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ABSTRACT

The purpose of this study was to evaluate the
relationship between plating thickness and corrosion
resistance of zinc coated medium carbon steel bolts under
salt spray moisture conditions. Two types of zinc coatings
were chosen for the study: the clear chromate zinc and the
vellow dichromate zinc. One hundred and eighty 3/8-16 x 5
3/4 inch medium carbon steel bolts were selected for the
test and divided into groups of 18. Two types of salt
solution were used in the study: the low salt and the high
salt. Bolts with various coatings tested with low salt
concentration were composed of groups of 18 with different
coating conditions. Bolts with various coatings and tested
with high salt concentration solution were composed of
groups of 18 each.

An electronic balance was used to take the weight
before and after for each sample tested. An electronic
thickness tester was also used to measure the thickness
before and after for each sample. The hypothesis was
supported when P-value of the overall test was less than the
set alpha value.

The percentage weight loss, thickness loss, and the
analysis of variance or ANOVA were the statistics used to

interpret the results of the test.
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The conclusions drawn from these tests were:

1. Medium carbon steel bolts plated electrolytically
with yellow dichromate zinc were more corrosion resistant
than the ones plated with clear chromate zinc.

2. The yellow dichromate zinc appeared to be more
protective than the clear chromate zinc.

3. Bolt coatings should be at least 0.0002" thick to
guarantee a minimum protection on medium carbon steel bolts.

4. Yellow dichromate zinc was chosen to be the best
coating on medium carbon bolts.

5. The clear chromate zinc does not provide a good
protection for medium carbon bolts beyond 60 hours in the
fog chamber of the salt spray apparatus.

Based on the findings of this study, the following
suggestions were made:

1. Manufacturers should be aware of some geographical
locations with high moisture content and high pollution in
the atmosphere and provide thicker coating for fasteners
used in their products.

2. Manufacturers should try to coat bolts with yellow
dichromate zinc.

3. Manufactured products going to the ultra-dry desert
climate of Nevada and Arizona could use fasteners coated

with clear chromate zinc provided they are at least 0.0003"

thick.
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CHAPTER 1
INTRODUCTION

Metals play a very important role in the manufacturing
of fasteners. Steel is the most widely used metal in making
fasteners. According to Brandt (1992), steel is a material
composed primarily of iron. He noted that most steel
contains more than 90 percent iron. Steel is classified as
either carbon steel or alloy steel (Pollack, 1988).

Carbon steel comprises by far the largest tonnage of
all steels. It contains less alloys and less expensive
ingredients. Carbon steel according to (Pollack, 1988) can
be broken down into low carbon, medium carbon, and high

carbon steel. It is noted in the Industrial Fasteners

Institute Book that most fasteners are manufactured using

carbon steel. This is due to the fact that steel has
excellent workability; it offers the broadest range of
attainable combinations of strength properties, and most of
all, in comparison with other commonly used fastener
materials, it is inexpensive. The type of steel used in
this research was medium carbon steel.

Medium carbon steels are heat treatable, which means
that through metallurgical treatments the tensile strength
of the fastener after processing can be significantly
greater than that of its original raw material. Since

products made out of steel need to be protected from
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corrosion, medium-carbon-steel bolts coated by electroplated.
zinc were chosen for this study.

According to Zaki (1988), zinc is more corrosive
resistant than steel is. Hence, it is used extensively as a
type of coating to protect steel components from premature
failure. Groshart (1986) stated that 40% of all zinc used
in the United States of America is for coating purposes.
Zinc usage far exceeds any other metallic coating. Groshart
also noted that zinc is anodic to steel in the atmosphere
and in both salt water and fresh water. He also stated that
zinc can be applied as a bright, decorative coating
resembling chromium, but when exposed to relative
humidities, the unprotected zinc surface forms oxides,
hydroxides, and carbonates which will cause it to become
dull. He added that zinc can also be colored not only by
standard chromate conversion coatings (used for the
corrosive protection of the zinc) that provide golden, olive
drab, and black colors. Also, by adding commercial dyes to
the conversion coatings, blue, green, and red colors can be
provided.

This form of coating can be achieved through a method
called electroplating. According to Moniz (1992, p. 435)
electroplating (electrodeposition) is a process for
depositing (plating) a thin layer of metal (zinc) on the

surface of another metal such as steel by immersing the
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fasteners in a plating bath and running current through
them. 2Zinc travels through the electrolytic bath from the
zinc anodes and attaches to the surface of the fasteners
being plated. Electroplating is used to improve corrosion
or wear resistance, increase surface hardness and provide an
attractive appearance.

The corrosion protection of zinc plating is measured by
a standardized ASTM test method called salt spray testing.
Salt spray corrosion testing is done in an environmentally
controlled chamber at 95 degrees Fahrenheit with continuous
exposure to a 5% sodium chloride solution by means of an
atomized fog of salt solution within the chamber. For
chromated surfaces, the time in the chamber necessary to
cause the chromate coating to fail and allow zinc corrosion
(white and red corrosion products) is measured. 1In
accordance to ASTM specifications, a clear chromate must
pass 12 hours, and a yellow/bronze chromate must pass 96
hours without the appearance of white corrosion product.
Accelerative corrosion in the laboratory equates a 24-hour
exposure in the fog chamber to a one-year natural exposure.
Since climates vary from one region to another, these
estimations were adopted by the National Association of
Corrosion Engineers (Atkinson & Van Droffelaar, 1982).

In addition to the protection of the chromate, the zinc

plating will protect about 18 hours per .0001" thickness.
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Salt spray test results provide a method of comparison
testing of coatings in a controlled environment, but does
not directly predict corrosion protection in real world
conditions or under different conditions.

As the fight against corrosion is taking place in many
industries in different forms, zinc electroplating appears
to be the most prevalent as far as fasteners are concerned.

According to Groshart (1986), when stress corrosion
occurs in a metal, it can fail at a load level far below its
load carrying capability. Most often the corrosion is not
visible or even suspected until the failure occurs. Looking
at corrosion in fasteners, Bickford (1988) stated that
corroded parts of a joint can cause serious damage to
expensive equipment. Moreover, Raymond (1992) stated that
corrosion associated with fracture of a stressed component
usually involves an incubation period during which a pit
develops and leads to the formation of a crack and a period
during which a crack grows to a critical size. This failure
mechanism, defined as stress corrosion cracking (SCC) is
known to be costly in dollar terms to industries worldwide.
It appears that this problem can be alleviated if fasteners
get better coatings.

This study was focused on the corrosive effects of salt
spray test on zinc plated mechanical fasteners. A case of
clear zinc chromate and the yellow dichromate zinc were

investigated. It is generally expected that thicker
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coatings, especially the yellow dichromate zinc coating,
would provide the bolts with a better corrosion resistance.
Such findings regarding the use of mechanical fasteners in
industries as well as in households would contribute to some
existing technical literature. As stated by Brandt (1992),
carbon steel fasteners constitute 90% of all fasteners used
in industries. Results of this research may contribute to
equipment failure prevention and better choice of coating

for these types of fasteners.

Statement of the Problem

Corrosion of steel fasteners under industrial use such
as conditions where parts vibrate, through stress and strain
can lead to equipment, structural, and machine failure due
to stress corrosion; this can be costly and even cause
injuries. The problem of this study consisted of two parts:

1. To investigate the corrosive effects of salt spray
on two types of zinc coated medium carbon steel bolts.

2. To determine the corrosive effects of yellow
dichromate zinc coated medium carbon steel bolts under salt
spray moisture conditions and their resistance to red
corrosion products.

Purpose of the Study

The main purpose of this investigation was to evaluate
the relationship between plating thickness and corrosion
resistance of zinc coated medium carbon steel bolts under

salt spray moisture conditions.
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Statement of Need

In today's modern industries, more than 200 billion
fasteners are produced each year (Fasteners, 1984). These
fasteners are used in automotive industries, aircraft,
aerospace, non-electric machinery, road and farm equipment,
construction, electrical equipment, appliances, computers,
office equipment, telecommunications, etc. All together,
these industries represent more than 30% of the consumption
in terms of both dollars and percentage volume in the United
States (Fasteners). Additionally, Atkinson and Van
Droffelaar (1982) noted that corroded parts, especially
fasteners, are known to cause disasters, thereby costing
companies not only human lives but also millions of dollars.
As an example, Atkinson and Van Droffelaar stated that a
corroded part caused a blast furnace to blow up in Europe.
Corrosion is like a cancer on metals; it is not predictable.
Uhlig and Revie (1985) defined it as "the destructive attack
of a metal by chemicals or electrochemical reaction with its
environment" (p. 12). They stated that a better protection
of metals, especially fasteners, could bring about
improvements in three areas:

1. The first area of improvement would be economic and
reflected in direct and indirect losses. The direct losses
would be the costs of replacing damaged equipment due to the

failure of a corroded bolt. The long wait for an ordered

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



part costs companies money indirectly. Uhlig and Revie
(1985) estimated the total costs of combined losses at $70
billion per year or 4.2% of the gross national product each
year in the United States. Donovan (1986), in his
assessment of the costs associated with direct losses to
corrosion, asserted that approximately 3 to 4% of the GNP is
spent to solve this problem.

2. Better coatings on fasteners can improve the safety
of operating equipment. This would provide better
attachment on industrial machinery, airplanes, tractors, and
automobiles (Uhlig & Revie, 1985).

3. Coated fasteners can also preserve the longevity of
equipment. A corroded bolt can loosen the attachment or
part and cause vibration on equipment, thereby causing a

breakdown.

Research Hypothesis

The research hypothesis for this study was as follows:
The null hypothesis (H,) which stated that there is no
correlation between plating thickness and corrosion
resistance of medium carbon steel bolts.
The alternative hypothesis (H,) which stated that there is a
correlation between plating thickness and corrosion
resistance of medium carbon steel bolts.

Since most specific inquiries were necessary beyond the
significance of the hypothesis test, the following research

questions for this study were investigated:
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1. 1Is coating correlated to corrosion resistance of
fasteners?

2. Is clear chromate coating more protective than the
yellow dichromate coating on fasteners?

3. 1In a salt spray test, does higher concentration of
salt cause more corrosion on parts?

4. What is the effect of coating thickness on the
corrosion resistance of zinc coated medium carbon steel
bolts?

5. What is the appropriate coating thickness for
medium carbon steel bolts?

After these research questions, the researcher looked at the
assumptions under which this study would be done.

Assumptions

The assumptions for this investigation were as follows:

1. TIf left unprotected, fasteners made of medium
carbon steel would corrode and cause equipment failure.

2. The degree of humidity in the fog chamber of a salt
spray test is similar to that of most coastal regions of the
United States of America.

3. All the bolts used in this study had similar
composition. (See Figure 1 for a hex head cap partially

threaded bolt.)

4. Coatings are uniform on fasteners.
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Fiqure 1. A hex head cap partially threaded bolt.

(Courtesy of Bossard International, Inc.)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Limitations

As is the case with all studies, this investigation was
limited by the following factors:

1. Only medium carbon steel 3/8-16 x 5 3/4 bolts were
used in this research.

2. The bolts used in this research were plated
electrolytically using the inorganic coating (Nucor
Fasteners, 1992).

3. A salt spray (FOG) testing apparatus was used in
this investigation. It is composed of a fog chamber, a salt
solution reservoir, a supply of suitably conditioned
compressed air, four atomizing nozzles, specimen supports,
provision for heating the chamber and necessary means of
control of the apparatus as specified by the (ASTM, Bl1l7).

4. This study was limited to two types of coatings:
the clear chromate zinc and the yellow dichromate zinc (Lake
Erie Manufacturing, 1991).

5. An electric scale was also used to weigh each
sample. 1Its precision level is within thousands of a metric
grams .

6. A digital coating thickness tester was used to
record the plating thickness of the bolt to be used in this

study.

Definition of Terms

The following terms were used frequently throughout

this dissertation.
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Anodic Coating: Conversion coating applied by the
anodic oxidation of certain base metals (Moniz, 1992).

Anodizing: To subject a metal to electrolytic action
as the anode of a cell in order to coat it with a protective
or decorative film; used for non ferrous metals (Neely,
1989).

Bolt: A headed and externally threaded mechanical
device designed for insertion through holes in assembled
parts to mate with a nut and is normally intended to be
tightened or released by turning that nut (IFI, 1988).

Carbon Steel: A carbon steel is a steel which does not
contain any substantial amounts of alloying materials other
than carbon (IFI, 1988).

Chromate: A salt or ester of chromic acid (Neufeldt &
Guralnik, 1989).

Chromium: A metallic element with 24 atoms and 51.966
mass, not occurring freely in nature, but produced from
chromate. 1It's special properties, e.g. hardness,
resistance to corrosion and wear, are used in alloys with
steel and nickel, and in electroplating (Neufeldt &
Guralnik, 1990).

Coating: The application of some material such as
metal, organic compound, etc. to the surface of a fastener
(IFI, 1988).

Conversion Coatings: Surface treatment that converts

the surface layer of a metal by oxidation into a constituent
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of a coating, contributing to a strong bond between the
metal and the conversion coating (Neely, 1989).

Corrosion: The deterioration of a metal by chemical or
electrochemical reaction with its environment (ASM, 1988).

Dichromate: A salt of dichromate acid containing the
divalent negative radical Cr,0, (Neufeldt & Guralnik, 1989).

Dichromic: Chemical having two atoms of chromium per
molecule; [designating an acid H,Cr,0,, that exists only in
solution, from which dichromate are formed] (Neufeldt &
Guralnik, 1989).

Electrolyte: Liquid, most often a solution, that will
conduct an electrical current (Moniz, 1992).

Electroplating: Process for depositing a thin layer of
metal onto a metallic component that made the cathode in an
electrical circuit and immersed in a solution containing
ions of the metal to be plated (Moniz, 1992).

Fastener: A mechanical device designed specifically to
hold, join, couple or maintain equilibrium of a single or
multiple components. The resulting assembly may function
dynamically or statically as a primary or secondary
component of a mechanism or structure. Based on the
application intended, a fastener receives varying degrees of
built-in precision and engineering capability, insuring
adequate, sound service under planned, pre-established

environmental conditions (IFI, 1988).
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Ion: A substance, or one of its component atoms or
radicals, resulting from electrolytic decomposition or
dissociation (Funk & Thomas, 1963).

Plating: Forming an adherent layer of metal or alloy
on an object (Moniz, 1992).

pH: Hydrogen--Ion activity that denotes the acidity or
basicity of a solution (Moniz, 1992).

Salt Spray Testing: Exposure of coating to various
formulations of salt spray or fog, with and without cyclic
immersion and exposure to highly actinic light, heat, and to
various wetting and drying cycles is a common practice.
There was, for example, rough correlation between the nitric
acid test and salt fog exposures of ten coatings (NACE,
1984).

Throwing Power: The ability of an electrolyte to
deposit metal of a uniform thickness across the surface of a
cathode (Moniz, 1992).

Yellow Dichromate: Orange to red chromium salt
containing the radical Cr,0, (Neufeldt & Guralnik, 1989).

Zinc: A metallic element with 30 atoms and 65.37 mass,
hard and resisting corrosion. It is used for coating metals
to prevent corrosion (Neufeldt & Guralnik, 1989).

General Procedure

The procedure for this study consisted of the following

information:
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1. The review of the literature to determine and
investigate the technical nature of testing, the appropriate
apparatus to be used in this investigation, the accepted
accreditation and standards, the recognized procedures, and
the state-of-the-art information pertaining to the nature of
this study.

2. The methodology projected to be pursued consisted
of the following steps:

Random selection of sample steel bolts.

Selection of the types of plating and coating

procedure.

Determination of the type of tests to be conducted.

Determination of the necessary testing instruments

and/or equipment.

Design of this study which was done based on the

pre-post experimental type of investigation.

3. The data analysis of the test results, which was
composed of the following steps:

Collection of data and results.

Developing the results emanating from the collected

data.

4. Finally, the last part of this procedure consisted
of the following:

Reporting the conclusions resulting from the scrutiny

of this investigation.

Writing recommendations for future studies.
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CHAPTER 2
REVIEW OF LITERATURE

The literature review consists of seven parts: (a) an
introduction; (b) an explanation of electrodeposition or
electroplating process; (c¢) a description of the chromate
conversion coating; (d) a definition and delineation of
elements involved in corrosion formation; (e) elaboration on
how instrumental electrolytes are in the formation of
corrosion; (f) & description of salt-spray testing; and (qg)
a summary of the chapter.

Introduction

Zinc is a metal which is largely used in the form of
zinc coatings on medium carbon steel and even alloy steel.
Burns and Bradley (1967) wrote that 400,055 tons or 40% of
the total cbnsumption of zinc were used for metal coatings
in 1963. They noted that zinc coatings are applied by
several methods: hot dipping, electroplating, spraying,
cementation, and vapor deposition. They added that hot
dipping and electroplating are commercially predominant. It
was also noted that electroplated zinc layers are relatively
pure and ductile, and provides a coating of uniform
thickness and, if applied by a plating technique, it
provides a pleasing appearance. The coating thickness can
be varied over a wide range to correspond to the degree of

protection required. In their 1967 work, Burns and Bradley
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explained how electroplating of iron and steel with zinc for
protection against corrosion was developed. They stated
that:
The electroplating of iron and steel with zinc for
protection against corrosion was proposed in 1840.
An alkaline zinc cyanide plating bath was patented
as early as 1855, although baths of this type
assumed little commercial importance until about
1916. The first patent of zinc plating granted in
this country was in 1862. (p. 106)
The next section focuses on the process of

electrodeposition. (See Figure 2.)

Fiqure 2. Plating process diagram.

Electrodeposition or Electroplating

Fontana and Greene (1978) explained in a similar study
that thin coatings of metallic and inorganic materials can
provide a satisfactory barrier between metal and its
environment. Describing how electroplating is performed,

they wrote:
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Electroplating consists of immersing a part to be

coated in a solution of metal to be plated and

passing a direct current between the part and

another electrode. They added that the character

of the deposit depends on many factors including

temperature, current density, time, and

composition of the bath. (p. 215)

Also, Fontana and Greene (1978) noted that electroplate
can be a single metal, layers of several metals, or even an
alloy composition such as brass. For example, an automotive
bumper has an inner flash plate of copper (for good
adhesion), an intermediate layer of nickel (for corrosion
protection), and a thin top layer of chromium (primarily for
appearance).

There are various ways to obtain zinc plating through
electrodeposition. Traditionally, zinc plating can be
carried out in cyanide zinc electrolytes because of their
reliability and ease to control. 1In recent years, however,
the environmental pollution caused by cyanide has prompted
extensive efforts to find a non-cyanide electrolyte.

Various low cyanide and non-cyanide solutions have been
developed (Pushpananam & Shenoi, 1980).

According to Pushpananam and Shenoi (1980), there has
recently been a tendency to replace cyanide solutions with
weak acid or neutral zinc solutions in which high efficiency
and plating rates can be combined with decorative appeal,
low efficient cost, and reasonable throwing power.

Pushpananam and Shenoi also conducted a research study and

found out that recent development in neutral zinc
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plating is the use of potassium chloride and boric acid in
place of ammonium chloride. 1In addition, they stated:
While cyanide type electrolytes yield a cathode
current efficiency of between 60 and 75%, the acid
electrolytes achieve 80 to 98% efficiency. With
throwing power comparable to that of the cyanide
processes. (p. 69)
A similar study conducted by Atkinson and Van Droffelaar
(1982) showed that cyanide electrolytes are becoming less
common because of environmental considerations.
Computer searches through dissertation abstracts and
through the on-line services at the library of the
University of Northern Iowa did reveal information about

zinc plating and chromate conversion coating. Books such as

Corrosion Basics (National Association of Corrosion

Engineers, 1984), Corrosion and Corrosion Control (Uhlig &

Revie, 1985), Corrosion and Its Control (Atkinson & Van

Droffelaar, 1982) provided information about chromate
conversion coatings. 1In addition to these books, various
midwest companies also provided the researcher with
professional literature dealing with chromatic conversion, a
topic to which we turn next.

Chromate Conversion Coating

Chromate conversion coating is also referred to as
chromating. Brumer (1988) noted that chromate films are
chemical conversion coatings. He explained that the layer

of metal underlying a coating participates in the coating
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reaction and becomes a component of the coating. He added
that zinc and cadmium electroplates, zinc die castings,
hot-dipped galvanized steel, aluminum (in almost all
conceivable form) and sometimes, copper and silver alloys
are the most commercially chromated metals. In his study of
chromate conversion/coating, Brumer delineated three reasons
why this final process is done on zinc plated parts:

1. Improve corrosion resistance.

2. Improve paint or adhesive bonding properties.

3. Provide a decorative or colored finish.
With respect to the chemistry involved in chromate
conversion coating, Brumer noted that it involves reaction
between the metal surface and an aqueous solution containing
chromates and certain activator ions. According to the
author, activators include: sulfate, chlorides, fluorides,
phosphates and complex cyanides. Activation (pickling) is
performed just before plating. The process consists of
exposing the workpiece to an acid such as sulfuric,
hydrochloric, nitric, hydrofluoric, or mixtures of these,
which removes oxides and scale from the metal surface.
After activation, the workpiece is rinsed with water and
placed immediately in the plating solution. He also
mentioned that a given chromate is designed to work on a
particular metal, but in few cases there are solutions that
will work on two or more. For example, certain chromates

for zinc electroplate will also coat cadmium and may be
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suitable for zinc coatings. The author noted that the
solutions for chromating are acidic, therefore a simplified
reaction proceeds along these lines:

l. Metal at the interface is dissolved by the acid and

enters solution as metal ions.

2. There is a local rise in pH (lowering acid content)

in the immediate vicinity of the interface.

3. Basic metal ions combine with chromate ions to form

a compound that is insoluble at the local (higher) pH. This
compound precipitates on the metal surface as an adherent
coating.

4. Reaction by-products enter the main solution.

This piece of information would be very useful for this
study because of its relevance to the topic. Given the
above chemistry at chromate conversion coating, Zaki (1988)
explained the protection mechanism of chromate conversion
coating. According to Zaki, chromate conversion coatings
afford protection to zinc surfaces through two mechanisms:

1. The chromium chromates complex presents a
non-reactive barrier to humidity and air,
thus retarding white corrosion.

2. The chromate film retains a water absorbing
characteristic as long as it remains in a
hydrated form. When scratched or
mechanically damaged, enough water is
absorbed by the film to swell and mend at the
damaged areas. This is the so called
"self-healing effects." (p. 7)

He also elaborated on types of chromates and their

classification. He noted that chromate conversion coatings
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are classified by color and in turn they are also denoted by
the film thickness and chromate contents. Colors vary from
clear to light blue, yellow, olive drab, and black. 2aki
reported that the single-dip clear chromate films contain a
lower content of chrome and offer less corrosion protection
than the colored types. He conducted similar research on
various parts and reported his findings which are shown in

Table 1.

Table 1

Chromate Types (Typical Values)

OPERATING CLEAR BLUE CLEAR YELLOW OLIVE BLACK
RANGE (SINGLE BRIGHT (LEACHED) BRONZE DRAB SILVER
DIP)
cr*t in 2-6 0.1-0.5 30-60 1.0-5.0 10-30 10-30
solution, g/l
pH 2.5-3.5 0.5~1.5 0.1-0.7 0.5-1.5 1.0-2.0 1.0-2.0

Temperature, °F 80-100 60-90 60-90 60-90 70-90 75-100

Salt spray 3-10 20-30 70-100 100-160 100-300 12-48
resistance (to

white

corrosion),

hrs.

Zaki (1988) showed that the formation of the
chromate film starts from the metal partially being
dissolved in the solution. A sufficient thickness of zinc
must be available in order to produce an even, satisfacto

coating. He reported that in general, an average of 0.00035
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of zinc is dissolved during the chromating process.
Therefore, a minimum of 0.0002" is required to produce
satisfactory chromate films. Color inconsistencies in a
well controlled chromating solution are often due to wide
variations or insufficient zinc thickness, particularly in
low current density areas.

Zaki (1988) also supported his findings by reporting
three types of problems that can affect color and
appearance, adhesion or corrosion resistance. With regard
to color and appearance, he noted that color is directly
related to film thickness and composition. The heavier the
coating, the darker the deposit. For example, he reported
that typical blue bright coating contains 3 to 5 mg/ft?
chromium as Cr, yellow iridescent 35 to 50 mg/ft?, of which
7 to 12% is as cr*'® and olive drab around 100 mg/ft?. He
added that rinsing could also affect color. He acknowledged
that a good rinsing prior to chromating is critical.
Residue from plating, alkaline, or acidic, as well as
organic brightener, leaves the zinc surface inactive,
resulting in uneven color, streaky or blotchy chromate
coating. He also reported that loss of adhesion, commonly
known as "slough off," may occur when the chromate film on
drying would not adhere to the surface. Concerning the
corrosion resistance, he noted that failure to meet
corrosion resistance for the particular coating applied

could be due to insufficient thickness for the required type
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of chromate, contamination of the chromate film with
metallic impurities. He recommended that chromate coatings
be tapped by a protective layer of clear lacquer to enhance
overall corrosion resistance. These findings were of great
importance in this study due to its relevancy of the topic.
The researcher advised the midwest plating company of the
shortcomings associated with the problems stated above.
Among other researchers, Mori, Miyawaki, and
Matsushimor (1991) conducted a similar study in which they

explained that:

The composition of zinc composite coating, which
shows good heat resistance and high corrosion
resistance was investigated with the use of
different coating or electrogalvanized steel with
various coating solutions containing different
kinds of metal chloride compounds. Corrosion
performance of the respective coatings was
evaluated by salt spray test after heating. As a
result, the coating with magnesium compound showed
highest corrosion resistance after heat treatment
at 300° for 5 hours. Further, the relationship
between heat resistance and solubility of compound
of chromium, magnesium, and aluminum in the acid
solution was investigated. It was found that the
change in chemical property of composite coating
by heating gave a big influence to corrosion
resistance. Also it was confirmed that the driest
composite coating impregnation with the solution
of magnesium salt or porous zinc coating showed
excellent heat and corrosion resistance.

(p. 401/1)

Based on the above findings, a careful examination of
the author's work, Mori et al. (1991) should be taken into
consideration when determining what specific time and salt

concentration should be used in this research.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24

Nelson (1963) conducted another study related to the
electrodeposition of metals and coatings. In his
dissertation study, Nelson addressed the process of
electrodeposition and explored the correlation between the
maturity of dilute zinc sulfate solutions and the activity
of the zinc ion. Nelson used a method for determining the
potentials of amalgam cathodes, and in his correlation of
the topic with previously determined data, he indicated the
experimental procedure to be acceptable. He also determined
the nominal deposition potentials for a number of metals
from dilute aqueous solutions using pure mercury cathodes.
The values in Nelson's study were not absolute but are
useful in predicting the possibilities of separation.
Nelson used a constant for inclusion in his work and it was
described for copper, cadmium, and zinc, allowing the metal
content of the amalgam to be expressed as weight percentage.
In addition, Nelson determined a constant to correlate the
molarity of dilute zinc sulfate solution to the activity of
the zinc ion.

Nelson's (1963) research is very helpful to
investigators interested in the separation of the coating.
It is a problem that needs to be dealt with in various
industries as far as fasteners are concerned. Along the
same idea, another investigation conducted by Cook,
Griesser, and Beamish (1992) explored the various types of

coatings on steel bolts. They found that the thickness and
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uniformity of the coating are important because they
determine bolt/nut thread fit, lifetime of the bolt/nut
connection, and economical use of coating materials. Their
findings were different from Nelson's due to the type of
coating investigated. For example, the electroplated zinc
was found to provide adequate protection for both nuts and
bolts. However, if the coating is thin, bolts would not be
suitable for long-term outside industrial use because they
will corrode much faster.

From the above findings, the importance of and need for
a good coating can be a major answer in the battle against
corrosion. The next section focuses on the process of
corrosion formation.

Corrosion

Corrosion was defined in The Industrial Fasteners
Institute reference book (1988) as:

the destructive alteration of metal by chemical or

electrochemical reaction within its environment

which encompasses not only atmospheric exposure

but all the interacting conditions associated with

a service application. (p. B-30)

All mechanically-fastened joints are subject to
corrosion of one type or another during their service life.
This is caused by the growing aggressiveness of industrial
atmospheres, longer service lives, higher operating
temperatures, and increasing working stresses.

The corrosion of most fasteners, as noted by IFI,

occurs by direct chemical attack. The other basic form of
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corrosion is electrochemical in nature. It was noted in the
IFTI reference book that corrosion by direct chemical attack
occurs when the base material is soluble in the corroding
medium. Fasteners used in highly moisturized environments
as well as in high temperature areas need to be protected
against corrosion. For example, in the petroleum industry,
crude 0il normally contains sulfur, salt, and water. During
distillation, cracking, and refining processes, all of which
are performed at high temperatures, the salt hydrolyses into
hydrogen chloride which, in turn, converts to hydrochloric
acid when exposed to water vapor in the primarily
fractionation step. Hydrochloric acid, even in weak
concentrations, causes severe corrosion of most
constructional materials. According to IFI (1988),
unprotected carbon steel fasteners would literally disappear
quickly by corrosion.

It was also noted in the IFI (1988) reference book that
all metals have an electrical potential. When metals of
different potentials come in contact with one another in the
presence of an electrolyte, an electrical current flows from
the metal of higher potential toward that of the lower and a
chemical reaction occurs. Based on that phenomenon, it is
apparent that electrochemical types of corrosion are
practically exclusive to metals. It is also noted in the

IFI reference book that the common forms of corrosion are:
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galvanic corrosion, stress corrosion, fatigue corrosion,
fretting, crevice corrosion, erosion corrosion, pitting, and
cavitation.

It is important to know the mechanism of
electrochemical corrosion for this study. As stated in the
IFI (1988) reference book, the most common form of corrosion
is the oxidation of steel. Oxidation is a chemical
reaction. As explained by IFI, the iron content returns to
its original state as iron oxide when mined as iron ore.

It was also explained by IFI (1988) that the oxidation
of steel requires three constituents: an anode, a cathode,
and an electrolyte. The cathode to anode electrical flow in
steel occurs for several reasons, but all are generally
attributable to a lack of homogeneity. The electrolyte is
any surface moisture. A relative humidity about 30% and
higher is enough to initiate the flow of minute electrical
currents. These currents flow from particles of high
electropotential (cathodes) through the steel to particles
of lower potential (anodes) then through the electrolyte
(the surface moisture) back to the cathode. At the point
where the current leaves the anode and enters the
electrolyte corrosion product forms. Corrosion products on
carbon steel are coarse, flaky, and easily washed or brushed
off. Corrosion continues because moisture and oxygen remain

in contact with the base metal. (See Figure 3.)
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Fiqure 3. Schematic drawing of a corroded bolt.

Corroded head area

corroded thread area
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Further explanation noted in the IFI (1988) reference
book enabled the researcher to consider the interacting
influences of a medium carbon steel corroding
electrochemically. However, the pH value of the water is
very critical for this type of testing, and it is to further
discussion of pH value that we turn next.

pH Value

Moniz (1992) noted that pH is the hydrogen-ion activity
and denotes the acidity or basicity of a solution. It can
be an important indicator of corrosiveness. 1In addition,
Moniz stated that solutions of pH 0 to 7 are acidic, and
solutions of pH 7 to 14 are alkaline. The lower the pH, the
greater the amount free acid present and the more corrosive
the solution. He also pointed out that the minimum pH for
carbon steei applications, without excessive corrosion is 5.
He added that metals such as zinc, aluminum, and lead are
susceptible to corrosion in highly alkaline (high pH)
solutions. A discussion of electrolytes follows.

Electrolytes

d.n ziectrolyte is a medium through which the electrical
current flows. Electrolytes occur naturally in our everyday
environments; they are: humidity, fog, dew, condensation,
and rain. These electrolytes have a broad variation in
their electrical conductivity. For example, the corrosion
survival expectancy of steel is enhanced considerably when

exposed in the high humidity of southern states such as
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Florida and Texas as opposed to the ultra-dry desert
climates of Nevada and Arizona. Similarly, structure and
equipment survive longer in rural midwestern states than in
either ocean bordering states or in heavily industrialized
areas with their high impurity atmosphere.

It was also noted in the IFI (1988) reference book that
distilled water is a poor conductor, tap water with its
little chemical content is better. Industrial exposures
with their pollutants and contaminants are even better; and
salt water is exceptionally good in conducting electrical
currents. Whenever the electrolyte is agitated, its
conductivity is significantly magnified. The "dirtier" the
electrolyte, the better its conductivity, and the faster the
rate of corrosion (p. B-31).

The presence of oxygen accelerates corrosion. As most
products of corrosion are oxides formed by the chemical
reaction, the presence of oxygen is necessary. Without
oxygen, most forms of corrosion would propagate at a much
lowexr rate. Oxygen is the principal element of the air we
breathe, and it is present, although to a lesser degree, in
all areas where electrolytes are present.

Temperature is another factor that contributes to
corrosion. While not a direct contributor to corrosion,
temperature is ultimately a factor in the rate at which it
occurs. Generally, heat accelerates chemical reactions. It

is noted in the IFI reference book that corrosion happens
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quicker and more remarkedly in southern climates than in
those of the North. It also occurs more quickly in
industrial plants where heat is inherent in the process as
opposed to industry which conduct their operations at
ambient temperatures or in the luxury of an air conditioned

atmosphere.

Salt Spray Testing

Over the years, there have been many attempts to
quantify corrosion losses and to assess the value of all
possible remedial measures. Atkinson and Van Droffelaar
(1982) noted that corrosion tests are necessarily as diverse
as corrosion itself. They acknowledged that corrosion test
pieces are immersed, buried, exposed to atmospheres, and
exposed to known industrial or artificial environments that
are judged to simulate particular conditions. They added
that if mechanical factors are known to be significant, they
are incorporated in the tests in a controlled fashion.

Atkinson and Van Droffelaar (1982) suggested that the
best method to test corrosion is the salt spray testing.
They also recommended that the most common criteria used in
testing corrosion is the weight loss or gain of a sample of
a known area. In this testing method they recommended that
after a testing period in a fog chamber of the salt spray
testing machine, the tested samples must be thoroughly
cleaned to remove oxide films and grease. The National

Association of Corrosion Engineers (NACE, 1984) alsc noted
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that the proper technique that can be used to remove
corrosion products and not the base metal from tested
samples remains to be soap and water cleaning with a soft
brush. Forshee (1991) agreed that salt spray testing is the
best method for corrosion testing. (See Figures 4 and 5.)
He acknowledged the limitations of this mode of testing,
however, he maintained that it is the best form available
for industries to simulate the very condition in which parts
are exposed to pollutants and humidity. Atkinson and Van
Droffelaar (1982) advised that any corrosion test be
standardized. The American Society for Testing and
Materials (ASTM) came out with its own standards in salt
spray testing. It is referred to as the ASTM Bll7. This
standard method sets forth the conditions required in salt
spray (fog) testing for specification purposes. One method
does not conform to the type of test specimen or exposure
periods to be used for a specific product. The (ASTM Bl117)
requirements for salt spray testing are listed in Appendix
A.
Summa

From the literature reviewed no systematic or detailed
studies were done on the relationship between various
plating thickness and corrosion resistance on fasteners.
Several publications have dealt indirectly with the area,
but there appeared to be no information directed

specifically towards these relationships.
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Therefore, it was determined that further investigation into
this area would contribute to the scientific study of a

problem associated with fasteners and corrosion.

Figure 4. Salt spray apparatus.
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Figure 5. Schematic

drawing of the salt spray apparatus.
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CHAPTER 3
METHODOLOGY
This chapter consists of three parts: (a) sample
selection, (b) procedures to be followed and instruments to
be used in this study, and (c) the statistical design of

this study.

Selection of Samples

The samples used for this investigation consisted of
180 pieces of (3/8-16 x 5 3/4) medium carbon steel bolts
randomly selected from a lot of 56,000 pieces. The
rationale for this selection criteria was based on the
Society of Automotive Engineers' Handbook (SAE, 1991) which
specified that bolts, screws, studs, and seams should be
made of steel conforming to the description and chemical
composition requirements specified in Table 2 for the
applicable grade. See Table 2.

According to their head marking, the samples selected
are grade five bolts. It can also be said that these bolts
are medium carbon steel, quenched and tempered. Each bolt
contains between a minimum of 0.28% and a maximum of 0.55%
of carbon. See Table 3. The phosphorus content of each
bolt is about 0.048%, and that of sulfur is 0.058%. Brandt
(1992) noted that "carbon provides the metal with hardness,
strength and wear resistance; phosphorus also provides the
metal with strength; and sulfur, although present in small

amount allows the metal to be machinable" (p. 23). The
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Table 2

Chemical Composition Reguirements

Grade

—

36

Rlement, ¢

Material and Trsatmsnt
MIN

E"

Eﬂ

haw Or sedius carpon steel | 0.55 = 10.048|0.058| =
Low or sedium carbon steel | == | 0.55 | —— |0.0648 [0.058% ==
4 carbon cold drawn — 0.58 - (0.048] 0.23 —
teal
] uR carbon steel. 0.28 | 0.55 | ~— [0.048 |0.058%] =
enched and tespsred
5.1 or sedium carbon steel,| 0.125 | 0.30 = 10.048 |0.058 ) o=
snched and teaspsred
5.2 Carbon martensits 0.15 | 0.25 | ©0.7¢ | 0.D48 | 0.058 |0.000S
ain, quenched and
red
? h:uu carpon alloy steel, | 0.28 | 0.55 —— {0.040 |0.045| =
enched and tempered?
8 hﬂ&n carbon alloy steel. 0.28 | 0.55 == |0.040[0.045| =—
snched and tempered®
8.1 levated temperature drawn | 0.28 | 0.55 | == [0.048 |{0.058| o=
stesl--wediux carbon alloy
SAE 1541 (or 1541EB
steel)
8.2 carpon smartensite 0.5 ] 0.25 | 0.7¢ {0.048 | 0.058 |0.000S
steal, fully killed, fine
ain., quenched and
expered!
AR

Note. (Courtesy of Industrial

Fasteners Institute)
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Table

k)

Mechanical Requirement and Identification Marking for Bolts,

Screws, Studs, Sems, and U-Bolts.

Full Skze
Machine Test Specimens of Surface Core
Bolts, Screws, Bolt
s, Screws. ang Studs Hardness| Hardness
m::no Homll;\lnlsm Studs, Sems '~ g Jide
|Designe- | Products s, Proo! | Tensile | Yield* | Tensile entification
-- R e e
|(Stress), ! (Strens) | (Strase) | (Stress)
psl | Min, psi {Min, psi [Min, ps! Min, % Msx | Min | Max
Bolls, ) )
1 Screws, | thru 1% | 39000 60000 36, e0000] 18 3 — |87 |B100]  None
uds
Bolts, % thru %€ $5,000"] 74,000] 87,000 | 74,000 18 33 - 880 18100
2 Screws,
Studs Over % to 1| 33,000 | 60,000 386, 60,000 18 35 -— B70 [B100 None
4 Studs ¥ thru 1% 65,000 ] 115,000 | 100,000 ] 115,000 10 35 — C22 |C32 Nons
Bolits, Y thru 65,000 | 120,000 | ©2,000 | 120,060 " 33 84 C25 |C4 ~ -
L] Screws,
Studs Over1to1% | 74,000 | 103,000 81,000 | 105,000 14 35 50 C19 |C30 !
SemsM | No.6thruy
8.1° | Bolls, | 85,000 [ 120000| — - - - 080 |cas foaoo] 1
Screws [ No.8thruy
52 Boits, Ye thru 1 85,000 | 120,000] 92,000 ] 120,000 14 kL] 56 C28 |C38 |
- Screws N
" Bolls, % thru it 105,090 | 133,000 116,000 | 133,000 12 35 84 C28 {CH4 \-"/
Screws 7N
s Bolts, . N P
gt':r:'\". % thru 1% 120,000 | 150,000 | 130,000 | 150,000 12 3s 88.6 c N
uds
8.1 Sluds % thru 1% 120,000 { 150,000 { 130,000 { 150,000 10 a3 -_ Ca2 {C38 None
02 Bolts, % thru 120,600 | 150,000 | 130,000 | 150,000 10 kL] 60.8 C33 |C39 W
. Screws <
Note: (Courtesy of SAE)

LE
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samples used for this study were provided by Iowa Industrial
Products, Inc. These bolts were purchased from a major
manufacturer in Canada. This Canadian manufacturer was
.certified by a midwest manufacturer. This assures the
researcher that the samples were tested and certified for
their quality. Extra care was taken to assure that the
proper grade of the bolts selected was obtained.

The 180 bolts in the sample were divided into 10
groups: 8 experimental and 2 control. There were 2 groups
in the control condition: 18 bolts tested with low-salt
concentration solution (oL), and 18 bolts tested with
high-salt concentration solution (oH). Within the
experimental groups, the first one had 18 bolts coated with -
thin clear zinc and exposed to low-salt concentration
solution (cL,). The second group had 18 bolts coated with
thick clear zinc and exposed to low-salt concentration
solution (cL,). The third group had 18 bolts coated with
thin clear zinc and exposed to high-salt concentration
solution (cH,). The fourth group was composed of 18 bolts
coated with thick clear zinc and exposed to high-salt
concentration solution (cH,). The fifth group consisted of
18 bolts coated with thin yellow zinc and exposed to
low-salt concentration solution (yL,). The sixth group had
18 bolts coated with thick yellow zinc and exposed to
low-salt concentration solution(yL,). The seventh group was

composed of 18 bolts coated with thin yellow zinc and
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exposed to high-salt concentration (yH,). The eighth
experimental group consisted of 18 bolts coated thick yellow
zinc and exposed to high-salt concentration solution (yH,).

Testing Procedure

The testing procedure of this study consisted of five
phases: (a) selection of samples, (b) plating phase, (c)
thickness and weight measurement before testing, (d) salt-
spray testing, and (e) thickness and weight measurement

after testing. The five phases are outlined in Figure 6.

Figqure 6. Phases of testing procedure.

Selection of Samples

J

Plating

J

Thickness and Weight Before

|

Salt Spray Testing

]

Thickness and Weight After
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Plating
The selected samples were plated electrolytically by a

midwest plating company as required by the ASTM Standard and
noted in the Review of Literature. Plating is a process for
depositing a thin layer of metal onto a metallic component;
that constitutes the cathode in an electrical circuit, and
it is immersed in a solution containing ions of the metal to
be plated. The plating of the samples was conducted by the
midwestern plating company which complies with ASTM Plating
Standards and has been certified by a supplier for a large
midwestern manufacturer's concern. They have been reviewed
and audited and are awaiting the formal awarding of ISO 9000
certification. According to the design of the experiment,
there are two groups of samples with different plating
criteria to be done for the bolts--the clear zinc and the
vellow zinc. Each group has a sub-group labelled as thin
and thick. Each of these experimental conditions consisted
of 18 bolts.

The clear zinc was labelled as cL. The yellow zinc was
labelled as yL. The thin clear zinc was labeled as cL,.
The thick clear zinc was labeled as cL,. Along with the
same idea, the yellow zinc thin was labeled yL, and the
yvellow zinc thick was labeled at yL,.

The plain bolts used in the experiment as control group
were labeled as (0).. There were 18 bolts in each category

assigned to the low-salt concentration solution, and 18
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bolts in each category assigned to the high-salt
concentration solution. The midwest plating company
subjected each group to certain steps in his task. These
were:

1. Electroplate

2. Rinse (multiple rinse)

3. Tip in 0.25 - 0.50 pct. nitric acid

4. Chromate
5. Cold Rinse
6. Leach

7. Cold rinse

8. Warm air dry off

After these steps the plated parts were placed on a
stainless steel basket. Though the plater stated that it
was difficult to obtain a given plating thickness, a certain
thickness was achieved within the range recommended by Zzaki,
1988. He noted that a minimum of 0.0002" and an average of
0.00035" would be the appropriate plating thickness. 1In
this study, the researcher called "low" any thickness in the
range of 0.00020" and high any plating thickness of 0.00050"
and above. The midwest plating company tried to carry on
with the plating by applying the above procedures. These
procedures were considered as the company's secret to

maintain their competitive edge in the plating business.
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Thickness and Weight Measurements Before Test

The third stage in this experimental study consisted of
weighing each part and also taking the plating thickness of
each part. To achieve this goal the researcher used two
different instruments: an electronic balance and a coating
thickness tester. Here is a brief description of each
instrument.

1. Electronic Balance. An electronic balance was used
and was equipped with a read out display window where one
can read out the weight of a given sample. It also has both
the metric and the English Standard Units. The weight
before and after in grams of each sample was reported in the
table provided for data. (See Figure 7.)

2. Coating Thickness Tester. The coating thickness
tester used in this research was the Kocour Model H10/2.
(See Figure 8.) It is a non-destructive coating thickness
measuring instrument based upon the magnetic induction
principle. It is capable of measuring:

(a) Non-magnetic coatings on ferro-magnetic
substrates.

(b) Conductive coatings on ferro-magnetic substrates.

(c) Non-conductive coating on ferro-magnetic
substrates.

The Kocour Model H 10/2 uses the magnetic properties of
the base material as the basis for measurement. Large

masses of ferrous materials and strong electromagnetic field
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adversely affect these measurements. Therefore, the
researcher used a wooden table to conduct the thickness
measurements on selected samples.

The Bossard International, Inc. was referenced and

followed in the Metric fasteners for advanced assembly

engineering on p. T-58. It stated that when the plating

thickness on thin and long bolts was not gauging properly,
it was advisable to select the head area as a measuring
point. The researcher respected this rule during the course

of this experiment. All measurements were expressed in mils

(ML) .

Figure 7. Electronic balance.
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Figure 8. The Kocour coating thickness tester model H10/2.

. HERSUR » 63
iyl

Salt Spray Testing

The most critical step in salt spray testing is the
salt solution. The American Society for Testing and

Materials in their publication Standard Method of Salt Spray

(FOG) Testing (B 117-90, p. 21) advised that the salt

solution be prepared by dissolving 5 (plus or minus 1) parts
by weight of sodium chloride in 95 parts of water. The
Society also noted that the salt used should be sodium
chloride substantially free of nickel and copper and
containing on the dry basis not more than 0.1% of sodium
iodide and not more than 0.3% of total impurities.

This testing consisted of two parts: samples tested
with low salt concentration in the main 20 gallon tank of

water of the salt spray testing apparatus, and samples also
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tested with high salt concentration in the main 20 gallon
tank of water of the salt spray testing apparatus.

Using the Mead Corporation Conversion Table, the
researcher determined the amount of salt that needed to be
used in each test. It was noted in the Mead Conversion
Table that one liter of water weighs one kilogram. The mass
weight of 1 kilogram is equal to 2.20 pounds. It was also
noted in the Mead Conversion Table that one gallon of water
is equal to 3.785 liters. Using this information, the
researcher determined the amount of salt to be used in the
low salt concentration salt spray testing; 5 parts minus 1
part equals 4 parts. Translated in fraction this would be
4/96 if the total is 100% or a whole. The total capacity of
the main water tank that was used in this project is 20
gallons. To determine the amount of salt needed for the low
salt concentration salt spray testing, the researcher
proceeded as follows:

It is known that 1 gallon of water is equal to 3.785
liters. It is also known that 1 kilogram equals 2.20 pounds
and 1 liter of water weighs 1 kilogram, therefore, 1 gallon
of water weighs 3.785 x 2.20 pounds = 8.327 pounds. The
water weight in the main 20 gallon water tank, therefore,
was 20 x 8.327 = 166.54 pounds. To compute the amount of
salt needed for the low concentration salt spray testing,

the researcher expressed the known and unknown parameters in

an equation.
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X _ 4

166.54 =~ 96 solving for x we got;
96x = 4 x 166.54
96x = 666.16

666.16 _ 6.9391 pounds

¥ = 96

To determine the amount of high salt concentration in

the second part of the testing, the researcher proceeded in

the similar way.
Five parts + 1 part = 6 parts. Translated in fraction

this would be 6/94, with the above information. The

equation became:

—%x _ - &
166.54 94 solving for x we got;
94x = 6 x 166.54

94x = 999.24

999.24 _ 10.630 pounds

X =93

The American Society for Testing and Materials also
noted in their book that the pH of the salt solution should
be around 7.0; when atomized at 35°C (95°F) the collected
solution was in the pH range of 6.2-7.2. The researcher
kept a log of the solution collected (see Appendix E).

The specimens were hung in the fog chamber according to

the (ASTM B117-90, p. 91) specifications. The position of
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the specimens during the test should meet the following
conditions as noted in (ASTM B117-90, p. 21):

1. Specimens were supported and suspended between 15°
and 30° from the vertical and preferably parallel to the
principal direction of horizontal flow of fog through the
chamber, based upon the dominant surface being tested.

2. The specimens did not contact each other or any
metallic material or any material capable of acting as a
wick.

3. Each specimen was placed so as to permit free

settling of fog on all specimens.

4. Salt solution from one specimen did not drip on any
other specimens.

The researcher kept a daily log of the temperature
inside the fog chamber. A nylon kite-thread was used to
suspend the specimens in the fog chamber. Each specimen
group was tested in the fog chamber for 192 hours or a total

of eight days.

Thickness and Weight Measurement After Test

After 192 hours of testing in the fog chamber, the
specimens were observed to be corroded with both the white
and red corrosion products. In order to be able to take the
thickness and the weight measurements on each specimen, the
researcher followed the recommendation of the National
Association for Corrosion Engineers' publication Corrosion

Basics: An Introduction. Atkinson and Van Droffelaar (1982,
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p. 112) noted that the researcher must use techniques that
remove only corrosion products, and not the base metal. As
stated earlier in the Literature Review, the simplest
technique for removing corrosion products is soap and water
cleaning with a soft bristle brush. After thoroughly
washing each specimen according to the above
recommendations, the researcher then proceeded with the
measurements taking.

Using the Fairbanks electronic balance described above,
the weight after for each specimen was taken and recorded
(see Appendix C). The thickness measurements were
also taken and recorded using the Kocour coating thickness

tester Model H10/2 (see Appendix C).

Statistical Design and Analysis

This study employed the pre-post experimental design,
with eight experimental conditions consisting of 18 bolts
each which were then compared to two control conditions.
The data collected was processed using the University of
Northern Iowa mainframe VAX 6000 and analyzed with
the statistical package SAS System. The results were
interpreted by the researcher in a comparative way with the
control groups.

Summa

In Chapter 3 the researcher outlined the methodology

used for selecting samples, testing, and evaluating these

samples according to the ASTM guidelines. The National
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Association for Corrosion Engineers official publication

entitled: Corrosion and Its Control was consulted while

carrying out this experiment. The next chapter covers the

analysis of the results of this study.
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CHAPTER 4
ANALYSIS OF THE RESULTS

The main purpose of this study was to investigate the
effects of various coatings on electroplated fasteners
especially the 3/8-16 x 5 3/4 medium carbon steel bolts.
The types of coatings involved in this experiment were the
clear chromate and the yellow dichromate conversion
coatings. The midwestern plating company assisted with the
plating of samples in this experiment. The rest of the
experiment was conducted at the manufacturing supplier in
the midwest in accordance with the guidelines of (ASTM,
B117). A daily log was kept from the beginning to the end
of the test (see Appendix E). The data obtained were
analyzed at the University of Northern Iowa computing center
using the VAX 6000 mainframe computer. These results
enabled the researcher to answer the research questions and
subguestions. They also provided answers to a number of
subquestions asked about the longevity, the degree of
protection, as well as the safety issue involved with a
given electroplated coating, particularly the clear chromate
or yellow dichromate zinc.

There were five interrelated questions asked in this
research. It was expected that the results of the data
provided by the test would show the relationship between

fasteners plated electrolytically with different types of

coatings.
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The Data Presentation

The design of the experiment in Figure 5 indicates that
there were 180 data points. The attributes involved in the
collection of this data were: weight before and after and

the thickness before and after.

Figure 9. Salt spray test design.
Types_of Coating

Yellow (o] Clear
Zi?c (Plain) Zinc
) B — ]
Thin Thick Thin Thick
Salt Salt Salt
Concentration Concentration Concentration

Low H;]h 'Low High
| i S I
Thin Thick Thin Thick Low High Thin Thick Thin Thick
18 18 18 18 18 18 18 18 18 18

There were two dependent variables: (a) weight loss
(Loss 1) and (b) thickness loss (Loss 2). There were also 3
categorical independent variables:

* Salt with 2 categories: Low concentration (1) and
high concentration (2).

* Treatment with 3 categories: Plain (1), yellow (2),
clear (3).

* Thickness with 3 categories: Plain (0), thin (1),
and thick (3).

The 180 data points (see Appendix C) were composed of
the following attributes: the identity of each sample, the
treatment and the category of salt concentration used to run

the test. The weight before and after as well as the
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thickness before and after of each sample unit were
recorded. Using the SAS System, the statistics of the
experiment were generated and the results analyzed.
However, it was déemed important to describe the appearance
of each group of samples right after the test.

Description of the Samples After Each Test

The test consisted of two parts: the first part was
run with low concentration of salt solution and the second
part was run with high concentration of salt solution. On
July 20, 1993 at 3:35 p.m., the first part of the study was
concluded. After the first run, the fog chamber of the salt
spray testing equipment was emptied. It appeared that a
visual description of the sample tested would be necessary
in order to support some of the theory described in the
literature review. This first part of the test was
conducted with the low concentration of salt in the main
tank of the salt spray machine. There were five groups of
bolts tested during that period.

Based on the researcher's visual estimate, the
following results were observed:

1. The bolts coated with thin clear zinc chromate
(cL,) appeared to be covered at 80% with white corrosion
product and 20% with red corrosion product on the threaded
and head areas (see Figures 10 and 11).

2. The bolts coated with thick clear zinc chromate

(cL,) appeared to be covered at 85% with white corrosion
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products and few traces of red corrosion products in the
thread and head areas (see Figures 12 and 13).

3. The sample coated with thin yellow zinc dichromate
(YL,) were covered at 20% with white corrosion products and
no traces of red corrosion products anywhere at all.
However, there was a slight loss of color on both the head
and the thread areas (see Figures 14 and 15).

4. The bolts coated with thick yellow zinc dichromate
(yL,) appeared to be covered at 15% with white corrosion
products and there was no red corrosion products anywhere at
all. Here again, the head and the thread areas had a slight
loss of color (see Figures 16 and 17).

5. Finally, the plain samples were all covered at 100%
with red corrosion products with most of the thread gone on
each one of them. The head areas also appeared to have more
corrosion (see Figures 18 and 19).

On July 28, 1993 at 4:00 p.m., the second part of the
test was completed. This test was conducted with high salt
concentration in the main tank of the salt spray machine.
There were also five groups of bolts tested during that
period. The results, based on the experimenter's visual
estimate, were as follows:

1. The bolts coated with thin clear zinc chromate
(cH,) were covered with 95% white corrosion products and
traces of red corrosion products on the head and thread

areas (see Figures 20 and 21).
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2. The bolts coated with thick clear zinc chromate
(CH,) were covered at 90% with white corrosion products and
a trace of red corrosion products on the thread area (see

Figures 22 and 23).

3. The samples coated with thin yellow zinc dichromate
(YH,) were covered with 15% white corrosion products and no
red corrosion products on any part of the samples. However,
their yellow color was fading out (see Figures 24 and 25).

4. The group of bolts coated with thick yellow (yH,)
zinc dichromate were covered with 10% white corrosion
products and no red corrosion products were found anywhere
on the parts (see Figures 26 and 27).

5. Finally, the group of bolts with no coating was
covered with red corrosion products at 100%. They appeared
to be heavily corroded on the thread area as well as the

head area (see Figures 28 and 29).
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Figure 10. Eighteen medium carbon steel bolts plated
electrolytically with thin clear chromate zinc: Appearance

before test.

Fiqure 11. Eighteen medium carbon steel bolts plated
electrolytically with thin clear chromate zinc tested with
low salt concentration solution in the main tank of the salt

spray machine: Appearance after test.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

Figure 12. Eighteen medium carbon steel bolts plated

electrolytically with thick clear chromate zinc: Appearance

before test.

Fiqure 13. Eighteen medium carbon steel bolts plated
electrolytically with thick clear chromate zinc and tested

with low salt concentration solution in the main tank of the

salt spray machine: Appearance after test.
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Figure 14. Eighteen medium carbon steel bolts plated

electrolytically with thin yellow dichromate zinc:

Appearance before test.

Figure 15. Eighteen medium carbon steel bolts plated
electrolytically with thin yellow dichromate zinc and tested
with low salt concentration solution in the main tank of the

salt spray machine: Appearance after test.
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Figure 16. Eighteen medium carbon steel bolts plated

electrolytically with thick yellow dichromate zinc:

Appearance before test.

LRIN

Figure 17. Eighteen medium carbon steel bolts plated
electrolytically with thick yellow dichromate zinc and
tested with low salt concentration solution in the main tank

of the salt spray machine: Appearance after test.
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Fiqure 18. Plain medium carbon steel bolts: Appearance

before test.

Figure 19. Plain medium carbon steel bolts tested with low
salt concentration solution in the main tank of the salt

spray machine: Appearance after test.
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Figqure 20. Eighteen medium carbon steel bolts plated with

thin clear chromate zinc: Appearance before test.

Figure 21. Eighteen medium carbon steel bolts plated with

thin clear chromate zinc and tested with high salt
concentration solution in the main tank of the salt spray

machine: Appearance after test.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

Figure 22. Eighteen medium carbon steel bolts plated

electrolytically with thick clear chromate zinc: Appearance

before test.

Figure 23. Eighteen medium carbon steel bolts plated
electrolytically with thick clear chromate and tested with
high salt concentration solution in the main tank of the

salt spray machine: Appearance after test.
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Figure 24. Eighteen medium carbon steel bolts plated

electrolytically with thin yellow dichromate zinc:

Appearance before test.

Figure 25. Eighteen medium carbon steel bolts plated
electrolytically with thin yellow dichromate zinc and tested
with high salt concentration solution in the main tank of

the salt spray machine: Appearance after test.
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Fiqure 26. Eighteen medium carbon steel bolts plated
electrolytically with thick yellow dichromate zinc:

Appearance before test.

\\

Figure 27. Eighteen medium carbon steel bolts plated

electrolytically with thick yellow dichromate and tested
with high salt concentration solution in the main tank of

the salt spray machine: Appearance after test.
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Fiqure 28. Plain medium carbon steel bolts: Appearance

before test.

Figure 29. Plain medium carbon steel bolts tested with high
salt concentration solution in the main tank of the salt

spray machine: Appearance after test.
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The Research Hypothesis

The statistics used in this research were that of the
Analysis of Variance, commonly referred to as ANOVA. It is
a statistical technique that seeks to determine whether
differences in the values of a variable can be explained by
categorization of the observations (Mirer, 1988). According
to Witte (1989 p. 345), ANOVA tests the null hypothesis for
two, three, or more population means by classifying total
variability into two dependent components: variability
between groups and variability within groups. He noted that
F reflects the ratio of the observed differences between all
sample means known as the variability between groups in the
numerator and the estimated error terms known as variability
within groups in the denominator term, that is,

F = Variability between groups
Variability within groups.

Wiersma (1991, p. 330) explained that the sampling
distribution for the ratio of two variances is the F
distribution. He added that in nature the numerical wvalues
of the distribution are all positive. The researcher made
use of this information to test the research hypothesis
according to the result of the computer generated output of
the study.

The research question stated was as follows: 1Is

coating thickness correlated with the corrosion resistance
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of medium carbon steel plated bolts? This question can be
answered when considering the general linear model test
result in Figure 30. The null hypothesis for this research
question was as follows: H, = There is no correlation
between plating thickness and corrosion resistance of medium
carbon steel bolts.

The alternative hypothesis was H,: There is a
correlation between plating thickness and corrosion
resistance of medium carbon steel plated bolts. Considering
the percentage loss of thickness called Loss 2, the result
of the test was that the P-value is 0.0001 which is a very
small number. Neter, Wasserman, and Kutner (1993) noted
that the P-value for a sample outcome is the probability
that the sample outcome could have been more extreme than
the observed one when p = u,. They added that large P-value
support H, while small P-values support the H, (p. 12). For
a P-value of 0.0001 the researcher supported the alternative
hypothesis which stated that there is a correlation between
the plating thickness and the corrosion resistance of plated
bolts. Harnett and Murphy (1983) commenting on the P-value
noted: "If a exceeds the P-value: reject H, and if the
P-value exceeds a: accept H" (p. 320). Again since the
P-value of the experiment Loss 2 was 0.0001 and the nominal
alpha level for this research was 0.05, it is evident that «
= 0.05 exceeded the P-value (0.0001). The researcher

rejected the null hypothesis (H,). This means that the
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General linear models procedure for loss 2.

The BAS Sygsten

General Lirssr Medels Precedure
Class Lsvel 1nfsrastion

Class Levels Values
™Y b 123
BALY 2 12

THICKNS b 012

Nusber of ebservations in data set = 180

Qenaral Linssr Models Pracedure

Dapendent Varishle: LOBER

Seurce oF
Nedel [ ]
Erver 170
Cerrected Total 17

R=Bqusre

0. T4420
Seurce -
™mT 2
SALT 3
THICKNG 1
TRTeSALT 2
TRTSTHICKNE 1
SALTSTHICKNS 1
TRTOSALTETHICKNS 1
Seyrce BF
™Y 1
SALT 1
THICKNS b
TRYSBALT 1
TRTeTHICKNS 3
SALTSTHICKNS 3
TRYSBALTETHICANS 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Sua ef
Squares

2. 10683309
0. 33402809
26. 4007278
c.v,

11. 63012

Tgee 1 86

77144003
22401209
00241726
0R330417
01625623
00918403
00003736

Tyse 111 86

10. 84283403
0. 16333418
0. 00241736
0. GTY30069
0. 016254238
0. 009318402
0. 00001736

Nean
aquare

2. 007072
0. 00208258

Roet MEE
0. 0434333

Mean Square

12. BB372042
0. 22401209
0. 00241736
0. 04173208
0. 01623623
0. 06718400
0. 00001726

Mean Square

10. 54283403
0. 16323418
0. 00241726
0. Q750069
0. 014623623
0. 00918400
0. 00001726

F Valve
17.@7

F YValwe

6197. 38
107. 87
1.16

20. 0%
7.1
4.41
0.01

F Valve

9047. 82
79.35

1. 36
13.22
7.83
4.41
0.01

Pr o> F
0. 0001

*r > F

0. 0003
0. 0001
0.2828
0. 0001
0. 0038
0. 0372
0. 9274

Pr O>F

0. 0001
0. 0003
0. asa2s
0. 0004
0. 0038
0. 0372
0.9274



68

alternative hypothesis was accepted. There indeed is a
correlation between the plating thickness and the corrosion
resistance of medium carbon steel bolts plated
electrolytically with clear chromate zinc or yellow
dichromate zinc.

The F-value for the overall model of Loss 2 is 1392.87
which is a very high value. Borg and Gall (1989) noted that
the statistical tool used to test for significance of
differences between variances is the analysis of variance or
the F test. The value of F is the ratio of the variances.
Borg and Gall also noted that the larger the F ratio, the
less likely it is that the variances of the populations from
which the samples were drawn are equal. They noted that if
the F ratio exceeds the significance level set by the
researcher, the null hypothesis should be rejected. 1In this
particular general linear model, an F-value of 1392.87 shows
that the overall model is significant and also that
there is a reason to support the alternative hypothesis
(H,). There is a correlation between the plating thickness
and the corrosion resistance of medium carbon plated bolts.

Harnett and Murphy (1983) stated that in the general
linear model, the total variation or the sum of squares
total (SST) is equal to the unexplained variation or the sum
of squares errors (SSE) plus the explained variation or the

sum of squares regression (p. 469).
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SST = SSE + SSR

Considering Table 12, the SST = 50.4309644, the SSE =
4.93041111 and the sum of square regression is equal to

45.50055333.

SSsT SSE SSR
50.4309644 = 4.93041111 + 45.50055333
Harnett and Murphy also noted that the mean square
regression (MSR) is equal to the sum of squares regression

divided by the degree of freedom between groups in Loss 1.

MSR = SSR = 45.50055333 -
BF (betwean) . 5.05561704

They also noted that the mean square error (MSE) is equal to
the sum of squares error divided by the degree of freedom

within groups (p. 513); for Loss 1 the following equation

applies:
MSE = . __SSE = 4.9304111
DF (within) '——I;a———- = 0.02900242

Applying the previous formula for F, Harnett and Murphy

MSR
noted that F = = 5.05561704 -
B MSE - 0.02500242 174 .32.

Looking at the dependent variable Loss 2, an analogue
reasoning was used to figure out the meaning of the computer
output. The sum of squares total (SST) = 26.46087278 and
the sum of squares regression (SSR) was 26.10683389 and

finally the sum of squares error was (SSE) was 0.35403889.
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SST = SSE + SSR
26.46087278 = 0.35403889 + 26.10683389
The mean square regression equal the sum of squares
regression (SSR) divided by the degree of freedom between

groups (DF,,...) = 9.

SSR 26.10683389
MSR = BF (between) = e = 2.90075932.

The Mean Square Error equal the sum of squares error (SSE)

divided by the degree of freedom within (DF, . ...) = 170.

- SSE '0.35403889 = 0.00208258.
MSE =  BF (within) = 170 )

The F-value was also computed using Harnett and Murphy

(1983) notation

MSR ' 2.90075932

F = WSE = 0.00208258

= 1399.87.

The researcher also looked at the second dependent
variable: weight loss called (Loss 1). The general linear
model test result of the interaction between treatment,
salt, and thickness in Figure 31 yielded the following
results: F-value = 1392.87 and the P-value = 0.0001 for the
overall model. It means that this model is very
significant.

As stated earlier, Borg and Gall (1989) noted that the
larger the F-value, the less likely the variance of the

population from which the samples were drawn are equal and
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if the F-value exceeds the significance level set by the
researcher, the null hypothesis should be rejected. Here
again, the researcher concludes that there is a correlation
between the plating thickness and the corrosion resistance
of medium carbon plated fasteners.

In both Figures 30 and 31, looking at the individual
variables and their F-value and P-value, one sees that the
independent variable, thickness, by itself is not
significant at all. 1In both cases its P-value was high and
its F-value was low. This phenomenon is due to the fact
that thickness doesn't really matter as a single entity. 1In
order for thickness to matter it has to be involved with
other factors such as treatment and salt interaction. There
are many factors that can determine the significance of this
variable. Also in both Tables, the three-way interaction
between treatment, salt and thickness appeared not to be
significant. 1In both cases the P-value is high and the
F-value is low respectively. Here again, the researcher
concluded that thickness, treatment and salt interaction may
not be significant if certain conditions are not present.
These conditions are humidity, contaminations, salinity in
the atmosphere, and possibly temperature also.

The researcher wondered what would be the effect of the
other interaction if thickness was not a factor. What would
be the result if two-way interaction rather than three-way

interaction was considered? 1In Figure 32, the researcher
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generated a new general linear model with two-way
interactions. The results were as follows: the F-value for
the overall model was 192.63 and the overall P-value was
0.0001. As stated earlier, a low P-value and a high F-value
denotes that the overall experiment was significant.

Looking at individual two-way interactions, all 3 two-way
interactions were significant. (TrT * salt) had P-value =
0.0001 and F-value 169.59; interaction between treatment and
thickness (TrT * Thickns) was also significant. The P-value
for their interaction was 0.0001 and their F-value was
25.30. Finally, the interaction between salt and thickness
(salt * thickns) was also significant. Their P-value was

0.0003 and their F-value was 13.83.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

General linear models procedure for loss 1.

Fiqure 31.
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Fiqure 32. General linear models procedure for two way

interaction between samples: Loss 1.

The BAB Bystea

General Linear Models Procedure
Class Lesvel Incformation

Class Levels Values
™Y ] 123
SALT 2 12

THICKNS <] 012

Qeneral Lincar Models Procedure

Dependent Variable: LDEBI

Sum of Mean

Source bF Squeres Square F Value PrD>F
Megel [ ] 43. I3IpARR2 3. 67423028 192.63 0. 0001
Error 171 3. 712222 0. 02945685
Corrected Total 179 30. 43096444
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SALTSTHICKNS 1 0. 40744944 0. 40746944 13. 83 0. 0003
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Results of Research Questions

Question One

The first research question that this study attempted
to answer was: 1Is coating correlated to corrosion
resistance of fasteners?

In order to answer this question, the researcher
considered the data processed by the VAX 6000-410 computer
using the statistical software called SAS System. Looking
at the first independent variable and the results of the
computer output, the researcher computed the percentage
weight loss. The procedure developed by Moniz (1992) for
computing the percentage reduction of the area of a bolt was

used here as follows:

Percentage Reduction of Area = A, - A, x 100

A,

where A, original area
A, = final area

100 constant.

7 r? let that be A

Area

- Following the same procedure, the researcher computed the

percentage thickness loss.

Thickness Before - Thieckness After
$ Thickness Loss = =" Thickness Before X 100
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The percentage thickness loss for bolts plated with thin
vellow zinc and tested with low salt concentration solution

in the salt spray tank was computed as follows:

l;QQ%.%agégag x 100 = 18.4% thickness loss.

The percentage thickness loss for bolts plated with thick
vellow zinc and tested with low salt concentration solution
in the salt spray tank was computed as follows:
1.021 - 0.833 x 100 = 18.4% thickness loss.

1.021
The percentage thickness loss for bolts plated with thin
clear chromate zinc and tested with low salt concentration
solution in the main tank of the salt spray machine was

computed as follows:

0.984 - 0.125 =
0984 x 100 87.2% thickness loss.

The percentage thickness loss for bolts plated with thick
clear chromate zinc and tested with low salt concentration

solution in the main tank of the salt spray machine was also

computed:

1.051 - 0.146 x 100 = 86.1% thickness loss.
1.051 .

Using these results, Table 4 was constructed.
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Table 4

Nominal Mean Loss of Thickness (Loss 2) and Percentage

Thickness Loss. Test Done with Low Salt (Salt = 1).

THICKNESS
Treatment Plain (0) Thin (1) Thick (2)
Plain 1 0 -- --
Yellow 2 -- 0.186 0.188
18.4% 18.4%
Clear 3 - 0.860 0.906
87.2% 86.1%

Again, following the same procedure, the percentage
thickness loss for bolts tested with high salt concentration
solution in the main tank of the salt spray machine was also
computed. Pércentage thickness loss for bolts plated with
thin vellow dichromate zinc and tested with high salt

concentration solution in the main tank of the salt spray

machine was computed as follows:

0.978 - 0.893
978 x 100 = 8.5% thickness loss.

Percentage thickness loss for bolts plated with thick yellow
dichromate zinc and tested with high salt concentration

solution in the main tank of the salt spray machine was also

computed as follows:

1.028 - 0.972 - .
o3 x 100 5.6% thickness loss
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Percentage thickness loss for bolts plated with thin clear
zinc chromate and tested with high salt concentrated
solution in the main tank of the salt spray machine was also

computed as follows:

1.002 - 0.186

1002 x 100 = 81.4% thickness loss.

Percentage thickness loss for bolts plated with thick clear
zinc chromate and tested with high salt concentrated
solution in the main tank of the salt spray machine was

computed and the result was as follows:

1.022.622.195 x 100 = 80.9% thickness loss.

Using the result of bolts tested with high salt
concentration (Salt 2) Table 5 was constructed for
comparison of both the nominal thickness loss and the

percentage thickness loss.

Table 5

Nominal Mean Loss of Thickness (Loss 2) and Percentage

Thickness Loss. Test Done with High Salt (Salt = 2).

THICKNESS
Treatment Plain (0) Thin (1) Thick (2)
Plain 1 0 - --
Yellow 2 - 0.085 0.057
. 8.5% 5.6%
Clear 3 - 0.816 0.828
81.4% 80.9%
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The data in Table 4 show that bolts electrolytically
plated with yellow zinc dichromate are more corrosion
resistant than the ones coated electrolytically with clear
zinc chromate. Also, the data shown in this table indicate
that thickness does not matter as long as the bolts are
coated with yellow zinc dichromate. That is, the specimen
will endure the same percentage loss.

The data in Table 5 reveal for the groups of bolts
subjected to a high salt concentration in this test that the
bolts plated electrolytically with yellow zinc dichromate
are more corrosion resistant than the ones coated with clear
zinc chromate. Bolts plated with yellow zinc dichromate
performed similarly in a salted, humid, oceanlike climate.

These results are consistent with previous research
findings (e.g., Zaki, 1988). Zaki stated that thick coating
would be anything above 0.00025" and thin coating would be
any coating in the range of 0.0002" or less. These findings
hold true provided that there is no "slough off" problem.
"Slough off" is known as the problem that occurs when the
chromate films during drying time of the plating process
would not adhere to the surface being coated. Furthermore,
these results are also supported by Cook et al. (1992)
findings that thickness and uniformity of the coating are
important because they determine bolt/nut corrosion

resistance; this ensures the protection and the economical

use of coated parts.
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The researcher also examined the first dependent
variable nominal weight loss (Loss 1) using the computer
output to compute the percentage weight loss.

The percentage weight loss for bolts with no coating (plain)
tested with low salt concentrated sclution in the main tank
of the salt spray machine (TRT = 1, Salt = 1, Thickns = 0)
was computed as follows:
83.609 - 82.010 4 j1pp = 1.91% weight loss.
83.609
The percentage weight loss for bolts plated with thin yellow
dichromate zinc and tested with low salt concentrated
solution in the main tank of the salt spray machine (TRT =

2, Salt = 1, Thickns = 1) was computed as follows:

83.730 —32:72% 4 100 = 1.21% weight loss.

The percentage loss for bolts plated with thick yellow
dichromate zinc and tested with low salt concentrated
solution in the main tank of the salt spray machine (TRT =
2, Salt = 1, Thickns = 2) was also computed as follows:
84.210 - 83.496 x 100 = 0.84% weight loss.

84.210
The percentage weight loss for bolts plated with thin clear
zinc chromate and tested with low salt concentrated solution
in the main tank of the salt spray machine (TRT = 3, Salt =

1, Thickns = 1) was also computed as follows:
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83.824 - 82.615 100 = 1.44% weigh
87523 x ght loss.
The percentage weight loss for bolts plated with thick clear
zinc chromate and tested with low salt concentrated solution

in the main tank of the salt spray machine (TRT = 3, Salt =

l, Thickns = 2) was computed as follows:

84.377 - 83.074 =
54357 x 100 1.54% weight loss.

The data in Table 6 show the results of the computed
percentage weight loss of bolts tested with low
salt-concentrated solution in the main tank of the salt
spray machine. It contains both the nominal weight loss and
the percentage weight loss of these bolts. These data show
that bolts electrolytically plated with yellow zinc
dichromate provide better corrosion resistance than the ones
coated electrolytically with clear zinc chromate. It can
also be said that the results of this study revealed that a
thick coating provides an even better corrosion resistance.

The same test was also conducted with high salt
concentration in the salt spray tank. The researcher also
computed the percentage weight loss for bolts coated with
thin and thick yellow dichromate zinc and clear zinc
chromate. This test was conducted with high concentrated
salt solution in the main tank of the salt spray machine.
The percentage weight loss for bolts with no coatings

(Plain) and tested with high concentrated salt solution in
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Table 6

Nominal Mean Weight Loss (Loss 1) and Percentage Weight

Loss. Test Done with Low Salt (Salt = 1).

WEIGHT
Treatment Plain (0) Thin (1) Thick (2)
Plain 1 1.60 -- -—
1.91%
Yellow 2 - 1.016 0.714
1.21% 0.84%
Clear 3 - 1.209 1.303
1.44% 1.54%

the main tank of the salt spray machine (TRT = 1, Salt = 2,

Thickns = 0) was computed as follows:

83.622 -~ 82.948 , 300 = 0.80% weight loss.
83.622

The percentage weight loss for bolts plated with thin yellow
dichromate zinc and tested with high concentrated salt
solution in the main tank of the salt spray machine (TRT =

2, Salt = 2, Thickns = 1) was computed as follows:

83.767 - 83.749 x 100 = 0.02% weight loss.
63.767

The percentage weight loss for bolts plated with thick
yellow dichromate zinc and tested with high concentrated

salt solution in the main tank of the salt spray machine
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(TRT = 2, Salt = 2, Thickns = 2) was also computed as

follows:

84.218 - 84.181
— =i x 100 = .04% weight loss.

The percentage weight loss for bolts plated with thin clear
zinc chromate and tested with high concentrated salt
solution in the main tank of the salt spray machine (TRT =
3, Salt = 2, Thickns = 1) was computed as follows:

83.767 - 82.702
e ————————— =

The percentage weight loss for bolts plated with thick clear
zinc chromate and tested with high concentrated salt

solution in the main tank of the salt spray machine (TRT =

3, Salt = 2, Thickns = 2) was finally computed as follows:

4. - -
8 3934."33'_—_3 136 x 100 = 1.49% weight loss.

Using the above results, Table 7 was constructed in the same

manner as Tables 4, 5, and 6.

The data in Table 7 revealed that bolts plated
electrolytically with yellow zinc dichromate provide better
corrosion resistance than the ones coated electrolytically
with clear zinc chromate since they provided the least mean
weight loss and the least percentage weight loss. The data

in Table 7 can also be used to answer Question One.
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Table 7

Nominal Mean Weight Loss (Loss 1) and Percentage Weight

Loss. Test Done with High Salt (Salt = 2).

WEIGHT
Treatment Plain (0) Thin (1) Thick (2)
Plain 1 0.674 - --
1.21%
Yellow 2 - 0.017 0.037
0.02% 0.04%
Clear 3 -- 1.064 1.263
1.27% 1.49%

Question Two

The second research question was: Is clear chromate
coating more protective than the yellow dichromate coating
on fasteners? Based on the mean weight loss from the data
in Tables 6 and 7 and the mean thickness from data in Tables
4 and 5, it is evident that coating bolt electrolytically
with clear zinc chromate is not enough to provide good
corrosion resistance. In most industrial settings, the
choice of coating bolts with clear zinc chromate or yellow
zinc dichromate is an economical one. Based on these
findings, it seems worthwhile to plate bolts with yellow
zinc dichromate as it has better corrosion resistance. As
noted by Uhlig and Revie (1985) the direct costs of
replacing damaged equipment due to failure of corroded bolts

can be eliminated by protecting them against corrosion. The
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researcher suggests that yellow zinc dichromate could be a
solution to the problem.

Question Three

Third research question was: 1In a salt spray test,
does higher concentration of salt cause more corrosion on
parts? In order to answer this question, data from Tables
4, 5, 6, and 7 need to be examined. Also data in Table 4
and 5 were constructed in order to provide the researcher
with the lowest mean thickness loss. These tests were
conducted with low and high salt concentration respectively.
When comparing data in both tables, it can be concluded

that:

1. In salt spray test, higher salt concentration does
cause more corrosion.

2. With low salt concentration, the least thickness
loss was 0.186 for thin bolts plated electrolytically with
vellow dichromate zinc and 0.188 for thick bolts plated
electrolytically with yellow zinc dichromate.

3. With high salt concentration, the least thickness
loss was 0.057 for thick and 0.085 for thin bolt plated with
yellow zinc dichromate. Comparing these figures, the
researcher could not claim that high concentration of salt
in a salt spray test does cause more corrosion. May be
there were other factors in the interaction between the
treatment, such as the thickness and the salt concentration

that caused this inconclusiveness.
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The data in Tables 6 and 7 were also examined in order
to support this claim. These data were derived from tests
conducted in order to evaluate the mean weight loss (Loss
2). These tests were conducted with low and high salt
concentration respectively. Data from Table 6 were
generated using the results of a test conducted with low
salt concentration; the results were: 1.016 and 0.714 as
the least weight losses. The 1.21 was the percentage mean
weight loss for bolts coated with a thin layer of yellow
dichromate zinc and 0.84 was the percentage mean weight loss
for bolts coated with a thick layer of yellow dichromate
zinc. Data from Table 7 were also generated with the
results of a test conducted with high salt concentration.
The results given were: 0.017 and 0.037 for the least
weight losses. The result 0.02 was the percentage mean
weight loss for fasteners coated with a thin layer of yellow
dichromate zinc and 0.04 was the percentage mean weight loss
for fasteners coated with a thick layer of yellow dichromate
zinc. Here again, a comparison of both tables reveals that
higher salt concentration in the salt spray test caused
parts to corrode more. However, it can also be argued that,
based on the data shown in Tables 4 and 5, higher salt
concentration in a salt spray does cause parts to lose their

thickness thereby losing their protection against corrosion.
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Question Four

The fourth research question was: What is the effect
of coating thickness on the corrosion resistance of zinc
coated medium carbon steel bolts? In order to answer this
question, data from Tables 4, 5, 6 and 7 were examined.

1. Considering the data in Table 4, the least
thickness loss in a test run with low salt concentration
with the yellow dichromate-coated bolts with both the thin
and thick coating, the question cannot be answered for the
least thickness loss was equal to 0.186 for both.

2. Considering the data in Table 5, the least
thickness loss in a test run with high salt concentration
solution was 0.057, for the yellow dichromate with thick
coating.

3. The data in Table 6 illustrate that the least
amount of weight loss in a test run with low salt
concentration solution was 0.714, for the yellow dichromate
with a thick coating. |

4. Finally, considering the data in Table 7, the least
amount of weight loss in a test run with high salt
concentration solution was 0.017; the yellow dichromate with
a thin coating. Based on these categorical results, it was
concluded that a thick coating of yellow dichromate would
provide a good corrosion resistance to fasteners than a thin
one. Again, this also depends on the interaction effects

between the salt, the treatment, and the thickness.
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Question Five

The fifth research question was: What is the
appropriate coating thickness for medium carbon steel bolts?
The data in Tables 4, 5, 6, and 7 reveal the following:

1. The least minimum thickness loss in Table 4 for a
test run with low salt concentration was 0.186 and 0.188
(the yellow dichromate) with both thin and thick coatings
respectively. Based on those results, one cannot determine
for sure the appropriate coating thickness for a bolt; but
can say at least a 0.0002" coating thickness with the yellow
dichromate would ensure an adequate protection because the
minimum required thickness of this coating was 0.0002".

Considering the data in Table 5, the least thickness
loss for test run with high salt concentration in the main
tank was 0.057 or 5.6% thickness loss (the yellow
dichromate) with a thick coating. The least weight loss
from data in Table 6 for a test run with low salt
concentration in the main tank is 0.714 or 0.84% weight loss
(the yellow dichromate) with a thick coating.

Finally, the least amount of weight loss from data in
Table 7 for a test run with high salt concentration in the
main tank was 0.017 or 0.02% weight loss. Here again the
thin coating passed the test. This result was
sufficientenough to conclude that a minimum coating
thickness would provide adequate protection for a bolt if it

was coated with yellow dichromate zinc.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

This study was undertaken with two stated problems:

1. To investigate the correlation between plating
thickness and corrosion resistance of medium carbon
fasteners under salt spray conditions on two types of zinc.

2. To compare the level of protection of clear
chromate coating and the yellow dichromate zinc on medium
carbon steel bolts under salt spray moisture conditions.

Upon reviewing the available literature, the researcher
concluded that by testing the various coated bolts according
to the ASTM B117 standard data would be obtained to
determine if a correlation existed. Furthermore, a
correlation could be established between the corrosion
resistance and the types of coating. The various tests run
during this investigation proved that one type of coating is
better than the other in terms of longer periods of
protection and a weather condition could be a determinant
factor in the longevity of a plated fastener. The two
dependent variables, loss in thickness (Loss 2) and loss in
weight (Loss 1), appeared to be of limited value. The
independent variables with their subcategories also were
limited in their choice. Data in Tables (4, 5, 6 and 7)
proved that some predictions could be made concerning the

yellow zinc coating. The data in Table 4 clearly

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



90

supported Zaki (1988) who reported, as noted in the review
of literature, that the single-dip clear chromate films
contain a lower content of chrome and offer less corrosion
protection than the colored types. Let us recall that the
yellow dichromate plating on the medium carbon steel bolts
experience less percentage weight and thickness loss in the
salt spray testing of this experiment. In other words, data
in Table 4 revealed that yellow zinc is a coating that can
provide the maximum time of protection for medium carbon
steel bolts in both high and low salt concentration
atmosphere.

As far as the data in Table 5 were concerned, these
findings were also in agreement with Zaki's (1988)
conclusions regarding color and appearance. The yellow
dichromate plated bolts lost their color after being
subjected to the salt spray test in the fog chamber. This
loss of color could be translated to the loss of thickness
which in return meant less protection against corrosion.
Zaki stated that failure to meet corrosion resistance for
the particular coating applied could be due to insufficient
thickness for the required type of chromate, contamination
of chromate film with metallic impurities. Some findings
related to Nelson (1963) were of great importance during the
experiment. The problem of zinc peeling of the base
material did not occur. The platers were aware of it and

they took Nelson's recommendations to avoid it. The data in
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Tables 4 and 5 also illustrated a degree of consistency in
the findings of Cook et al. (1992). They investigated
various types of coatings on steel bolts. They found that
the thickness and uniformity of the coating are important
because they determine bolt/nut thread fit. This also
determined the longevity of the bolt/nut when they are
tightened. Considering the data found in Tables 4 and 5,
the clear chromate loss of thickness and loss of weight was
a concrete example of the failure that would result due to
non-uniformity of the coating because most of it was gone
during the test. The data in Table 5 also rated yellow zinc
as a coating that can provide a maximum time of protection
for medium carbon steel bolts.

As noted in the IFI Reference Book that corrosion
occurs by direct chemical attack when the base material is
soluble in corrosion medium. Talking about corrosion
reactions, Moniz (1992) noted that corrosive environments
are electrolytes that contain positive and negative ions.
The anode and cathode reactions are the two most important
components of corrosion reactions. Moniz stated that in an
anode reaction, metal atoms are converted into positively
charged ions and electrons, leading to dissolution of the
metal. He also noted that in the cathode reaction, specific
positively charged ions in the electrolyte consume the
electrons. It was previously noted that uniform corrosion

occurs on iron or steel items. In this research the items
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tested are medium carbon steel bolts, therefore, the type of
corrosion that occurred during the experiment would be
denoted as uniform corrosion which was supported by Moniz.
In the electrochemical reaction of corrosion, the positive
charge passing from the metal into the electrolyte at anode
locations on the metal surface is balanced by an equal
amount of negative charge passing from electrolyte to the
metal at cathode locations. 1In electrical terms, when
corrosion occurs, a current flows from the anode to the
cathode. Since the anode and cathode currents are equal and
opposite, no electric shock is experienced from a corroding
system. When the corrosion is general, as was the case with
the medium carbon bolts with no coating and tested with both
high and low salt concentrated solution, the corrosion is
also uniform. 1In this case, the anode and cathode sites are
switching continuously, causing relatively uniform metal
loss over the surface. Groshart (1986) noted the chemistry

of iron corrosion in the following equation:
4 Fe + 30, + 6H,0 = 4 Fe (OH,).

This was the case where ferric hydroxide dehydrated to form
ferric oxide which is nothing but corrosion. According to
the data in Table 6, the control group of bolts corroded
during the testing and lost nearly 2% of their weight. This
result supported the IFI Reference book notes pertaining to

corrosion. Moreover, from the data in Table 6 the bolts
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coated with thin and thick clear chromate zinc seem to have
lost substantially in terms of percentage weight loss. This
result was to be consistent with Zaki (1988) which stated
that bolts coated with clear chromate zinc will tend to
perform less than the ones coated with yellow dichromate
zinc. According to the data in Table 5, bolts coated
electrolytically with thin clear chromate zinc and the ones
coated electrolytically with thick clear chromate zinc lost
81.4% and 80.9% of their thickness respectively. The bolts
coated with thin yellow dichromate zinc and those coated
with thick yellow dichromate zinc performed relatively
better than the others. Their results were 1.21% and 0.84%
respectively. It was concluded that the yellow dichromate
zinc had a good protection in salt spray testing. The data
in Table 6 also revealed yellow zinc as the best coating
capable of resisting corrosion on medium carbon steel bolts.

According to the data in Table 7, the bolts coated
electrolytically with thin clear chromate zinc seemed to
have lost more percentage weight than those in the control
group. This could be explained by two phenomenons:

1. The salt concentration solution was high.

2. The coating on these groups of samples was
completely gone and part of the base metal was also attacked
by corrosion. These made more loss in terms of weight.
These findings proved that bolts plated electrolytically

with clear zinc are far less protective than those coated

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



94

with yellow dichromate zinc. The data in Table 7 also
revealed that bolts coated with thin and thick clear
chromate lost 1.27% and 1.49% of their weight respectively.
In this group even the ones coated with thick clear chromate
lost more than the ones with a thin coating. Bolts coated
with thin and thick yellow dichromate lost 0.2% and 0.4% of
their weight respectively. Finally, the data in Table 7
also rated yellow dichromate zinc as the best coating
capable of resisting corrosion for a long period of time.

Altogether, the data from these four tables enabled the
researcher to draw the conclusion that yellow dichromate
zinc coating provides better coating on medium carbon steel
bolts than the clear chromate zinc. Furthermore, the data
from these four tables substantiated Zaki's (1988) findings
that was granting 100-300 hours of salt spray resistance to
white corrosion for the yellow dichromate zinc.

Suggestions and Summary

Suggestions

The results of this research demonstrated that life of
bolts coated with various types of zinc could be short or
long. Should manuiacturers consider the geographical
location with high moisture content and high pollution in
the atmosphere in order to distribute their final products
such as cars, tractors, refrigerators, motorcycles, etc.?

The answer here is yes.
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If considering a dry area such as Arizona,
manufacturers may need not worry about plating parts with
yellow dichromate zinc. However, they may need to plate
their parts with thick clear chromate (0.0003" or above).
However, it would be worth spending extra money to coat
medium carbon steel bolts with the yellow dichromate zinc.

If considering a coastal area with high humidity and
high pollution in the atmosphere such as New York or Los
Angeles, the researcher suggests that manufacturers plate
their products with yellow dichromate zinc.

As stated before, electrolytes occur naturally in our
everyday environments; they are: humidity, fog, dew,
condensation, and rain. These electrolytes have a broad
variation in their electrical conductivity. It was also
noted that the corrosion survival expectancy of steel is
enhanced considerably when exposed to the conditions in the
high humidity of southern states such as Florida and Texas
as opposed to the ultra-dry desert climates of Nevada and
Arizona (Moniz, 1992). The fog chamber of the salt spray
apparatus was certainly humid; this humidity considered as
an electrolyte caused the corrosion on the bolts subjected
to various tests. This simulation of various humid regions
of the United States proved that parts manufactured for
these types of regions should be protected. The results of
this study revealed that the yellow dichromate zinc would be

the appropriate type of coating. Once again, this research
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proved that it is worth spending the extra dollars to plate
parts with yellow dichromate zinc.

The plating of parts with yellow dichromate zinc not
only provides protection against corrosion but it also
eliminates unnecessary expenditures associated with corroded
parts. For example, a corroded part can fail and break a
piece of equipment can break down. May be that was the
reason why Uhlig and Revie (1985) noted that a better
protection of metals, especially fasteners, would bring
about improvements in two significant areas. The first area
of improvement would be economic: that which is caused by
the prevention of direct and indirect losses. As stated
before in Chapter One, the direct losses include the costs
involved in replacing corroded parts in most industrial
settings. Moreover, there is also a direct cost associated
with tooling losses due to corrosion. Uhlig and Revie
estimated the approximate losses of tooling costs alone for
electrical utilities in the United States of America to be
tens of millions of dollars each year. Though the indirect
cost of corrosion losses could not be assessed as easily as
the direct costs of losses to corrosion, Donovan (1986)
estimated the indirect costs of losses to corrosion to be
billions of dollars each year.

A corroded part can also injure employees on the
job site or consumers using products with unprotected

fasteners. Thus, this leads to the second area of
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improvement that protected fasteners such as the one coated
with yellow dichromate zinc can bring about. This area of
improvement is the one dealing with the safety of operating
equipment. As stated in Chapter One, fasteners are used in
many industries and they are used to hold together things
such as vessels, automobiles, airplanes, tractors, bridges,
etc. If well plated, these fasteners would hold as
manufacturers expected them to and thereby avoid accidents
that would cost not only dollars, but also human lives.
Summary

This study was conducted under the ASTM Bll7 guidelines
for salt spray testing. The different tests run by the
researcher rated the yellow dichromate zinc as best choice
of coating for medium carbon steel bolts for products going
to areas with high humidity and high pollution in the
atmosphere. The results of the study also proved that
thickness doesn't matter as long as the fasteners are plated
with a minimum of 0.0002" thickness of the yellow dichromate
zinc.

Furthermore, these results also proved that there
definitely is a correlation between the plating thickness
and the corrosion resistance of medium carbon fasteners

plated electrolytically with zinc: clear chromate or yellow

dichromate.
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The five research questions were answered based on the
results of this investigation. The more precise conclusions
regarding these questions in this study were as follows:

1. Medium carbon steel bolts plated electrolytically
with yellow dichromate zinc are more corrosion resistant
than the one plated with clear chromate zinc. These
findings were consistent with Zaki (1988) who found the
yellow dichromate zinc as more protective than the clear
one.

2. The yellow dichromate zinc coating appeared to be
more protective than the clear chromate zinc on medium
carbon steel bolts. Looking at Figures 10 and 11 (see
Appendix D) it can be noticed that the bolts coated with
clear chromate lost 85% of their coating during the test.
Corrosion resulted and the thread became brittle.

3. A high salt concentration in the atmosphere is not
the only factor that make parts corrode; perhaps the
humidity and other pollutants can also be factors
contributing to the corrosion of fasteners. However, this
research reveals that layers of coating can be lost with a
high concentration of salt in the atmosphere. As a matter
of fact, the bolts plated with yellow dichromate did lose
their bright color and became dull (see Appendix D).

4. Though the minimum thickness required for the

protection of medium carbon steel fasteners is 0.0002"
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(Zaki, 1988), more protection can be provided for fasteners
thicker than 0.0002".

5. In an industrial setting where the question of
coating parts with either clear chromate zinc or yellow
dichromate zinc seems to be the daily question, the choice
now will clearly be that of the yellow dichromate zinc
because it is proven to be more protective.

6. The clear chromate zinc does not provide a good
protection for medium carbon fasteners beyond a certain
period of time estimated at 60 hours in the fog chamber of

the salt spray apparatus.

Recommendations for Further Study

Based on the outcomes of this study, several
recommendations for further studies are made.

1. During the electrolytic plating of medium carbon
fasteners, phenomenon called hydrogen embrittlement may
occur. It was noted in the Industrial Fasteners Institute
book (IFI, 1988) that hydrogen has no beneficial effects on
steel; hydrogen can cause serious damage to steel. Hydrogen
embrittlement causes fastener failures; it causes fractures
of a given fastener into two separate pieces. This
phenomenon called hydrogen embrittlement occurs during
various stages in the making of a medium carbon steel
fastener. It also can occur during fasteners plating,
particularly during acid pickling and alkaline cleaning.

Before and during the plating process, atomic hydrogen is
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absorbed into the fastener's surface. The deposited
metallic coating then entraps the hydrogen. When the
fasteners are tightened, the hydrogen migrates towards
points of highest stress concentration. Pressure builds
until the strength of the base metal is exceeded and minutes
after, surface rupture occurs. Hydrogen known to be
exceptionally mobile, penetrates quickly into the newly
formed cracks. This pressure-rupture-penetration cycle
continues until the fastener fractures, usually within hours
of first stress application.

According to Moniz (1992), embrittlement is the loss of
ductility in a metal caused by corrosion. Hydrogen assisted
cracking is a form of embrittlement that constitutes a
potential problem at service temperatures between -5° F and
250° F. At low temperatures, the rate of hydrogen diffusion
is extremely low. Higher temperatures encourage hydrogen to
diffuse out of the metal rather than enter it. Carbon steel
fasteners not only go through heat treatment during the time
they are manufactured, but also go through the process of
plating thus increasing the chance of hydrogen assisted
cracking. A study can be conducted to see whether there
exists a correlation between hydrogen caused cracks and the
corrosion of fasteners.

2. The researcher would also like to recommend a
similar study to investigate the correlation between plating

thickness of nuts plated electrolytically with clear
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chromate zinc or yellow dichromate zinc and their corrosion
resistance using a wide range of thickness.

3. Another area of interest would be the correlation
between wrenching torque and plating thickness of bolts.

4. Another study similar toc this one can be done with
temperature incorporated as another independent variable.
The reason for this is that engines are put together with

plated bolts; during operation, the engine can get as hot as

200 degrees or more.
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1. Scope

1.1 This test method sets forth the conditions required in
salt spray (fog) testing for specification purposes. Suitable
apparatus which may be used 1o obtain these conditions is
described in Appendix X 1. The method does nor prescribe
the type of test specimen or exposure periods to be used for a
specific product, nor the interpretation to be given to the
results. 1t should be noted that there is seldom a direct
relation between salt spray (fog) resistance and resistance to
corrosion in other media, because the chemistry of the
reactions, including the formation of films and their protec-
tive value, frequently varies greatly with the precise condi-
tions encountered. Comments on the use of the test in
research will be found in Appendix X2. For evaluation of
corrosive conditions, see Appendix X3.

Note 1=—This method is applicable to st spray (fog) testing of
ferrous and nonferrous metals, and is also used to test inorganic and
organic coatings. ctc.. especially where such tests arc the basis for
matenal or product specifications.

1.2 The values stated in SI units are to be regarded as
standard. The inch-pound units in parentheses are provided
for information.

1.3 This standard may involve hazardous materials, oper-
ations, and equipment. This standard does not purport to
address all of the safety problems associated with its use. It is
the responsibility of the user of this standard to establish
appropriate safety and health practices and determine the
applicability of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:

B 287 Method of Acetic Acid-Salt Spray (Fog) Testing®

B 368 Mecthod for Copper-Accelerated Acetic Acid-Salt
Spray (Fog) Testing (CASS Test)’

' Thy tet method is under the of ASTM C G-1 on

Corronon of MetlL and 1 the direct responubihity of Subcomminiee GO1.05 on
Corromon Tess.

Current edivon aporoved March 30, 1990. Published May 1990. Onginally
publnshed as B 117 - 39 T. Lan previous ediion B 117 - 85",

3 Duconunued—See 1987 Annua! Book of ASTM Standards. Vols 02.05 and
03.02.

3 Annua! Book of ASTM Siandards. Vol 02.05.

D609 Methods for Preparation of Steel Panels for Testing
Paint, Varnish, Lacquer, and Related Products*

D 1193 Specification for Reagent Water®

D 1654 Method for Evaluation of Painted or Coated
Specimens Subjected to Corrosive Environmeats*

E 70 Test Method for pH of Aqueous Solutions with the
Glass Electrode®

3. Apparatus

3.1 The apparatus required for salt spray (fog) testing
consists of a fog chamber, a salt solution reservoir, a supply
of suitably conditioned compressed air, one or more atom-
izing nozzles, specimen supports, provision for heating the
chamber, and necessary means of control. The size and
detailed construction of the apparatus are optional, provided
the conditions obtained meet the requirements of this
method.

3.2 Drops of solution which accumulate on the ceiling or
cover of the chamber shall not be permitted to fall on the
specimens being tested.

3.3 Drops of solution which fall from the specimens shall
not be returned to the solution reservoir for respraying.

3.4 Material of construction shall be such that it will not
affect the corrosiveness of the fog.

4. Test Specimens

4.1 The type and number of test specimens 10 be used. as
well as the criteria for the evaluation of the test results, shall
be defined in the specifications covering the material or
product being tested or shall be mutually agreed upon by the
purchaser and the seller.

5. Preparation of Test Specimens

S.1 Meullic and metallic-coated specimens shall be suit-
ably cleaned. The cleaning method shall be optional de-
pending on the nature of the surface and the contaminants.
except that it shall not include the use of abrasives other than
a paste of pure magnesium oxide nor of solvents which are
corrosive or will deposit either corrosive or protective films.
The use of a nitric acid solution for the chemical cleaning. or
passivation, of stainless sieel specimens is permissibie when
agreed upon by the purchaser and the seller. Care shall be
taken that specimens are not recontaminated after cleaning
by excessive or careless handling.

* Annual Book of ASTM Siandards. Vol 06.0%.
3 Annual Book of ASTM Siandards. Vol 11.01.
¢ Annual Book of ASTM Standards. Vol 15.05.

20
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5.2 Specimens for evaluation of paints and other organic
coatings shall be prepared in accordance with applicable
specification(s) for the material(s) being tested, or as agreed
upon by the purchaser and supplier. Otherwise, the test
specimens shall consist of steel meeting the requirements of
Methods D 609 and shall be cleaned and prepared for
gnsggg in accordance with applicabie procedure of Methods

5.3 Specimens coated with paints or nonmetallic coatings
shall not be cleaned or handled excessively prior 10 test.

5.4 Whenever it is desired to determine the development
of corrosion from an abraded area in the paint or organic
coating, a scratch or scribed line shall be made through the
coating with a sharp instrument so as to expose the under-

lying metal before issting. The conditions of making the -

scratch shall be as defined in Method D 1654, unless
otherwise agreed upon between the purchaser and seller.

5.5 Unless otherwise specified, the cut edges of plated,
coated, or duplex materials and areas containing identifica-
tion marks or in contact with the racks or suppors shall be
protected with a suitable coating stable under the conditions
of the test, such as ceresin wax.

NoTE 2—Should it be desirable 1o cut test specimens from pans or
from preplated. painted. or otherwise coated steel sheet, the cut edges
shall be protected by coating them with wm.wu tape, orol.her
effective media 30 that the develop of a effect
such edges and the adjacent plated or otherwise mu:d metal surfaces. is

prevented.

6. Position of Specimens During Test

6.1 The position of the specimens in the salt spray
chamber during the test shall be such that the following
conditions are met:

6.1.1 Unless otherwise sperified, the specimens shall be
supported or suspended between 15 and 30° from the vertical
and preferably parallel to the principal direction of hori-
romal flow of fog through the chamber, based upon the
dominant surface being tested.

6.1.2 The specimens shall not contact each other or any
metallic material or any material capable of acting as a wick.

6.1.3 Each specimen shall be so placed as to permit free
settling of fog on all specimens.

6.1.4 Salt solution from one specimen shall not drip on
any other specimen.

NOTE 3—Suilabi ials for the or coating of racks
and supports are glass, rubber, plasuc. or suilably coated wood. Bare
meta! shall not be used. Specamens shall preferably be supporied from
the bottom or the side. Slotted wooden strips are suitabie for the support
of flat panels. Suspension from glass hooks or waxed sxnn; may be used

impurities. Some galts contain additives that may act as
corrosion inhibitors; careful attention should be given to the
chemical content of the salt. Upon agreement between
purchaser and seller, analysis may be required and limits
established for elements or compounds not specified in the
chemical composition given above.

7.2 The pH of the salt solution shall be such that when
atomized at 35°C (95°F) the collected solution will be in the
pH range of 6.5 to 7.2 (Now 4). Before the solution is
atomized it shall be free of suspended solids (Note 5). The
pH measurement shall be made electrometrically at 25°C
(77°F) using a glass electrode with a sawurated potassium
chloride bridge in accordance with Method E70, or
colorimetrically using bromothymol blue as indicator, or
short range pH paper which reads in 0.2 or 0.3 of a pH unit
(Note 6).

NoTE 4—Temperature affects the pH of a salt solution prepared
from water saturated with carbon dioxide at room temperature and pH
adjustment may be made by the foilowing three memods

(1) When the pH of a salt sol is d a1 room
and stomized at 35°C (95°F), the pH of the collected sotution will be
higher than theorigjnnlnoluﬁunduemlbelcuofurbondicxidcnube
higher temperature. When the pH of the salt solution is adjusted st room

nu‘ fore v 10 adjust it below 6.5 so the

fh l after izing at 35°C (95°F) will meet the pH limits

0f 6.5 10 7.2. Take about a S0-mL sampie of the sait solution as prepared

at room emperature. boi) gently for 30 s, cool, and determine the pH.

When the pH of the salt solution is adjusted 10 6.5 to 7.2 by this

procedure. the pH of the d and collected ion at 35°C (95°F)
will come within this

(2) Heating the salt solution 10 botlms and cooling to 95°F for
maintaining it at 95°F for y 48 h before g the pH
produces a soluuon the pH of which dou not materially chanp when
atomized a1 35°C (95°F).

(3) Heating the water from which the salt solution is prepared 10
35°C (95°F) or above. 10 expel carbon dioxide. and adjusting the pH of
the salt solution within the limits of 6.5 to 7.2 produces & salution the
pH of which does not tally change when d at 35°C (95°F).

NoTE 5—The freshly prepared salt solution may be filtered or
decanted before it is placed in the reservoir, or the end of the tube
leading from the salution to the izer may be with a doubie
Leyer of cheesecloth 1o prevent plugging of the nozzie.

NoTe 6—The pH can be adjusted by additions of dilute cp hydro-
chlonc acid or cp sodium hydroxde solutions.

8. Air Sapply

8.1 The compressed air supply to the nozzle or nozzles for
atomizing the salt solution shall be free of oif and dirt (Note
7) and maintained between 69 and 172 kN/m? (10 and 25
psi) (Note 8).

NoTe 7—The air supply may be freed from oil and dint by passing it
through a water scrubber or a1 keast 610 mm (2 fi) of suitable cleaning
ial such as sheep's wool. exceisior, siag wool, or activated

as long as the specified p of the 15 obtained, if Y
b: means of secondary suppor at the bottom of the specimens.

7. Salt Solution

7.1 The salt solution shall be prepared by dissolving $ % |
pans by weight of sodium chlonde in 95 paris of water
cnforming to Type [V water in Specification D 1193. The
«an used shall be sodium chloride substantially free of nickel
ar¢} copper and containing on the dry basis not more than
1 % of sodium iodide and not more than 0.3 % of total

alumina.

NOTE 8~—Atomizring nozzies may have a “critical pressure™ at which
an abnormal increase in the corrosiveness of the salt fog occurs. If the
“cntical pressure” of a nozzle has not been established with certanty,
control of ) jon in the air p within plus or minus 0.7 kN/m*
(0.1 psi), by of a b gul valve* mini-

7 Regstered U. SP-u-mOﬂ'n
5 The N for by Moo

Products Co.. H and Lytamszu. Mm PA 19124, 3 suutable for this
PuTpOSC.
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mizes the passibility that the nozzie will be operated at its “critical
pressure.™

9. Coaditions in the Salt Spray Chamber

9.1 Temperature—The exposure zone of the salt spray
chamber shall be maintained at 35 + 1.1 — L7°C (95 + 2 —
3°F). The temperature within the exposure zone of the closed
cabinet shall be recorded at least twice a day at least 7 h apart
(except on Saturdays, Sundays, and holidays when the salt
spray test is not interrupted for exposing, rearranging, or
removing 1est specimens or to check and replenish the
solution in the reservoir).

NOTE 9—A suitable method 10 record the temperature is by s
continuous recording device or by a thermometer which can be read
from outside the closed cabinet. The recorded temperature must be
obtained with the salt spray chamber 1o avoid a falie low reading
because of wet-bulb effect when the chamber is open.

9.2 Atomization and Quantity of Fog—At least two clean
fog collectors shall be so placed within the exposure zone that
no drops of solution from the test specimens or any other
source shall be collected. The collectors shall be placed in the
proximity of the test specimens, one nearest to any nozzle
and the other farthest from all nozzles. The fog shall be such
that for each 80 cm? of horizontal collecting area there will
be collected in each collector from 1.0 1o 2.0 mL of solution
per hour based on an average run of at least 16 h (Note 10).
The sodium chioride concentration of the collected solution
shal! be 5 = 1 weight % (Note 11). The pH of the collected

- solution shall be 6.5 to 7.2. The pH measurement shall be
made electrometrically or colorimetrically using bromo-
thymot blue as the indicator.

NOTE 10—Suitsbie collecting devices are glass funnels with the stems
inserted through into graduated cylind or crystalliring
dishes. Funneis and dishes with a diameter of {0 cm have an area of
about 80 cm?,

NOTE |i—A solution having a specific gravity of 1.0255 10 1.0400 at
25°C(7TF) will meet the eq The
may atso be determined as follows: Dilute § mi. of the collected solution

to 100 mL with distilled water and mix thoroughly. prpet a {0-mL
aliquot into an dish or add 40 mL of distilled

waterand | mLof 1 % ide-free) and
titrate with O.! N silver nitrate solution 1o the first appearance of a

| ion. A sot that ires b 34and s.1
mL of 0.1 N silver nitrate soluuon will meet the concentrauon
requirements.

9.3 The nozzle or nozzies shall be so directed or baffled
that none of the spray can impioge directly on the test
specimens.

10. Continuity of Test

10.1 Unless otherwise specified in the specifications cov-
ering the material or product being tested, the test shall be
continuous for the duration of the entire test period. Contin-
uous operation implies that the chamber be closed and the
spray operating continuously except for the short daily

* 1t has been observed that penodic fluctustions 1n kir pressure of 2.4 kN/m®
(0.3 pas) resuited 1n about 8 twofold increase tn the coromvty of the fog from a
nazzle which wis betng operated at an average peessere of 110 kN/m® (16 psi).
Controlling the fluctuations within =0.7 kN/m? (0.1 psi). however. avosded any
increase 10 the corrasvily of the saft fog. See Dancy. V. M. snd Cavansgh. W. R..
“Apparstus and Factors 1n Ssit Fog Taung.” Proceedings. ASTM, Vol 48, 1948,
p. 153

interruptions necessary 1o inspect, rearrange, or remove test
specimens, to check and replenish the solution in the
reservoir, and to make necessary recordings as described in
Section 9. Operations shall be so scheduled that these
interruptions are held to a minimum.

11. Pericd of Test

11.1 The period of test shall be as designated by the
specifications covering the material or product being tested
or as mutually agreed upon between the purchaser and the
seller.

NoTt 12—~Recommended exposure periods are 10 be &3 agreed upon
by the purchaser and seller, but exposure periods of multipies of 24 h are
suggested.

12. Cleaning of Tested Specimens

12.1 Unless otherwise specified in the specifications cov-
ering the material or product being tested, specimens shall be
treated as follows at the end of the test:

12.1.1 The specimens shall be carefully removed.

12.2 Specimens may be gently washed or dipped in clean
running water not warmer than 38°C (100°F) to remove salt
deposits from their surface, and then immediately dried.
Drying shall be accomplished with a siream of clean,
compressed air.

13. Evaluation of Results

13.1 A careful and immediate examination shall be made
for the extent of corrosion of the dry test specimens or for
other failure as required by the specifications covering the
material or product being tested or by agreement between
the purchaser and the selier.

14. Records and Reports

14.1 The following information shall be recorded, unless
otherwise prescribed in the specifications covering the mate-
rial or product being tested:

14.1.1 Type of sait and water used in preparing the salt
solution,

14.1.2 All readings of temperature within the exposure
zone of the chamber,

14.1.3 Daily records of data obuined from each fog-
collecting device including the following:

14.1.3.1 Volume of salt solution collected in millimetres
per hour per 80 cm?,

14.1.3.2 Concentration or specific gravity at 35°C (95°F)
of solution coliected, and

14.1.3.3 pH of collected solution.

14.4 Type of specimen and its dimensions, or number or
description of parn,

14.5 Method of cleaning specimens before and after
testing,

14.6 Method of supponting or suspending article in the
salt spray chamber,

14.7 Description of protection used as required in 5.5,

14.8 Exposure period.

14.9 Interruptions in test. cause and length of time, and

14.10 Results of all inspections.

Noti 13—If any of the atomized st solution which has not
contacted the 1est specimens is returned 10 the reservoir. 1t 15 advisable to
record the concentrauon or specific gravity of this solution also.
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15. Precision and Bias'®

15.1 The reproducibility of results in the salt spray test is
highly dependent on the type of specimens tested and the
evaluation criteria selected as well as the control of the
operating variables. In any testing program, sufficient repli-
cates should be included to establish the variability of the
results. Substantial variability is ofien observed when similar
specimens are tested in different fog chambers even though

' Supporting data are availabic on loan from ASTM Headquaners. Requent
RR: GOi-1003.

the testing conditions are nominally similar and within the
ranges specified in this method.

15.2 The salt spray (fog) test is intended to reproduce the
corrosion that occurs in atmospheres containing salt spray or
splash. It has been widely observed, however, that rankings
of different alloys or coating systems, or both. do not
necessarily fall in the same order as atmospheric tests in
marine or road salt splash environments. This test has been
more useful in rating the relative resistance of a specific type
of protective coating, for example, hot-dip zinc coatings on
steel. Interpretation of the results of this method beyond this
purpose must be verified by actual exposure tests.

APPENDIXES

{Nonmandatory Information)

X1. CONSTRUCTION OF APPARATUS

X1.1 Cabinets

X1.1.1 Standard salt spray cabinets are available from
several suppliers, but certain pertinent accessories are re-
quired before they will function according to this method
and provide consistent control for duplication of results.

X1.1.2 The salt spray cabinet consists of the basic
chamber, an air-saturator tower, a2 salt solution reservoir,
atomizing nozzies, specimen supports, provisions for heating
the chamber, and suitable controls for maintaining the
desired temperature.

X1.1.3 Accessories such as a suitable adjustable baflle or
central fog tower, automatic level control for the salt
reservoir, and automatic level control for the air-saturator
tower are pertinent parts of the apparatus.

X1.1.4 The cabinet should be of sufficient size to test
adequately the desired number of pans without over-
crowding. Small cabinets have been found difficult to control

TABLE X1.1 Opersting
of Typical Spray Nozxie

Ar Flow, Soluton
Seohon Lymn Caonsumpuon, mm
n‘_ ‘ Ax Pragaure, ps Ax Pressure, pa
5 10 15 20 5 10 15 20
4 19 2865 NS5 % 2100 3840 ASM 5256
] 11 285 NS % 63 2760 3720 4320
12 AL 265 NS » 0 1380 W@ IN0
16 19 288 N5 3% 0 T80 2124 2004
s Ar Flow, om? pmn Soluton Consumption, o/
Hegnt Ar Pressure. kPa A Pressure, kPa
o 34 @ 100 138 34 65 100 138
10 19 265 NS % 2100 3840 4384 5256
20 19 25 NS 3% 63 27680 J720 4320
30 19 285 NS 3% 0 1380 3000 10
49 19 266 NS 36 0 780 2124 2004

and those of less than 0.43-m® (15-ft%) capacity should be
avoided.

X1.1.5 The chamber may be made of inert materials such
as plastic, glass, or stone, but most preferably is constructed
of metal and lined with impervious plastics, rubber. or
epoxy-type materials or equivalent.

X1.2 Temperature Control

X1.2.1 The maintenance of temperature within the salt
chamber can be accomplished by several methods. It is
generally desirable to control the temperature of the sur-
roundings of the salt spray chamber and to maintain it as
stable as possible. This may be accomplished by placing the
apparatus in a constant-temperature room, but may aiso be
achieved by surrounding the basic chamber of a jacket
containing watsr or air at a controlled temperature.

X1.2.2 The use of immersion heaters in an intemal salt
solution reservoir or of heaters within the chamber is
detrimental where heat losses are appreciable. because of
solution evaporation and radiant heat on the specimens.

X1.2.3 All piping which contacts the salt solution or spray
should be of inert materials such as plastic. Vent piping
should be of sufficient size so that a minimum of back
pressure exists and should be installed so that no solution is
trapped. The exposed end of the vent pipe should be shielded
from extreme air currents that may cause fluctuation of
pressure or vacuum in the cabinet.

X1.3 Spray Noxzles

X1.3.1 Satisfactory nozzles may be made of hard rubber.
plastic. or other inert materials. The most commoniy used
type is made of plastic. Nozzles calibrated for air consump-
tion and solution-atomized are available. The operating
characteristics of a typical nozzie are given in Table X1.1.

X1.3.2 It can readily be seen that air consumption is
relatively stable at the pressures normally used, but a marked
reduction in solution sprayed occurs if the level of the
solution is allowed to drop appreciably during the test. Thus.
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0 heeter (hem No. B) 1 bese

g hester (item No. 5)

12—~Spray NCITIe SOOve reservow, SUNAGY desNSd, locxted. and baffed

12A—-Spray NOIe housed N GEPENION OWer I0CEG Dreterably N conter of cabnet

13—Water seal

14—~Combenarion Grsn and exheust. Exheust 5t 0pPOSAS exie of 1St SDR0E FOM SOy NOZXie (Tem 12}, but Praferably N COMDINETON WIth Oram, waste Tap. and forced

arzh wasw poe (wms 16, 17, s 18).

16—Compiets S80Eraton betwesn fOroad Oraft wizste PO (hem 17) and combnaton Arisn snd sxheust (hems. 14 and 19) 10 void UNCesrabIS SUCTON O back Dréssure
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13--AUtOMENC ISvSR; GEVICS K reservor
19—Wese vap

20——Ar SPECE OF WRI Jackst

21—Teat table OF rack, wed Deiow rool arsa

FIG. X1.1  Typical Sait Spray Cabinet

the level of the solution in the salt reservoir must be
maintained automatically 1o ensure uniform fog delivery
during the test.'!

X1.3.3 If the nozzle selected does not atomize the salt
solution into uniform droplets. it will be necessary to direct
the spray at a baffle or wall to pick up the larger drops and
prevent them from impinging on the test specimens. Pending
a complete understanding of air-pressure effects, etc., it is
impontant that the nozzle selected shall produce the desired
condition when operated at the air pressure selected. Nozzles
are not necessarily located at one end. but may be placed in
the center and c2n also be directed vertically up through 2
suitable tower.

X14 Air for Atomization

cleaned air may be introduced into the bortom of a tower
filled with water. through a porous stone or multiple nozzles.
The level of the water must be maintained automatically to
ensure adequate humidification. A chamber operated ac-
cording to this method and Appendix will have a relative
humidity between 95 and 98 %. Since salt solutions from 2
to 6 % will give the same results (though for uniformity the
limits are set at 4 10 6 %), it is preferable 10 saturate the air at
temperatures well above the chamber temperature as insur-
ance of a wet fog. Table X1.2 shows the temperatures, at
different pressures, that are required to offset the cooling
effect of expansion to atmospheric pressure.

X1.4.2 Experience has shown that most uniform spray
chamber atmospheres are obtained by increasing the atom-

X1.4.1 The air used for atomization must be free of TABLE X12 Temp and R tor
grease, oil, and dint before use by passing through well- Operstion of Test st 85°F
maintained filters. Room 2ir may be compressed. heated, Ar Pressure, pu
humidified, and washed in a water-sealed rotary pump, if the 2 T 6 Te
temperature of the water is suitably controlled. Otherwise o o e pre ™ e

Ax Pressure. kPa

H A synsbie dewce for mantunng the Jevel of bousd 1n erther the satumtor 8 -] 110 124
ower or rearrvorr of test solution may be d by a local group, or c r a7 @ 25
may be purchased from manufacturers of test cabincts &3 3n accessory. .

24
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NOTE—The Controls are the same. in geners! 83 for the laboratory cabunet (Fig.
X1.1). but sre e to care for the iarger Gube. The chamober has the folowing
features:

(1)Mm-:n.
(2) Refngerauon door with Orp M. OF DRSS COOr With drD . inwerd-
ol

sxcpng ad,
(3) Low-temperatire suxkary hester, and

(4) Duck bosrgs on floor, with ROOr SIOHEd 10 COMDINEHON Cran and &
ahest.

FIG. X12 Waelk-n Chamber, 1.5 by 2.4 m (€ by 8 f1) and Upward
in Overali Slze

izing air temperature sufficiently to offset heat losses, except
those that can be replaced otherwise at very low-temperature
gradients.

X1.5 Types of Construction
X1.5.1 A modem laboratory cabinet is shown in Fig.

Al ey

i

Sotution
FIG. X1.3 Typical Spray Nozzie

X1.1. Walk-in chambers are not usually constructed with a
sloping ceiling due to their size and location. Suitably located
and directed spray nozzies avoid ceiling accumulation and
drip. Nozzles may be located at the ceiling, or 0.91 m (3 fi)
from the floor directed upward at 30 to 60° over a pas-
sageway. The number of nozzies depends on type and
capacity and is related to the area of the test space. An 11- 10
19-dm? (3- to 5-gal) reservoir is required within the chamber,
with the level controlied. The major features of a walk-in
type cabinet, which differs significantly from the laboratory
type. are illustrated in Fig. X1.2. Construction of a plastic
nozzle, such as is furnished by several suppliers, is shown in
Fig. X1.3.

X2. USE OF THE SALT SPRAY (FOG) TEST IN RESEARCH

X2.1 The detailed requirements of this method are pri-
marily for quality acceptance and should not be construed as
the optimum conditions for research studies. The test has
been used to a considerable exteni for the purpose of
comparing different materials or finishes with an acceptable
standard. The recent elimination of many cabinet variables
and the improvement in controls have made the three
ASTM Salt Spray Tests: Method B 117, B 287, and B 368,
into useful tools for many industrial and military production
and qualification programs.

X2.2 The test has been used to a considerable extent for
the purpose of comparing different materials or finishes. It
should be noted that there is seldom a direct relation
between salt spray (fog) resistance and resistance to corrosion
in other media, because the chemistry of the reactions,
sncluding the formation of films and their protective value,
frequently varies greatly with the precise conditions encoun-
tered. Informed personne! are aware of the erratic composi-
uon of basic alloys, the possibility of wide variations in
quality and thickness of plated items produced on the same
racks at the same time, and the consequent need for a
mathematical determination of the number of specimens
required to constitute an adequate sample for test purposes.
Inthis connection it is well to point out that Method B 117 is
ot applicable to the study or testing of decorative chromium

25

plate (nickel-chromium or copper-nickel-chromium) on steel
or on zinc-base dic castings or of cadmium plate on steel. For
this purpose Methods B 287 and B 368 are available, which
are aiso considered by some to be superior for comparison of
chemically-treated aluminum (chromated, phosphated. or
anodized), although final conclusions regarding the validity
of test results related to service experience have not been
reached. Method B 117 is considered to be most useful in
estimating the relative behavior of closely related materials in
marine atmospheres, since it simulates the basic conditions
with some acceleration due 10 either wetness or temperature
or both.

X2.3 When a test is used for research, it may prove
advantageous to operate with a different solution composi-
tion or concentration or at a different temperature. In all
cases. howevet, it is desirable to control the temperature and
humidity in the manner specified, and to make cerain that
the composition of the settied fog and that of the solution in
the reservoir are substantially the same. Where differences
develop, it is necessary to control conditions so that the
characteristics of the settled fog meet the specified require-
ments for the atmosphere.

X2.4 Material specifications should always be written in
terms of the standard requirements of the appropriate salt
spray method, thereby making it possible to test a vaniety of
matenals from different sources in the same equipment.
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X3. EVALUATION OF CORROSIVE CONDITIONS

X3.1 General—This appendix covers test panels and
procedures for evaluating the corrosive conditions within a
salt spray cabinet. The procedure involves the exposure of
steel test panels and the determination of their mass losses in
a specified period of time. This may be done monthly or
more frequently to insure consistent operation over time. It
is also useful for correlating the corrosive conditions among
different cabinets.

X3.2 Test Panels—The required test panels, 76 mm by
127 mm by 0.8 mm, are made from SAE 1010 commercial
grade cold-rolled carbon steel (UNS G10080).

X3.3 Preparation of Panels Before Testing—Clean panels
before testing by degreasing only, 5o that the surfaces are free
of dirt, oil, or other foreign matter that could influence the
test results. After cleaning, weigh each panel on an analytical
balance to the nearest 1.0 mg and record the mass.

X3.4 Positioning of Test Panels—Place a minimum of
two weighed panels in the cabinet, with the 127-mm length
supported 30° from vertical. Place the panels in the prox-

imity of the condensate collectors. (Sec Section 6.)

X3.5 Duration of Test—Exposc panels to the salt fog for
48 10 168 h.

X3.6 Cleaning of Test Panels Afier Exposure—Afier re-
moval of the panels from the cabinet, rinse cach panel
immediately with running tap water to remove <alt, and rinse
in reagent grade water (see Specification D 11 3 Tvne [V).
Chemically clean each panel for 10 min at 20-: i°C in a fresh
solution prepared as follows:

Mix 1000 mL of hydrochloric acid (Sp. Gr. 1 19) with
1000 mL. rexgent grade water (D 1193, Type IV and add
10 grams of | hyl inc. After

rinsc each penel with reagent grade water (Typs V) and
dry (see 122).

X3.7 Determining Mass Loss—Immediatel: a.ﬂcr drying,
determine the mass loss by reweighing and sub racting panel
mass afier exposure from its original mass. The mass should
not vary 20 % from test to test. .

X3.7.1 Data generated in the Interiaboratory Study using
this method are available from ASTM as Research Report.
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with any #em nthe Users of the

peters nigis, and the risk of infringemernt of sUCh NGIts, 80 SrEYely thew OWN rEEOONRIbINY .

and must be overy Mve yours and

Tius stancerd is subct 10 revesion &t ey trme by the

for revamon of thea o for

¥ Aot revieedt, ether or Your

and ehoukd be fo ASTM Your
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Appendix B

Salt Spray Testing Apparatus
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Computer Generated Output for the Study
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DBS ID FRT SALT WMGTBEF WGTAPT THICKSEF THICKAPT THICKNS LOSS1 LE332
13 s P Jad3 é 54 B.82 [- 28 6.15%
H b E .75 37 8t S.8) S8 3e 09
5 7 d 3.79 ¥ e 9 0e87 Se «09
] d .77 2% ¢ ps 094 Ba <06
17 9 3 2 373 b8 ¢ «0] 8.9 b Be eD?
[ 3 4 379 €3.7 Y 0.9 B. «02
9 1 3eT1 dab - 080 Be «09
20 1 Jo8) 838 - Debs Ce Y
21 1 F Ja61 83.3 -9 0.84 1 Do 13
22 34 b leol} a8 - 886 3 3o el$
3 1 d 4 3e82 od . 0.93 «02 - 08
26 16 P 3. 76 =4 . 027 Py «03
128 11 - .87 JeBé . a4 p - 0S
126 1 o Je82 N1 Lo 0.9) P «08
27 b [ 1% i bal «03 B.8% - dal b
128 P 4 [ 1YY 840 d( «06 8.9 4 - ell
29 r - | TY9 3] [ TY% «00 a9 o4 009
0 < 3 4 84a16 840130 07 el b Le86 .08
4 r [ 1Y 6o le 8.9 - ‘ 0. 05
b i r 4 p [ TS 86020 'y D97 4 Y .03
3 T b P S4el8 84ed4 1«07 1.00 4 - 3.07
134 b 3 9429 oBé e d <03 )+ 03
3% ) d d 24,23 «02 e 4 -84 3. 02
36 1 2 84.30 06 - «03 «06
37 1 p 84,09 le0S o daDY N
F 1] 1 < 84,19 07 P 02 03
39 1] o 84,19 82 - o044 D6
40 14 4 06027 «08 - P obb »05
41 1 4 81.9% de 99 o r «D4 36
o2 14 84024 =01 e d 82 «03
43 1 « 8627 le D1 e > . ". -3
e 1 84011 D99 D o 0c «03
43 1 3. 86 dell d Lo 82
&6 4 13 7% old L] 78
o1 3-87 . 1.8 o719
] ] 4 Y'Y 4 ° - 73
e 5 .76 ell - 76
0 [ Be bl - o B 86
181 1 Bebé ° ° el
182 ! 3 b Jedd o] 9 84
183 9 : 3.56 . - 373
1S4 3 F 376 8. . 087
35 2 b 4 377 e 3 - deé2
% 1 4 Je B4 [ 13 Ce o6 087
E 14 13 1 3o B84 83 Be 35 .87
188 16 b 83.7%¢ & L« 80 Se) - g.81
59 14 p o 3 827 de 99 Bed -85 B.178
e 1 b b .7 «03 Se 94 .85
6l 12 3 o 206 b6 0e2 9 .81
L62 13 3 o & «00 Oal «080 8. 82
&) p o @ «00 Be 4 29 Cal2
&4 4 b ol «02 8o ohb Be86
165 30 -0 e - o 0082
166 [ i r B9 8] «d de81 odd 2 - 879
267 ] 3 4 4.3 8led 188 8adf 2 ol$ 880
168 [ 3 2 84.4) 83.15 102 823 2 le28 Be79
&9 ? 4 2 Bée 33 i Be 4 13 ?
70 8 -y ] o 14 N 3 Se P Py 73 2::'
,i H basl de8S Be2 4 e 67 BaBe
T 18 56027 =03 B2 g3 B8.79
173 1 3 2 bbo ] el 09 Be d - Se82
b 2% 2 S o «80 Bell 4 ol 8.8)
5 3 [ °d )99 Oald s Se8)
Y6 & o3 . le 08 Selds S o83
7T 18 2 bbo 36 . «83 Bal6 . 22 00237
;3 “ i I:'oo }4° . l‘a e l.ig 'n"'}
° - - . - ot
189 38 b 2 [ 83e31 102 8e r 19 S04
Yariadle " Qean 3td Dev Rinsawe faziewm
(-] [ 1] 9.35000080 2028993 a0 a8.0000000
%y is 222000080 §584108 Lo . #0000
S4LY 180 « 5000000 - 3947 o0 28000000
(131 144 i8¢ 83.9525000 83118119 8 1000 8 20080
MCTAFY 380 83.062%000¢ ’77; 83860090 84,3400000
JHICKBEF 2180 83 178 80808 31300000
THICKAFTY 380 [ Y I8 - 1164 80008 1.0200000
THICKNS 380 1«20 0 o 75841089 20000000
L0331 380 08095554 307893 «0.,010000 20000000
103382 188 0.392388)Y 0.3864816 09900000
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TRYe2 $SALT®2 THICLNSel

Verisbhle [ ] fAesn Std Dev Riniewm Raxiaww
.2' 19 9.,5000000 $.3385391 1.0000000 16.0000000
BEE 18 837666667 00772315 83.6100000 23.8900000
CTART 1¢ 817494464 0.074791 ¢ 83.5900000 838000000
TIMICKREF 13 0.,9781333 00336505 0.9100000 1.0300008
THICKAFY 18 e 33333 0«0517914 0.8100000 0.970000
LOS 31 18 00172222 00112749 =0.0100000 £.0400000
LOSS2 Py ) 0.0050000 00406202 00200000 0.1600000
TRYa2 SALT=2 THICANS=2
variadle L] Rean Std Dev Riniasve Raxieus
1D by } 9.5000000 5.!3.5!9! 1.0000000 18.0000000
HGYBEF 13 8402183333 «0907667 83.9900000 84.3000000
uGTART it 8441816067 0.0967l66 £3.9500000 84.3400000
THICKBEF by ) 1.0288809 00282612 0.9900000 10700000
THICLAFY 18 °o912222¥ 00375030 0.8900000 s.nzooooo
L0333} 10 0a0306066 0.0197037 0.0100000 «090D000
LOSS2 a0 0.0566667 0.0342997 0.0200000 01600000
TRTe3 SALTe] THICKNS=)
Yarieble [} fean Std Dev finisve Aszinus
19 9.5000000 $.3385391 1.,0000000 18.0000000
IGTIEF 8 83.8264446 0.06246238 8$3.4700000 83.9200000
NGTAFY 1@ 8246155356 +D555425 82.5400000 82.7400000
TH!C!I! 10 Ca9Bobbbié 0.017895¢L 0.9600000 1.0;00003
THICKA 16 0.1250000 00203643 01000000 0.1700000
L0sS3) 19 12088889 0e0T23663 1.0008000 134600000
LO3S? 10 08596604 0.028382) 0.8100000 09100000
TATa3 SALTS] THICKKSsZ
Yerissle L] foen Std Oev Ainisve Npxinwe
1D by ] 9.5000000 5.33!5!" 1.0000000 u.ooaoooo
134 144 by ] 063777770 8728 ls.;xooooo 6.6 sgsoo
HETAFY by 83.0764044 0.1266l59 827800000 000
YHICKBEF 18 00516667 0.D352810 1.0100000 1.1100005
THICKAFRT a8 «1661111 00276020 01000000 02000000
L0331 38 1.3033333 00820330 1.1500000 1.5100000
L0332 18 0.905555¢ CaDe%4942 0.8100000 0.9900000
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TRY=3 SALTe2 THICKMNSel

Variable [] Rean Std Dev Rinteuw Razisum
by 4.5000000 $.33353% 1.0000000 18.0000000
NGTREE 28 837672222 o:oczzssi lJ:scooooo ll:l7ﬂhbnn
HGTAFY 18 82.7027778 0.0868945 82.4900000 42.0600000
THICKBEF 18 10022222 0.0309754 0.9400000 1.0500000
MHS 18 1i0éesses 020333368  0-3600088  3-3300800
LDS32 18 2.8155556 0.0398833 ©27300000 9-8700000
TRTs3 SALT®2 THICENSs2
Yariable [ ] KRean Std Dev Ainisve Raxiove
1D 18 $.5000000 $.3185391 1.0000000 13.0000000
WGCTAEF l8 B4.39801009 01219379 04.2600000 34,E830C000
uETAFTY by | 83.1361111 00651820 283.0100000 83.2900000
THICKDEF 'y ] le0233013 00213438 0.9900000 1.05000030
THICKAFT 18 0.1950000 00309173 8.1608080 8.2600302
LBSS1 18 1.2627778 0al265286 1.1200000 1.6690000
LO3S2 18 8.8283233 0.02502%4 8-7900000 0.8700000
TRTs1l SALTe}
Yariabdle L] fean Std Dev Ainieve Naxieun
1D 18 %.5000000 $.338539) 10000000 18.0000000
WETAEF 18 83.60%40466 030600278 8342500000 837000000
UETAEY 19 82.010555%6 0.1570118 81.8600000 82.6000000
INICKBEE 318 01088809 0.0132349 0.0800000 01300000
;:;E::;f i: ﬂ-lﬂllll: 0.0132!6: D.OIDOOOS 0.1300008
LO0SS1 18 1.5902009 022393346 0.6500000 37300000
L0832 19 [} 0 [ 0
TRY=1l SALTe2
Variadle [ ] Rean 3td Dev fAiniave Naxisua
) 18 %.5000000 53385391 10000000 18.0000000
WGTREPF 18 83.6222222 0.058667) 83.4800008 837200000
NETAFTY 13 829677778 0921990 827400000 231000000
THICREEE 18 Del2l6667 0.0188648 0.1000000 0.1600000
IHNICKAFTY 18 0allleeé? 00188648 01000000 01600000
THICRNS 18 0 0 0
L0331 18 CebTbbbbe 0.0826205 0.560000¢C 0.92000303
LDBS32 18 0 [ -] o
TET=2 3ALTe]
variabdle ] Kean Std Devw fNinisus Nsxieuve
I0 36 9.5000000 5.2617216 1.0000000 18.0000000
UCTAEE 3é 83.92700000 02736108 23.270C000 8403400002
HECTASTY 36 8321055556 0s6547912 2£2.1600000 §3.7800000
THICKBEE 36 108136111 00266354 0.9700000 10600000
THICKA®T 36 0.8269 00711867 0.6100000 09600000
THICRNS 3 15000000 05070926 l40030000 2408000000
LSS 36 OeBbobbas 03384372 02200000 20000000
LOSS2 36 1866667 0.0780110 «0500000 04200000
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Qeneral Linsar Medels Precedure
Ciass Leve)l 1nfevastien

Class
™Y
BALY
THICKNS

Lovels Veolvos
9 139
] 12
] 013

Nusber of shservatians {n date set ~ 100

Ceneral Linsar Models Precedure

Depondent Variadle: LOESI

123

Sua of Hean
Seurce oF Squares Squarse F Value P O>F
Kegol L 4 43, 30033333 9. 05341704 174.22 0.0001
Error 170 4.9204111313 0. CZP00242
Correctod Totsal e 30. 43096444
R=Rquare c. v Rest MEE LOBEI Mean
0. I4 19. 14430 0. 1702010 0. 88%33%
Sesyrce pr Tepo 1 O3 Mean Squere F Valus PrOF
mr 2 23. 770100% 11. 88303038 40", 80 0. 0001
SALY 3 £3. 93563735 13. 9354333 4u3. 19 0. 0003
THICKNE b3 0. 00023300 0. 00022300 0.01 0. 9299
TRYSBALYT 2 6. 91806722 . 25753kl 112. 2 0. 0003
TRYSTHICRNE 3 0. 74834444 0. 74334444 3. 70 0. 0003
SALTOTHICKNG 1 0. 0746944 0. 40744944 14.03 0. ooc2
TRYSBALTS THICKNG 1 0. 104731112 0. 10671311 3.68 0.0%68
Seurce oF Type 111 85 fNean Bquare F Valwe PrOF
™Y 3 ai. 2I2T300 21. 02222300 Ta4. 94 0. 0001
SALT 3 18. 34831 13. I3468331Y 52%. 80 0. 0001
THICKNS 3 0. BO02T300 0. 00022300 0.01 0. 299
TRYSBALY 3 4. 9333500 4. 9332900 2.2 0. 0003
TRTSTHICKME 3 ©. 74334844 0. 74334444 3. 70 0.0001
SALTOTHIOWNS 1 ©. 0744948 0. 407447944 14.09 0. 0002
TRYSSAL T THICKANE 1 0. 10671311 0. 10471113 . 68 0. 038
T osr HO: Pr > ITI  8t4 Evver of
Pavass ter Essioate Pavassterad Essiante
INTERCEPT 1. 86T7T7778 B 31. 46 Q. 0003 ©. 0401802
mr 1 =0. SUEIZIIXI B =10.36 ©.0001 ©. OB47647
2 =3, 284111111 B -“21.60 ©. 0003 ©. OB6T64"
3 0.0 | J . .
GALY 1 0. 040333954 3 .73 O. 87 ©. 09476090
2 ©. 500000000 3 . . .
THICKNS o 0. 000000000 § . .
3 =0. 1 98X3XIXD § -, &% ©. 0006 ©. OB4764%™
-4 0. 000000000 3 . . . -
TRYSBALTY 13 0. ORS8N § 311.01 ©. 0001 ©. OBCANOM
18 ©. 500000000 B . . .
ail 0.636131123 B 7.9 0. 0003 ©. CRCIBOM
2 0. 000000000 B . . .
31 0. 000000000 B .
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TRY=1 BALTag
Variable N Moan 8td Dev Minisua Maxisum
Ip 18 9. S000000 9. 338539, 1. 0000000 18. 0000000
WOTBEF 18 83. 6094444 0. 1000278 83. 2300000 83. 7000000
WOTAFT 18 82. 01099% 0. 1370118 81. 8600000 82. 6000000
THICKBEF 18 0. 1088889 0. 0132349 0. 0800000 0. 1300000
THICKAFT 18 0. 1088887 0. 0132349 0. 0800000 0. 1300000
THICKNS 18 (<) (] o o
L0861 18 1. 8988889 0. 2393346 0. 6200000 1. 7300000
Lo8682 18 [+ o ] o
TRY=1 BALTaD
Variable N Mean Std Dev Miniaua faximum
Ip 18 9. 3000000 $. 3383391 1. 0000000 18. 0000000
WOTBEF 18 83. 6222222 0. 0986671 83. 4800000 B83. 7200000
WOTAFT 18 B2. 9477778 0. 09219%0 B82. 7400000 83. 1000000
THICKBEF 18 0. 1216667 0. 0188448 0. 1000000 0. 1400000
THICKAFT 18 0. 1216657 0. 0188448 0. 1000000 0. 1600000
THICKNS 18 o (] o ]
L0861 18 0. 67448444 0. 0826205 0. 5600000 0. 9000000
LO8E2 18 -] -] (/] -]
TRT=2 SALT=j
Variabdle N Mean 8td Dev Minimum Maximum
1D 36 9. 3000000 3, 2617216 1. 0000000 18. 0000000
WOTBEF 36 8. 9700000 0. 2736108 83. 2700000 84. 3400000
HOTAFT 36 3. 10%93% 0. 4%4A7TYXR 82. 1600000 83. 7800000
THICKBEF 3¢ 1.0136111 0. 0266354 0. 700000 1. 0600000
THICKAFT 36 O. BR4%444 0. 0711867 0. 6100000 0. 2600000
THICKNS 36 1. 5000000 0. 30709256 1. 0000000 2. 0000000
LOSS1 36 0. Bo64AsAL 0. 3384371 0. 2200000 2. 0000000
LOSE2 36 0. 1066667 0. 0780110 0. 0500000 0. 4200000
TRTa2 SALTa2
Variable N Mean Bté Dev Miniave Mazisum
. 9000000 5. 2817216 1. 0000000 18. 0000000
i0 x o 2434317  €3.6100000 B4, 300000
WOTREF - 3 €3. 9923000 0.
HOTAFET E 3. 9635336 0. 2391710 3. 9900000 4. 3400000
THICKEEF 3 1. 0036111 0. 0P90% 0. 9100000 1. wooooom
THICKAFT b 0. 9327778 0. 05788461 0. 8100000 1.
THICKNE D& 1. 3000000 0. 9070%a6 1. 0000000 2 0000000
[W.  }} % 0. 0267444 0. 0186424 =0. 0100000 0. 0900000
LO382 E 0. 0708333 0. 0377402 0. 8200000 0. 1600000
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Oeneral Linesr Medels Precedure
Ciass Lavel Infesrastion

Class Lovels Valves
™Y ) 123
SALT 2 12

THICKANS a3 012

Senoral Linsar Medels Pracedure

Dopendent variadle: LOBE1

Sue of Hean
Sesvurce DF Squares Square
Redel ] 43. MIP422 3. 47823028
Errer 17 8. Gyr13a22 0. 029456
Cerrecsed Tetal 7™ 0. 20V844
R=fquare C. v, Rest NEE
0. 900119 19, 293%0 0. 17146300
Sevrce OF Tepe 1 83 Rean Bquare
TRY 2 23. 770100% 11. 88303028
SALT 1 13. 9336335 13. 9336395
THICKNS 1 0. 00022300 0. 00032300
TRYOBALT - 6. 91806722 . 23733361
TRYSTHICKNG 1 0. 78334444 ©. 74304444
BALTSTHICHNSG § 0. 40740544 0. 40740944
Sewvrce or Tepe 111 88 fean Square
™Y 1 21. C2I2300 1. CR2ATI00
SALT 1 13. 47333000 13, 47332607
THICKNG 1 0. 00022300 0. 0002300
TRYOSALT 3 4. 9332300 4, 99332300
TRYSTHICKNS b 0. 74334444 0. 74334444
SALTeTHICKNE 1 0. 40744%4 ©. 407406984
T dor 0O er > 1T
Pavase ser Estisats Parsarsered
INTERCEPT 1. 290000000 » 4. 09 0. 0001
™Y 3 =0. 619893935 B -11. 11 0. 0001
2 =3. 280330804 3 0. 0003
9 ©. 000000000 § . .
SALT 3 =0. 013800009 -0. 88 0. 7%
2 0. 000000000 § . .
T™HICKNS © ©. 000000000 » . .
1 -Q. 282777778 9 -3. 10 0. 0001
2 0. 600000000 » - .
TRYSBALT 31 0. YIBXITIL) » 12 & 0. 0001
1 8 ©.000000000 § . .
21 ©. 743000000 9 13.62 0. 0001
R ©. 000000000 9 . .
31 ©. 000000000 » .
22 ©. 000003000 9 . .
TRTeTHICNE 1 © ©.000000000 » | . .
21 0.287777778 9 8.0 0. 0001

¥ Value P > F
192. 63 0.0001
LOBS]! Mean
0. 983356
¥ value PO F
403. 47 0. 0001
.77 ©. 0001
o.01 ©.¥303
110. 9% ©. 0001
25.30 ©. 0001
13.8 0. 0003
F valwe PO F
712. &b ©. 0001
823, 26 0. 8001
0.01 ©.9303
149. 98 ©. 0001
235. 2 0. 6001
13.8 ©.0003

8ts Errer of

Hssiante

0. 03784086

0. 035IVI4

©. 00794331

0. 00984331

0. 0e73433L

0. 07848171

©. 05721000

0. 05721000
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Appandix D

Color Copies of Before and After Appearance of Bolts Tested
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Fiqure 12. Eighteen medium carbon steel bolts plated
electrolytically with thick clear chromate zinc: Appearance

before test.

Fiqure 13. Eighteen medium carbon steel bolts plated
electrolytically with thick clear chromate zinc and tested

with low salt concentration solution in the main tank of the

salt spray machine: Appearance after test.
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Figure 14. Eighteen medium carbon steel bolts plated
electrolytically with thin yellow dichromate zinc:

Appearance before test.

\

Figure 15. Eighteen medium carbon steel bolts plated

electrolytically with thin yellow dichromate 2zinc and tested
with low salt concentration solution in the main tank of the

salt spray machine: Appearance after test.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



129

Figqure 16. Eighteen medium carbon steel bolts plated

electrolytically with thick yellow dichromate zinc:

Appearance before test.

Fiqure 17. Eighteen medium carbon steel bolts plated
electrolytically with thick yellow dichromate zinc and

tested with low salt concentration solution in the main tank

of the salt spray machine: Appearance after test.
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Fiqure 18. Plain medium carbon steel bolts: Appearance

before salt spray test.

Fiqure 19. Plain medium carbon steel bolts tested with low
salt concentration solution in the main tank of the salt

spray machine: Appearance after test.
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Figure 20. Eighteen medium carbon steel bolts plated with

thin clear chromate zinc: Appearance before test.

Figure 21. Eighteen medium carbon steel bolts plated with
thin clear chromate zinc and tested with high salt
concentration solution in the main tank of the salt spray

machine: Appearance after test.
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Fiqure 22. Eighteen medium carbon steel bolts plated

electrolytically with thick clear chromate zinc: Appearance

before test.

Fiqure 23. Eighteen medium carbon steel bolts plated
electrolytically with thick clear chromate and tested with
high salt concentration solution in the main tank of the

salt spray machine: Appearance after test.
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Figure 24. Eighteen Medium carbon steel bolts plated
electrolytically with thin yellow dichromate zinc:

Appearance before test.

Figure 25. Eighteen medium carbon steel bolts plated
electrolytically with thin yellow dichromate zinc and tested
with high salt concentration solution in the main tank of

the salt spray machine: Appearance after test.
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Fiqure 26. Eighteen Medium carbon steel bolts plated

electrolytically with thick yellow dichromate zinc:

Appearance before test.

Figure 27 Eighteen medium carbon steel bolts plated
electrolytically with thick yvellow dichromate and tested
with high salt concentration solution in the main tank of

the salt spray machine: Appearance after test.
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Fiqure 28. Plain medium carbon steel bolts: Appearance

before test.

Figure 29. Plain medium carbon steel bolts tested with high
salt concentration solution in the main tank of the salt

spray machine: Appearance after test.
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Appendix E

Daily Log of Salt Spray Test
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IOWA INDUSTRIAL PRODUCTS, INC.
SALT SPRAY DAILY INSPECTION

Date/ p.E. Drop Tesparature Towar | Pressure | Interrup. Specific »Y

Time Bal. rate (92-97 F) heat 12-16psi cause gravity
7/13/93 7.0 —— 97.0 119 15.00 -——— 1.24 Souley B.
7/14/93 7.0 1.5 96.6 119 15.00 —— 1.23 Souley B.
7/15/93 7.0 1.6 96.7 119 15.00 - 1.24 Souley B.
7/16/93 7.0 1.6 96.6 119 15.00 ——- 1.24 Souley B.
7/17/93 7.0 1.5 98.4 119 15.00 ——- 1.24 Souley B.
7/16/93 7.0 1.5 97.3 119 15.00 - 1.24 Souley B.
7/19/93 7.0 1.5 98.3 119 15.00 —— 1.24 Souley B.
7/20/93 7.0 1.5 97.2 119 15.00 -== 1.24 Souley B.
7/21/93 7.1 == $6.6 119 15.00 - 1.24 Souley B.
7/22/93 7.0 1.5 96.4 118 15.00 ——- 1.24 Souloy B.
7/23/93 7.0 1.5 97.9 119 15.00 - 1.24 Souley B.
7/24/93 7.0 1.% 97.4 119 15.00 —— 1.24 souley B. n
7/25/793 7.0 1.5 $6.5 119 15.00 - 1.24 Souley B. II
7/26/93 7.0 1.5 $8.3 119 15.00 it 1.24 Souley B. ﬂ
/27793 7.0 1.5 101.1 119 15.00 —— 1.24 souley B.
7/28/93 7.0 1.5 100.5 119 15.00 ——— 1.24 Souley B. “

|

Daily Log of the Salt Spray Test Run from July 13, 1993 to
July 28, 1993. (Courtesy of Iowa Industrial Products, Inc.)
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