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Abstract: Carbon fiber reinforced composite materials are finding new applications in highly loaded
marine structures such as tidal turbine blades and marine propellers. Such applications require
long-term damage resistance while being subjected to continuous seawater immersion. However,
few data exist on which to base material selection and design. This paper provides a set of results
from interlaminar fracture tests on specimens before and after seawater ageing. The focus is on
delamination as this is the main failure mechanism for laminated composites under out-of-plane
loading. Results show that there are two contributions to changes in fracture toughness during an
accelerated wet ageing program: effects due to water and effects due to physical ageing. These are
identified and it is shown that this composite retains over 70% of its initial fracture properties even
for the worst case examined.
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1. Introduction

Fiber reinforced composites are widely used in the marine industry [1,2]. Glass fiber reinforced
polyesters have been used in pleasure boat and military vessel construction for over 50 years, but higher
performance carbon fiber reinforced composites are finding increasing applications. These include
racing yachts [3], offshore applications [4,5] and marine renewable energy structures. The latter
include tidal turbine blades [6], up to 10 m long, and the latest generation of offshore wind turbine
blades, over 100 m long [7]. These must perform under severe loading conditions while keeping costs
low. As a result, there is increasing interest in the long-term behavior of carbon fiber composites
produced by non-aerospace manufacturing routes; infusion and low pressure injection methods are of
particular interest.

Despite exceptional in-plane properties, an inherent weakness of laminated composites is their
sensitivity to interlaminar crack propagation or delamination due to out-of-plane loading. This has
been the subject of a large number of papers since the 1970s [8], and specific experimental techniques
have been developed to characterize the resistance to interlaminar fracture [9]. Mode I tests (crack
opening under tensile loads) were developed first, and an ISO standard procedure was agreed in the late
1990s [10]. Mode II loading (in-plane shear) is more difficult to apply and various test configurations
have been proposed [11,12], with the end loaded split (ELS) test method now an ISO standard [13].
It is also important to be able to characterize the interactions between mode I and mode II so various
mixed mode loading tests have been developed. The most popular uses the mixed mode bending
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(MMB) set-up, a specially designed fixture allowing different combinations of mode I and mode II to be
applied by changing the fixture loading arm geometry [14]. This is an ASTM standard [15]. The output
values from these tests are critical strain energy release rates, Gc, which quantify the energy necessary
to either initiate or propagate delaminations. Originally used to compare materials on a consistent
basis, they have become more useful in recent years as modeling techniques have been developed
which use these values; in particular, cohesive zone methods (CZM) require Gc input values [16,17].

The main particularity of marine applications is temporary or permanent exposure to seawater.
Many polymers are sensitive to moisture so the influence of seawater on all matrix dominated composite
properties needs to be studied. For laminated composites with fibers aligned in the 0◦ direction, this
includes off-axis tension, axial and off-axis compression, in-plane shear and all the through-thickness
properties. The latter are particularly difficult to measure as laminated composites are usually quite thin
and, in many cases, only the apparent interlaminar shear (ILSS) can be obtained, using short beam shear
specimens (ASTM D2344). An alternative approach is to test specimens with predefined defects, thin films
which are implanted during manufacture at the specimen mid-thickness. These can then be subjected to
different loading types in order to measure fracture energies or critical strain energy release rates, Gc.

The resistance to interlaminar crack propagation is one of the matrix and fiber/matrix interface
dominated properties which would be expected to be affected by water ingress. There have been a
number of previous studies of the influence of water on delamination toughness, but the majority were
focused on glass reinforced composites as this was the preferred reinforcement for marine applications.
Marom summarized early work, stating that the short-term effect of water is to increase fracture toughness
(plasticization), while in the long term, a deterioration effect will prevail (hydrolysis, fiber/matrix
debonding) [18]. One of the aims of durability studies is to establish when this transition occurs.

Due to the more limited use of carbon composites in marine applications in the past compared
to aerospace structures, there are considerably fewer papers on the delamination in water of these
materials. Table 1 shows a brief overview of some results published over the last 40 years. These results
concern carbon fiber reinforced epoxies and PolyEtherEtherKetone (PEEK) composites. The latter is a
highly durable semi-crystalline thermoplastic.

Table 1. Previous work on the influence of wet ageing on interlaminar fracture of carbon reinforced composites.

Loading
Mode Material Ageing Condition.

Starter Crack Type
Influence of Water on
Fracture Toughness Reference

I
(Double
Torsion)

Carbon/Epoxy Water 70 ◦C.
Saw cut + razor No effect Thomson and

Broutman, 1982 [19]

I/II Carbon/Epoxy 50% RH, Wet.
PTFE film

Gc↑ for mode I dominated
No effect on Gc for shear

dominated tests

Russell and Street,
1985 [20]

I, II Carbon/Epoxy 50% RH, Wet.
Mode I precrack GIc↑, GIIc↓ for wet Garg and Ishai,

1985 [21]

I, II Carbon/Epoxy,
Carbon/PEEK

Water 22, 77, 100 ◦C
Unaged, half-saturated, fully

saturated.
Foil film starter

Epoxy: GIc↑, GIIc↓

PEEK: GIc no effect, GIIc↓

Selzer and Friedrich,
1995 [22]

II Carbon/Epoxy Various RH conditions. Film GIIc ↓
Zhao, Gaedke,

1996 [23]

Carbon/Epoxy Dry, 50% RH, Wet
Precrack

GIc initiation no effect,
GIc propagation ↓ for wet

GIIc ↓ for wet
Chou I, 1998 [24]

I, II, I/II Carbon/Epoxy Moisture saturated.
Polyimide film

GIc no effect, Gc mixed
and mode II ↓ for wet Asp, 1998 [25]

II Carbon/Epoxy Saturated distilled water.
Film and precrack GIIc ↓ for wet Landry et al., 2012 [26]

I
Carbon/Toughened
epoxy adhesively

bonded

Fresh and sea water, 70, 82 ◦C.
Precrack GIc↓ Couture, 2013 [27]

I/II Carbon/Epoxy Saturated distilled water 70 ◦C.
Precrack GIc ↑ GI/IIc ↓ for wet LeBlanc et al., 2015 [28]
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For mode I fracture, both increases and decreases in GIc after water saturation have been reported,
while the effect of water absorption on the mode II and mixed mode I and II tends to reduce fracture
toughness. The majority of the previous work in this area has been limited to either pure mode I or
mode II loading; to the authors’ knowledge, there have been very few studies in which the effects of
natural seawater ageing on carbon/epoxy marine composites have been studied over the full range of
mode I, mode II and mixed mode I/II loading. This is the aim of the present work.

2. Materials

The composite material studied here is a carbon fiber reinforced epoxy. Both fibers and matrix
are commercially available products. The epoxy resin pre-polymers are diglycidyl ether of bisphenol
F (DGEBF, ≥50%), diglycidyl ether of bisphenol A (DGEBA, ≥10%) and 1,6 hexa diglycidyl ether
(≥10%). This epoxy resin is commercialized by the French manufacturer Sicomin® under the SR8100
product name. The hardener was also supplied by Sicomin®, reference SD4772. This amine-based
hardener is designed for manufacturing of thick composite parts under anaerobic processes such as
resin transfer molding (RTM) and infusion processes. The carbon fibers used were T700 Torayca® 12 K,
1600 tex, standard modulus unidirectional reinforcement. For both ease of handling and ease of resin
impregnation, these were woven in the perpendicular direction with 68 tex glass fibers, representing a
13 to 590 glass to carbon weight ratio, resulting in a mass per unit area of 603 g/m2.

Six-ply thick 500 × 500 mm2, unidirectional composite plates were manufactured using the vacuum
infusion process, of thickness 3.4 ± 0.1 mm. In order to perform fracture tests, a 12 µm thick by 80 mm
wide sheet of polytetrafluoroethylene (PFTE) was placed at mid-thickness at each side of the plate
perpendicular to the carbon fiber direction before infusion.

The composites plates were cured at ambient temperature for 24 h and post-cured for 8 h at 80 ◦C,
followed by a post-cure of 2 h at 120◦C. This final cure was necessary to completely cure and stabilize the
resin, to prevent any residual curing during seawater ageing. Using TGA (thermogravimetric analysis
under a nitrogen atmosphere) and a helium pycnometer to measure density, fiber and void volume
ratios were calculated. The fiber volume ratio obtained from these measurements was estimated to be
around 62 ± 3% with 0.8 ± 0.3% void volume ratio. The material’s glass transition temperature (Tg)
was measured using differential scanning calorimetry to be around 75 ± 2 ◦C. The overall quality of
panels was checked using ultrasonic C-scan and very low attenuation was found, confirming good
internal quality. Interlaminar shear strength was measured using ASTM D2344 to be 64 ± 3 MPa.

3. Experimental Methods and Data Analysis

This study focuses on the effect of long-term seawater ageing on the fracture properties of the
composite. It is first necessary to establish how long the specimens need to saturate and the water
temperature which can be used to accelerate water ingress. A preliminary weight gain study on
the water ageing behavior of 50 × 50 × 3 mm3 coupons showed Fickian behavior of the composite.
This means that there is a stable and reversible state that is reached after a certain time, representing the
fully water-saturated state. Therefore, in this study, only the fully dried, fully saturated and re-dried
after full saturation states were examined. These three conditions will be referred to as unaged (fully
dried), saturated (fully saturated) and saturated then dried (re-dried after full saturation).

Seawater ageing tanks were used to age composite samples. These 180 L capacity insulated
tanks were filled with natural seawater pumped directly from the Brest estuary. This seawater was
continuously renewed (volume replaced every 24 h). The temperature was controlled to within ±2 ◦C
(Figure 1) and monitored continuously.

Based on results from the preliminary study, shown in Figure 2, the water temperature for specimen
ageing was chosen to be 60 ◦C. This temperature corresponds to the highest possible accelerating
temperature with respect to the material’s dry Tg of 75 ◦C. The time to saturation of specimens at this
temperature was found to be 15 weeks.
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Figure 2. Preliminary water uptake results for the composite in seawater at different ageing 
temperatures. Lines show respective Fickian model fit. Error bars show standard deviations. 
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edge of the specimens and linked to a PC to record the images together with corresponding load and 
displacement values using a data acquisition card. The crack length value was interpolated between 
the initial crack length and the final crack length using the compliance. The validity of this 
interpolation was checked by comparing the calculated crack lengths and the optically measured 
crack lengths, which showed good agreement. The crosshead displacement rate was 1 mm/min, in 
order to follow the crack propagation accurately. 

Figure 2. Preliminary water uptake results for the composite in seawater at different ageing temperatures.
Lines show respective Fickian model fit. Error bars show standard deviations.

All specimens were dried prior to either testing (unaged condition) or immersion. Some mode I
and mode II specimens were also dried after reaching saturation, in order to examine the reversibility
of water effects, by placing them in an oven at 60 ◦C in desiccators, also for 15 weeks, their weight
being controlled frequently in order to ensure that they were fully dried.

The interlaminar fracture properties of the composite were studied using different test methods:
pure mode I delamination, pure mode II delamination and combinations of mode I and mode II
loading. For all the tests, an Instron™ 5966 electromechanical test machine was used, with an Instron™
2580-500N load cell. Controlled laboratory environment conditions of 21 ± 1 ◦C and 50 ± 5% relative
humidity were maintained throughout the tests.
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3.1. Mode I Delamination: Double Cantilever Beam (DCB)

The double cantilever beam (DCB) test method was chosen in order to test the mode I fracture
toughness. These tests were performed based on the ISO 15024 standard test method [9]. Specimens
were cut to 20 by 150 mm2 dimensions. The compliance calibration (CC) data reduction method was
chosen to calculate the mode I energy release rate, GIc in J/m2, as

GIc =
nPδ
2ba

(1)

In this equation, n is the slope of the compliance logarithm log(C) versus crack length logarithm
log(a). P is the load in N at the opening displacement δ in mm, b is the specimen’s width in mm and a is
the crack length in mm. In order to measure crack length, one of the specimen edges was painted using
a white Posca® pen. This particular marker pen has many advantages such as being water-based,
preventing unwanted degradation as opposed to alcohol-based paints, providing a matt finish with
good opacity, thus increasing contrast with the crack, and, finally, it has no mechanical resistance so it
does not affect the load measurements. A camera was placed facing the white-painted edge of the
specimens and linked to a PC to record the images together with corresponding load and displacement
values using a data acquisition card. The crack length value was interpolated between the initial
crack length and the final crack length using the compliance. The validity of this interpolation was
checked by comparing the calculated crack lengths and the optically measured crack lengths, which
showed good agreement. The crosshead displacement rate was 1 mm/min, in order to follow the crack
propagation accurately.

Results from all these delamination tests include both initiation and propagation values. The former
can be defined by the values on the force versus displacement corresponding to either beginning of
non-linearity (NL) or a 5% change in slope (5%) and using the initial starter crack length. Both were
calculated here. As recommended by the standard, two cases can be identified. The first corresponds
to initiation from the insert film: a short natural crack is created (5 to 10 mm from the film insert) and
then the specimen is unloaded. The second initiation value is determined when the small precrack
created by this first initiation cycle is reloaded. Loading is then continuous and propagation values are
also calculated, using the load and displacement corresponding to each calculated crack length once
the crack has started to advance along the specimen.

3.2. Mode II Delamination: Calibrated Edge Loaded Split (C-ELS)

The mode II delamination properties were evaluated using the ISO calibrated edge loaded
split (C-ELS) standard test method [13]. This particular test method was chosen over other mode II
configurations [11,12] due to better crack stability and longer crack propagation length. The specimen’s
width and length were also 20 by 150 mm2, similar to the DCB dimensions, which facilitates specimen
preparation. As with mode I tests, the loading rate was 1 mm/min. The pure mode II energy release
rate, GIIc in J/m2, was calculated using the Corrected Beam Theory with the effective crack length
(CBTE) data reduction method:

GIIc =
9P2a2

e

4b2h3E1 f
, with (2)

ae =
[1
3

{
2bCh3E1 f −

(
L1 + ∆clamp

)3
}] 1

3
(3)

In this equation, in addition to the equivalent parameters from Equation (1), ae is the effective
crack length in mm, h is the half-thickness of the specimen in mm, E1f is the flexural modulus that can
be determined from three point bending test or from clamp calibrating the ELS test in MPa, C is the
compliance (displacement/force), L1 is the free length, meaning the distance from the load point to the
crack tip in mm, and finally, ∆clamp is the clamp correction determined through the clamp calibration
procedure detailed in [13].
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3.3. Mode I/II Delamination: Mixed Mode Bending (MMB)

The third test procedure was also based on a standardized test, the mixed mode bending
(MMB) [15]. This test method uses a special lever and base fixture that combines a three-point bending
end notched flexure with a DCB test. By adjusting the position of the load point on the lever, different
mode I/II combinations are obtained, as shown in Figure 3.
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The mode I and mode II energy release rates are calculated separately as follows:

GI =
12P2(3c− L)2

16b2h3L2E1 f
(a + χh)2 (4)

GII =
19P2(c + L)2

16b2h3L2E1 f
(a + 0.42χh)2, with (5)

χ ≡

√
E11

11G13

(
3− 2

( Γ
1 + Γ

))
and Γ ≡ 1.18

√
E11E22

G13
(6)

In all these equations, in addition to the terms from previous equations and starting from the
calculation of the mode I energy release rate GI, c is the lever length, as shown in Figure 3 in mm, L is
the half-span length, also shown in Figure 3 in mm, χ is the crack length correction factor, E11 is the
longitudinal modulus measured experimentally at 97 GPa, E22 is the transverse modulus, measured
experimentally to be 7.0 GPa and, finally, G13 is the shear modulus estimated to be 8.5 GPa. As for the
previous test methods, the loading rate was 1 mm/min. Crack length was also measured using a camera
and by painting one of the specimen’s edges, together with numerical interpolation. The results from
the MMB test are plotted as the total energy release rate G = GI + GII versus the mode II contribution
GII
G , as suggested by Benzeggagh and Kenane [29]. In this study, three ratios of mode mixity were

tested, corresponding to mode II percentages of 25, 50 and 75%.
Data were then fitted using the Benzeggagh–Kenane (B-K) criterion using the following equation:

GT = GIc +
(
GIIC −GIC

)(GII

G

)n
(7)

The parameter n of the B-K criterion was found using a least squares method. This parameter
reflects the influence of the mode II loading on the global energy release rate. A higher value of n
indicates that the mode II plays a greater role in the total energy release rate, but the value is only used
as a material characterization parameter here.

In order to obtain reliable propagation values, a particular data reduction method was developed
to process the R-curves (G versus crack length). The curve was first limited to only include data for
crack increases of 0.1 mm. This allowed a global average to be calculated without artificially weighting
the value. Then, peaks and troughs were automatically retrieved from the curve using an Excel®

routine. An example of an R-curve with peaks and troughs is shown in Figure 4.
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4. Results

4.1. Water Uptake

Figure 5 shows weight gain measurements for three mode I fracture test specimens, first for
immersion to saturation in seawater at 60 ◦C and then for drying.
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This plot shows similar weight gain kinetics and saturation values to those of the square coupon
samples (Figure 2) and indicates that the weight gain is reversible after drying.

4.2. Mode I Fracture

Figure 6 shows examples of load-displacement plots for unaged mode I and mode II specimens.
The propagation is unstable. One can note the difference in load level required to propagate cracks for
these two tests. For both, precracked initial crack length was around 70 mm and final crack length was
around 110 mm for DCB and 130 mm for ELS.
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An example of an R-curve (GI versus crack length) for the composite under mode I loading
in the three ageing conditions is shown in Figure 7. The trend of the R-curves is globally stable
with crack length but one can clearly observe local peaks and troughs for the unaged material,
often attributed to a stick-slip behavior. This has been explained previously in terms of a local crack
blunting mechanism [30]. Five specimens were tested for each condition, but only four results were
retained for the saturated and dried conditions due to experimental incidents (debonding of load
blocks during the tests). The dried condition showed less variability in propagation compared to the
two other ageing conditions. These values are summarized with initiation values in Table 2.
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Table 2. Initiation and propagation values for all mode I tests; mean (standard deviation) values in
J/m2 (arrows show trends compared to the previous ageing condition).

Initiation from Film Initiation from Precrack Propagation

Criterion NL 5%/Max. NL 5%/Max Mean Entire
R-Curve Peak Valley

Unaged, Dry 281 (55) 353 (19) 388 (80) 527 (79) 799 (89) 835 (93) 722 (77)

Saturated ↘246 (67) ↘293 (25) ↘277 (13) ↘432 (11) ↘600 (105) ↘616 (96) ↘597 (102)

Re-dried after
saturation ↘219 (13) ↘272 (48) ↗355 (60) ↗468 (42) ↘564 (57) ↘570 (55) ↘559 (55)

There is some scatter, but it is possible to obtain an average propagation energy release rate of
around 800 J/m2 for unaged, 600 J/m2 for seawater saturated and 560 J/m2 for re-dried specimens.
Overall, for all the fracture parameters calculated from mode I loading tests, saturation in seawater at
60 ◦C reduces mode I fracture resistance by around 30% and this change is not reversible after drying.

4.3. Mode II Fracture

Figure 8 shows examples of the R-curves (GII versus crack length) for the composite under mode
II loading. One can see the difference in shape of the R-curves compared to those of the DCB test.
For mode II, the R-curves are smooth compared to the mode I propagation; therefore, no “Peak” nor
“Trough” values can be calculated. It is also worth noting the higher values of energies involved in
mode II delamination compared to mode I. Table 3 shows initiation and propagation values for all
mode II tests.
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Table 3. Initiation and propagation values for all mode II tests; mean (standard deviation) values
in J/m2 (arrows show trends compared to the previous ageing condition).

Initiation from Film Initiation from
Precrack Propagation

Criterion NL 5%/Max. NL 5%/Max Mean Entire R-Curve

Unaged, Dry 738 (234) 1046 (216) 1078 (316) 1455 (253) 1790 (410)

Saturated ↘562 (97) ↘713 (93) ↘1032 (176) ↘1255 (261) ↘1378 (388)

Re-dried after saturation ↗728 (124) ↗958 (80) ↘993 (163) ↗1374 (236) ↗1475 (255)

There is a trend showing a decrease in GII after seawater ageing, but there is significant variability
in the results and differences are within one standard deviation. This will be discussed further below.
Values after drying tend to increase but do not return to unaged values. As with mode I, the standard
deviation seems to be lower in the final dried ageing condition.

4.4. Mixed Mode Fracture

Figure 9 shows an example of the load–displacement plots from mixed mode MMB tests for the
three mode ratios. Here, again, the increasing mode II contribution corresponds to higher loads during
the test.
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The R-curves of the MMB tests at the two ageing conditions and for the three mode mixities is
shown in Figure 10.

These plots reveal one of the difficulties with MMB tests, namely that the propagation length is
quite short (20–30 mm at most) compared to the mode I tests. As a result, the R-curves tend to increase
and do not reach a plateau value. In this case, it is interesting to compare initiation values. For the 75%
mode II case, the R-curves are more stable. Table 4 shows these initiation and propagation values for
the three mixed mode tests.
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Table 4. Initiation and propagation values for mixed mode (I/II) tests.

25% Mode II Initiation from Film Initiation from Precrack Propagation

Criterion NL 5%/Max. NL 5%/Max Global mean Peak Valley

Unaged, Dry 348 (134) 449 (148) 373 (163) 473 (192) 818 (315) 913 (339) 859 (333)

Saturated ↘174 (48) ↘271 (46) ↘280 (29) ↘416 (33) ↘712 (183) ↘764 (175) ↘728 (168)

50% Mode II Initiation from Film Initiation from Precrack Propagation

Criterion NL 5%/Max. NL 5%/Max Global mean Peak Valley

Unaged, Dry 544 (36) 752 (52) 517 (48) 670 (132) 795 (134) 813 (148) 780 (148)

Saturated ↘303 (52) ↘403 (40) ↘421 (58) ↘576 (66) ↘708 (134) ↘748 (139) ↘706 (143)

75% Mode II Initiation from Film Initiation from Precrack Propagation

Criterion NL 5%/Max. NL 5%/Max Global mean Peak Valley

Unaged, Dry 591 (162) 783 (135) 562 (109) 759 (111) 942 (113) 1020 (112) 935 (97)

Saturated ↘491 (13) ↘716 (75) ↗676 (141) ↗867 (110) ↗1063 (144) ↗1134 (111) ↗1093 (88)

Once again, the overall trend indicates a decrease due to seawater ageing for the mode I dominated
fractures, but for the 75% mode II fracture, saturation of specimens tends to result in a slightly higher
energy release rate.

5. Discussion

- Influence of an accelerated wet ageing protocol on mixed mode failure criteria

The influence of seawater ageing on initiation and propagation values of strain energy release
rate is shown in Figure 11.
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First, it should be noted that the interlaminar fracture toughness values measured here are in
a similar range to published values for marine carbon/epoxy specimens. For example, Baral et al.
studied a range of high modulus composites used for racing yachts and found mode I initiation values
in the range of 200–300 J/m2 with propagation values up to 700 J/m2 [31]. Mode II fracture energies for
carbon/epoxies are typically three times higher than those found under mode I loading [32], with this
ratio decreasing as mode I toughness increases.

Second, it may be noted that, globally, the influence of seawater saturation on the interlaminar
fracture behavior of this carbon/epoxy composite is small given the error bars. The results have been
analyzed using the Benzeggagh and Kenane representation (B-K) [29] and this provides a reasonably
good fit to all data. The n-parameters obtained for the unaged material are compared with published
values for a glass/epoxy and carbon/peek composite in Table 5. It is apparent that, for values measured
from the insert film, there is a stronger influence of the mode II loading component after saturation,
while, for values from a precrack and propagation values, this mode II influence is lower after saturation.
No published values were found for this parameter after seawater saturation.
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Table 5. Mixed mode B-K failure criteria parameter n.

n Unaged Seawater Saturated

NL film 1.085 ↗1.972

5% film 1.079 ↗1.458

NL precrack 3.588 ↘2.215

5% precrack 3.793 ↘2.300

Propagation 6.189 ↘1.693

Glass/epoxy [29] 2.6 -

Carbon/PEEK [31] 2.284 -

- Influence of physical ageing

An important feature of the values of GIc after drying, shown in Table 2, and, to a lesser extent,
mode II values (Table 3) is that they did not return to their initial unaged values, even though the water
ingress was shown to be reversible (Figure 5). This suggests that the material has undergone some
permanent changes. This may indicate permanent damage, in the form of fiber/matrix debonding.
Scanning electron microscopy was performed on unaged and aged fracture surfaces, but no significant
differences were noted (no evidence of cleaner fibers after ageing, for example), so images are not shown
here. Another possible explanation, which has received little attention in the published literature to
date, is that the material undergoes physical ageing during immersion and drying at 60 ◦C. Physical
ageing (PA) is a gradual change towards a more stable state of a polymer which has undergone rapid
cooling below its glass transition temperature. Heating to a temperature close to the Tg will accelerate
this change, related to molecular rearrangements, and it is usually accompanied by a reduction in
tensile strain at failure [33,34]. At lower temperatures, these changes will take longer. Previous work
on this same epoxy resin without fiber reinforcement [35] showed such an embrittlement with physical
ageing, with faster property changes at closer to Tg temperatures. This is a reversible process; complete
recovery of initial properties was noted after rejuvenation, a thermal treatment above Tg.

In order to examine the hypothesis that PA occurred during immersion and drying, a second
series of mode I and mode II tests was performed on samples which had either been rejuvenated
before testing or placed in conditions encouraging PA. The rejuvenation procedure involved heating
above the Tg for a short time, then quenching in 15 ◦C water (samples were placed in sealed bags to
prevent any contact with the water). Physically aged specimens were heated in an oven at 60 ◦C for
3 weeks. This temperature and ageing time were found in the previous study on the resin [35] and
were estimated to provide conditions for a relatively complete PA. Tables 6 and 7 show the results from
the mode I and mode II fracture tests on these conditioned specimens.

Table 6. Influence of physical ageing on energy release rate in mode I.

Initiation from Film Initiation from Precrack Propagation

Criterion NL 5%/Max. NL 5%/Max Mean Entire
R-Curve Peak Valley

Rejuvenated 190 (57) 359 (120) 497 (21) 816 (14) 800 (103) 832 (98) 744 (76)

Physically aged in air ↔189 (57) ↘295 (80) ↘386 (77) ↘632 (95) ↘621 (57) ↘645 (57) ↘603 (53)

These results indicate that PA does have an impact on the energy release rate for both mode I and
mode II for the majority of the initiation and propagation values. The energy release rates decrease
with PA. The reduction is significant for mode I and less important for mode II loading. The magnitude
is similar to the reductions noted after seawater ageing, suggesting that PA, due to the increase in
temperature imposed by the accelerated ageing protocol, is the main mechanism acting to reduce
delamination resistance here.



Oceans 2020, 1 211

Table 7. Influence of physical ageing on energy release rate in mode II.

Initiation from Film Initiation from Precrack Propagation

Criterion NL 5%/Max. NL 5%/Max Mean Entire R-Curve

Rejuvenated 546 (90) 720 (95) 683 (131) 971 (116) 1275 (121)

Physically aged in air ↗584 (51) ↗768 (24) ↘596 (20) ↘912 (23) ↘1119 (98)

From this complementary study, it is clear that accelerated ageing of carbon/epoxy composites
with low Tg resin can lead to complex test results. Nevertheless, it should be emphasized that the
overall effect is limited; once it has been quantified, it is easy to design structures so that early failure
can be avoided, at least under quasi-static loadings.

- Applicability of test results

The data shown in this paper were analyzed using an approach based on a number of assumptions.
First, the equations employed assume linear elastic fracture mechanics. The specimens were
dimensioned following the standards to achieve this, and unloading indicated no permanent residual
displacement which would have indicated widespread damage in the specimen arms.

Second, physical ageing effects due to the extended period at 60 ◦C also contribute to the final
value and result in a lower delamination resistance. This contribution will also occur if ageing and
drying are performed at lower temperatures and in real marine structures but will require longer
times to appear. The ageing protocol adopted here thus provides a conservative value of delamination
resistance. Further tests would be required at different times and temperatures to establish the physical
ageing kinetics in these composites, as was done for the resin alone previously [35]. Given the fact
that water ingress can also reduce the Tg of epoxy matrices due to plasticization [36–38], physical
ageing could also finally appear at ageing temperatures considered as too far from Tg to happen in
relevant timescales.

Third, there has been considerable discussion in the published literature on the values to be used in
modeling. Tests for each loading condition yield several results here, with initiation from an implanted
film, from a precrack and average values for a propagating crack. In addition, different initiation criteria
and data analyses are provided by the standard test procedures. In the present case, up to seven values
are defined. This multiplicity of values arose due to both the integration of different national protocols
into one ISO document and the need to highlight the specimen geometry dependence of propagation
values caused by fiber bridging and multiple cracking. Given that the same specimen geometry was
used throughout this study, it is interesting to compare the ratio of results from five values before and
after water ageing. Figure 12 shows these ratios.

There is a change in the influence of the water ageing protocol as the mode II contribution increases,
with the effect becoming positive at high mode II ratio, but the results from the ELS test are in contradiction
with this trend.

Pure mode II tests show considerably higher scatter than those from 75% mode II, which makes
it difficult to formulate conclusions regarding ageing effects. Development of a standard test to
measure mode II delamination resistance has proved difficult. Initially, the end notch flexure specimen
appeared suitable [39,40], but the unstable nature of propagation during this test was not satisfactory.
Tests promoting stable propagation, using 4-point ENF (End Notched Flexure) [41] and end loaded
split specimens such as those tested here [13] were therefore preferred as they allow multiple values
to be measured on each specimen. However, these and all mode II configurations suffer from the
influence of friction between the propagating crack surfaces. As a result, some authors have questioned
whether a pure mode II test is possible [42]. For ageing studies, this also introduces an additional
unknown factor: the influence of water in the saturated material on friction effects.

An alternative pragmatic approach to examining the influence of in-plane shear loading is to
apply a mode II dominated mixed mode test, as this involves a small opening component which limits
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crack surface contact. In the present case, such an approach appears more consistent with mixed mode
results for lower mode II loads. If propagation results are needed and the short MMB propagation
distance is a constraint, some additional tests with an alternative fixture such as the asymmetric DCB
proposed by Vanderkley [43] may be useful.
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6. Conclusions

This paper presents a new set of results from a detailed study of the influence of seawater
immersion on the interlaminar fracture resistance of a carbon/epoxy composite. It is shown that care is
needed to dissociate changes due to water ingress from those associated with physical ageing due to
polymer chain reorganization. The latter tend to reduce fracture toughness; the mechanism is slow
at temperatures well below the glass transition temperature, but when raised temperatures are used
to accelerate water ingress, these will also accelerate physical ageing. Specific tests were performed
to quantify the latter and it appears to be the main mechanism contributing to changes in fracture
resistance with this accelerated ageing protocol. It is therefore strongly recommended that for marine
composites subjected to ageing at temperatures approaching their Tg separate tests be performed to
dissociate these two effects.

However, even accounting for this second ageing mechanism, the interlaminar fracture behavior
of this composite is quite stable, indicating that it is a good contender for marine applications where
out-of-plane loading occurs.
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