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ABSTRACT

Strain controlled fatigue tests have been performed on two types of heavily filled epoxy corrosion
protection coating sprayed onto a 6 mm steel substrate. Fatigue cycling was performed at R ratios of 0
and -1. The two coatings differed in their formulation and the major differences in mechanical
performance were in their static strain to first crack development and their fracture toughness, where
Coating A was significantly tougher than coating B. During strain cycling coating crack
development was monitored using optical observations and surface replicas. It was found that in both
coatings surface crack development began soon after the onset of cycling and proceeded via growth of
surface channelling cracks and multiple initiation of new cracks. Detailed studies were made of crack
development morphology and its relation to coating type and to the applied strain range. A definition
of coating life as the first appearance of a 2 mm surface crack length was used. This represented the
end of the life where the coating protected the substrate. Before this life was achieved, crack growth
rates of single cracks were invariant with crack length. After this point further crack growth, multiple
cracking and crack to crack interactions took place. Cracking in this region could be characterised with

a new total crack length parameter shown to be strongly dependent on applied strain range.
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1. INTRODUCTION

Metallic engineering structures in marine applications are widely protected against corrosion by
organic coatings [1]. A typical example of such coatings is the epoxy-based coatings used in marine
structures, such as water ballast tanks (WBT) of double-hulled crude oil tankers [2]. Commercial WBT
coatings are normally pre-qualified using IMO MSC215 (82) standard [3], based on the extent of
coating failure and substrate corrosion of test samples under simulated thermal and humidity cycling.
WABT coatings are subjected to cyclic strains in service generated primarily by repeated changes of
temperature. Under these strains, pre-qualified coatings can still develop cracks at strain concentrations,
such as the top of fillet welds [4]. This suggests that factors controlling coating cracking in service are
poorly understood, and need further investigation as premature cracking can lead to rapid corrosion of
the steel structures underneath, imposing a danger to tanker structural integrity [1]. Frequently, coating

cracks reach lengths in meters before corrosion can be detected.

Fatigue behaviour of metallic and ceramic coatings for electronic and gas turbine applications has been
widely studied [5-9]. Research into fatigue cracking of epoxy coatings on metal substrates including
WABT coatings is on the other hand scarce. Lee et al. [4,10] investigated the fatigue failure of two WBT
coatings of different thicknesses sprayed onto steel fillet welds under temperature cycles from 60 to
- 20 °C. They found cracks were induced at the fillet welding line, and the life of the coatings was
qualitatively correlated with coating thickness and coating ductility as measured in free film tests.
Greater thickness and/or smaller free film ductility led to a shorter coating life. Using finite element
analysis (FEA), Ringsberg and Ulfvarson [11] calculated the accumulated plastic strains of a WBT
coatings on steel substrates in aged and unaged conditions under cyclic tensile strains. They used the
fracture strain of aged and unaged free film coating samples as a failure criterion, and found that the
aged coating had a shorter predicted life than the unaged one. They further claimed that coating

embrittlement due to ageing was the main cause of premature cracking in service. However, none of
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these papers on WBT coatings provides quantitative models to relate fatigue life to cyclic thermal
strains, nor did they provide any information on fatigue crack development during strain cycling. This
research aims to investigate quantitatively the fatigue life of WBT coatings under mechanical strain

cycles, and will characterise fatigue crack growth in coatings.

Fracture mechanics models for cracks in coatings have been developed by a number of workers [12,13].
In theory [13], fracture of coatings originating from a surface defect under normal stresses can be
simplified as a 2D process of crack penetrating towards the interface in plane strain, followed by a 3D
process of crack channelling parallel to the coating plane. Figure 1 (a & b) illustrates these two
processes. This approach has been applied to explain and predict the static strain to failure of coatings
on substrate by Chai [14] and Wu et al. [15], who found the predicted values were close to the measured
values. Wu et al. [15] also found that coating failure under static strains was likely to be initiated by

regions of de-cohered large particles (60 — 70 um), which merged with the coating surface.

(a) Penetration (b) Channelling -
- 7 —
G % Coatin L oo N ' -
-— g — <— (Coating ‘“J, >
Substrate Substrate

Figure 1. lllustrations of (a) crack penetration, (b) crack channelling under a uniform remote
tensile stress. [15]

In contrast to uniaxial mechanical strains, coating thermal strains in service are bi-axial. For the same
strain, the corresponding coating stress produced by uniaxial mechanical loading will be smaller than

that produced by biaxial thermal strains as indicated by equations (1) and (2) [16].

Ouniaxial = Ee (1)

Ee
Obiaxial = 1—v ()
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Here, E and € are Young’s modulus and strain, and v is Poisson’s ratio. A further difference between
thermal and mechanical strains is that testing under mechanical tensile loads will subject substrates
and coatings to identical strains; hence substrates experience large stresses which may cause their
failure. In the absence of mechanical loads, under thermal cycling of coated samples force balance
determines that substrate strains are small and coating strains large and there is little possibility of
substrate failure. However, reproduction of service thermal cycles in the laboratory is experimentally
complex and difficult to model. To test the response of the coating to cyclic strains, application of
mechanical strains at constant temperature is the simplest method. In the current work, uniaxial
mechanical strain cycles were applied to two epoxy-based coating formulations supported by steel
substrates. The development of cracks on the coating surface was observed to identify coating failure

processes under cyclic strains.
2. EXPERIMENTAL
2.1. Materials

Two heavily filled epoxy coatings, named coating A and coating B were studied. Before curing, the
coatings were viscous liquids with high solvent contents. The substrate was 5.5 mm thick steel plate
to BSEN 10225 grade S355K2+N. Tensile tests reported fully in [15,17] showed that the yield and
ultimate strength of the substrate steel were 420 MPa and 560 MPa [17]. The coating properties of
Young’s modulus (E), static strain to the onset of first crack (&) and fracture toughness (G¢), at 23°C
as well as the glass transition temperature (Tg), are shown in Table 1 [17]. Both coatings have the same
modulus, while coating A has 3 times the facture toughness of coating B and a significantly greater
strain to first crack. The stress-strain curves of both coatings in a free standing film form exhibited

some degree of non-linearity before fracture, the details can be found in [15,17].
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E (GPa) Ty (°C) &r (%) Gc (I/m?)
Coating A 5.2 65 1.04 228
Coating B 5.2 69 0.64 76

Table 1. Young’s modulus, glass transition temperature, and static strain to first crack of the
coatings [17] .

2.2.  Sample Manufacture

Fatigue test sample substrates were 5.5 mm thick and of the geometry shown in Figure 2 with a gauge
length of 12.5 mm and width of 12.5 mm. The sample surfaces were shot-blasted to Sa2.5 [18]. One
surface was sprayed with coating, nominally 300 um in thickness. The coatings were cured at ambient
temperature (~ 23 °C) for 7 days, followed by 2 days post-curing at 100 °C. The post-cure process was
to ensure full curing, simulating a fully cured coating in service. The coating thickness of each sample
was measured using a coating thickness gauge. The average thickness was 300 £ 25 pum for coating A
and 350 = 27 um for coating B. Due to the mismatch between the coefficients of thermal expansion of
coating and substrate, thermal residual stresses were developed in both coatings at room temperature.
The residual stress values for both coatings at 23 °C, cooled from 100 °C, were measured using a
bilayer beam deflection technique [17], widely used for coating internal stress measurement [19,20].
For coatings A and B, the thermal residual stresses were respectively 10.9 MPa and 14.3 MPa [17].
Before testing, samples were conditioned thermally at 100 °C for 30 minutes. This was done to restore
the original coating properties, as modulus, toughness and residual stress values could change during
storage at room temperature due to physical ageing [21]. All samples had the test start within 8 hours

after conditioning.
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Unit: mm; thickness: 5.5 mum

s z
[t \%
—
s - -4 . _] L
i __H_,___Fl—__t Coating
B 40 12.5 N
N 146.8 B

Figure 2. Dimensions of fatigue test samples

2.3.  Test Procedure

Strain-controlled fatigue tests were performed at ambient temperature (~ 23 °C) on a servo- hydraulic
digitally controlled test machine. The controlling extensometer had a gauge length of 12.5 mm and
was attached to the uncoated side of the samples. Cycling was performed under R ratios (R
= €min/ €max) Of -1 (fully reversed tension — compression) and O (zero to tension). Table 2 shows the
test matrix performed. The strain amplitudes were selected based on the following requirements: 1)
the maximum strains of the strain amplitudes must be smaller than the coating static strain to first crack
shown in Table 1; 2) the strain amplitudes must be able to cause coating fatigue cracking before the
commencement of substrate fatigue cracking; 3) a theoretical calculation [17] shows that the current
coatings can develop a thermal strain from 0.25% to 0.52% in service at 0 °C, the strain amplitudes

should also be representative of this range.

. . Strain amplitude Number of
Coating type Rratio  Sample label Ae/2 (%) samples
Coating A -1 FFA1l~FFA7  +0.45~+0.60 7
g 0 FTA1~FTAB8  0.40~#055 8
Coating B -1 FFB1~FFB 12 +0.16 ~+0.45 12
g 0 FTB1~FTB9  0.20 ~+0.30 9

Table 2. Matrix of fatigue tests of both coatings

Since the substrate had much greater modulus and thickness than the coatings, the ratio of the product

of cross-section area and modulus of the substrate to that of the coating was about 760, thus only 0.13%

6
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of the load was due to the coating. Changes in the load response of the samples to the imposed strain
will be overwhelmingly caused by changes in the substrate cyclic stress-strain properties. Any changes
in coating stress-strain properties will not be detectable. Similarly changes in sample compliance
caused by coating crack development will not influence the strains imposed by the substrate on the

coating.

Coating crack development during fatigue was recorded primarily using a Microset RT101 surface
replication compound. Tests were paused at the mean strain to allow replica application, and then
resumed after 5 minutes when the replica was fully cured and removed. Intervals of 10 cycles or 100
cycles, were used in the beginning of the tests. When cracks > 1 mm were seen, cycle intervals between
replicas were increased. The coating failure criterion was chosen to be the appearance of the first 2
mm long surface crack. This was decided by assuming coating cracks initially have a semi-circular
crack front; a through-thickness crack will have therefore a minimum surface length of 0.6 mm in a
0.3 mm thick coating. Once a through-thickness crack is formed at surface length of 0.6 mm, the
corrodant can penetrate to the substrate and the coating has in theory failed. Selection of a slightly
larger 2 mm surface crack as the definition of failure is a more robust practical criterion. The cycle
number at the failure point is defined as the fatigue life. The sensitivity of fatigue life to the failure
criterion assumed will be discussed later. To study the development of coating cracks, cycling was
continued after the failure point, and crack growth monitored until either failure of steel substrate or
the “saturation” of coating fatigue cracks, where the entire sample surface was covered by cracks that

did not appear to grow in either length or number with further cycling.

After the tests, the surface replicas were examined using an optical microscope. Coordinates of the two
ends of each crack were recorded, and the line distance between the ends was used as the crack length.
The measuring error of this method was determined to be + 2 um using a standard line sample with a
known length of 100 um. For the coating sample tested at an amplitude of 0.24% (R = -1), a digital

camera (1M pixels) was used to characterise surface crack development. An alcohol based blue ink

7
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was used to enhance the contrast between cracks and coating. Due to optical imaging difficulties,

cracks in coating A were recorded using replicas only.

3. RESULTS

3.1. General Attributes

Fatigue cracking of coatings commenced with the appearance of one or two cracks within the sample
gauge length after an initial short incubation period. At bigger strain amplitudes, fewer cycles were
needed for this to occur. For example, cracks were visible after 200 cycles in coating B under a fully
reversed strain amplitude of +£0.45%, while they were first seen after 3000 cycles under a strain
amplitude of £0.24%. The crack length at this stage ranged from 100 to 300 um. For both coatings A
and B, as cycling continued, existing cracks grew longer, whilst new cracks appeared at other sites.
This trend continued with further cycling; eventually the coatings developed cracks with a pattern with
multiple parallel cracks perpendicular to the loading direction. An example of coating crack
development in coating B is shown in Figure 3, tested under fully reversed cycling at a strain amplitude
of £0.24%. The red arrows point to the initial observation of cracks. Black dots, visible on the coating
surface in Figure 3, were later found to be surface pores of 100 um in diameter. They were not visible
on the coating surface before cycling commenced, see Figure 3a, and were not observed to initiate

cracks.
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(a) 0 cvcle (b) 3000 cycles
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Figure 3. Surface fatigue crack development of a coating B sample tested
under a strain amplitude of £ 0.24% (R = -1).

Fatigue crack development in coating A samples was observed in replicas under optical microscopy.
As an example, Figure 4 shows the growth of a crack in coating A, from a length of 0.4 mm at 100
cycles to 1.5 mm at 300 cycles, under a strain amplitude of £ 0.5% (R = 0). The crack development
shown in Figure 4 is very irregular with many local deviations from the primary crack plane, and
occasional examples of crack bifurcation around obstacles in the crack path; the cracks later

recombining.

The cyclic strain values applied (between +0.16% and +£0.6%) are considerably more than the fatigue
limit of the substrate steel. Consequently, after sufficient test cycles, fatigue failure of the steel
substrate took place. This occurred at lives ranging from 150 to 1.5 x 10° cycles depending on the
applied strain. Substrate failure imposed an upper limit to the coating lives which could be investigated.
As macroscopic substrate cracks would change the strain distribution in the coating, when a substrate

fatigue crack was observed the test was terminated and coating crack development could not be
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investigated further. The relationship between strain amplitude and life for the substrate is plotted in
Figure 5a for both R ratios. This shows the life of substrate is insensitive to R ratio between -1 and 0

at these short and intermediate fatigue lives.

(a) 100 cycles
(Tpe RIS
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(b) 150 cycles
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Figure 4. Replica images of the development of a single
fatigue crack on a coating A sample under a strain amplitude
of £0.5% (R = 0).

The strain — life behaviour of both coatings to the first 2 mm crack is plotted in Figure 5b. The substrate
strain - life line, also shown on the figure, defines an upper limit of cycle number beyond which coating
life could not be studied. Figure 5b shows that significantly larger strain amplitudes are required to
produce the same life in coating A than in coating B. The only data point that allows direct comparison

between the lives of both coatings is at a strain amplitude of 0.45%, where the life of coating A is

10
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about 250 times that of coating B. The data points can be fitted to an equation similar to the Coffin-
Manson expression for the relation between plastic strain and life for metals [22]. Equation (3) uses
total strain amplitude (Ae/2) instead of plastic strain, and €{ and n are constants determined by
statistical best fitting, and N is the life to the first 2 mm coating crack. The best fit lines for equation (3)

are shown by the dashed lines in Figure 5. The values for €; and n are shown in Table 3.

As
— =g (N)" @A)
2
R ratio &t n
. 1 6.3 x 1073 23.9x 10?2
Coating A 0 8.2 x 10 9.1 x 102
Coating B -1 5.5 x 107 -9.9x10?
oating 0 28 x 103 -3.0x 10?2

Table 3. Resultant constants determined by fitting the coating fatigue life data to equation (3).

(a) Substrate As/2— N plot (b) Coating As/2 — N plot
B Coating A(R=—1) 0O Coating A(R=0
s R=0 0 R-.l g A ) g A )
® Coating B(R=—1) © Coating B(R=0)

1.0% 1.0%

Strain amplitude Ae/2
el
Stram amplitude Aes/2

—
[
=)

1 B LRI LELLL L R A L L Ll i D_]Dfﬂ N

1 10t 107 10° 10* 10° 108 1 10t 10° 10° 10* 10° 108
Life to failure (cycles) Life to 2 mm crack (cycles)

Figure 5. Strain amplitude vs. fatigue cycles for (a) steel substrate, and (b) coatings. The dashed lines are best
fits to equation (3).

Figure 6 plots life against maximum strain rather than amplitude and shows that coating B has
significant sensitivity to R ratios between 0 and -1 over the lives studied. The dashed lines are best fit

11
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lines for a power-law relationship. Life is sensitive to maximum strain (emax) rather than strain range.
Coating A shows insensitivity to R ratio as can be seen in Figure 5b. Crack development to the first
2 mm crack was limited to a few cracks visible on each sample. The crack development process up to

2 mm and beyond was studied to provide data on crack growth rates.

1.0% -
=
[,F ."-..-.r-..l::l IIIIIIII . 5
= » Bl o,
B e, ™
™ » .
= o
= ® Coating B(R= —1)
o Coating B(R=0)
[:I.].I:.!{. LU L L L e L R e |

110t 10 108 10* 10° 106
Life to 2 mm crack (cycles)

Figure 6. Maximum strain vs. cycles to first 2 mm crack
of coating B tested at R values of 0 and -1.

3.2.  Crack Growth observations

Crack length development as a function of cycle number in 5 single cracks all from a specimen of each
coating is shown in Figure 7. The dashed lines are best linear fits. These two samples were not tested
at the same strain amplitude, and should not be compared directly. For each of the single cracks in both
the samples shown in Figure 7, the crack length increases linearly with increasing cycle number. This
indicates that the growth rate of single cracks is independent of crack length. However, crack growth
rates varied significantly from crack to crack within individual samples. The growth rate of the fastest

growing crack could be 6 times greater than that of the slowest.

To characterise the variability of single crack growth rates on the same samples, a mean crack growth
rate and standard deviation were calculated using the data in Figure 7. Mean growth rates for the

selected strain amplitudes were 3 = 1.3 um/cycle for coating A and 0.8 + 0.6 um/cycle for coating B.

12
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The uncertainties are standard deviations, which can be as high as 75% of the mean value in the case

of coating B.
(a) Coating A, As/2=05%,R=0 (b) Coating B, Az/2=03%, R =0
y)
i * 41 L
g 161 i , £
= 7 -ir «E« ] [ |
3 - »
@ 12 : ¥ E ] % .- e
5 . A 5 R Yo
i & R T o
208 - & e ] o e
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Cvcle nmmber (= 100) Cvcle mmmber (< 1000)

Figure 7. Crack length vs. cycle number of single cracks before interaction. (a) Coating A sample tested at an
amplitude of £0.5% (R = 0); (b) Coating B sample tested at an amplitude of £0.3% (R = 0). The dashed lines
are best linear fits to the data.

Figure 7 shows that different cracks achieved a defined length at very different cycle numbers
depending on when the crack had initiated and the growth rate that it adopted. Figure 7b shows that
crack 1 achieved 2 mm length at about 1000 cycles, while the other cracks achieved this length at much
greater cycles (up to 6000 cycles for crack 5). Figure 7a shows a similar trend in coating A, but in this

sample the failure crack length of 2 mm has not yet been achieved in any of the cracks.

When multiple cracks were present, the tips eventually interacted with other cracks when they grew
into their vicinity and individual crack growth rates were significantly influenced. For example, Figure
8a illustrates a long centre crack with two nearby cracks on either side. The centre crack was first
observed at 100 cycles, and both ends of the crack at 300 cycles are shown in Figure 8 b and c. The
tips of the centre crack are indicated by red arrows, and two separate cracks within 0.4 mm distance

are indicated by blue arrows. The length of the centre crack as a function of cycle number is shown in

13
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Figure 9. The dashed lines going through the data points are the best linear fits of the first and last 4
data points, they intersect at about 280 cycles. A red vertical dashed line is shown in Figure 9 to mark
the cycle number where crack interaction was observed at 300 cycles. The crack growth rate was

significantly slowed after interaction as the crack tips began to influence each other.

Beyond the point of crack interaction, growth of individual cracks was not representative of general
crack development. To quantify global fatigue crack development, a total crack length (Liotar)
parameter was defined as the sum of the lengths of all cracks in an 8 mm x 12.5 mm region within the

gauge length,

n;
Ltotal = Z ] 4)
i

where, 1; is the length of an individual crack, and n; is the number of cracks. In all samples Ligtar
increased with test cycle number, and the rate of Lyt5 development increased with increasing strain
amplitude. Examples of L., development can be found in Figure 10. The Ly, 0Of most coating A
samples increased almost linearly with cycle number till the end of the test. In contrast, the Ly, Of
coating B samples initially increased linearly with cycle number, and then slowed down. The cause of
the slowdown was probably interaction with other nearby cracks at large values of Liota. This was not
observed in coating A, as the tests were terminated before saturation had been reached because of

substrate failure.
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(a) Illustration of a centre crack with two nearby cracks on each side

W L)
Figure 8. (a) Schematic diagram of crack locations. (b & ¢) Surface replicas of coating A sample (Ae
= 0.5%, R =0, after 300 cycles) showing the centre crack indicated by red arrows, with ajacent cracks
at each end (blue arrows). Development of the central crack with cycling shown in Figure 9 below.

.
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Cycle number (= 100)

Figure 9. Development of the length of the centre crack shown in
Figure 8 b and c as a function of cycle number. The red vertical
dashed line marks the cycle number where crack interaction was first
observed.
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To quantify crack morphology, crack number and average crack length of 6 coating A samples and 4
coating B samples, tested at different strain amplitudes were measured and are plotted in Figure 11 as
a function of Lyya- This shows very different crack development in the two coatings. At the same

Liotal the number of cracks in coating A is about 3 to 4 times that in coating B; whilst the average
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(a) Development of L., of coating A (a) Development of L., of coating B
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Figure 10. L., plotted against cycle number, (a) for coating A and (b) for coating B tested
at three strain amplitudes.

Crack morphology and interaction

crack length in coating A is about a quarter to one third of that in coating B.
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Figure 11. (a) Development of number of cracks and (b) Development of average crack lengths as a

function of Ly, in coatings A and B.

The extent of crack interaction was characterised following guidelines proposed by Xia and

Hutchinson [23], in which a crack tip can be treated as non-interacting if 3 criteria are met, see Figure

12. In Figure 12, a is the crack length, H is the distance between two parallel adjacent cracks, d is the

horizontal distance between the confronting crack tips of two parallel adjacent cracks, 1. is a reference

length described by equation (5).

T
lr = Eg(a, B)h

()

Here, g(a, B) is a term determined by the stiffness mismatch between coating and substrate for a

through-thickness channelling crack, and the details of it can be found in Beuth [12], and h is the

coating thickness. The 1. of coatings A and B was calculated as 0.32 mm and 0.38 mm respectively.
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Figure 12. Illustrations for the criteria of a non-interacting crack tip suggested by the results
of [23].

crack tips to be non-interacting, criterion 1 requires a single crack to be longer than twice 1,

criterion 2 requires a distance between two parallel and adjacent cracks to be as least 4 times 1., and

for criterion 3 the horizontal distance d between crack tips must be greater than I... Using these criteria,

the number of non-interacting crack tips (NNIT) and the total number of crack tips (twice the crack

number), were quantified. The values are shown as a function of Liotal in Figure 13.

(a) Coating AR =10) (b) Coating B (R =0)
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Figure 13. The development of the total number of crack tips (solid points) and the number of non-interacting
cracks (open points) plotted against Lt for coatings A and B.

The

NNIT of both coatings increases in the beginning of crack development, and as the total crack

length increases further the NNIT decreases. In contrast, the total number of crack tips increases

monotonically. Over the entire total crack length range, the NNIT of coating A largely stays below 5,
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while the NNIT of coating B is below 10. A more significant difference between the coatings is the
difference between the total number of crack tips and NNIT. For coating A, there is a large difference
between these two, increasing with increased total crack length. Coating B has the same trend, but the
difference between the total number of crack tips and NNIT is significantly smaller than in coating A.

Crack interaction is much more pronounced in coating A than in coating B.
3.4.  Crack Growth Rates

A total crack growth rate (dL;,ta1/dN) was defined as the slope of the initial linear portions of the total
crack length — cycles data such as those shown in figure 10. An averaged non-interacting crack growth
rate (dL,yg/dN) was defined as the mean value of the growth rates of 5 non-interacting cracks such as
those seen in Figure 7. The values of dL;,/dN and dL,yg/dN of samples which had comprehensive
growth data available are plotted against strain range (A¢), in Figure 14. Each point represents data
from one individual test sample tested at a single strain range. It was found the data could be best fitted

to a power-law relationship of the form:

stotal dLavg
or

N N C'(Ae)™ (6)

where, C" and m' are constants determined by data fitting, m’ being the line gradient. VValues for C’ and

m’ from the fitting are shown in Table 4.
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Figure 14. Total crack growth rate (dL.,/dN) and averaged non-interacting crack
growth rates (dL,yg/dN) as a function of strain range (Ag).

. stotal/dN dLavg/dN
Coating type
C' (mm/cycle) | m’ | C'(mm/cycle) | m’
A 0.031 14.4 0.003 2.71
B 0.414 6.09 0.004 2.78

Table 4. Empirical constants of the fitted lines in Figure 14
calculated using equation (6).

In Figure 14, data points from tests at R ratios of -1 and 0 both fall on the same line and there is no
obvious effect of mean stress on crack growth rates. Within the strain ranges studied, coating A was
more resistant to fatigue crack growth than coating B, as coating B had dL,¢5/dN values up to 500
times that of coating A for the same strain range. The large values of m’ for (dL;ytg/dN) show that
total crack growth rates in both coatings are highly sensitive to strain range. Values of dL,,/dN are
much smaller than dL,¢/dN and have reduced sensitivity to strain range via the smaller values of

the exponent m'.
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4. DISCUSSION

Surface observations made during fatigue testing demonstrate that coating crack development begins
early in the test. If an initiation life prior to the onset of cracking exists, it is a small fraction of total
life. As cycling continues existing cracks grow longer, and new cracks are initiated at fresh locations,
eventually covering the entire sample surface. Initial growth of a new crack proceeds at a constant rate,
but eventually adjacent crack tips become sufficiently close for interaction to occur and the crack
growth rate reduces. However crack numbers continue to grow. The two coatings differ in their
responses to strain cycles with the tougher coating A withstanding 2-3 times the strain range to achieve

the same fatigue life than the less tough coating B.

As coating crack growth begins soon after the start of cycling, there is no obvious criterion for sample
failure other than the life at which the first coating crack is detected. This might be a few 10s of cycles
for large strain ranges, or some hundreds of cycles for smaller strains and longer lives. The measured
life will depend on the surface crack length used as the failure criterion. Using a shorter or a longer
crack length would result in a shorter or longer life. Using the growth data of crack 1 in Figure 7b as
an example, the cycles to achieve a first crack length of 2 mm in coating B is 500 cycles, for a crack
length of 4 mm the life will be 2,000 cycles and even longer for a 10 mm crack. Similar considerations
apply to coating A crack growth. Crack interaction effects will intervene at longer crack lengths and
will complicate the definition of life. Use of the total crack growth rate parameter (dL;ya/dN),
representing a population of cracks will be more relevant at longer crack lengths. From the point of
view of coating service performance, the important issue will be the corrosion resistance of the coating,
and total crack growth increase will be related to decline in corrosion resistance. As coating fatigue
life measured by any of these criteria is dependent on crack growth rates, the relation between applied

strain range and growth rates (Figure 14 and equation 6) is hence of considerable importance.
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Equation (6) is similar to the well-known relationship [24], between fatigue crack growth rate and
stress intensity range AK for metals, or AG the strain energy release rate range, for fatigue crack growth
in metallic [22] and brittle polymers [25], and for fatigue delamination crack growth in polymer

composites [26],

da
N C(AG) (7

where a is delamination length and length, C and m are empirical constants.

For the case of channelling cracks in coatings, Beuth [12] has demonstrated that the strain energy

release rate G is given by:

B 1 o?h
Ch - 2 EC

G g(a,B,a/h) (8)

Where o is the coating stress, h coating thickness, E. coating Young’s modulus and g(a,f,a/h) is a
function of the Dunders parameters [27] o and B, reflecting the elastic misfit between the coating and
the substrate, and a the crack depth, and h the coating thickness. Surface crack length 1 does not appear
in this equation and crack driving force G is therefore independent of surface crack length. For a
channelling crack of specified substrate and coating materials, and of full depth in a coating of fixed

thickness (hence a = h), the function g will be constant, as will h and E.. Hence for these conditions:

2

o
Gy = — X Cy ©
Ec

where C; is a constant. For elastic conditions in the coating, 0 = €E_, and
Gep = €2E. X C4 (10)

Under cyclic deformation replacing values of strain energy release rate G and strain & with the

corresponding ranges,
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AGey, = Ag2E, X C4 (11)

Hence the applied strain range Ae in figure 14 is closely related to AGch the strain energy release rate
for channelling cracks, and the observed relation equation (6) between Ae and channelling crack
growth rates can be understood in terms of equation (11) the relation between AG and Ae. A constant
Ae leads to a constant AG.y,, which would further lead to a constant crack growth rate, such as those

observed in Figure 7.

However, at the applied strain ranges used in these tests, coating stress-strain behaviour is non-linear
[15,17]. In addition, the steel substrate undergoing cyclic plasticity, will change the values of the
Dunders parameters from their elastic values. In these circumstances, it is appropriate to use the non-
linear J integral [22] rather than the elastic G to characterise channelling crack growth rates. For fatigue
crack growth in materials undergoing non-linear deformation, AG can be replaced with AJ, the J-

integral range [28—30], and thus equation (7) can be rewritten as equation (12).

da
iN= cq) (12)

The total crack growth rate and the average single crack growth rate can be plotted using equation (12)

with da/dN replaced by dL¢,/dN and dL,yg/dN provided that values of AJen can be calculated.

Approaches for calculation of AJ for cracks in monolithic samples undergoing elastic-plastic (non-
linear elastic) cyclic deformation have been established previously by a number of researchers [28—
31]. AJ can be calculated via a determination of J at the maximum hysteresis loop tip, with the loop
being offset to allow the minimum hysteresis loop top to coincide with the origin [17]. J values of
coating cracks will be influenced by the cyclic stress-strain behaviour of the substrate via changes to
the Dundurs parameters. Substrate cyclic stress-strain curves were obtained experimentally during the
fatigue tests. Coating stress-strain behaviour was assumed to be cyclically stable and stress-strain

curves obtained from monotonic tests of coating free films reported in [17] were used. All stress-strain
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curves were represented via Ramberg-Osgood equations. J values of the coating channelling cracks at
Ae values up to 1.5% were calculated using the numerical procedure within ABAQUS FE analysis

package [32]. The detailed procedure is described in [17].

Figure 15 shows values of dLa1/dN and dL,,q/dN replotted against AJen again on a Log-Log scale.
Once again a linear relation is obtained. A statistical best fit gives the constants C and m in table 5.
The trends of the data are broadly similar to those shown in the strain plot in figure 14. It should be
noted that the values of the exponent m in table 4 are approximately double the values of m’ in table

5; a consequence of the dependency of G and J on Ag?.

Total crack growth rate
1E-1 4 (=]
1 ® Coating AR =-1) i
— 1 . w .é'
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5 ] o i
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Figure 15. Total crack growth rate (dL;ytq/dN) and averaged non-interacting crack
growth rates (dL,yg/dN) as a function of J-integral range (AJ.,) for coatings A and B.
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. stotal/dN dLavg/dN
Coating type
C (mm/cycle) | m | C(mm/cycle) | m
A 530x102%° | 777 | 1.02x10° | 1.49
B 3.97 x10® | 3.03 | 214x10° | 1.36

Table 5. Empirical constants of the lines in Figure 15 fitted using equation (12).

AJ has been shown to control rates of fatigue crack growth in both polymeric [28] and metallic [29]
materials under non-linear deformation conditions, and by implication the same appears true of

channelling crack growth.

In the region of life beyond the first 2 mm crack, cracking behaviour becomes more complex with
crack interactions and continued increase in numbers of cracks. The corrosion protection offered by
the coating to the substrate will steadily degrade with increasing length and number of through
thickness cracks. Figure 10, 11 and 13 show that in both coating types, cycles to the onset of cracking

and the rate at which new cracks are initiated are all dependent on the applied strain range.

A significant difference between the coatings was found in crack density and length. Coating A had a
higher density of smaller cracks and coating B the converse with smaller numbers of longer cracks

(Figure 11). A similar observation on cracking in static fracture was made by Wu et al. [15] in these

coatings.
Coating A Coating B
Static failure | Fatigue strain Normalised Static failure | Fatigue strain | Normalised
strain (%) amplitude fatigue strain strain % amplitude fatigue strain
(%) amplitude (%) amplitude

0.43 0.41 0.23 0.36

0.45 0.43 0.24 0.38

1.04 0.5 0.48 0.64 0.25 0.39

0.53 0.51 0.3 0.47

Table 6. Fatigue strain amplitudes of samples shown in Figure 11 normalised by coating static failure

strains.
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The different crack morphologies could be the result of coating B being tested at smaller strain
amplitudes than coating A. However, Table 6 shows that although strain amplitudes are smaller for
coating B than coating A, when strain amplitudes are normalised with respect to static failure strain of
the two coatings, there is significant overlap in the normalised test strains. A few coating A samples
were tested at smaller normalised strains than the largest normalised strain used for coating B. Despite
this Figure 11 shows very different crack morphologies in all tested samples irrespective of the selected
normalised strain amplitude. Unless the populations of starting defects in the two coatings are very
different, it is difficult to account for the contrasting crack morphologies in terms of different test strain

ranges.

An alternative explanation can be based on differences in the resistance of coatings to channelling
crack development. Under conditions of static loading [15], the surface crack morphologies of coatings
A and B samples are highly similar to those seen in the samples in the current work under fatigue
conditions. At the onset of crack penetration through the thickness, it was estimated calculated that the
strain energy release rate Gen for crack channelling in coating A was less than the fracture toughness
G, while for coating B, the Gen values for channelling were always bigger than coating B
toughness [15]. Therefore, in coating A extra cracks can initiate at the larger strain values required for
crack channelling. In coating B cracks can channel as soon as they are initiated leading to a smaller
number of larger cracks. This highlights a superior resistance of coating A samples to crack channelling
than that of coating B samples, and this could also be the reason for the morphological differences

between the coatings under fatigue conditions.

5. CONCLUSIONS

(1) Strain controlled fatigue tests have been performed on two types of filled epoxy anti-corrosion

coatings nominally 300 pum thick on steel substrates. Cracking in both coatings proceeded via the
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initiation and growth of coating cracks across the sample with crack numbers and crack length
increasing as cycling progressed.

(2) Coating A with greater fracture toughness had smaller fatigue crack growth rates and a greater
density of cracks, than the lower fracture toughness coating B which developed fewer longer cracks.

(3) Fatigue crack growth occupied the great majority of test life. At the beginning of the test cracking
proceeded without crack to crack interactions and crack growth rate in individual cracks for a given
strain range was a constant, independent of crack length. At longer lives and crack lengths greater
than 2-4 mm, crack to crack interactions took place, reducing individual crack growth rates, while
new cracks were continually initiated.

(4) Coating life could be defined as the cycles at which the first crack achieved 2 mm surface length.
At this length cracking will be through the coating thickness and corrosion protection is first
degraded. As cycling continues cracks become longer and more numerous and there will be a
steady increase in the number and length of sites where the corrosive environment can access the
substrate.

(5) Beyond the crack to crack interaction point the crack development process is accurately described
by the total crack length, the sum of the lengths of all the cracks on the sample gauge length.

(6) Coating crack growth rates are strongly dependant on the applied strain range Ae™, with m” values
between 6 for coating B and 14 for coating A. A correlation of coating crack growth rates with

Aleh, the J integral range for channelling cracks is demonstrated.
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