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urs is an age of stringent VOC regulations, and one of the positive
responses from coating formulators has been the advent of innova-
tive high-solids coatings that contain exempt solvents.While proper
surface preparation for applying lining systems has always been crucial to long-term

coating success, our field experience has shown that this is all the more the case with
coatings formulated with one or more exempt solvents.
This article examines an underworld of the hidden “angels and demons” implications that

coatings with exempt solvents pose, first for surface preparation and then for success or failure
in immersion service. Potable water and petrochemical service will be the focus of the internal lin-
ing discussion.
“Light and darkness” potable water case histories will point to how the success of a high-perfor-

mance lining system using VOC exempt solvents depends more on surface profile characteristics
than hitherto anticipated.

Background
In the mystery thriller movie Angels and Demons, a canister of antimatter is stolen from CERN’s
Large Hadron Collider. Supposedly, the Illuminati stole the dastardly stuff and then threatened to
blow up the Vatican with it. Practitioners of the dark arts with their antimatter are about to cause a
lot of problems for the good guys in the Roman Catholic Church. Gripping stuff!
Gripping stuff of an adhesive nature also abounds in the mysterious world of protective coatings,

where it has often been said that chemistry and coatings are more akin to art than science. And to
make matters (pun intended) even more intriguing, the paint and coatings profession has occasional-
ly been likened to the realm of the dark arts, notably black magic.1 Indeed, the genesis of chemistry,
or alchemy (exemplified by the fixation to transmute base metals into gold) was sometimes consid-
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ered an ethereal mix of occultism and magic. While angels and
demons battle cosmically, they also do battle metaphorically
in the underworld of low VOC coatings. 
Chemists, therefore, are the modern descendents of ancient

alchemists. As Johan Joachim Becher so eloquently wrote in
1667 in Physica Subterranea, “chemists are a strange class of
mortals, impelled by an almost maniacal impulse to seek their
pleasures amongst smoke and vapour, smoke and flames, poi-
sons and poverty, yet amongst all these evils I seem to live so
sweetly that I would rather die than change places with the
King of Persia.”2

Kings of Persia are no more—but we chemists live on! 

Introduction 
Multiple forces are at work to maintain a healthy environ-
ment and ecosystem. For air quality, volatile organic com-
pounds (VOCs) are particularly high on the list of priorities
across the globe. VOCs are hydrophobic or hydrophilic com-
pounds that participate in atmospheric photochemical reac-
tions, thereby contributing to atmospheric pollution. 
For paint and coatings manufacturers, one fundamental dri-

ving force of their research and development “craft” is to com-
ply with increasingly rigorous VOC regulations. To contend
with VOC stringency, three of the positive strategies from the
vanguard of coating formulators have been the advent of
innovative waterborne coatings, high-solids coatings that con-
tain exempt solvents, and solvent-free coatings.
For instance, waterborne high-performance acrylics have

been formulated to provide enhanced barrier performance
and corrosion resistance comparable to high quality alkyds,
polyurethanes, and some two-component epoxy coatings.
Some new two-component waterborne epoxy coatings exhibit
performance similar to solvented epoxy coatings. 
In addition, a variety of proprietary low VOC, low viscosi-

ty, and high-solids coatings has been developed for harsh
industrial and marine environments. Unique, mono- and di-
functional reactive resins, together with curing agents having
excellent molecular mobility have been identified for complete
corrosion protection. 
And new generation low or zero VOC, one-coat lining prod-

ucts, applied at high dry film thicknesses (DFT), cure in a few
hours. With outstanding chemical resistance and no risk of
solvent entrapment, they save time and labor as well as satis-
fying VOC regulations. 
The aforesaid VOC reduction strategies are not exhaustive,

given recent advances in powder, radiation-cured, and ther-
mal spray coatings as well advances in pigment, additive, and
tint system technologies. 
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The Underworld of VOCs 
Here is a non-exhaustive list of issues where angels and
demons are encountered in the underworld of low VOC coat-
ings.
1. Inadequate surface preparation 
2. Inappropriate profile 
3. Embedment of abrasive media 
4. Poor wetting of resin systems and solvents 
5. Poor application of the coatings 
6. Improper cure of the coatings 
7. Inappropriate accelerated tests of coatings 
8. Blistering of coatings 
9. Soluble salts 
10. Amine blush 
The focus of this article is primarily on issues 1 through 4 for

high-solids coatings that use either exempt or non-exempt sol-
vents in their formulation. In particular, the authors will exam-
ine the influence that surface profile characteristics of abrasive
blasted steel have on the coating and lining (immersion) perfor-
mance. 
The Environmental Protection Agency (EPA) defines exempt

solvents as “organic compounds that are not considered
volatile organic compounds due to negligible photochemical
reactivity” (40 CFR Part 59.401).3 On a macro-scale, exempt
solvents help alleviate certain atmospheric concerns, a definite
boon for the global environment. 
The omens are not always good, however, in the micro- and

nano-scale of the coatings world when exempt solvents are
used. In fact, the effects of using exempt solvents must be
weighed carefully in terms of the solvent effects at the sub-
strate-coating interface and within the coating film. Also from
the coating applicator’s perspective, the application and curing
characteristics of a liquid coating containing exempt solvents
can present interesting challenges. Arguably, a veritable under-
world of hidden forces (“angels and demons”) is associated with
conditions necessary for successful high-performance coatings
and linings formulated with exempt solvents. 
Failure to properly understand the nature and appropriate

use of the exempt solvents and their implications for wetting
and adhesion forces can have serious repercussions for coating
and lining performance. In a nutshell, while proper surface
preparation for applying lining systems has always been cru-
cial to long-term coating success, this is all the more the case
with coatings formulated with one or more exempt solvents. 
Solvents are sometimes perceived as little demons for the

environment. Yet for high-performance coatings, they are bene-
ficial by providing molecular lubricity and mobility, dissolving
high molecular weight resins, and lowering surface tension;
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thus, solvents are a far cry from what some might construe as
“the stuff that makes paint dry.”4 Solvent properties such as (a)
solvency (hydrogen bonding ability and solubility parameter),
(b) viscosity, (c) boiling point and evaporation rate, and (d) flash
point are key considerations in the judicious selection of both
exempt and non-exempt solvents for coating systems.5

The most familiar exempt solvents are acetone,
parachlorobenzotrifluoride (PCBTF), or tert-butyl acetate
(TBAc).3 The following outlines some of the light and potential-
ly dark properties of these exempt solvents.

Acetone 
A strong and polar solvent, acetone is an inexpensive low boil-
er with little photochemical reactivity, excellent solvency and
moderate hydrogen bonding ability. Unfortunately, acetone is
hydrophilic and water-miscible, properties that can result in all
sorts of maladies, from cooling the surface of coatings and pro-
moting blushing to causing
poor application and level-
ing of a coating by drying
too fast. The major, widely
recognized weaknesses of
acetone are its fast evapo-
ration rate, low flash
point, and fire hazard. 
In epoxy coatings, ace-

tone can associate with
amine curing agents to
form ketimines, upset the
cure reaction, and increase
dry times. For this reason,
acetone would be
employed in the epoxy
base component as
opposed to the curing
agent. So to lower the
VOC of high-performance
coatings, a satisfactory sol-
vent system design strate-
gy for binder systems will
often consist of acetone
blended with say, PCBTF,
with or without a high-boiling VOC solvent. 

Parachlorobenzotrifluoride (PCBTF) 
This relatively non-polar chlorinated hydrocarbon solvent is a
medium boiler and one of the “best friends” of the coating for-
mulator. It is hydrophobic, VOC exempt, and neither an ozone-
depleting substance (ODS) nor a hazardous air pollutant
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(HAP). With a broad-spectrum solvency and an evaporation
rate similar to xylene, PCBTF has a compact, planar shape
and diffuses more readily from coating films—certainly not as
fast as acetone. Unlike acetone, PCBTF is not reactive with
any amines in two-component epoxies, and is unreactive in
most coating systems. 
Unfortunately, PCBTF can impart odor/taste-related prob-

lems to potable water coatings. Additionally, with cost reduc-
tion a priority these days, the price of PCBTF is high and can
severely impact the attractiveness of coatings that use high
levels of PCBTF to yield VOC levels approaching 100 g/L. 

Tertiary Butyl Acetate (TBAc) 
With an evaporation rate similar to toluene, TBAc is a VOC-
exempt solvent because of its limited reaction to form smog
and its low environmental and health impact. A versatile sol-
vent for the coatings formulator, TBAc has moderate hydro-

gen bonding ability;
resists aminolysis,
hydrolysis, and acidoly-
sis; and is used in a vari-
ety of generic coating
types, including
polyurethane finishes
and two-component
epoxies. Interestingly,
TBAc may be success-
fully used to replace
xylene in new-genera-
tion epoxy coatings.
Limitations for TBAc
are that it is not a partic-
ularly strong solvent for
high-molecular-weight
epoxy resins and it has a
rather low flash point. 
Used alone, or in

blends, exempt solvents
like PCBTF, acetone, ter-
tiary butyl acetate cause
neither ground level
ozone formation nor

stratospheric level ozone depletion.
Other things being equal, the angels and demons can clash

at the steel substrate—coating interface where the cleanliness
(absence or presence of contaminants such as abrasive media
embedments) and roughened condition of the abrasive blasted
steel surface have a significant bearing on how well coatings
will perform in service. 
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Adhesion and Wetting: Resins and Solvents 
In multi-coat applications, the last line of defense for underly-
ing metallic substrates is the primer. Ideally, a primer will have
wetted and penetrated a well-prepared substrate so effectively
that intimate contact is assured on a nanometer (1 nm=10-9)
scale. 
Adhesion of an epoxy coating is largely attributable to polar

secondary valence forces such as hydrogen bonds, dipole
forces, and Van der Waals forces. Regardless of the type of
adhesion, all intermolecular attractions operate below 10 nm
with the highest attractions generally at approximatey 1 nm.
Since Van der Waals attraction forces are proportional with
the inverse of the intermolecular distance to the sixth power,
it is important to remove even benign contamination from the
surface to be coated.6

Adhesion of coatings to surfaces used to be envisaged pri-
marily in terms of polar forces between the polymer and sub-
strate, but, more recently, adhesion has been considered in
terms of acid-base interactions.7 Increasing the surface area
increases the number of reactive sites to which the coating can
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adhere, thereby enhancing mechanical and polar adhesion.
Regardless of the surface profile depth, the concentration of
chemically or electrically reactive foreign materials (e.g., solu-
ble chlorides and sulfates) on the substrate must be lowered to
threshold levels below which they cannot cause premature
failure. 
The work of adhesion (Wa) is expressed by the following: 
Wa = (δs - δi) + δl                                                      
where δ is the surface free energy with subscripts referring

to solid (s) interface (i), and liquid (l) 
The objective is to make the process spontaneous. In the

case of a technically smooth surface and intimate liquid con-
tact, the expression in parenthesis must attain a positive value,
i.e., wetting and adhesion is assured when the solid surface ten-
sion (solids’ free surface energy) exceeds that of the liquid.
Some free energies of solvents and their classification as
exempt or non-exempt are shown in Table 1 (p. 18). 
In non-ideal cases, the equation above can be used with

appropriate factors that take into account varying surface
roughness and the dynamics of interfacial surface contact.
(Surface free energy values are determined for solids, liquids
and interfaces by tensiometric measurements and contact
angle determination). “Clean” substrates are in fact contaminat-
ed with micro-impurities (embedded in surface irregularities)
and adsorbed layers of gaseous or liquid phase molecules. 
Wet adhesion is the adhesion of the coating to steel (or any

substrate) when the coating is exposed to immersion or high
humidity sufficient to saturate the film. That is a far more
important phenomenon than dry adhesion. Funke holds that
corrosion beneath a submerged coating begins after the loss of

Fig. 1 (top left): Silica sand 50/60. Magnification 14X.
Fig. 2 (top right): Nickel slag 20/40. Magnification 14X.
Fig. 3 (bottom left): Nickel slag 16/30. Magnification 14X.
See p. 20 for discussion of Figs. 1-3.

AAnnggeellss
&& Demons



AAnnggeellss
&& Demons

wet adhesion.8 On the other hand, Walker maintains that wet
adhesion and corrosion need not be related processes, and
that once loss of wet adhesion has occurred, the onset of cor-
rosion may be delayed for years.9

Tank Linings, Surface Profile, and Solvents 
In a rather simplistic way, it is considered that abrasive blast-
ing with sharp angular media provides a greater surface area
and therefore, other things being equal, the adhesion of coat-
ings to the substrate will be enhanced. 
Consider a two-coat, solvent-borne epoxy lining system to

be applied to either new potable water or petrochemical
tanks. A lining formulated with exempt solvents (such as
PCBTF or a PCBTF-xylene blend, or an acetone-TBAc compo-
sition) can satisfy environmental considerations. But those
same exempt solvents typically do not have as good solvency
and wetting characteristics as many of the hydrophobic non-
exempt solvents. The authors have noted this in their field
applications of epoxy lining systems, with and without
exempt solvents, and further laboratory research is planned
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to compare coat-
ings performance
as a function of
solvent line-up
(exempt and non-
exempt) vs sur-
face profile char-
acteristics. 
Abrasive blast-

ing the new steel
tank internals with steel grit or a sharp smelter abrasive like
nickel slag will cause a significant increase in surface area com-
pared to the area of planar surface of the original and unblast-
ed steel. The resulting percentage area increase and angularity
of the profile in the steel will be related in part to the sieve
size, hardness, velocity, and shape of the abrasive media.10-14

One of the keys to success in the application of the lining
system containing exempt solvents will be to obtain a deeper
profile of approximately 3–3.5 mils in the abrasive-blasted
steel. It is even more important that the profile be jagged
rather than peened. Again, the percentage area of reactive
sites for wet and dry adhesion will be increased as the profile
is deepened; the profile angularity, not just profile amplitude, is
important; and both favor an enhanced wetting of the surface
and hence enhanced coating adhesion. 
In contrast, the conventional wisdom for a two-coat high-

solids epoxy (containing non-exempt solvents) for potable
water tank internals is often to have a profile depth of 2–3
mils as well as an angular profile. 

Fig 4 (top left): Silica sand 50/60. Profile 2.7–3.1 mils. Magnification 40X.
Fig. 5 (top right): Nickel slag 20/40. Profile 3.1–3.3 mils. Magnification 40X.
Fig. 6 (bottom left): Nickel slag 16/30. Profile 3.8–3.9 mils. Magnification 40X.
See p. 20 for discussion of Figs. 4-6.

Table 1: Surface Tension of Solvents

Solvent mN/m Classified

Water 72.7 -

Xylene 23.3 Non-exempt

TBAc 22.4 Exempt

PCBTF 25.0 Exempt

Acetone 23.3 Exempt
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increments up to a total of 4,000 hours (some at 5,000 hours).
Roper,  Weaver, and Brandon showed that high peak count
surfaces performed better than low peak count surfaces for all
the tests carried out and then discussed five interesting theo-
ries as a result of their work.
• Theory 1: “A surface with a consistent profile height will
provide better coating performance than a surface with an
inconsistent profile height.”17

• Theory 2: “Surfaces prepared to SSPC-SP 10 may have
higher peak counts than surfaces prepared to SSPC-SP 5, all
else being equal.”17

• Theory 3: “The optimum conditions for a wide range of stan-
dard coatings that will completely wet the surfaces are a 2.5
mil (65 µm) profile height and a peak density between 120 and
150 peaks per inch (50 and 60 peaks per cm).”17

• Theory 4: “Surfaces contaminated with micronic backside
contamination are susceptible to premature coating failure.”17

• Theory 5: “Optimum performance will be obtained when the
peak count is matched to the wetting characteristics of the
primer.”17

In an earlier study of the effects of surface preparation
methods on adhesion of organic coatings to steel substrates,
Momber et al. concluded that “a layer of microscopic, finely
crushed abrasive particles embedded in the surface seems to
affect bonding between the substrate and the coating for some
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Abrasive Media Selection: Surface Profile 
Abrasive media are typically sharp and angular and can be
steel grit or a variety of mineral abrasives. Sometimes steel
shot is used with an addition of steel grit to provide the neces-
sary angular profile (shot: grit approximately 70:30). Steel
shot by itself provides a rounded, crater-like appearance in the
steel substrate where the width of the depression is greater
than the depth.15

Several authors have clearly demonstrated that peak height
is not the only parameter that influences the coating and lining
performance. In a study comparing the performance of several
coating systems on steel grit-blasted steel and shot-blasted steel,
Ward (from the present authors’ company) found that the num-
ber of peaks per unit length also affected coating perfor-
mance.16 Accelerated tests have demonstrated that corrosion
resistance of immersion-grade linings was indeed a function of
profile angularity and amplitude in abrasive blasted steel. 
In other investigations by Roper, Weaver, and Brandon

using steel grit as abrasives, it was reported that “surface
roughness, as determined by the number of peaks per unit
length, has a measurable impact on adhesion and scribe under-
cutting resistance.”17 The peak count density was varied while
a constant profile height was maintained. A variety of coatings
were applied to these substrates and subjected to ASTM B117
salt spray, ASTM D5894 Prohesion/UV-con and salt water
immersion tests. The panels were examined at 1,000-hour

Silica 50/60                Nickel slag 16/30             Nickel slag 20/40

Temperature: 250 F/121.1 C
Pressure: 1000 psi/6.9 MPa
Aqueous Phase: Water – 5% NaCl Brine
Hydrocarbon Phase: Kerosene/Toluene @1:1 by Volume
Gas Phase: 5% H2S, 5% CO2, 90% CH4

Fig. 7: Autoclave post-test appearance of epoxy novolac
See p. 20 for discussion of Fig. 7.

Silica 50/60                Nickel slag 16/30              Nickel slag 20/40

The top row shows the results of the epoxy novolac exposure to a cathodic
disbondment test environment for 30 days. The bottom row is for a test envi-
ronment of 90 days. The areas of bare substrate showing directly adjacent to
the holiday sites are the total disbondment area.
The same figure indicates that these areas are time dependent. Silica 50/60

disbondment areas were larger than disbondment areas for nickel 16/30 and
20/40 after both tests (30 and 90 days).

Fig. 8: Cathodic Disbondment post-test of epoxy novolac
See p. 22 for discussion of Fig. 8.
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coating systems, while for others it does not.”18

Notwithstanding, the study showed a sensitive balance
between the surface preparation method and the coating to be
applied. 

Study A, Silica- and Nickel Slag-Blasted Steel: 
Epoxy Novolac Coating

Using steel substrates that had been abrasive blasted with sili-
ca sand or nickel slag media, an investigation was carried out
to evaluate the influence of the abrasive on the performance
of an applied epoxy novolac lining.19,20

Experimental
Each test panel was prepared from a single plate of new A-
36 steel. Figures 1–3 (p. 17) show the abrasive media using
14X magnification. 
Aside from the influence of surface profile on coating per-

formance, the effect of using two grades of the nickel slag,
namely 16/30 and 20/40 was investigated. Using a magnifi-
cation of 40X, Figs. 4–6 (p. 18) show the profiles obtained by
the various abrasive media. The profile obtained from silica
sand 50/60 is in the range of 2.7–3.1 mils; the nickel slag
20/40 produced a profile range of 3.1–3.3 mils; and the nick-
el slag 16/30 produced a profile with a range of 3.8–3.9 mils.
Table 2 shows the appearance of the abrasive blast media. 
Accelerated laboratory tests were used to characterize the

performance of the epoxy lining system. Autoclave
(TMO174), atlas cell (TMO185), cathodic disbonding (ASTM
G8), and adhesion pull-off tests (ASTM D4541) were
employed. 

Results and Discussion 
• NACE TMO174, Autoclave tests. 
Inspection of Fig. 7 (p. 19) shows the autoclave post-test

appearance of the epoxy novolac as a function of testing in an

autoclave at 250 F, 1,000 psi, an aqueous phase of 5% brine,
and a hydrocarbon phase of kerosene/ toluene at 1:1 by vol-
ume. The gaseous phase was 5% H2S, 5% CO2 with the bal-
ance being methane. It was noted that blistering of the epoxy
novolac coating system was not blast media dependent.
Blistering occurred mainly in the water phase with medium

to medium-dense ASTM #6–8 size blisters in evidence. In
addition, the epoxy novolac applied to nickel slag 20/40-blast-
ed steel developed medium ASTM #6 size blisters in the
hydrocarbon phase. Loss of post-test adhesion was found in
the epoxy novolac that had been applied to nickel slag-blasted
steel surfaces (16/30 and 20/40) as well as in the gas phase
of the epoxy novolac applied to silica 50/60-blasted steel. 
From the results obtained using the epoxy novolac system

and two types of blast media (silicate and non-silicate), it can
be concluded that the two blast media producing a profile in
excess of 3 mils have a similar effect on coating performance
under the test conditions used (Fig. 7 and Tables 3–5). 
• NACE TMO185, Atlas cell tests. 
Coated panels measuring 6 in. by 6 in. were installed on the

atlas cell. Distilled water was placed in the cell, thereby form-
ing a water phase and vapor phase at a 2/3:1/3 ratio. The
tests were carried out until such time as blisters formed. The
internal temperature of the atlas cell was 175 F/79.4 C and
the jacket temperature was 125 F/51 C. The test samples
were visually examined on a daily basis. Tests were terminat-
ed when blistering occurred (Table 4). 

Table 2: Abrasuve Blast Media Appearance (Magnification 40X)

Blast profile measured by replica tape

Abrasive Blast Profile on Steel Sieve size Abrasive Media
Media (mils) Appearance

Silica 2.7–3.1 #3 Round

Nickel Slag 3.1–3.3 20/40 Jagged

Nickel Slag 3.8–3.9 16/30 Jagged

Fig. 9: G 55 (left, magnifi-
cation 7X)) and S330
(right, magnification 7X)
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Samples were ranked for their adhesion to the steel sub-
strates and the hours recorded for the threshold time of coat-
ing blistering onset. The results obtained showed that all sam-
ples developed blisters of approximately ASTM size #4 in the
water phase. The blisters were largely concentrated at the
water–vapor interface. Table 6 (p. 22) shows that the blister
density and time required for blistering to occur was depen-
dent upon on the blast media. 
From these preliminary studies, it was noted that the nickel

slag 16/30 and 20/40 induced an equal or better perfor-
mance of the epoxy novolac compared to the use of silica
50/60 abrasive.  Furthermore, the nickel slag 20/40 that
developed a profile of approximately 3 mils afforded an
improved epoxy novolac lining performance compared to that

Table 3: Autoclave Test Results - NACE TM-01-85 - 
Abrasive Media Profile Obtained from Silica 50/60

Test Results

Physical Pre-Test Gas Phase Hydrocarbon Water
Parameters Phase Phase

Thickness 12.5–13 No Change - No
mils Change

Adhesion A B- - a

Blisters None None - M#4
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Table 5: Autoclave Test Results - NACE TM-01-85 - 
Abrasive Media Profile Obtained from Nickel Slag 20/40

Test Results

Physical Pre-Test Gas Phase Hydrocarbon Water
Parameters Phase Phase

Thickness 12.5–13 No Change - No
mils Change

Adhesion A B- - A

Blisters None None - MD#4–
M#4

Table 4: Autoclave Test Results - NACE TM-01-85 - 
Abrasive Media Profile Obtained from Nickel Slag 16/30

Test Results

Physical Pre-Test Gas Phase Hydrocarbon Water
Parameters Phase Phase

Thickness 12–13 No Change - No
mils Change

Adhesion A A - B-

Blisters None None - MD#4–
M#4



resulting from the
nickel slag 16/30
that developed a
much deeper pro-
file. 
• ASTM G8,
Cathodic disbond-
ing tests. 
These tests were
conducted for
both 30 days and
90 days with an
impressed cur-
rent of -1.5 volts
and using a brine
solution. Upon
completion of the
testing, all coated
samples were

rinsed with tap water and visually inspected for any evidence
of blistering, delamination, or other coating damage. 
The maximum radius of disbondment was determined by

making four cross cuts across the initial holiday, and extending
the cuts to the edge of the exposed area. As shown in Fig. 8 (p.
19) and Table 7, the average radius and area of disbondment
was calculated for each sample. 
Figure 8 (p. 19) and Table 7 show that the total area of dis-

bondment was shown to be time and blast media dependent.
Areas of disbondment increased with time and the extent of
failure was higher in the case where the epoxy novolac had
been applied to silica 50/60 blasted steel compared with
either nickel slag blasted steel. 
As in the autoclave study, it was noted that the nickel slag

20/40 grade (profile slightly greater than 3 mils) was a slightly

better abrasive media compared to nickel slag 16/30 grade
(profile closer to 4 mils). This may be due to the peaks of the
profile curling somewhat in the case of the nickel slag 16/30
and somewhat inferior wetting/adhesion occurring of the
epoxy novolac in the case of the steel prepared with the
16/30 grade of abrasive media. 

Study B, Grit- and Shot-Blasted Steel: 
Epoxy Glass Flake Coating

Steel substrates were abrasive blasted with steel grit or steel
shot to evaluate the influence of the abrasive on the perfor-
mance of a two-coat, and low VOC, glass flake epoxy novolac
lining system. The latter was selected for evaluation due to its
proven track record of superior anticorrosive performance.16

Figure 9 (p. 20) shows a comparison of sharp steel grit
(G55) and round steel shot (S330) abrasive media. Figures 10
and 11 show the jagged profile and peen patterns obtained
using steel grit and steel shot, respectively. The former is
markedly more preferable because it increases the angularity
and roughness, thereby providing a greater density of sites for
polar adhesion and mechanical adhesion. 
The coating performance was assessed using accelerated

laboratory test methods, namely NACE TM0404, ISO 20340,
ASTM B117, and ASTM D5894. All test panels had a 2 mm x
50 mm horizontal scribe introduced down to the substrate
(except for NACE TM0404, which had a 2 mm x 90 mm ver-
tical scribe). All scribes were prepared mechanically using a
drill press and a 2 mm flat-ended slot drill. 
Twelve weeks after testing (2,016 hours of exposure timer),

each of the test panels was removed from the test cabinets. 

Experimental 
• ASTM B117, “Standard Practice for Operating Salty Fog
Apparatus.” 
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Table 6: Epoxy Novolac: Time Until Blistering
as a Function of Abrasive Blast media–Atlas
Cell Test NACE TM-01-74

Epoxy Novolac Time Until 
Blistering (Hrs)

Silica 50/60 123

Nickel Slag (20/40) 170.5

Nickel Slag (16/30) 120

Fig. 10: Grit-blasted substrate—angular                                                              Fig. 11: Shot-blasted substrate—smooth

Table 7: Cathodic Disbonding as a Function 
of Abrasive Media Profile–ASTM G8, Method B

Epoxy CD radius CD radius
Novolac (mm2) 30 days (mm2) 90 days

Silica 50/60 124.7 467.99

Nickel Slag 24.75 82.3
(16/30)

Nickel Slag 38.76 101.63
(20/40)
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Though largely discredited nowadays, this test was run so
as to compare the scribe creep on the test panels. The latter
were exposed to a continuous salt fog at 350 C (950 F) using a
5% NaCl solution as the electrolyte. 
• ASTM D5894, “Standard Practice for Cyclic Fog/UV
Exposure.” 
Test panels were exposed to alternating periods of one week

in a fluorescent UV/condensation chamber (ASTM G53) and
one week in a cyclic salt fog/dry chamber (ASTM G85). 
• ISO 20340, “Performance Requirements for Protective
Paint Systems for Offshore and Related Structures.”
This cyclic corrosion test primarily was selected given that

it is used to evaluate coatings for use in offshore environ-
ments, such as oil and gas exploration. Both Annex A and B
procedures were used in the study. 
• NACE TM0404, “Offshore Platform Atmospheric and
Splashzone New Construction Coating System Evaluation.” 
The rust creep resistance test was one part of this testing

protocol. The test procedure was a modification to ASTM
D5894 with the electrolyte changed to synthetic sea water,
ASTM D1141. 
Each panel was assessed for coating defects in accordance

with ISO 4628, “Evaluation of Degradation of Paint

Coatings—Designation of Intensity, Quantity and Size of
Common Types of Defect.” 
Upon completion of the tests, an initial visual assessment of

the coating was made followed by a determination of coating
removal around the scribe area and the extent of any under-
film corrosion. 

Results and Discussion 
Figure 12 indicates that testing according to ASTM B117
showed no difference in coating performance with respect to
surface profile. In contrast, ISO 20340, Annex A and B, both
showed significant improvement in coating performance when
applied to grit-blasted steel. With respect to NACE TM0404
and ASTM D5894 tests, it is clear that only moderate
improvements in performance were obtained in the case of
grit-blasted steel. 
The results clearly revealed the benefit of using grit (vs. shot)

abrasive to improve the corrosion protection of the coating.
Significantly reduced levels of underfilm corrosion were mea-
sured when grit was used as the abrasive. 
In a nutshell, ASTM B117 (a non-cyclic corrosion test) was

unable to distinguish between abrasive selection and coating
performance, but ISO 20340, NACE TM0404, and ASTM
D5894 all showed that coatings performed better on the grit
blasted substrates, with lower corrosion creep values obtained.
ISO 20340, ASTM D5894, and NACE TM0404 tests are all
examples of cyclic corrosion tests with temperature variations,
wet/dry conditions and UV exposure. These test methods
have more synergy with natural exposure due to their cyclic

Fig. 12: (top left) Corrosion creep vs. abrasive for Coating 3
(2 cts of glass flake epoxy)16
Fig. 13: (top right) Potable water tank internals lined with epoxy coatings
containing exempt solvents (roof) and solvent-free epoxy lining (shell and
floor) where the steel was grit-blasted to a 3-mil jagged profile
Fig. 14: (bottom left) Blistered epoxy lining containing exempt solvents 
(in a potable water tank) where the steel was shot-blasted to a 2- to 3-mil
peened profile
See p. 26 for discussion of Figs. 13 and 14.
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nature and are therefore more predictive in terms of actual
performance. 
In all examples, exposure to ISO 20340 produces higher

levels of corrosion creep than either NACE TM0404 or
ASTM D5894. Both NACE TM0404 and ASTM D5894 use
prohesion (1 hour dry at 35 C/1 hour salt fog at 23 C) to
induce stress in the coating. ISO 20340 has a cycle of 3 days’
continuous salt fog at 35 C followed by a 1-day dry cycle. 
The ISO 20340 protocol of allowing the coating to fully dry

out for one day is more aggressive than the prohesion cycle
because the coating is potentially plasticized during prohesion
by water absorption (water not fully released due to the rela-
tively short dry out period). Increasing the wet/dry periods in
the prohesion cycle should increase the corrosion rate because
a longer cycle will allow the water to be fully released from
the coating. 

Case History #1 
Potable Water Tank Internals (Angels) 
Several 1- to 5-million gallon potable water tanks were lined
with two-coat systems of a low VOC and NSF 61-certified,
modified phenalkamine epoxy. The latter contained an exempt
solvent, PCBTF. 
The specification called for the application of two contrast-

ing colored coats of the epoxy at 6–8 mils DFT per coat
applied to an SSPC-SP 10, Near-White Metal finish. For some
of the tanks, the floors and shell were coated with a solvent-
free version of the phenalkamine epoxy technology in a one-
coat application of 16–25 mils DFT. 
A stationary wheel blast unit was used to abrasive blast

steel plate to a three-mil profile. The abrasive media was a
mixture of steel shot (S280) and steel grit (SG25) in a 70:30
mix ratio. 
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As shown in Fig. 13 (p. 24), two years later, the tanks were
found to be in virtually perfect condition, a testament to the
use of an approximately three-mil jagged profile, good applica-
tion of the lining system, and use of high-performance lining
systems with or without exempt solvents. 

Case History #2 
Potable Water Tank Internals (Demons) 
A large potable water tank was built where the steel plate had
been steel shot abrasive blasted in a stationary wheel blast
unit to an SSPC-SP 10, Near-White Metal finish. The result
was a 2- to 3-mil peen pattern as opposed to a jagged profile.
As in Case History #1, the same low VOC and NSF 61-certi-
fied and modified phenalkamine epoxy coating system (con-
taining exempt solvent, PCBTF) was then applied in a two-
coat system of 6–8 mils DFT per coat. 
After being in service for several months, the tank lining

with the exempt solvent line-up was deemed to have failed by
blistering (Fig. 14, p. 24). This was a marked contrast to all the
successful applications of the fabricator using the same epoxy
but with non-exempt solvents. The refurbishment procedure
consisted of first steel grit blasting in the field to achieve a
jagged profile of approximately 3 mils followed by application
of exactly the same NSF 61-certified coating originally applied
at the new construction stage. 
One year later, the low VOC refurbishment lining system

that contained the exempt solvent was in perfect condition
with no blisters. Since then, the manufacturer of the tanks has
changed its blast media from essentially straight steel shot to a
70:30 steel shot/steel grit mixture, given that it was recog-
nized that the sharp and angular “jagged” profile afforded the
success of the potable water lining system. 

Conclusions
For immersion service, it is recommended that low VOC and
solvent-free coatings be applied to steel having a sharp angu-
lar profile of approximately 3 mils. 
The need for a 3-mil jagged profile in steel becomes even

more critical for immersion service when using solvent-free or
high-solids coatings containing exempt solvents. 
Steel surfaces that have been abrasive blasted using steel

grit (not steel shot) have a jagged and angular profile suited to
linings for immersion coating service. 
The increased performance of linings on grit-blasted steel is

due to both the increased area and increased roughness that
respectively afford enhanced polar (secondary valance force)
bonding and physical bonding. 
Corrosion creep data identified that grit blasting—as

opposed to shot blasting—was the preferred method of sur-

Average Profile Height  

Abrasive 1 mil 1.5 mils 2 mils 2.5 mils 3-4 mils 
Type 

Steel Grit G-80 G-50 G-40 G-40 G-25 

Steel Shot S-110 S-170 S-230 S-280 S-330 

Garnet 80  36 36 16 16 
Aluminum 

Oxide 100 grit 50 grit 36 grit 24 grit 16 grit 

Coal Slag 30/60 30/60 20/40 20/40 12/40 

Copper Slag 30/60 30/60 16/30 16/30 12/30 

Silica Sand 30/60 16/35 16/35 8/35 8/20 

Average Profile Height Obtained 
by Blasting Steel with Various Abrasives 21 
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face preparation when applying liquid
coatings in aggressive environments. 
ISO 20340 produced higher levels of

corrosion creep than either ASTM
D5894 or NACE TMO404 for equiva-
lent exposure times. 
An epoxy novolac lining applied to

steel prepared with nickel slag abrasives
(yielding profiles of 3–4 mils) generally
showed superior immersion perfor-
mance for oilfield work than with the
same lining applied to steel prepared
with silica sand 50/60.
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