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Abstract
The degradation process of adhesive bonding layers on ship exposure decks was examined via an exposure test using adhesive 
bonding joint specimens under tensile shear load. The degradation was evaluated by the delamination and the deformation 
of the adhesive layer. The degradation initiated in summer, which was more significant for the specimens located at exposed 
areas of the ship than those in the engine room (i.e. not exposed area). Environmental measurements revealed that, in sum-
mer, the daily highest surface temperature was greatly raised at the exposed areas that, however, exhibited equal or lower 
average values compared to the engine room. The degradation of an adhesive bonding joint would initiate relatively rapidly 
in a high-temperature environment. This indicates the highest temperature is a more important factor for adhesive bond-
ing durability than the average temperature. The tensile test conducted after the exposure test showed that the degradation 
progressed from the adhesive layer edge. The surface temperature on an ocean-going ship was also measured to examine the 
temperature condition, revealing more severe values than those on ships in mid-latitude regions such as Japan. The design 
temperature for adhesive bonding joints should be estimated as at least 70 °C for exposed areas.

Keywords  Adhesive bonding joint · Degradation · Exposure deck · Surface temperature

1  Introduction

Using welding joints is currently the main way to build ships 
made of steel or other light alloy metals. Welding joints pro-
vide a ship hull and outfitting with good mechanical strength 
and tightness; however, the large heat input around their 
welding zones results in weak points since the associated 
structural deformations need to be corrected by additional 
heating after welding.

Since the mechanical properties of adhesive agents have 
recently been improved, the application of such materials 
for structural adhesive bonding joints is being extended to 
airplanes [1, 2], vehicles [3] and infrastructures [4]. Their 
application can also provide great advantages to the ship 
construction by reducing additional processing, such as 

deformation correction or repainting of damaged coatings, 
because adhesive bonding does not thermally influence ship 
materials such as steel.

The application of adhesive bonding to ship construc-
tion has been intensively investigated during the last two 
decades [5–12]. The Det Norske Veritas worked on the 
“BONDSHIP” project, providing requirements, guide-
lines and examples (such as design criteria and testing 
method) for such use of adhesives [5, 6]. In a study con-
ducted by The Ship’s Electric Installation Contractor’s 
Association of Japan, the support fittings for an electri-
cal cable have been bonded using adhesive materials [7], 
while The Boat Association of Japan investigated their 
application to boat hulls [8]. In a previous study [9], we 
have demonstrated that adhesive layer will be required 
to be used as its thickness of millimetre order practically 
due to working accuracy and dimension of ship construc-
tion. We also found that, among the existing materials, the 
second-generation acrylic adhesive (SGA) could be the 
most suitable candidate for ship construction because of 
its relatively high strength even when used as a thick layer. 
In 2015, the Nippon Kaiji Kyokai published the guidelines 
[10] for using structural adhesives (hereafter, referred to 

 *	 Hitoshi Hayashibara 
	 hayashibara@nmri.go.jp

1	 National Institute of Maritime, Port and Aviation 
Technology, 6‑38‑1 Shinkawa, Mitaka‑shi, Tokyo 181‑0004, 
Japan

2	 National Institute of Technology, Yuge College, 1000 
Shimo‑Yuge, Yuge, Kamishima‑cho, Ehime 794‑2593, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00773-019-00657-w&domain=pdf


511Journal of Marine Science and Technology (2020) 25:510–519	

1 3

as ‘the guideline’), prescribing the approval requirements 
for those mainly used in the outfitting of steel and alu-
minium ships. These investigations [5–9] confirmed that 
structural adhesives can provide sufficient initial strength 
and work efficiency in the ship construction process. The 
proper design procedure and condition, such as the safety 
factor (SF) for adhesive strength (the guideline requires 
SF = 40), have been also defined [10]. Recently, FRP-metal 
bonded joint has been investigated for ship structure with 
respect to fatigue durability [11] or prediction of safety 
factor [12] etc.

Although long-term durability is a crucial parameter for 
the application of adhesive bonding joints on actual ships, 
only a little information is presently available about it. In 
a previous work, adhesive bonding joints installed in an 
engine room remained intact after one year of service [7], 
but no results were reported for a longer duration or other 
ship areas. Therefore, more data about the long-term dura-
bility of adhesives are required to improve the reliability 
of their application to ship construction.

A previous study about adhesive degradation has shown 
that temperature and water (moisture) are important fac-
tors affecting the durability [13]. The BONDSHIP project 
indicated 0–40 °C and 0–95% (relative humidity) as the 
minimum requirement of the environmental design condi-
tions [5]; it also mentioned the environmental factors to be 
considered, but no specific value was provided. Accord-
ing to the guideline, an initial strength of the adhesive 
bonding joint in its usage environment shall be obtained 
in the designing process. A large temperature dependency 
of adhesive strength will require this provision. In such a 
context, the adhesive durability on a ship should be inves-
tigated by estimating the environmental conditions on it.

Estimating the adhesive durability on the exposed areas 
of ships is particularly urgent since, in these areas, the 
joints are exposed to severe conditions because of the high 
temperature and the presence of water (as rain, seawater 
and moisture). A few studies investigated the temperature 
on these areas: Ando et al. measured a 50–60 °C range on 
a floating structure in the Sea of Japan near the Yamaguchi 
prefecture, Japan [14], Nagano et al. recorded approxi-
mately 65 °C on the hatch cover of a ore carrier voyag-
ing between USA and Japan [15], and Yoshikawa et al. 
obtained a similar value as the highest temperature on a 
crude oil tanker [16, 17].

In this study, the degradation process of the adhesive 
bonding layer on ship exposure decks was examined via an 
exposure test with loaded specimens and the surface tem-
perature was measured to clarify the appropriate design 
conditions and promote the application of adhesive bonding 
joints also on such exposed areas. In addition, environmental 
measurements were also carried out on an ocean-going ship 
to obtain useful information to determine a design condition.

2 � Experimental procedure

2.1 � Exposure test on adhesive bonding joints

2.1.1 � Specimen preparation

Figure 1a illustrates the shape of the specimen used for 
the exposure test; the experiment was carried out on a sin-
gle-lap tensile-shear joint (SLJ) because this joint type is 
widely used to evaluate the strength of adhesive bonding. 
Two aluminium alloy (JIS-H-4000, A5052) plates (63 mm 
length × 20 mm width × 2 mm thickness) were sandblasted 
and then adhesively bonded to each other so that the adhe-
sive layer was 10 mm length × 20 mm width × 3 ± 0.5 mm 
thickness. As mentioned above, a recent study [9] has indi-
cated SGA as the most suitable adhesive material for ship 
applications; thus, a commercial SGA for structural use 
(C-355-20A/C-355SL-20B; Denka Co. Ltd.) was selected.

Three specimens were prepared for the initial strength 
test and other six for the exposure one. The former was per-
formed on each specimen using a tensile testing machine 
(Autograph AG-I; Shimadzu Corp.) at room temperature 
(RT, 24 °C). The initial tensile shear strength (τST) of the 
specimen adhesive bonding layer was 11.9 MPa on average 
(11.6, 11.7 and 12.5 MPa individually).

Six other specimens were mounted one by one on a 
loading jig made of stainless steel, as shown in Fig. 1b, 
that applied a tensile force to them via a loading spring, 

a Specimen

b  Loading jig
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Bolts for fixing
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Screw cut shaftKeyLoading
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Fig. 1   Specimen and loading jig used for the exposure test
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a screw-cut shaft and a nut. Using the guideline requiring 
an SF of 40, design strength can be calculated as 0.30 MPa 
(for use at RT). In the test, the exposure duration was rela-
tively shorter than the expected service lifetime of adhesive 
joints on ships, but longer than other testing times previ-
ously reported. Thus, two different stress conditions, more 
severe than those prescribed by the guideline, were adopted 
to accelerate the degradation process. For the higher stress 
condition (HL), a tensile shear stress (τAP) of 3.6 MPa was 
applied to three specimens, with reference to the residual τST 
after the accelerating durability test required by the guide-
line (3.5 MPa at RT); this HL stress also corresponded to 
the geometrically limited value of the jig. For the lower one 
(LL), a stress of 2.9 MPa was applied to the other three 
specimens. The τAP value was estimated and controlled by 
measuring the spring length since the spring constant was 
known (39 N/mm).

2.1.2 � Exposure test

The exposure test was carried out from October 2015 to 
December 2016, for 426 days, on the training ship YUGE 
MARU of the National Institute of Technology, Yuge 

College, which was mainly operating in the Seto Inland Sea 
(Japan) or moored at the college pier (Yuge Island, Japan).

The three pairs of HL and LL specimens were placed at 
three different locations on the ship (Fig. 2): the compass 
deck (CO), the starboard side of the funnel (FN) and inside 
the engine room (ER). Since the CO and FN locations were 
exposed areas, the specimens placed there directly experi-
enced severe conditions such as sunlight irradiation, rain and 
wind carrying sea-salt particles, while the ER site, which 
was a closed space, worked as the comparison condition.

During the test, the states of the specimens were observed 
every few months; the τAP of each specimen was estimated 
from the measured length of the loading spring and, in case 
of load decrease due to adhesive layer degradation, each 
load was corrected to its initial value by screwing the jig nut.

The environmental parameters were recorded to identify 
the relationship between adhesive degradation and exposure 
conditions. From the beginning of the test to June 2016, 
only the values of the surface temperature (TS) near the 
specimens were recorded via manual measurements with 
a surface thermometer (905-T2; Testo SE & Co.). Later, 
automatic measurement systems were installed on the ship 
to obtain more extensive data; surface temperature sensors 
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Fig. 2   Locations of the specimens and measurement devices on the YUGE MARU ships for the exposure test
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(TCKU2F; Fieldpro, Inc.) and solar radiation sensors (PCU-
01B; Fieldpro, Inc.) were placed at the CO and FN locations. 
The sensitivity of the solar radiation sensors was in the ultra-
violet (UV) range (< 400 nm wavelength); hence, the total 
solar irradiance (Itot) was calculated from the solar irradi-
ance measured in the UV range (IUV) using Eq. 1 and was in 
accordance with the solar spectrum reported by Table 4 in 
the CIE 085-1989 Technical Report [18]:

The values measured by the sensors were recorded on 
data logging devices (LR5021 and LR5041; Hioki EE 
Corp.). In March 2016, a temperature data logger (LR5001; 
Hioki EE Corp.) was installed at the ER site near the speci-
mens to record the temperature (TER). These automatic 
instruments, whose arrangement is shown in Fig. 2, recorded 
data every 15 min.

After the exposure test, all the specimens were removed 
from the jig and dried in laboratory at RT. Then, the residual 
τST of each specimen was examined in the same way as for 
the not exposed ones.

2.2 � Surface temperature on an ocean‑going ship 
exposed deck

The TS and IUV values were measured also on the compass 
deck of a commercial cargo ship voyaging between Japan 
and other countries.

Figure 3 shows the schematic arrangement of the instru-
ments used; surface thermometers were placed at four 

(1)I
tot

=

I
UV

0.0684
.

locations on the deck (fore, aft, port and starboard side) and 
solar radiation sensors were installed on the port and star-
board side, close to the thermometers. The TS and IUV values 
were recorded on logging instruments every 15 min, which 
were the same as those used on the YUGE MARU ship. The 
measurements were conducted for 166 days, from August 
2017 to January 2018.

3 � Results and discussion

3.1 � Exposure test

3.1.1 � Adhesive bonding degradation

Figure 4 shows the relationship between testing time and 
specimen τAP in the exposure test. During the first 238 days 
(from October 2015 to June 2016), only a little τAP decrease 
was observed for the HL specimens placed at the CO and 
FN sites, and other specimen’s τAP did not decrease in this 
period, meaning that no significant degradation of the adhe-
sive bonding layer had occurred by the 238th day (June 
2016) of exposure, regardless of the stress and environmen-
tal conditions.

The tensile shear stress decreased largely during the next 
83 days (from June to September 2016) of exposure in the 
specimens at the CO and FN sites; this decrease, together 
with the deformation of the adhesive bonding layer, was 
more evident in the HL specimens than in the LL ones. Due 
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Fig. 3   Horizontal plan for the arrangement of the environmental 
measurement instruments on the compass deck of an ocean-going 
ship

0 100 200 300 400
Exposure time, t / day

O
ct

. 
N

ov
. 

D
ec

. 
Ja

n.
 

Fe
b.

 
M

ar
. 

A
pr

. 
M

ay
 

Ju
ne

 
Ju

ly
 

Au
g.

S
ep

t. 
O

ct
. 

N
ov

. 
D

ec
.

0 100 200 300 400

O
ct

. 
N

ov
. 

D
ec

. 
Ja

n.
 

Fe
b.

 
M

ar
. 

A
pr

. 
M

ay
 

Ju
ne

 
Ju

ly
 

Au
g.

S
ep

t. 
O

ct
. 

N
ov

. 
D

ec
.

Te
ns

ile
-s

he
ar

 s
tre

ss
, τ

A
P

/ M
P

a

2015 2016

4.5

4

3.5

3

2.5

3.5

3

2.5

2

1.5

HL

LL

CO
FN
ER

CO
FN
ER

Fig. 4   Time evolution of the applied tensile shear stress τAP of speci-
mens of two stress conditions (HL and LL) placed on the compass 
deck (CO), the starboard side of the funnel (FN) and inside the 
engine room (ER) during the exposure test on the YUGE MARU ship



514	 Journal of Marine Science and Technology (2020) 25:510–519

1 3

to the specimen elongation and the length constraint of the 
jig, the tensile load of the HL specimens in the exposed 
areas could not return to its initial value after the 321st day 
of exposure (The small sudden stress decreases of HL speci-
mens on the CO and FN at September 2016 were not caused 
by the degradation or fracture of the adhesive layer. These 
would be due to slight unexpected rotation of the jig’s nut at 
the opposite side.). On the other hand, the adhesive bond-
ing joints of both the HL and LL specimens at the ER site 
exhibited, respectively, only a little and no stress decrease. 
After the 321st day, the stress values for all the adhesive 
bonding joints remained stable (only a little stress decrease 
was observed) until the end of the exposure test, indicating 
that their degradation did not largely progress from Septem-
ber to December 2016.

Figure 5 shows the photographs of the adhesive bond-
ing layers for the various specimens after the exposure. The 
bonding joints of the specimens located at CO and FN pre-
sented large deformation and delamination from the edge, 
while less significant changes were observed in those placed 
at the ER site; the delamination from the edge increased the 
stress level and concentration on the residual portion of the 
specimen, resulting in bonding layer deformation. At each 
exposure area, the degradation progressed more greatly in 
the HL specimen than in the LL one.

As a result, the degradation extent was greater at the CO 
and FN sites (outdoor environment) and for HL specimens 
than at ER and for LL ones. In addition, most of the degrada-
tion occurred between June and September 2016.

3.1.2 � Residual strength

The residual τST values of the exposed specimens are tabu-
lated in Table 1; they all exceeded the criteria recommended 
in the guideline (3.5 MPa). It is noted that the residual 
τST values are defined by the breaking forces of exposed 

specimens divided by the initial bonded area (200 mm2) 
when tested in RT. These τST were smaller after exposure 
at the CO and FN sites compared to those of the specimens 
located at ER. In the same area, larger τAP resulted in more 
significant τST decrease, as for the more visible degradation 
described in Sect. 3.1.1.

The fracture surface after the tensile test consisted of 
three distinct areas, as shown in Fig. 6a: A, B and C. Area 
A was characterized by the formation of aluminium corro-
sion products, meaning that the adhesive layer was already 
delaminated in the exposure test. In area B, the adhesive 
layer was also completely delaminated but no corrosion 
product was found (the Al plate surface retained its initial 
state), indicating that the bonding layer already experienced 
degradation during the exposure and delamination in the 
tensile test. The residual adhesive medium observed in area 
C suggested that the adhesive strength value had remained 
relatively high there. The proportions among these three 
areas on each specimen were derived from the photographs. 
Figure 6b shows the relationship between residual strength 
and ratio of area C to total area (SC/Stot as area C divided by 
initial bonded area), including the results for the not exposed 
specimens; the relationship observed indicated that the 
residual strength was clearly correlated with SC/Stot regard-
less of the stress condition and exposure environment. The 
residual strength could be determined by Sc, meaning that 
the adhesive bonding in area C had not been degraded during 

Fig. 5   Photographs of the 
adhesive bonding layers of 
the specimens of two stress 
conditions (HL and LL) placed 
on the compass deck (CO), the 
starboard side of the funnel 
(FN) and inside the engine room 
(ER) after the exposure test on 
the YUGE MARU ship
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Table 1   Tensile shear strength, 
τST values for not exposed, and 
exposed specimens of two stress 
conditions (HL and LL) placed 
on the compass deck (CO), the 
starboard side of the funnel 
(FN) and inside the engine room 
(ER), after the exposure test on 
the YUGE MARU ship

Specimen τST (MPa)

Not exposed 11.6, 11.7, 12.5
CO-HL/LL 7.3/8.8
FN-HL/LL 8.8/10.0
ER-HL/LL 11.3/12.1



515Journal of Marine Science and Technology (2020) 25:510–519	

1 3

more than one year of exposure to temperature changes, 
solar irradiation, rain and sea salt particles; in other words, 
the degradation progressed only from the edge of the bond-
ing layer.

3.1.3 � Environmental measurements

Figure 7 shows the highest, average and lowest tempera-
ture values (TH, Tave and TL, respectively) for each day and 
the cumulative solar irradiance for each month (Itot_cum), 
obtained via automatic measurements. Since the manual 
temperature measurement was usually performed between 
high noon and 2 PM in a day, the resulting values (TS_man) 
are also plotted with TH. The results indicated a similarity 
between the CO and FN environments; in 2016, TH for these 
two locations exhibited much higher values compared to the 
ER ones during summer (from June to early September), 

while there was a less significant difference among the three 
locations during the other seasons. During summer, in 2016, 
TH increased up to about 50 °C at CO and FN, while no 
large difference was observed among the locations in terms 
of Tave, which remained around 30 °C. From September to 
December 2016, ER reached higher Tave than CO and FN. 
During summer 2016, Itot_cum exceeded 200 MJ m−2 and its 
values were 1.6 or more times higher than those observed 
during the other seasons, indicating that such strong solar 
irradiance during summer significantly increased the TH at 
CO and FN.

The highest TH was 52 °C at CO (31 July 2016), 51 °C 
at FN (24 August 2016) and 35 °C at ER (25 August 2016); 
Fig. 8a shows, for these dates, the TS values at CO and FN 
and the TER ones at ER, together with Itot. A clear correla-
tion was observed between TS and Itot at CO. These correla-
tions are presented more clearly in Fig. 8b, showing plots 
of TS against Itot from 9:00 to 18:00 on 31 July 2016 for CO 
and 24 August 2016 for FN, respectively. TS on CO indi-
cated higher values for large Itot values (correlation coef-
ficient: 0.76) while TS on FN indicated higher value against 
Itot < 200 MJ∙m−2 rather than against larger Itot (correlation 
coefficient: 0.42). At FN, TS exhibited the highest value at 
around 5 p.m. while the solar irradiance reached its peak 
between 2 p.m. and 3 p.m. This time lag could be attrib-
uted to the direction of the solar ray; as shown in Fig. 2, the 
specimens placed at the FN location were attached to the 
funnel wall, while the solar irradiance sensor faced the verti-
cal direction so that it had poor sensitivity in the transverse 
direction. Since the YUGE MARU ship was always tied up, 
the heading direction was 206° and, hence, the specimens 
at FN faced to 299° direction (close to WSW). Thus, the TS 
increasing around 5 p.m. was probably caused by solar irra-
diance from the side direction before sunset. The TER values 
did not change largely during the day, but they were higher 
than TS at CO and FN during nighttime. This will result from 
that the specimens at ER did not receive any solar ray and 
was placed close to the ship’s outer shell, whose tempera-
ture was affected by seawater rather than atmosphere. The 
TS values at CO and FN were strongly affected by the solar 
irradiance, as reported by Ando et al. [14]; at these locations, 
the high solar irradiance increased TS up to approximately 
50 °C during the day, from June to September, although the 
corresponding Tave and TS during nighttime were equal to 
or less than TER.

3.1.4 � Degradation process of the adhesive bonding layer

In view of the results from the exposure test and the environ-
mental measurements, the degradation process of the adhe-
sive layers on a ship can be schematized as shown in Fig. 9. 
Before exposure, a stress bias already exists due to the 
bending moment [19] and the residual stress in the adhesive 
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bonding layer. Such residual stress comes from the volume 
change in the adhesive media during the hardening process 
and the stress bias magnitude is larger in a thicker adhesive 
layer [20]. Hence, the initial stress profile can be drawn as 
shown in Fig. 9a. The stress at one edge of the adhesive 
layer results in the highest value in the stress profile (solid 
line); at this stage, layer delamination or deformation has 
not occurred yet since the adhesive strength (dotted line) is 
still enough high (> 11 MPa). In the early stage of exposure 
(Fig. 9a), the strength value remains in an adequate state to 
prevent degradation, although it could be slightly decreased 
by heating from atmosphere and solar irradiation.

Initial (not exposed) τST was tested in only RT in this 
research. Instead, strength decrease by temperature can be 
predicted from the catalog data by the manufacturer [21]. 
For example, according to that, the strength at 30, 40 and 
50 °C are expected as approximately 90%, 75% and 60% 
of that at 24 °C (11, 9 and 7 MPa), respectively. TS_man, TH 
and Tave were translated to joint strengths at specific tem-
peratures, τST_calc(TS_man), τST_calc(TH) and τST_calc(Tave) using 

such relation, and these are plotted against the exposure time 
in Fig. 10 with τAP of HL specimens. Degradations of the 
specimens significantly progressed on CO and FN in the 
period when τST_calc(TH) on CO and FN decreased largely, 
while τST_calc(Tave) did not drop so much even in summer. 
The nominal τAP remained higher value than τST_calc(TH). 
However, given that higher applied stress is predicted at the 
edge of bonding layer, stresses on such part would fall under 
the specific value so that delamination would start there 
while the residual part would retain enough strength due to 
the lower local stress applied, even in a high-temperature 
environment, as illustrated in Fig. 9b.

HL specimens would undergo larger delamination due 
to the larger high-stress area in the layer compared to 
the LL ones. As described in Sect. 3.1.3, the specimens 
exposed at CO and FN experienced high temperatures for a 
limited time each day since TS during nighttime fell below 
TER, meaning that the degradation process of specimens 
at CO and FN progressed relatively rapidly. This could 
explain why the degradation observed at CO and FN was 

Fig. 7   Manually measured 
(TS_man), highest (TH), average 
(Tave) and lowest (TL) tempera-
ture values and cumulative solar 
irradiance (Itot_cum) on the com-
pass deck (CO), the starboard 
side of the funnel (FN) and 
inside the engine room (ER) 
during the exposure test
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more significant than that at ER while the latter location 
exhibited Tave values equal to or higher than those for the 
other two.

Such high TH environment also might introduce heat 
cycle fatigue on the adhesive layer. However, degrada-
tion was significant only during summer while heat cycle 
can be caused by not only rising TH (summer) but also TL 
descending (winter). This means that the highest tempera-
ture in itself, reached in the usage environment is more 
important than the average temperature or the difference 

between highest and lowest temperature (heat cycle) when 
designing an adhesive bonding joint.

Larger peel stress is expected on the edge of bonding 
layer of the tested specimens than that of actual structure 
since thin plates were used for the specimen’s base metal. 
Such peel stresses will enhance delamination from the edge. 
Thus this research can not provide the design criteria such 
as safety factor or threshold load value for long time use. 
However, actual bonding joints on more rigid bases eventu-
ally have a certain degree stress concentration on its edge. 
Thus, paying attention to highest temperature will also be 
important environmental information for actual structures 
constructed with adhesive bonding joints.

The layer delamination would gradually spread from its 
edge as described in Sect. 3.1.2. It will be associated with 
gradual τAP decrease observed from September to Decem-
ber 2016 as shown in Fig. 4. Such gradual degradation had 
proceeded more slowly than rapid degradation in summer, 
which might be influenced by water absorption from mois-
ture, rain or sea water, in low temperature environment after 
September 2016, as drawn in Fig. 9c. There is no additional 
experiment in this research. However, in general, water 
absorption causes bonding layer degradation [13]. We pre-
viously confirmed the influence of moisture on the SGA 
adhesion tested in this research by acceleration tests [22]. 
The delamination-shaped crevice boundaries of the adhesive 
layer would facilitate this process by interrupting water dry-
ing from its boundaries. Preventing water (or other degrada-
tion factors if they are important) ingress might be effective 
to ensure long-term durability of adhesive bonding joints 
though the quantitative effect of water on long term exposure 
should be examined by the additional test thoroughly.

3.2 � Surface temperature on the exposed deck 
of an ocean‑going ship

The TH values and Itot_cum observed on the ocean-going ship 
are shown in Fig. 11, revealing a wider TH range than that 
observed on the YUGE MARU, probably due to the larger 
environmental variety where the ocean-going ship was navi-
gated. The highest TH was 75 °C on the fore (24 September 
2017), 71 °C on the starboard side (21 August 2017), 70 °C 
on the port side (24 September 2017) and 78 °C on the aft 
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(28 August 2017); these values were slightly higher than 
those reported in literature [15–17]. In addition, Itot_cum was 
always larger compared to the YUGE MARU case. Fig-
ure 12 compares the TH values measured on the YUGE 
MARU (from July to September 2016) and on the ocean-
going ship (from August to October 2017), clearly indicated 
that the temperature on the latter was much severe than on 

the former. On the ocean-going ship, TH exceeded 70 °C 
on several days and, according to the information about the 
ports of call, such high values were usually recorded at low-
latitude regions, where the atmospheric temperature tends 
to be higher compared to mid-altitude regions such as the 
Seto Inland Sea. The large TH on the ocean-going ship could 
be attributed to a combined effect of high atmospheric tem-
perature and large solar irradiance at low-altitude regions. 
Hence, although these data were obtained for only one ship 
in this study, a design temperature of at least 70 °C should 
be considered for adhesive bonding joints on exposed areas 
of ocean-going ships.

4 � Conclusions

The degradation process of adhesive bonding joints on ship 
exposure decks was investigated via an exposure test on an 
actual ship, including environmental measurements and 
residual strength evaluation; in addition, the surface tem-
perature was also measured on an ocean-going ship. The 
following conclusions could be drawn.

1.	 The highest temperature in a day, rather than the aver-
age temperature, is an important factor for an adhesive 
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bonding joint design ensuring durability for use on a 
ship exposure deck.

2.	 To ensure the long-term durability of adhesive bonding 
joints on ship exposure decks, their shape should pre-
vent to exclude degradation factors such as water from 
the adhesive/substrate interface since the degradation 
progresses from the joint edge.

3.	 A design temperature of at least 70 °C should be consid-
ered for adhesive bonding joints to be used on exposed 
areas of ocean-going ships.
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