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Abstract

The present work deals with the experimental study on rehabilitation of dam-
aged steel pipes. The process of rehabilitation was done by using adhesive bonded
CFRP patch on damaged sites of the pipes with the help of vacuum bagging set-up.
The reference optimal parameters to rehabilitate the damaged pipes were consid-
ered from the tensile test (tensile shear load) conducted on plates. The rehabilitated
pipes were tested under hydrostatic pressure. The two-component structural
adhesive (Araldite AW105 and Hardener HV 953U) used in this study has high
viscosity. It is not desirable for CFRP composite making and may lead to improper
penetration of adhesive through open pores of the adherent surface. The viscosity
of the adhesive was reduced in two ways: addition of a low viscous two-component
nonstructural adhesive (Araldite LY-1564 and Aradur-22962) and heating the
adhesive. Vacuum pressure, bond length and pre-bond surface preparation of the
adherents were considered as parameters to evaluate the bond strength. The rough-
ness of different samples was studied using a 3D microscope. The surface morphol-
ogy of adherent was studied using scanning electron microscopy (SEM). Based on
the experimental studies, it is observed that the optimal conditions of the tensile
data of the plates hold good for the rehabilitated pipe under hydrostatic loading.

Keywords: vacuum bagging process, adhesive viscosity, surface pre-bond
preparation, carbon fibre, SS-304 plates and pipes

1. Introduction

Fibre-reinforced polymer (FRP) composites are made of a polymer matrix rein-
forced with fibres. They are different types of fibres generally carbon, glass, aramid
fibres, etc., while the polymers are generally an epoxy, polyesters, vinyl esters, etc.
Polymer composites are used in automotive, marine, construction and aerospace
industries. Carbon fibre-reinforced polymer (CFRP) composites have high strength
to weight ratio and are resistant to most chemical attacks.

There is a huge demand for repairing or strengthening of existing structures
in many applications either to sustain increased loads or to repair deteriorated
structures. Many structural members like metallic pipelines, bridges and such other
structures may deteriorate as they age, where the conventional method of repairing
involves replacement or welding another plate over the damaged plate. The plates
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used to rehabilitate the structure are usually heavy, the process is difficult and
chances of corrosion and fatigue are high as they are subjected to high temperatures
while welding. Adhesive bonded CFRP patch can be a good replacement for conven-
tional methods as it has a high strength to weight ratio with design flexibility [1, 2].
Adhesive bonding can be done for similar, dissimilar and thin components. There
are many applications in marine structures for adhesive bonding such as bonding of
the hull to the deck, the channels running through the deck, the sea chests, engine
compartment and the exhaust system. Repairing with CFRP patch can give a long
life to the components as they have high resistance to chemical attacks and corrosion.

The cost of the structural repairing with adhesive bond using wet lay-up method
can be reduced [3, 4]. In this process, fibre mats were wetted by an adhesive/resin
until the desired thickness is achieved. Rollers are used to promote good impregna-
tion of the fibre and reduce the voids entrapped in the adhesive mixture. The use of
wet/hand lay-up results from the ease of application, minimal tooling cost and low
cost of raw material. But the emissions from the adhesive/resin, low fibre volume
fraction and high void content may limit its use [5-8]. The hand/wet lay-up process
along with vacuum bag can prevent the harmful emissions and produce better qual-
ity products with the help of vacuum pressure.

Vacuum bagging process is used in many repairing applications in construction,
marine and aerospace industries. Generally, scarf repair uses wet lay-up vacuum
bagging process to bond CFRP patch on the surface of the damaged components.
However, generally, the bond between the adherents is weaker than adherents in
most cases due to the inability to apply sufficiently high-pressure during curing
process. Thus, piles are added to the patch to attain the desired stiffness and load-
carrying capacity [9]. The increased thickness of the patch enhances the bending
stiffness and leads to premature failure at the edges under bending loads [10]. The
properties of the repair patch can be enhanced by reducing the void content and
increasing the fibre volume fraction which may be possible by vacuum bagging
process.

Adhesive bonding can be done for similar, dissimilar and thin components.

But the problem with adhesive bonding of metal plates with CFRP is its low
strength. The major adhesion mechanisms that occur between CFRP and metals
are (a) chemical bonding such as van der Waals forces, (b) mechanical interlock-
ing between adhesive and substrate and (c) diffusion bonding. Joint strength for
interdiffusion phenomena depends on diverse aspects, namely, contact tempera-
ture, time, nature and molecular weight of the polymers, etc. In order to vary the
mechanical interlocking of surfaces, pre-bond surface preparation is needed, which
includes surface abrasion, sand blasting, etching, etc. [11]. Mechanical interlock-
ing is provided by allowing adhesive to wet the cavities and asperities of adherent
surface. However, the surface asperity dimension should be controlled to avoid the
formation of air bubbles. Air bubbles can generate regions of stress concentrations
which are not desirable. In most cases, rough surface is good for better mechanical
interlocking between the adhesive and adherent.

The evaporation of resin is another source of void formation in composites.

The evaporation was high at the beginning of curing at room temperature. After

30 min, the evaporation settles to a constant rate. The high evaporation speed at the
beginning was probably caused by air dissolving in the resin. The air bubbles can

be removed with the application of vacuum to the mould [12, 13]. The application
of vacuum pressure may pull the air bubbles formed during the process out of the
mould. If the vacuum pressure is too high, the carbon fibre preform arrests the

air bubbles formed between the laminates and creates voids [14]. The increased
vacuum pressure may increase the compaction pressure on the carbon fibre preform
which in turn reduces the resin content in the final product.
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To rehabilitate the damaged SS pipe using a composite patch (CFRP) prepared
with vacuum bagging process, the important aspect to study is the bond interface
between SS and CFRP [15]. Single-strap adhesive joint is the least strength joint
configuration than any others [16]. The present work aims to enhance the adhesive
bond strength (tensile shear load capacity) of single-strap SS-CFRP joint using
vacuum bagging process. The parameters for investigating the effect on load capac-
ity of the joint are adhesive combination and temperature, vacuum pressure, bond
length and surface of the adherent with different surface textures. These optimal
parameters are applied to rehabilitate the damaged SS pipes and investigate its
hydrostatic pressure resistance.

2. Materials and methods
2.1 Materials

Major materials used for the current study along with their properties were
given in Table 1. The properties of the adhesives were taken from the Huntsman
Advanced Materials, Switzerland data sheet. Fibre properties were considered form
the Toray Composite Materials America, Inc. data sheet. Along with major materi-
als, consumable like ferric chloride, distilled water, sticker tape, vacuum bagging,
etc. were also used.

S.no Materials Viscosity Tensile Elastic Density at
[Pas] strength modulus 25°C [g/
[MPa] [GPa] cc]
1 Structural Araldite-AW 30-50 Not Not given 1.14-1.15
adhesive (10:8 106 given
mix ratio) Hardener- 20-35 0.94-0.95
HV 953U
2 Nonstructural Araldite LY 1.2-14 75-80 2.8-3.3 1.10-1.20
adhesive 1564
(10:2.5 mix Aradur-22962  0.005-0.02 0.89-0.90
ratio)
3 Fibre 12KUD- NA 3500 230 1.76
300 Gsm
UD-carbon
fibre
4 Stainless steel SS 304 NA 550 200 7.85
Table 1.

Materials and properties.

2.2 SS plate preparation

SS plates were considered in the following dimensions: 125 x 25 x 3 mm. The
surface of the samples was prepared with different surface preparation methods.
The surface preparation includes surface without preparation cleaned with acetone
(plane surface), surface prepared with etching, surface prepared with sand blasting
and the sandblasted surface with open surface cavities.

The open surface cavities were made on the SS plates using chemical etching
process. To perform chemical etching on the samples, the part of material to be
etched should be opened to the chemical interaction, and the rest of the material was
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masked with sticker tape. Ferric chloride and distilled water were mixed in the ration
of 1.5:10. The masked samples were dipped and rinsed in the etchant (ferric chloride
and distilled water mixer) for 8 min to get 80 + 0.1-micron deep surface cavities. The
etching process and the etched 3D microscopic image were shown in Figure 1a. The
pipe surface was also prepared with plane surface cleaned with acetone, sandblasted
and chemical etched and a combination of sandblasting and surface cavities.

The plates prepared with different methods show different surface morphologies.
These morphologies can be seen using SEM images as shown in Figure 2a—c. From
SEM images it was evident that the roughness of chemically etched surface is lesser
than the roughness of the sandblasted surface. There are some locations on the sand-
blasted surface where the sand particulates diffused onto the surface of the specimens.

2.3 Single-strap SS-CFRP adhesive joint preparation

A flat marble was considered as a mould. The boundaries of the moulds were
marked, and the sealant tape was attached. The pre-bond surface prepared samples
were cleaned with acetone to remove chemical residues, dust and contaminations
from the surface. The gap between the plates should be less than 1 mm in order to
avoid the edge effect. Alternate layers of adhesive and carbon fibre were applied
onto the surface of the plates (3 layers of CFRP and 4 layers of adhesive). Different
accessory layers were placed over the carbon fibre layers to assist the vacuum
bagging process. The accessory layers include a peel ply which is used to provide
easy removal of other layers from the surface of the composite and a breather fabric
to absorb excess resin during compression (vacuum pressure). Vacuum bag was
applied with the help of the sealant tape, which forms a one-sided flexible mould.
The mould was connected to the vacuum reservoir through vacuum hose pipe as
shown in Figure 3a and b. The vacuum bag should be checked for vacuum drop
(leakage). To do so the hose pipe should be closed, while the vacuum bag should be
connected the vacuum gauge. A good vacuum bag should not drop more than 500 Pa
in 5 min, and it is not recommended to be used if the vacuum loss is greater than
5000 Pa in 5 min. The mould should be isolated from the vacuum reservoir through
proper clamping devices and allow the samples to cure for 24 hrs in the atmospheric
condition. When demoulding, care must be taken as the excess adhesive would
spread and stick over the entire mould cavity. Machining was done to remove the
excess adhesive. The schematic of sample dimensions can be seen in Figure 3c.

v
Figure 1.
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Figure 2.
SEM images (a) chemical etched surface; (b) plane surface; (c) sandblasted surface.
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Figure 3.

(a) Schematic of vacuum infusion set-up; (b) homemade vacuum bagging set-up; (c) sample dimensions
(mm).

2.4 Characterisation

The adhesive bond strength of SS plates was evaluated with tensile shear load
capacity. It was measured using M/s. Jin Ahn Testing, China, with 100 kN load
cell under a crosshead rate of 0.5 mm/min. The results shown here are the average
values of three samples. The roughness of different pre-bond prepared surfaces
was measured using 3D optical microscope (Huvitz Automatic 3D Measuring
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Microscope). The surface morphology of the prepared samples was analysed using
SEM micrographs taken with the help of “TESCAN VEGA3 LMU SEM”. All tests
were performed at room temperature except viscosity measurement.

3. Results and discussion
3.1 Adhesive viscosity

The two-component structural adhesive (Araldite AW105 and Hardener HV
953U) used in this study has high viscosity. It is not desirable for CFRP composite
making and penetration of adhesive through open pores of the surface of the adher-
ents. The adhesive viscosity was reduced in two ways: (1) addition of low viscous
nonstructural adhesive and (2) heating the adhesive to get required viscosity.

3.1.1 Addition of low viscous nonstructural adhesive

The adhesive mixture was taken with different proportions by adding nonstruc-
tural adhesive in structural adhesive. The samples were prepared as per ASTM D638
standards as shown in Figure 5c, and tensile test was performed. The change in the
viscosity of the mixture with NSA addition was calculated using Gambill method,
and it was shown in Figure 4a.

Single-strap SS-CFRP adhesive bonded samples were prepared by adding a
low viscous nonstructural adhesive (NSA) from 0 to 100% in structural adhe-
sive (SA). The variable parameters like surface preparation, bond length and
vacuum pressure were taken at random as sand blasted, 100 and 350 mm of Hg.
The samples were cured in atmospheric conditions and de-moulded after 24 h of
curing. The samples were machined to remove the excess material. The samples
were tested in the UTM for tensile shear load capacity of the adhesive bonded
joints prepared. The results were plotted between % NSA and tensile shear load
capacity as shown in Figure 4b. The addition of NSA decreases the load capacity
of the joint and the viscosity of the adhesive mixture [17]. Generally, NSA does
not take any loads they meant for holding the fibres or components together,
while the SA is capable of bearing loads. Hence the addition of NSA reduces the
adhesion strength.
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Figure 4.
Effect of NSA addition on (a) viscosity of the adhesive mixture; (b) load capacity of the SS-CCRP joint.
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The adhesive joint with pure nonstructural adhesive has a load capacity of
4.3 kN. It reaches to a maximum of 9.1 kN with 20% NSA addition and 8.8 kN with
pure structural adhesive. The viscosity with 20% NSA addition would be enough
to penetrate through the open pores. Hence the mechanical interlocking and load
capacity of the joint increases.

3.1.2 Heating effect

Curing of the adhesive makes the resin to form a cross-linked network of poly-
mers. The structure and its mechanical properties can be changed by the way the
chain network forms, which depends on the curing process. During solidification
of adhesive, there is a shrinkage which creates some internal stresses in the adhe-
sive and leads to failure of the joint well below its designed load [17]. An attempt
has been made to find the effect of adhesive pre-cure temperature on tensile
strength. The viscosity of adhesive was reduced by increasing the temperature of
the adhesive. The adhesive was heated to 45, 55, 65, 72 and 80°C in a furnace. The
viscosity at each temperature was measured using “Brookfield Viscometer”. The
results were plotted between temperature and viscosity as shown in Figure 5a.
The increased curing temperature may also change the curing rate, which in turn
affects the bond strength. A series of experiments were performed on adhesive
samples cured at different temperatures (45, 55, 65, 72 and 80°C) to evaluate the
curing temperature effect on tensile strength of the adhesive. The sample dimen-
sions were considered as per ASTM D638 standards. The results obtained from
the tensile test can be seen in Figure 5b.

From Figure 5b and d, it was observed that the tensile strength of the adhe-
sive and tensile shear load capacity of the SS-CFRP joint were increased with the
increase in precuring temperature [18]. The adhesive cured at lower temperatures
(45°C) has shown a brittle nature than the adhesive cured at higher temperature
(80°C) during tensile test.

From Figure 5a and b, it is evident that the adhesive has shown a viscosity
of 560 mPa-s at 80°C and a tensile strength of 21.1 MPa which is optimal when
considering both viscosity and tensile strength as a function of temperature.

In case of adhesive, joint preheat temperature limits the use of adhesive preheat
temperature to 55°C. Further heating reduces the gel time, and curing it might
not be good for vacuum bagging process. The supplier’s data states that the
increased temperature reduces the minimum curing time (“At 20°C the minimum
curing time is 15 hrs, whereas at 100°C it is 10 min”). Hence the adhesive curing
temperature was considered as 55°C where the minimum curing time is about

2 hrs (gel time is directly proportional to curing time) which is enough to pre-
pare the sample.

The addition of NSA in the adhesive mixture reduces the adhesive bond
strength. Heating the adhesive mixture reduces the gel time. Hence the adhesive
was considered as 20% NSA + 80% SA mixture heated to 55°C which has a viscosity
of 950 mPa-s.

3.2 Effect of bond length

The stress generated at the edge is maximum in the joint. As the bond length
increases, the stress generated at the edge reduces. But it is up to a certain length
beyond which the addition of bond length has no significance. Then the increased
load that may act at the edge undergoes an elastic-plastic transition [19].
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To evaluate the effect of bond length on joint load capacity, the adhesive bonded
samples were prepared with different bond lengths as shown in Figure 6a. The
parameters considered for this study are 20% NSA + 80% SA mixture heated to
55°C, sandblasted surface and 350 mm of Hg vacuum pressure. The samples were
tested for tensile load capacity, and the obtained results were plotted as shown

in Figure 6b.
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From Figure 6b, it has been observed that the bond load capacity of the adhesive
joint increases from 5.2 to 10.5 kN, as bond length increases from 30 to 100 mm;
hence the increased 70 mm bond length carries 5.3 kN load capacity. During this
stage the addition of bond length will carry load linearly and reduces the stress
concentration at the edge. From 100 mm to 130 mm, it has been observed that the
40 mm bond length contributes to increase 0.4 kN load capacity. During this stage,
the load induces the stresses at the edges, which are greater than the elastic limit of
the adhesive, so elastic plastic transition takes place, and further addition of bond
length is not going to have any significance. 100 mm bond length has been consid-
ered as the adequate bond length for this experimental condition.

3.3 Vacuum pressure effect on bond strength

Compaction pressure was applied on the wet fabric with the help of the vacuum
bag which is under vacuum pressure. An attempt has been made to find the effect
of vacuum pressure on the adhesive bond strength of the single-strap SS-CFRP
joint. Like in hand/wet lay-up, the fibres were impregnated. Initially the mould is
under atmospheric pressure. Different vacuum pressures were introduced in the
mould cavity. As the vacuum pressure increases, the compaction pressure acting on
wet fibres increases. Hence more amount of adhesive comes out of the patch and is
absorbed by the breather fabric. The air voids present in between the layers would
also come out along with the excess adhesive. During this study, the other param-
eters considered are 20% NSA + 80% SA mixture heated to 55°C, 100 mm bond
length and sandblasted surface. The prepared samples were tested on UTM for its
tensile shear strength.

From Figure 7, it was evident that the increased vacuum pressure increases
the load capacity of the prepared joint. With 100 mm of Hg vacuum pressure, the
obtained joint thickness and load capacity were 4.84 mm and 9.4 kN. With 700 mm
of Hg vacuum pressure, the obtained joint thickness and the load capacity were
4.32 mm and 12.6 kN. With more compaction, more amount of adhesive can be
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Load capacity for various vacuum pressures.
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squeezed out of the patch which increases the fibre volume fraction and reduces
adhesive layer between SS plate and carbon fibre. Hence the adhesive bond strength
increases [20].

3.4 Effect of surface texture

Surface preparation is very essential in adhesive bonding; a proper surface may
provide a high bond strength. In order to find the proper surface to the adhesive
bonding, the adherent surfaces were prepared with plane surface cleaned with
acetone, chemical etched surface, sandblasted surface and surface texture created
in the form of circular cavities at different densities with a depth of 80 :5 pm as
shown in Figure 1b. The surface roughness was measured using a 3D microscope,
and the values can be seen in Table 2. The surface morphology of the samples was
studied using SEM images as shown in Figure 2.

The samples for tensile test was prepared with the optimal conditions like
100 mm bond length, 700 mm of Hg and 20% NSA + 80% SA mixture heated to
55°C. Tested results can be seen in Table 2. The specimens were failed by delamina-
tion between steel and carbon fibre interface (no residues of fibres). The failed
surfaces can be seen in Figure 8.

From the results, it was evident that the circular surface cavities spread over
the 33% of the bonded area were shown a maximum bond strength of 14.15 kN,
which is 26% higher than plane surface, 38% higher than etched surface and 12%
higher than sandblasted surface. Surface texturing increases the surface roughness
of the adherent which in turn increases the mechanical interlocking, and hence the
adhesive bond strength increases [11].

S.no Surface morphology Area fraction (%) Ra Load capacity (kN)
(nm)
1 Circular cavities 10 8.81 13.35
25 20.73 13.83
33 27.08 14.15
2 Sand blasted 100 0.87 12.62
3 Plane sample 100 0.68 11.24
4 Etched surface 100 0.32 10.25
Table 2.

Load capacity of different pre-bond surfaces.

Figure 8.
Surface of the adherent after failure in tension test.
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4. Rehabilitation of pipe

The damaged SS pipes were considered for rehabilitation. The rehabilita-
tion capacity was evaluated using hydrostatic pressure test. Here, a man-made
through-all defect with 10 mm diameter was machined over an 200 mm
diameter pipe. This through-all hole defect was covered with a two-component
solid state adhesive (M-Seal). The pipe was tested for hydrostatic pressure with
M-Seal adhesive after 24 hrs. A pressure of 500 + 30 kPa was observed with
M-Seal adhesive.

The pipe surface around the defect was prepared as plane surface cleaned
with acetone, etched surface, sandblasted surface and sandblasted surface with
circular cavities spread over 33% bonded area. The rehabilitation was done on
defect filled with M-Seal adhesive; then the composite patch proposed during
the present study as 100 x 100 mm bond area (the fibres in the adhesive bonding
of SS plates are aligned in the loading direction with a length of 100 mm) with
[0/90]5 carbon fibre layers, 700 mm of Hg and 20% NSA + 80% SA mixture
heated to 55°C was applied.

These hydrostatic tests were conducted on the rehabilitated pipes as shown
in Figure 9, and the results were given in Table 3. From the results, it is evi-
dent that the failure pressure of a pipe can be changed with surface texture. A
maximum of 3852 + 50 kPa was achieved with a pipe surface prepared with the
combination of sandblasting and circular cavities. It is 62.8% higher than the
plane surface.

Textured
Surface

Figure 9.
Pipe hydrostatic pressuve testing (left side) and surface prepared before patching (vight side).

S.no Pipe bonded area condition Failure pressure (kPa)

1 Etched 1525 + 50

2 Plane 2365 + 50

3 Sandblasted 3150 + 50

4 Surface cavities 3852+ 50
Table 3.

Hydvrostatic pressuve of pipes.

11
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5. Conclusions

12

In the present work, the rehabilitation of damaged pipe was done using CFRP
patch made with vacuum bagging process. The optimal parameters for rehabilitat-
ing the damaged pipe was derived from the experimental results of “the adhesive
bonding of SS plates using CFRP patch made with vacuum bagging process”. The
parameters considered are vacuum pressure, CFRP/adhesive combination and pre-
curing temperature, bond length and surface texture. Tensile test was considered to
evaluate the bond strength of SS plates, and hydrostatic pressure test was consid-
ered to evaluate the bond strength of rehabilitated SS pipes. The experimental data
was analysed, and the following conclusions were drawn.

The viscosity of the adhesive used for the present study was high, and it was
reduced with the following methods:

o The viscosity was changed by adding the low viscous nonstructural adhesive.
This addition was reducing the bond strength. Hence it was taken as 20% NSA.

o Heating of adhesive was shown a significant change in the viscosity and its
strength. The strength of the pure adhesive and SS-CFRP joint was increased
with increase in curing temperature. But it reduces the gel time. At 55°C the
minimum curing time is about 2 hrs which is enough time for the present study.

0 20% NSA + 80% SA mixture heated to 55°C was considered as adhesive
conditions for further study.

The bond length from 30 to 100 mm might increase the load capacity by
approximately 101% (from 5.2 to 10.5 kN). With an increase in bond length
from 100 to 130 mm, the load capacity increased by 3.8% (10.5-10.9 kN).
Hence, 100 + 5 could be considered as optimal bond length.

Vacuum pressure has shown a significant effect on the thickness of samples
prepared and the strength of adhesive bonding.

o At low vacuum pressures, the compaction pressure on the wetted carbon
fibre preform is low. Hence a thick layer of adhesive forms between carbon
fibre and SS plates which reduces the bond strength.

o With 100 mm of Hg vacuum pressure, the obtained joint thickness and load
capacity were 4.84 mm and 9.4 kN. With 700 mm of Hg vacuum pressure,
the obtained joint thickness and the load capacity were 4.32 mm and 12.6 kN.

The pre-bond surface preparation is a must to have a good adhesive bonding
between two adherents. The present study included the surface preparations as
sandblasted, chemical etched, plane surface cleaned with acetone and surface
texture with circular cavities at different densities.

o A maximum of 14.15 kN load capacity was observed with the combination of
sandblasted surface with circular cavities occupied at 33% of bonded area,
whereas the surface with only sandblasting has shown a load capacity of
12.62 kN which is 12% less.

o The surface roughness of different prepared samples was also studied, and
it was evident that the adhesive bond strength is increased with increase in
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surface roughness. This is because of the increased mechanical interlocking
with roughness of the surface.

* The damaged pipe was prepared with different surface textures and rehabili-
tated with the optimal parameters obtained with the tensile data of the SS
plates. A maximum of 3852 + 50 was achieved with a pipe surface prepared
with the combination of sandblasting and circular cavities. It is 6.7 times
higher than M-Seal covered cavity and 62.8% higher than the plane surface.
Vacuum bagging process has many advantages in fabricating composite lami-
nates. The proper use of vacuum bagging process in rehabilitation process may
result in strong and eco-friendly adhesive bonded joint.
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