period indicate that cyclic tests of 1400 to 1900 h
(2 to 3 mo) and immersion experiments of 12 to 18 mo should provide further
verification of coating degradation and steel-substrate corrosion. These
measurements can then be correlated with EIS measurements performed on similar
coatings subjected to long-term, outdoor exposure to further validate
prediction of long-term coating degradation and failure with these methods.

* The TS-zinc and VOC-compiiant coatings showed excellent coating
performance and durability on the flat test panels. The TS-Al and TS-
In/A1 coatings gave moderate to better-than-average results, and the
naturally weathered Pb/aikyd coating gave poor results,

The TS-zinc and VOC-compliant coatings performed well in the three accelerated
tests, with no visible corrosion of the steel substrate. However, the coating
resistance for the VOC-compliant coating decreased with exposure time,
indicating that the electrolyte was penetrating into the coating. Corrosion
of the steel was aiso evident from the EIS measurements, but was not observed
visually. The TS-zinc coating showed a significant consumption rate. Steel
corrosion was not observed visually or by EIS measurements confirming that the
TS-zinc was adequately protecting the steel substrate.

The TS-aluminum and the TS-Zn/AT coatings gave moderate coating performance
and durability. Strongly adhered corrosion deposits on the coating surface
provided evidence of aluminum consumption for the test panels subjected to 1
mo of cyclic salt-fog exposure. Corrosion of the steel substrate was
. measurable on both coatings, even though it was not observed visually.

The weathered bridge section with the Pb primer/alkyd topcoat performed the
worst of the five coatings. The coating resistance was lTow and steel
corrosion was evident visually and from the £IS measurements. The results
provide a baseline for a weathered coating further subjected to accelerated
weathering. The changes in the EIS parameters due to accelerated testing can
be compared with EIS parameters of coatings still in service to identify their
state of coating degradation and possibly to predict future degradation and
failure.
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* The TS-zinc and VOC-compliant coatings gave better-than-average to
excellent coating performance and durability on the non-flat panels
containing welded and bolted brackets. The TS-In/Al gave moderate
coating performance and the TS-Al showed poor results.

Modifying the flat test panel to include a nut and bolt and a welded bracket
allowed coating performance and durability to be simulated on non-flat areas
of a bridge, such as overlapping joints and welded supports. Rust spots and
cracking were observed on the nut-and-bolt area and on the edges of the welded
brackets, whereas the flat sections of the panels were usually corrosion-free.
The TS-zinc and VOC-compliant coatings gave the best performance, with visual
ratings of 8 to 10 observed on the test panels. Cracking of the coating and
evidence of steel-substrate corrosion at the nut-and-bolt area were observed
for the VOC-compliant coated test panels subjected to the cyclic salt-fog,
freeze-thaw, and UV-exposure test. Thermal stresses appear to have been
sufficient to cause coating delamination. The TS-Zn/Al gave moderate coating
performance and better-than-average durability. White pits of corrosion
products and roughness of the surface due to coating consumption were
observed. The TS-aluminum coating gave poor coating performance and
durability, with considerable amounts of aluminum corrosion deposit seen and
stee] corrosion observed due to aluminum consumption on the nut-and-bolt areas
of the panel.

Based on the conclusions from this task, the following recommendations for
future work are given:

*  Perform additional experiments using-a longer cyclic exposure and
immersion period.

Based on estimates from the EIS parameters, a longer cyclic exposure and
immersion period would further verify coating degradation and the onset of
substrate corrosion. The experiments should also include additicnal analysis
on the coated test panels, such as optical and surface analysis, to provide
supplementary evidence of coating degradation. In addition, further
refinement of the accelerated tests can be accomplished by performing serial
experiments. Test panels will be taken out periodically and analyzed to
determine the shortest exposure period needed to determine coating degradation
and failure.

*  Conduct accelerated experiments on additional thermally sprayed and
organic coatings.

In addition to the TS-zinc, TS-aluminum, and TS-Zn/Al1, a combination of
thermally sprayed metal and polymer should be investigated using the
accelerated tests. Such a coating system would typically be used on a bridge,
since it combines the sacrificial properties of the metallic coatings with the
barrier characteristics of the polymer. In addition, other VOC-compliant

- organic coatings should also be studied to quantify their coating degradation
characteristics and to determine whether the onset of steel corrosion can be
predicted. '

*  Conduct EIS measurements on field-exposure test panels and on coated

steel bridges to evaluate the viability of field EIS measurements and
their correlation with cyclic accelerated tests.
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EIS measurements taken on coated test panels subjected to lTong-term outdoor
exposure as well as measurements taken on coating systems presently applied to
steel bridges and in various states of degradation, should be performed. Such
measurements would allow the investigation of the viability of field EIS
measurements and the determination of whether results from cyclic accelerated
tests can be correlated with field-obtained EIS parameters such as coating
resistance, polarization resistance, and w,, (the frequency at maximum phase
angle).
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CHAPTER 7: TASK F - PRODUCTIVITY IMPROYEMENT

Introduction

The objective of this task was to apply state-of-the-art technology with the
goal of improving productivity and enhancing quality control. After
discussions with various DOT's, contractors, consultants, and paint suppliers,
it was determined that the application of sensors to the maintenance, repair,
and replacement of coating systems offered an immediate opportunity to improve
productivity through increased performance of coating systems. Although
estimates vary, it is believed that over 70 percent of coating-system failures
are the result of improper surface preparation or poor coating application
techniques. It is apparent that improvements in quality control of the
painting application process would reduce coating failures. In addition, it
would also have a major impact on the reduction of life-cycle costs for the
bridge maintenance system through increased durability of a quality paint
application. This chapter presents brief discussions of several techniques,
including both monochrome and color-visible techniques as well as near-
infrared imaging. The increased availability of low-cost digital imaging
devices coupled with the availability of rugged lTow-cost powerful computers
make these technigues practical for their application in the field. The
utilization of sophisticated signal-processing techniques will allow these
imaging devices to provide easily interpreted results that can be generated by
inspection personnel with minimal technical training.

The technigues described below are global in nature, allowing inspection of
significant areas of the bridge structure. They have the potential to provide
a quantifiable assessment of the quality of the paint prior to surface
preparation and, subsequently, the quality of the application of the paint
system. Finally, the examples presented are the results of application of the
techniques in the laboratory on coated steel panels and work in the field.

Degree of Surface Rusting

ASTM has developed a standard method for the evaluation of the degree of
rusting on painted steel surfaces.'® A scale of rust grades ranging from

0 to 10 that correspond: to 100-percent rust for grade 0, and no rust or less
the 0.01 percent of surface rusted for grade 10. The following photographic
standards—labeled 4, 6, 8, and 9, which correspond to 10-, 1-,
0.1-, and 0.03-percent rust, respectively, were used in this study. The
application of this standard requires that the inspector judge the rust grade
by visual comparison of the actual bridge with these standards. It is
relatively simple to apply image-processing techniques to a digitally recorded
image of the surface and quantitatively measure percentage of rusting. This
concept was explored using a monochrome digital camera to record the images of
the photographic standards discussed above. The application of 'a simple
threshold (assigning 0 or 1 based on gray scale) followed by a count of
picture elements (pixels) could be used to quantitatively measure percentage
of rust. The primary difficulty with this method is the sensitivity, where a
shift in threshold results from shifts in the gray scale of the obtained
image. A better approach would be to compute the contour of each rusty point
and then measure its size, followed by a total count of the contoured areas.
This approach tends to be more tolerant to gray scale variations. An example
of the results obtained using the Steel
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Structures Painting Council (SSPC) photographic standards as test samples is
shown in figures 72 through 75. A contouring algorithm was used to compute
the percentage of rust in an area and the corresponding rust grade is
automatically printed in the upper left-hand of the recorded image. This
approach can be ‘made to easily sort the photographic standards. After
calibration to the ASTM D610-85 photographs, verification of the technique was
performed on actual steel panels used as an equivalent Naticnal Association of
Corrosion Engineers (NACE) standard. How well it will function on actual
bridge areas where the contrast and the recorded gray scales may not be as
good as these photographic standards needs to be determined. This technique
needs to be applied to actual bridge surfaces or pieces of bridges where
comparison to manually measured rusted area can be performed. Tests of this
type would allow evaluation of performance under conditions that include aged
or faded paint, dark colors, and surface contaminants such as grease or dirt
stains. Tests also need to be performed under typical field conditions to
determine minimum 1ighting requirements.

Evaluation of Blast-Cleaned Surface

The degree of cleanliness of a steel surface prior to paint application is
critical to the durability of the paint. This quality in the maintenance
painting process is frequently not maintained. A means of objectively
evaluating the blasted surface prior to painting would be a valuable aid in
improving the quality control of the process. Current practice makes use of
the visual degree of cleanliness standard.!"” Ultimate responsibility lies
with the inspectors and is critically dependent on their skills and
dedication. If a paint failure occurs, there is no traceable data other than
what has been documented by the inspector. A stored digital image should be
capable of providing a quantitative real-time and permanent record of the
surface condition. The simple monochrome techniques described previously may
have differentiation problems associated with the subtleties of the cleaned
surface. A technique based on color measurement would be more applicable. An
example of this approach can be seen in figures 76 through 78.  These
histograms show the distribution of pixel values for the red, blue, and green
elements of images recorded from the A SP-10 and A SP-5 standard photographs
of blast-cleaned surfaces. The vertical axis in the fiqures represents the
number of pixels that have a specific value (intensity). The x-axis
represents intensity with 0 being black and 300 saturation. The histograms of
the A SP-10 and A SP-5 standards show that the centers of the distributions
are distinctly shifted for each color component. Furthermore, the green
component, figure 78, shows a clear difference between the peaks of the
distributions for the two test samples. These results show that color
measurements have promise for detecting subtle differences in cleaned
surfaces. The approach should also allow the percentage of rust to be
measurable despite the presence of paints having similar coloring.

Quantitative Measurement of Damaged Area

A visual evaluation procedure has been developed (based on the red/green/blue
techniques described above) and tested that can determine the percentage of
rusted and/or damaged paint. In this procedure, the image is acquired by use
of a color CCD camera (figure 79). The recorded images are enhanced by state-
of-the-art techniques pioneered by NASA and the military. These techniques
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Figure 72. Results of image analysis of standard for rust
grade 9 (0.03-percent rust).

Figure 73. Results of image analysis of standard for rust
grade 8 (.0l-percent rust).
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Figure 74. Results of image analysis of standard for rust
grade 6 (l-percent rust).
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Figure 75. Results of image analysis of standard for rust
grade 4 (10-percent rust).
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Figure 79. Schematic of color CCD camera system to measure damaged area.
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have been integrated into a software package designed to assess the percentage
of damaged area in real time.

All image pixels that have values that are lTower than a selected threshold are
considered representative of damaged area and are assigned a value of 1. The
remaining image pixels that have values that are greater than or equal to the
threshold value are assigned the value of 0. The resulting binary image shows
the damaged area of the original image. The percentage of damaged area is
calculated by first counting the number of pixels that have a value of 1 and
then dividing that sum by the total number of pixels. A portion of a girder
(figure 80) from the IDOT storage yard was used to evaluate the technique and
the results are shown in figure 81.

Infrared Thermography

Introduction

As demonstrated above, visual techniques can quantify damaged areas within the
visible spectrum. However, the ability to detect delaminations, voids, and
other non-visual phenomena requires a technique to monitor an expanded
electromagnetic spectrum. One such technique is thermography. Infrared
{thermal) imaging is often referred to as thermography, an optical technique
for remote detection of a scene's thermal radiation. Physically, it is based
on thermal radiation laws and technically, it is similar to infrared
thermometry. A completely non-invasive technique, it does not require any
contact with an object and can be used to measure the temperature distribution
of remote or moving targets. Various ranges of spectral response and optical
configuration gives this technique a considerable level of flexibility in
adapting it to a wide spectrum of applications. It is a unique tool for
measurement, visualization, and analysis of various steady-state and transient
heat-transfer phenomena. Analysis of the emissive and heat-transfer properties
.often provides a unigque "signature" of various physical structures, processes,
or objects. These capabilities have made infrared thermography an
indispensable diagnostic tool for variety of industrial, military, and
scientific applications, including materials non-destructive evaluation;
aerial and vehicle-based testing of structures and buildings; and online
inspection and non-destructive testing of electrical installations and
nuclear, chemical, and petrochemical industrial complexes. In many of
applications, infrared imaging allows early detection and quantitative
diagnostic analysis of faults and failures of structures and materials, thus
making feasible establishment of preventive maintenance scheduling.

In the last few years, applications of infrared thermography have been even
further broadened due to immense developments and enhancements in the field of
infrared sensing, image acquisition, and computer-processing hardware,

Disbondment of Existing Paint Systems

The evaluation of the strength of the bond of paint and the identification of
delaminations and voids present a complex problem. Spot measurements may be
made by using magnetic dry film thickness gauges to assess the thickness of
the original paint system. Similarly, the determination of its bond strength
may be made by using one of several standard tests. The basic problem is that
these tests give a reading only at the point of measurement with no given

149



*juied pabewep BuLmoys uo|3d59s JapdLb jo ydeuaboioyd <08 @4nb6L4

-

150



‘eaJde pobeuwep pajeind|e) ‘rg o4nbld

%05 vZ=vosy abowng

151



assurances that they are an accurate gauge of any zone or of the entire
structure. The need exists for a global method that will detect the
differences in the bond condition of the overall surface and direct the
inspector to suspicious areas where additional point measurements can be made
of the coating bond strength. In this case, thermography makes use of the
fact that the bond strength affects the heat-transfer properties of the
insulating paint bonded to a conductive substrate. This technique involves
applying heat or cooling to the surface, either in the form of a continuous
source or as a transient pulse, and observing differences in temperature from
one Jocation to another with an infrared sensor as the surface either heats up
or cools down. The choice of heat source depends on a combination of
conditions, including ambient temperature and the heat-transfer properties of
the coating and the substrate. On a bridge, the heat source might be a heat
lamp, torch, or flash Tamp. One interesting possibility would be to use the
thermal gradients resulting from solar heating. In this case, observations
would be made either during sunrise or sunset on the areas of the bridge that
are of interest. An imaging infrared sensor weould allow temperature
differences to be mapped. Hot areas, where the cooling rates were slower,
would indicate areas of poor bond strength. These areas could be marked for
later reference and review. An important factor to keep in mind with this
technique is that absolute measurements are not required and only temperature
gradients are required to pinpoint suspicious areas.

Thermal-wave imaging was evaluated to determine its ability to detect debonded
paint areas. The thermographic system is schematically represented in figure
82 and is employed not only as an infrared sensor, but also as a high-
resclution color camera. The camera is used to identify an area and act as a
reference for the thermographic image. The panels used in this evaluation
were obtained from a bridge girder supplied by IDOT. The surfaces were in a
bad state of degradation. Figure 83 shows a typical sample area. As can be
seen, there are areas of bare metal, rust, millscale and blister, and intact
original paint. After the panel was heated, the image was obtained and
enhanced by computer software. The areas of damaged and delaminated paint are
easily seen (white and light shaded areas (figure 84)). In the preceding
example, a continuous heat source was employed. However, if it had been
replaced by a pulsed source and the gradient of heat flux was monitored, it
would be possible to identify and differentiate between voids and
delaminations and also to determine relative bond strengths.

Conclusion _and Recommendations

Preliminary evaluation has demonstrated the applicability of digital image
analysis for paint inspection, including distinguishing and measuring of
damaged paint areas. Image texture and color information were successfully
used for evaluation of the damaged area, and the results have shown the
sensitivities of color image features to certain paint characteristics. The
image analysis technique based on accurate color image acquisition can be a
useful and effective tool for laboratory as well as field paint assessment and
can provide a permanent record of the results. However, it is essential to
apply the knowledge of paint experts to the analysis of color images, and
additional work with a greater number of paint samples is needed in order to
establish consistent correlations between color image features and paint
characteristics.
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APPENDIX A: DESCRIPTION OF ELECTROCHEMICAL TECHNIQUES

Given below is a short description of the three electrochemical techniques
utilized in this study: electrochemical impedance spectroscopy (EIS}, linear
polarization, and potentjodynamic polarization.

Electrochemical Impedance Spectroscopy

EIS is a technique where a small amplitude signal, usually a voltage between 5
to 50 mV, is applied to a specimen over a range of frequencies. Normally for
corrosion systems, the frequency range is 0.001 Hz to 100,000 Hz, since most
of the relevant information regarding the corrosion reaction occurs over this
range. The EIS instrumentation records the real (resistive) and imaginary
(capacitive) components of the impedance response of the system, 7' and Z",
respectively. Figure 85(a) shows an idealized Nyquist plot for a metal coated
with a porous coating. The high-frequency 1imit on the left side of the plot
gives the ohmic resistance of the electrolyte, R.. At Tower frequencies, two
semicircles representing the corrosion reaction at the metal/electrolyte
interface can be seen. One represents the coating resistance and capacitance,
R. and C_, and the other represents the polarization resistance and
capac1tance, R, and C, At even lower frequencies, a straight line is
sometimes observed that is related to the mass transfer resistance (Zy) of
the process. In the case of a coated metal surface, this parameter is related
to the diffusion of electrolyte through the coating. Thus, from one
experiment, relevant physical characteristics of a corrosion system (such as
coated steel) can be found.

An important part of the EIS analysis is to create an "equivalent circuit" of"
the system using resistors and capacitors in series and in parallel. The
physical behavior of the corrosion system can be simulated and quantified with-
this circuit to gain insight into the important processes of the corrosion
system. Figure 85(b) shows an equivalent circuit simulating the ideal Nyquist
plot for the metal coated with a porous coating shown in figure 85(a).

The EIS spectrum can also be presented in the Bode plot form, which gives the
logarithm of the impedance,{Z|, and the phase angle, ¢, versus the logarithm
of frequency. Figure 86(c) shows an idealized Bode plot for a metal coated
with a porous coating. The Bode plot is useful when determining the frequency
at maximum phase angle, w ., because the maximum phase angle is immediately
apparent on the plot. In the case of a metal with a porous coating, there are
two maxima, one representative of the coating and the other representative of
the corrosion reaction. The change in frequency at maximum phase angle can
then be followed as ‘'the coating degrades and corrosion begins to occur.

Linear Polarization

Linear polarization is a well-established electrochemical technique where a
potential scan of 20 mV, positive and negative, of the free-corrosion
potential (the open-circuit potential) is imposed on a metal sample and the
current is recorded. The current/potential relationship is linear in this
voltage range, and the slope (AE/Ai) is the polarizatiecn resistance (R)).
Polarization resistance is defined as the resistance of the metal to oxidation
during the application of an external potential. The corrosion rate is
directly related to Rp and can be calculated from it by knowing the anodic and
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Figure 85. Some elements of electrochemical
impedance spectroscopy.

158



[Z|, Impedance L

Phase Angle,
Degrees

Ce

Frequency, (Hz)

‘Maximum Phase Angle Maximum Phase Angle

from Rp, Cp from Re, Cc

Frequency @ Maxim
Phase Angle

Frequency, (Hz)

(c) Idealized Bode plot.

Figure 85. Some elements of electrochemical
impedance spectroscopy {continued).

159




cathodic Tafel slopes, which can be obtained from potentiodynamic polarization
measurements. The equation for calculating the corrosion rate is:

0.13(E.W.) B.B.
Ad 2.3R, (P, +B.)

(6)

CorrosicnkRate=

where E.W. is the equivalent weight of the metal, A is the area, d is the
metal density, and B8, and B_ are the anodic and cathodic Tafel slopes,
respectively.
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Figure 86. Representative potentiodynamic polarization
scan for mild-steel rod in electrolyte.

Potentiodynamic Polarization

Potentiodynamic polarization is a well-established electrochemical technique
where a potential scan of 250 mV, positive and negative, of the free-corrosion
potential is imposed on a metal sample and the current is recorded. The
current in this potential range varies logarithmically with potential. Figure
86 shows a typical potentiodynamic polarization scan for a mild steel rod in
electrolyte. The Tafel slopes of the anodic and cathodic reactions are
obtained from the linear portions of the scan and together with the corrosion
current, i _ ., the corrosion rate can be calculated. The corrosion current
is obtained from the plot where the two slopes join, which is at the free-
corrosion potential. In addition, the anodic and cathodic Tafel slopes can be
used with R_, obtained from Tinear polarization, and a corrosion rate can also
be calculated.
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