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a b s t r a c t

To the date, shipbuilding companies have applied shop primer coating which protects the steel surface
from global oxidization in environment. Proper shop primer requires either anti-corrosion ability during
construction or anti-porosity ability during welding, and those properties contradict to each other. This
report tried to derive an optimizing parameter on these conflicting properties to select a proper shop
primer. First, sufficient amounts of the natural salt spray tests were carried out to achieve a series of data
for the anti-corrosion ability. Second, lots of T-joint fillet welding test were performed to evaluate the
trapped porosity formed in the weld pool. According to the experimental data, we could achieve either
the rust-formation rate or the porosity-formation rate, then, each rate was generalized as formulae. Then,
we tried to combine these conflicting properties to decide an optimum shop primer.
© 2021 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since recently, steel structure has been developed four types of
corrosion mitigation strategies for general use. Those were
corrosion-resistant steel, zinc-rich primer paint systems, hot-dip
galvanizing, and thermal spray metalizing. For natural environ-
ments containingmoisture and salt, zinc is electrochemically active
to steel (Kogler, 2015). For decades, heavy industry companies such
as shipyards have applied short-term anti-corrosive coating during
construction, which is called as ‘shop primer’. Shop primer is a kind
of coating which protects the steel surface from global oxidization
in the environment. Usually, shop primer consists of zinc and some
binders. Zinc is a representative element acting as a sacrificial
anode with the steel surface and binders keep the zinc attached on
the surface as coating. In general, a manufacturer constructs huge
and heavy steel structures with stages such as steel cutting, com-
ponents' assembly (welding), large scale assembly and so on; which
have caused the steel surface uncovered in the environment during
waiting the next step. Therefore, most manufacturers have used
shop primers on large-scale and heavy structures not to be rusted
during construction. The specifications and properties for shop
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primer have been documented by IMO resolution MSC 288 (IMO,
2006).

Welding is the most widely used way of assembling parts in
huge and heavy steel structures. Groove welds require clean and
bear steel surface for sound weld while large portion of fillet welds
are performed on the shop primer coated surface to improve pro-
duction rate. However, some inappropriate surface coating, which
has unproper elements or too thick shop primer coating, can raise a
problem like porosity defect. That's the reason why heavy industry
companies should use the ‘weldable shop primer’ approved by the
third party with authority (ABS, 2017). As a practical reference on
shop primer coatings, Berendsen (1989) presented several impor-
tant requirements for prefabrication primers; adequate anti-
corrosion during the building of the ship or offshore structure,
spraying ability for a thin, continuous and uniform film, a shorter
dry-to-handle time, little or no effect on the speed of welding and
cutting and preferably be suitable for automatic welding processes,
less noxious or toxic fumes, sustainability in rough handling
including bending, high water-resistant and compatible with
cathodic protection systems and approval from the classification
societies.

There reported some articles on shop primer's anti-corrosive
ability. Song et al. (Song et al., 2007) reported thicker primer
coating leaded to better corrosion resistance. Yun et al. (Yun et al.,
2019) studied the relationship between uniform coating thickness
and spray pattern parameters and derived a correlation on shop
l Architects of Korea. This is an open access article under the CC BY-NC-ND license
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primer quality. Cho et al. tried to calculate the painting resource
estimation with 3D CAD geometric modeling which help the de-
signers to calculate the paint area and required shop primer's
thickness on each zone (Cho et al., 2016). Testing for the weld-
ments' quality with shop primer has been performed by T. �Solic
et al. According to macroscopic and mechanical tests, they have
achieved sound weldments with weldable shop primers (�Solic
et al., 2017). Lee et al. reported the effect of retaining sound PCP
on the coating performance comparing with sweep blasted con-
dition and full blasted condition was investigated (Lee et al., 2007).

According to Johnson et al. (Johnson et al., 1998), various
properties of weldable coatings during welding were explained.
Kim et al. reported the possibility of porosity formation by shop
primer in dissimilar joints (Kim et al., 1994). Han et al. tried eval-
uation on several shop primer brands and succeeded to improve
anti-porosity ability (Han et al., 1994). Kim et al. reported the defect
rate on the laser lap joint varied by shop primer thickness, lapping
position and weld gap (Kim and Park, 2005) and investigated the
porosity-forming mechanism by the primer's evaporation during
welding (Kim and Park, 2006). Kim et al. reported a systematic
method to evaluate either anti-corrosion ability or anti-porosity
ability with a lot of test data while there was no fundamental
explanation on both abilities (Kim et al., 2013). Choi et al. tried to
evaluate the porosity formation behavior in fillet weld with actual
experiments (Choi et al., 2018). According to L. Zhabrev et al., all
weldable coatings caused an arc instability during bead-on-plate
welding (Zhabrev et al., 2020). Moreover, they revealed CO gener-
ation by coating's breakdown affects arc current. They were able to
find this tendency with GMAW, while it is hard to quantitate in
FCAW because CO2 gas is supplied not only for shielding but also for
oxidizing reaction at the interface of weld pool and the arc.
Generally, dissociated CO and O2 from CO2 gas in the arc react with
the elements in the flux inside thewelding consumables, thenmost
of them help to form slag and the lefts does to form welding fume
or spatters during FCAW. The shop primer coating should have
affected above oxidization (or carburization) reaction and also
porosity formation. Therefore, it is hard to quantitate the effect of
coating's effect during FCAW. That's the reason why we tried to
approach the relationship between coatings and porosities in
empirical way.

According to the former reports, thicker coating keeps the sur-
face un-rusted longer, in the same time, it causes more evaporation
(zinc and other elements) leading to more porosity defect. There-
fore, proper shop primer requires either anti-corrosive ability
during construction or anti-porosity ability during welding. Even
though a lot of shop primers have been used widely, there have
been rare researches on these shop primer's conflicting properties.

In this work, a mathematical analysis modeling was adapted for
investigating rusting ratio. According to Baca€er (2011), the original
logistic functionwas developed by Verhulst (1838). He derived it as
a model of population growth with the exponential growth. First
trial to explain the population growth was done by Malthus (1798),
which is well-known ‘Malthusian growth model’. According to
Malthusian growth model, population growth increases in simple
exponential way. Later, Verhulst developed modified population
growth in more realistic manner, which is called as ‘Verhulst's
differential equation’ or ‘logistic differential equation’. In original
logistic differential solution for population growth was simple
“growth rate” in Malthusian growth model, however, actual pop-
ulation growth was affected by competition by themselves, there-
fore the combined growth rate was adapted in Verhulst's model. In
this work, we assumed that a quantified area unit was rusted once,
then it would act as barrier for next rusting like population's
competition for food or living space. All samples were tested by
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same procedure, each sample's difference of the growth rate could
be negligible. In this work, growth rate was assumed as same for all
samples, but it should be a variable when we change the test
process.

In this work, various series of coating cases varying shop primer
brands, drying period, thickness of coating were prepared to ach-
ieve experimental data of not only anti-corrosive ability but anti-
porosity ability. According to numerical analysis on the empirical
data, we tried to induce general formula on the abilities of anti-
corrosion and anti-porosity, then suggest an optimum way to
decide a proper shop primer for the construction of huge and heavy
steel structure.

2. Experimental procedure

Briefly, this work was carried out with 4 actions; firstly, coating
3 shop primer samples on the steel plates, secondly, performing
experiments for anti-corrosive ability, thirdly, performing experi-
ments for anti-porosity ability, and lastly, analyzing whole data
from the test results of anti-corrosive and anti-porosity abilities.

Fig. 1 shows a schematic flow of this work, which represents an
actual yard practice for evaluating shop primers. Top of a steel plate
(W�L�T ¼ 200 � 500 � 15mm) had been shot-blasted, then
painted with shop primer coating (mixture of Pastes, Binder and
Thinner). The average thickness of shop primer coatings was
measured with an ultra-sonic thickness tester after set-to-touch
drying. The coated plates were applied to the natural salt spray
(Hereafter, NSS) tests as themselves or applied to the T-joint fillet
weldability tests as a flange plate. For the T-joint fillet weldability
tests, we prepared another shot-blasted steel plate for the web
plate. After fitting-up fillet joint with web and flange plate, we
performed 1st welding on a side of fillet joint forming a fix-bead
(“a” in Fig. 1). After the 1st bead cooled down, we did 2nd welding
on the other fillet side as the test-bead (“b” in Fig. 1). The fix-bead
has removed by air-arc gouging, and the left test-bead has broken
by force to measure the porosity formation behavior on the frac-
tured surface.

Base metal plate used in this work was as-rolled steel plate
which satisfies the requirements of IACS A-Grade steel plate. A
welding consumable was used in this work which satisfies the re-
quirements of AWS A5.20 E71T-1. The chemical compositions of
base metal and welding consumable are listed in Table 1.

Three samples (A, B and C), which had been manufactured by
different manufacturers, had different chemical compositions and
optimum coating thickness. The elements of three shop primer
samples are listed in Table 2. Actual shop primer for use is a com-
plex compound which consists of roughly 3 materials: first, the
minerals in the paste (P) to act as a sacrificial anode, second, a
binder mixture (B) which attaches the minerals onto the steel
surface firmly and act as a barrier to oxidation, third, a thinner (T)
which increases wettability of shop primer to be spread easily and
uniformly. The binder and thinner were liquid compounds con-
sisted of H2O or CeHeO molecules. Three samples contained zinc
powder while the components of each binder and thinner depen-
ded on its manufacturer. The mole percent ratios of the metal
(mineral), the binder (liquid) and the thinner for each sample were
21.7:43.6:34.7, 20.9:44.7:34.4 and 20.8:48.1:31.1 relatively.

Before the shop primer coating, the surfaces of all steel plates
were thoroughly roughed out by shot-blaster. Shop primer coating
was done by actual airless spray machine on each shot-blasted
surface. Details of this pre-processing and coating condition are
listed in Table 3.

Thickness of shop primer depends on the construction period of
the steel structure. For large-scale commercial ships, anti-corrosion
ability should be kept for 6e8 months. Shipyard should apply



Fig. 1. Schematic flow of this work.
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Table 1
Chemical composition of the base metal.

Material Fe C [wt%] Si Mn P S Al SiO2 TiO2 Mg T-Al

Base metal IACS Grade-A Bal. <0.21 <0.5 >2.5xC <0.035 <0.035
BM (This work) Bal. 0.14 0.26 0.87 0.015 0.005 0.036

Welding Consumables AWS A5.20 E71T-1Ca Bal. <0.18 <0.9 <1.75 <0.03 <0.03
Filler-1 (As received)b Bal. 0.5e1.5 1.5e3.5 <1 0.5e1.5 5e9 0.5e1.5
Filler-1 (As Welded)c Bal. 0.037 0.615 1.548 0.01 0.009 0.024

a Tiny elements (Cr, Ni, Mo, V, Cu) are excluded in this table.
b Raw wire before welding.
c Weld metal after welding.

Table 2
Details of the shop primer samples: Elements and mole compositions for their material type.

Sample Elements Minerals (mol
%)

Liquid (mol
%)

Thinner (mol
%)

A P Zinc, Zinc oxide, Trizinc bis and Titanium dioxide 21.7
Xylene, Isobutanol, 2-propanol, Ethylbenzene and Secret elements 5.3

B 2-Propanol, Silicic acid ethyl ester, Ethanol, Water, Tetraethoxy silane and Secret element 38.3
T 2-Propanol and IsoButanol 34.7
Mineral: Liquid: Thinner 21.7 43.6 34.7

B P Zinc, Quartz and Zinc oxide 20.9
Isopropyl alcohol, Propylene glycol monomethyl e-ther and Toluene 10.8

B Isopropyl alcohol, Ethanol, 1-methOxy-2-propanol, Tetraethyl silicate, Sulfuric acid and mixtures which
contain 10% or more

33.9

T Isopropyl alcohol, 1-methoxy-2-propanol, Xylene, Ethylbenzene and 2-methoxypropanol 34.4
Mineral: Liquid: Thinner 20.9 44.7 34.4

C P Zinc, Feldspar-group minerals (Amorphous) and Zincoxide 20.8
2 methyl-1-propanol: Isobutanol, Isopropanol, Xyl-ene and Ethylbenzene 13.1

B Methyl Ethyl Ketone, Tetraethyl silicate, Water, Iso-ropanol, Ethyl silicate polymer and Others 34.9
T Isopropanon, Xylene, Toluene, Ethyl Ibenzene and Othres 31.1
Mineral: Liquid: Thinner 20.8 48.1 31.1

*P (Paste), B (Binder) and T (Thinner).

Table 3
Details of the pre-processing and coating condition.

Step Details of treatments

Pre-treatment Abrasive type Shot ball
Requirements for Cleanliness Sa 21/2
Surface Profile (Rz) Segment 2e3, (ISO 8503-2 Use of surface roughness comparators)
Nozzle & Pressure 6.5Ø, 100 mm/6.0e6.5 Bar

Shop primer coating Sprayer type Airless spray (72:1)
Tip size/Pump pressure Tip suggested by Maker/1.0e1.5 Bar
Requirments for DFT Maker's suggested range -1mm and þ2 mm
Thickness Measurement Minimum 2 points

NSS test Period to final 720 h
Evaluation First time of rust, periodic observation on rust area

T-Joint Fillet Welding test Current 310 ± 5 A
Voltage 31 ± 1 V
Welding speed 50 CPM
Heat Input 1.04 kJ/mm
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proper coating thickness which meets the requirements to keep
un-rusted surface during construction period. Shop primer's details
of the ratio of components or optimum thickness varies with the
brand names or yard condition. We prepared two thickness levels
in this work, one is suggested thickness by each manufacturer and
the other is the thickness doubled to the suggested thickness by
considering the worst case (for example, an overlapped lap joint
with complex stiffeners).

All coated thicknesses were carefully inspected on the surface of
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the plate where would be welded later. An ultra-sonic thickness
tester (maker brand name) was used to measure at every points
with an interval of 50 mm in 80% weld length of 400 mm (each
50 mm area from both ends were discarded). We also discarded
samples out of dry-film-thickness (Hereafter, DTF) range deter-
mined. DTF range in this work was �1 to þ2 mm from the deter-
mined thickness levels; one suggested (notation “ST” in Table 4),
the other doubled to the suggested (notation “DT” in Table 4).

In the second step, NSS test was carried out to evaluate anti-



Table 4
Details of three samples and cases for NSS test and T-joint fillet weldability test.

Sample ID Avr. Thickness (mm) Incubation Time (hr) NSS period (hr) Quantity

A NSS STa A1 7.9 168 240 10
NSS ST A2 480 10
NSS ST A3 720 10
WP ST A1 7.5 24 5
WP ST A2 7.9 72 4
WP ST A3 8.1 168 4
WP DTb A1 16.0 24 4
WP DT A2 16.0 72 4
WP DT A3 16.5 168 4

B NSS ST B1 13.6 168 240 10
NSS ST B2 480 10
NSS ST B3 720 10
WP ST B1 13.5 24 4
WP ST B2 14.0 72 4
WP ST B3 13.6 168 4
WP DT B1 26.1 24 5
WP DT B2 26.9 72 4
WP DT B3 27.0 168 4

C NSS ST C1 15.5 168 240 10
NSS ST C2 480 10
NSS ST C3 720 10
WP ST C1 15.6 24 4
WP ST C2 15.3 72 4
WP ST C3 15.6 168 5
WP DT C1 30.3 24 4
WP DT C2 30.6 72 4
WP DT C3 30.3 168 4

a ST: Suggested thickness.
b DT: Doubled ST.
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corrosive ability of the shop primer coated samples. NSS test, which
is one of the accelerated methods to evaluate the anti-corrosive
ability on the bare metal surface or on the coating material, mea-
sures the surface rust on the samples which suffered holding at the
artificially prepared environments such as temperature, acidity and
salt water concentration. In this work, NSS tests were conducted on
each batch of 10 specimens for three samples (A to C) with the
conditions of the temperature (35 ± 1 �C), the acidity (Ph 6.5e7.2)
and the salt water concentration (NaCl 50 g/L) for three holding
periods 240, 480 and 720 h according to the Korean Standard for
NSS test (KS D 9502, 2019). The rusted area for each holding period
was measured by image analyzer (ZTSDK v2.0/Leopard v2.0-
Expert). The examples of NSS test samples and analyzed results
after 460 h (NSS ST C2 in Table 4) were presented in Fig. 2(a) and
(b).

In the third step, we prepared several tens of experimental cases
varied by shop primer brands, thicknesses and incubation periods
for the T-joint fillet weldability tests. Shop primer brands were
identified as samples A, B and C. Two levels of thickness were
determined for each sample; i.e., maker suggested thickness and
double of that. Shop primer's drying times (Hereafter, the incuba-
tion period) were 24, 48 and 168 h.

Details of three samples and cases for NSS test and the T-joint
fillet weldability test are listed in Table 4.

The coated matters, which consist of zinc and other compounds
of carbon, hydrogen, oxygen and other elements, on surface of the
lower plate would melt into the molten pool or evaporate as
gaseous compounds with high temperature in the middle of fillet-
welding. The evaporated gas by heat could melt more into the
molten pool with increased gas pressure by the gas-blocking fix-
bead of which we had welded the opposite side (‘a’ in Fig. 1) before
the test welding. Generally, welding parameters are critical to all
about resultant weldments. It is obvious that a research on the
relationship between the welding parameters and its following
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shop primer's weldability would require a massive work with long-
term experimental back-ups. Indeed, only one welding condition
was applied in this work (Table 3), which was composed of an
optimized welding parameters actually used to the large-scale steel
structure in the heavy industry. Therefore, welding parameter (for
T-joint fillet weld) was considered to be optimized and fixed
already in this work.

The change of partial pressure of the matters (such as liquid Zn)
melted into the molten pool increases in cooling. Then the dis-
solved matters near the molten pool could recombine in gaseous
phase and could escape the cooling weld, on the other hand, other
dissolved matters could not escape the molten pool, then its partial
pressure in the molten pool should increase with cooling. In gen-
eral, solubility of main elements of the shop primer coating in the
steel-base molten pool would decrease in cooling, then the matters
could reunite in the gaseous phases trapped in the weld. This is the
reason why porosity could generate in the molten pool. Porosity
forms firstly near the weld root area since cooling of the molten
pool begins at the weld root area. The trapped porosity would
expand its volume during the molten pool's cooling, then try to
escape through the molten pool which remains as liquid phase yet.
Some porosities may make a tunnel and break through the left
molten pool to the weld face and the others may form a closed
tunnel in theweldmetal. The former is called as a ‘pin-hole’ and the
latter is called as a ‘blow-hole’ in this work. These tunneling by
porosity would proceed at some degree angle leaning to the
welding direction (Fig. 3(a)) and along the weld throat direction
where porosity progresses to the hottest liquid phase because the
most softened area is the easiest route for tunneling. We can find
the ‘pin-hole’ on the weld face surface after welding but vice versa.
Fig. 3(a) showed a schematic instance of the fillet-weld bead for-
mation. Rarely, there could occur a worm-hole on the surface of the
face-side of a bead, which formed from the opening of the pin-hole
with excessive gas pressure. Several specimens had worm-holes



Fig. 2. (a) The examples of NSS test samples (NSS ST C2 in Table 4) and (b) rust area
measured by Image analyzing on NSS ST C2 in Table 4.

Fig. 3. (a) Schematic instance of the fillet-weld bead formation, (b) fillet-weld surface
defects (worm-hole and pin-hole) and (c) fillet-weld inner defects (pin-hole and blow-
hole) in the specimen No. WP DT A1 in Table 4.

S.-W. Chung and J.-H. Hyun International Journal of Naval Architecture and Ocean Engineering 13 (2021) 707e717
and its volume (assumed as half-cylindrical shape extended from
the pin-hole) added to the volume of the pin-hole in this work.

We can identify a pin-hole or a worm-hole by checking hole
opening or convex morphology on the surface of weld face as
shown in Fig. 3(b). Blow-holes can only be identified after breaking
the test bead because blow-hole is a tunnel-type defect which
could not reach to the surface and trapped inside the bead as shown
in Fig. 3(c).

Representative morphology of the fracture surface showing a
pin-hole and blow-holes was observed by the stereographic mi-
croscope (KEYENCE VR-5600) and FE-SEM (JEOL JSM-IT500HR).
Some chemical compositions of several inner wall of the defects
were measured by EDS (OXFORD Penta FET Precision INCA x-act).

In Fig. 4, SEM image containing a pin-hole and two blow-holes is
presented. These porosities originated at the root of fillet weld
(bottom of Fig. 4), thenmoved up to the face (top of Fig. 4). Pin-hole
in the center finally formed a volcanic vent, on the other hand,
blow-holes neighboring both side of the pin-hole stopped in the
weld. EDS was carried out on the points inside the holes as marked
in Fig. 4 and detected elements were listed in Table 5. Inner surface
of the porosities (pin-hole and blow-hole) showed similar chemical
composition with that of weld metal in Table 1 (as welded Filler-1)
except Zn content. Zn existed whole around the porosities; i.e.,
whole inside surface of the porosities (PH1~PH3, BH1~2) and slag
just beneath of the root (EX1). Similar result was reported by Shin
et al. (Shin and Rhee, 2018) from comprehensive investigation on
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porosity characteristics and effect on tensile shear strength of lap-
jointed steel sheets by GMAW. Zn content was higher at the root
where porosity initiated, however, it decreased along the way to
the top (at the end of pin-hole or blow-hole). According to change
of Zn left inside the holes, first gaseous porosity formed with high
Zn content, then porosity grew up to the weld face with sufficient
vapor pressure, finally end of porosity went through the weld bead
forming volcano vent shape (pin-hole at the bead face surface). On
the other hand, porosity with insufficient vapor pressure stopped in
the bead formed blow-hole.

All defects (pin-holes, worm-holes and blow-holes) were
measured with its quantity and length with Vernier calipers at the
weld length of 400 mm after discarding the 50 mm length test-
bead from both of the weld-start and the weld-end. We applied
these results to the numerical analysis for the porosity formation by
shop primers.



Fig. 4. A SEM image of the fracture surface of T-joint fillet welding test (same spec-
imen with Fig. 3(b) and (c)).
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3. Results and discussion

The result of NSS test is evaluated by the increase of rusted area
per unit area at a specific time. Samples A, B and C have 3 batches
per NSS periods (240, 480 and 720 h), and each batch consisted of
Table 5
EDS results on the inner surface of the pin-hole and the blow-hole.

ID (EDS-points) Position Fe (wt%) Si

Pin-hole PH1 Start (Root) Bal. 0.7
PH2 1/2 from Root Bal. 0.4
PH3 End (Face) Bal. 0.5

Blow-hole BH1 1/2 from Root Bal. 0.5
BH2 End Bal. 0.5

Root slag EX1 Out of Root Bal. 0.1
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10 specimens as listed in Table 4. Average rust area per whole
specimen area was plotted as solid dots on Fig. 5(a) to (c). Though
we carried out NSS tests in a same way, samples showed different
anti-corrosion ability. Sample A showed relatively lower corrosive
area than others, and sample B follows sample A with slight
amount, on the other hand, sample C showed worst anti-corrosion
ability when compared to samples A and B. Rusting in samples A
and B are estimated to start after ~400 h passed while that of
sample C was to start just after the NSS test started. At the moment
at 720 h passed, samples A and B still showed good anti-corrosion
ability (average rust ratio <10%), on the other hand, sample C
already covered with rust over 60% area even though average initial
coating's thickness was highest in sample C as shown in Table 4. It
might be supposed that the coating of sample C could not stand for
during NSS test or might require more incubation time. Regardless
of this result, wewent to the next step because the exact root cause
of low anti-corrosion ability of sample C was out of this work's
scope.

Though there has been no generalized equation reported, most
NSS results have shown a sigmoidal behavior, which could be
characterized by an ‘S’ shape curve. In the first step, a little rust
occurs then the rusting rate increases to the inflection point when
the rusted area becomes same with un-rusted area ideally. In the
second step, the rusting rate begins to decrease just after inflection
point and decreases more and more because an area to be rusted
newly will be precluded by already-rusted area. In this work, we
tried to apply empirically logistic curve to formularize the rusting
rate behavior.

General logistic growth, which is one of the sigmoidal curves,
shows an increasing ratio of the sample to be saturated with time.

dN
dt

¼ rN
ðK � NÞ

K
(1)
Mn P S Zn Ca

2 1.61 0.00 0.04 0.43
4 1.49 0.05 0.02 0.11
9 1.41 0.00 0.04 0.13

6 1.61 0.02 0.20 0.39 0.37
3 1.56 0.04 0.02 0.12

1 0.17 0.74 0.02 0.76
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where, N is the quantitated area of the sample (actually, unit
number of pixels where rust covered in this work), r is the growth
rate of N, K is the carrying capacity (the maximum limit of N). In
original logistic differential solution for population growth, K is the
limiting value or P which is the highest value that the population
can reach given infinite time.

lim
t/∞

NðtÞ¼K

K means the state which whole area is rusted fully, and is
defined as L in this work. Actually, L is fixed as 100 (%).

In detail, N(t) is “the rust area (pixels) by time/whole area
(initially clean area)” and is defined as I(t) with unit of % in this
work.

The solution of a logistic growth on rust-growth behavior is
derived as Eq. (2) according to the similar way solving Verhulst's
differential equation (Baca€er, 2011).

IðtÞ¼ L
1þ expðb� ktÞ (2)

where I(t) is the rust ratio at the time passed, L is the maximum
rustable area at percentage of the sample (rusted area 100%), b is
the ratio of the change between the first and last rusted area
(constants in this work because N (0) and K are constants) and the
final rusted area. k is rusting rate factor at the passed time (t). In this
work, k was assumed as same and set as to 0.01 for all cases because
all samples had similar critical elements. On the other hand, b was
set as unique constant for each samples A, B and C since those
samples had been prepared according to its manufacturer's unique
recipe. The parameter b was determined empirically in this work.

Fig. 5 shows the rust ratio curve with Eq. (2) and experimental
data achieved by NSS tests. Three samples showed different rust
ratio behavior and the ratio of rusting area changed (“b” in equation
(2)) of the samples A, B and Cwere fitted as 11.2, 9.4 and 6.0. Sample
C showed the worst anti-rust ability than others in Fig. 5. Without
regard to the fact that there were secret elements initially, we could
suggest that higher content of liquid material may cause negative
effect in NSS test in Table 2. We could assume that liquid binder
material may be more easily washed by natural salt water spraying.

In this work, we tried to evaluate the weld porosity formation in
fillet weld by quantifying the total volume of all porosity-induced
defects such as pin-holes, worm-holes and blow-holes measured
on the fracture surface where expected most porosities exist.
Because the artificial fracture by force on the test-bead (Fig. 1)
should break into the bead's weakest fracture plane as Livelli et al.
(Livelli and Langill, 1998) stated that a fillet weld containing
porosity at root may fail preferentially through the throat of the
weld. With an assumption that all hole-defects have the same cy-
lindrical shape with diameter 1 mm, total volume could be quan-
tified by multiplying the cut-plane of cylinder (¼ circle) and the
length of all hole-defects.

Fig. 6 show the plots of total volume of porosity defects ac-
cording to the drying period before welding. Though the volume of
defect differed by the material (samples A, B and C), we could find
similar tendency. First, the volume of defects increases remarkably
when the coating thickness doubled regardless of the material or
drying period. This means that absolute volume of the coatings
directly affected total volume of gaseous defects. Second, the longer
drying period the less gaseous defects. Among three materials of
shop primer (minerals like zinc, binder materials and thinner) as
listed in Table 2, thinner is usually volatile and disappears as longer
as drying period. Therefore, absolute volume of coatings would
decrease with drying time passed.

Gaseous phase would conglomerate as porosity in the weld pool
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with decreased solubility limits by cooling. Other elements come
from solvents (thinner and binder) would melt in the weld pool or
oxidized into slag. On the other hand, zinc would separate as gas
phase from the weld pool because boiling temperature of zinc is
still much lower than that of mild steel.

According to data for vapor pressure at temperature (Alcock
et al., 1984), the vapor pressure of Fe is 1.7 kPa at the melting
temperature (1808K) while that of zinc could be estimated around
999.5 kPa by extrapolating the evaporation pressure data of zinc in
Fig. 7. Furthermore, other gas phases (for example, H2, CO or O2 gas)
formed in the cooling weld pool could make additional pressure for
zinc vapor's tunneling to the weld face. Because some of coating
matters with short drying period still contained volatile solvents of
CeHeO compounds which would have molten into the weld pool
by heating and would form as trapped gases in the weld pool by
cooling. Tendency of total porosity volumes in Fig. 5 support this
statement. Regardless of each sample's quantity, total volume of
porosity defect decreases with the drying period.

Fig. 8 shows the graph that total volume of porosity defect
divided by shop primer's volume per incubation period. All coatings
existed on the plate's surface should melt into the weld pool or
blow out as gas or fume. If we assume the initial coating's volume is
a multiplication of weld width and coating thickness, initial main
factor affecting on the porosity formation of shop primer is the
coating thickness. The more coating thickness (V initial coating) the
more porosity defect's volume (V porosity). Therefore, we could
achieve the relationship of the coating material's porosity
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formation ratio per drying periods. Porosity formation ratio has a
unit of [%] and porosity forming tendency (“S” in Fig. 8) has a unit of
[s�1]. This porosity formation ratio showed a tendency of decrease
with longer drying period.

In Table 2, there are each shop primer material's composition
ratios (Mineral: Liquid: Thinner). Sample A has highest content of
Mineral (21.7) and others have similar (20.9 and 20.8). Sample C has
highest content of Liquid (48.1) and lowest content of Thinner
(31.1). According to Table 2, it is expected that sample Awould form
the most zinc vapor. Also sample C would form the least porosity
defect because of lowest content of thinner, however, the porosity
defect tendency could be changed with drying period because
volatile thinner would disappear with time.

We could achieve the characteristics as slopes (SA, SB and SC) for
the porosity forming rates of samples from this graph which shows
the relationship between V initial coating/V total porosity and drying
period. According to the linear fitting of V porosity/V initial coating by
the incubation period, we could extract the weld porosity tendency
for each shop primer as Eq. (3).
715
JðtÞ¼ St þ C (3)

where S is the slope which represents the porosity formation ten-
dency and C is the y-intercept.

According to the generalized formula (Eq. (2)) for the rust-
formation rate was plotted in Fig. 9 (a). Sample C showed much
higher rust-rate than others. Sample A showed the lowest rust-rate
and Sample B located a little higher than sample A. This means that
the shop primer of sample A showed the best anti-corrosive ability
than others. On the other hand, the generalized formula (Eq. (3)) for
the porosity-formation rate could also be plotted in Fig. 9(b). The
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porosity tendency of all samples decreased with drying time and
each plot was converged on zero after that it reaches negative value
because the porosity once formed hard to disappear in actual weld
bead after cooled. In Fig. 9(b), sample A showed the highest
porosity formation tendency than others at the shorter drying time
while it became the lowest value (to a zero) after the drying period
~190 h. Sample C showed lowest porosity formation rate at short
drying time while it required the longest drying time to converge
on zero at the drying time ~280 h. Sample B showed a little higher
than Sample C and decreased to the zero after ~270 h. These graphs
(Fig. 9(a) and (b)) showed similar tendency with the data achieved
from NSS tests and the T-joint fillet weldability tests. Even though
this trial followed an empirical way, the graphs showed similar
tendency either qualitatively or somewhat quantitatively.

We attempted to combine the characteristic parameters be-
tween the anti-corrosive ability and anti-porosity ability. The rust
parameter (I(t)) is a change of the rust-formation rate with NSS test
period and the porosity parameter (J(t)) is a change of the porosity
defect's total volume per drying period during welding. These pa-
rameters I(t) and J(t) are induced by time, however, two parameters
are independent because the time in the rust parameter is the
exposed period in NSS test after complete of coating (drying period
of 168 h), on the other hand, the time in porosity parameter is the
drying period (drying periods are 24, 72 and 168 h) for each fillet
weld.

To combine two independent parameters, the possibility of
coincidence of two incident events can be achieved by multiplying
the forming rate of two events. In this work, the possibility of
coincidence K(t) can be calculated as I(t) � J(t) of which the
maximum peak means the highest possibility for two independent
parameters.

KðtÞ¼ IðtÞ � JðtÞ (4)

Among a variety of samples, we assumed the optimum material
considering both properties of the anti-corrosive ability and the
anti-porosity formation ability at a time. The lowest K(t) value
could be the optimum at any times (the NSS exposing time and the
drying time). The combined parameter (K(t)) for optimizing shop
primer could be plotted in Fig. 9(c). Sample C started with the
highest value than others, and have increased to the peak K-value at
the time of 168 h, then converged on zero after the time of 308 h.
Sample A began with the lowest k-value, and have increased to the
peak k-value at the time of 96 h, then converged to zero after the
time of 192 h. Sample B started a little higher than Sample A, and
have increased to the peak time of 168 h, then decreased to the
convergence point of zero at the time of 298 h.

Among three samples, we decided that Sample A could be the
most optimummaterial for shop primer, and Sample B could follow
the next of it. However, this result depends on the actual situation
of construction yards by changing weights of the parameters ac-
cording to construction process.
4. Summary

Serial experiments on either anti-corrosion or anti-porosity
ability during welding have been carried out according to actual
practice in shipyard. We could achieve reliable data applied to
further methodological approach of optimizing two controversial
properties into an evaluation of the proper shop primer.

(1) With NSS test results, anti-corrosion ability of each sample
was characterized by the rust rate equation which was
derived from the modified logistic differential equation. Ac-
cording to the rust rate equation, three samples could be
716
generalized with empirical data. This equation could account
for the sigmoidal behavior of the rusting rate; which shows a
little increase at first, increases with rusting rate secondly,
then rusting rate saturates to zero at final stage.

(2) With T-joint fillet weldability test results, anti-porosity
ability of each sample was characterized with a simple
assumption that there is a linear relationship between the
normalized volume (shop primer's initial volume divided by
total volume of porosity) and incubation time. This linear
parameter has characteristic slope which depends on each
sample. According to the porosity formation parameter,
some sample's porosity formation decreases with longer
incubation period and increases with initial coating's thick-
ness (i.e., initial volume of the coating).

(3) New criterion for shop primer selection is developed. It is
based on anti-corrosion and anti-porosity abilities of the
shop primers and can be derived as multiplication of the rust
rate and porosity tendency. According to this criterion, one
could select the optimized shop primer considering not only
lowest combined tendency of rusting and porosity formation
but also proper incubation period.
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