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The present experimental results provide new insights regarding the interfacial bond mechanism

between corroded steel structures and adhesive or CFRP composites to enhance their capability for
use in aging steel structures in various fields.

The study focused on the CFRP strengthening technique applied to the

corroded steel structures, committed to improving the environmental durability of adhesion interface

and composite joint. It was aimed to evaluate the bond behavior and galvanic corrosion mechanism of
the CFRP-steel bonding system through comprehensive research methods. Firstly, mechanical and
thermal analysis optimized the curing condition and other variables during fabrication. Secondly,
the moisture and thermal effects on the deterioration of CFRP-steel adhesive joint were discussed by

conducting aging tests. Meanwhile, the conventional rust removal methods were studied by clarifying
the physical and chemical characteristics of steel surfaces. Finally, an electrolytic film
thickness measuring device was developed to simulate the atmospheric environment. The test results
show that the water film and immersion environments can cause different corrosion rates and anodic
zone.
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In recent years, for the damaged steel structures, CFRP strengthening has been a hot topic and
received agreat concern for its unique advantages. However, metal-adherent interfaces pose adifficult
set of problemsin practice, and weak bonds may cause premature failure. Bonding failure is the most
common problem of concern for steel structures strengthened by various types of externally bonded
CFRPs. In the atmospheric environment, epoxy resin, as a common adhesive agent, is prone to
hydrolysis and reduces the mechanical properties of the CFRP bonding system immediately, asit is
susceptible to thermal cycling, ultraviolet radiation, and moisture. Unfortunately, many civil
engineering structures are inevitably exposed to such environments. The available durability data of
CFRP-steel composites from previous investigations directly applicable to the exposure conditions of
steel structures are scarce. Particularly in the case of fabric-based wet layup systems, whose entire
fabrication processis conducted in the field, the fundamental studies on the parameters related to the
degradation mechanism of steel membersreinforced by carbon fiber sheetsare still limited. In addition,
the possibility of galvanic corrosion between carbon and steel would be sharply increased along with
the adhesive deterioration. The specific environmental factors and corresponding galvanic corrosion
behavior can affect the durability of the adhesion interface and composite joint. However, the anti-
corrosion method or durability measures have not been developed yet.

The re-deterioration cases of the corroded steel members after CFRP reinforcement (wet layup by
carbon fiber fabric) have been reported that the adhesion site rusted again under the CFRP layer after
several yearsin service. It was suggested that the poor surface conditions, low adhesion quality, and
unstable curing conditions further accelerate deterioration owing to the multiple effects of
environmental factors and loads. Corrosion damage optimization should reflect not only the changein
surface geometry but al so the surface cleanliness, chemical composition, and modification method, al
of which arecritical for repair efficiency. Thereisacritical need to develop aguideline or optimization
measures to enhance the environmental durability to adapt to the actual exposure conditions.

This study provides experimental details of an investigation of the bond behavior of a CFRP-
strengthened steel system using awet layup carbon fiber fabric, with emphasis on the improvement in
the surface treatments of the steel substrate, thermal properties of the epoxy resin, and curing process
of the composite. Multiscale characterization and mechanical tests were performed to determine the
effect of clean and corroded surface conditions on the interfacial bond behavior of the steel-CFRP
adhesion joint. Furthermore, part of the fundamental study on the galvanic corrosion behavior of
CFRP/carbon steel coupling in the atmospheric environment was also investigated to determine the
accelerated corrosion mechanism of the CFRP-steel contact system.

The applications of CFRP to steel structures continue to remain limited. The main technical barriers
concerning this strengthening technique are the bond strength of the adhesion interface, environmental
durability of the composite joint, as well as the possibility of galvanic corrosion between carbon and
metals after the adhesion deteriorates. The research purpose and originality include:

Improvement in bond behavior and durability of CFRP strengthened steel structures

Bond behavior between CFRP and corroded steel plate associations with surface treatments

Galvanic corrosion mechanism of carbon fiber reinforced polymer/carbon steel coupling in an
atmospheric environment

To evaluate the bond behavior and galvanic corrosion mechanism of CFRP-steel bonding system
exposed to atmosphere environment, a more comprehensive research methods of observation and
assessment were formed. The main experiments were al conducted indoors, including the
electrochemical test, two kinds of the aging test (immersion and wet-dry cyclic conditions),
mechanical test, thermal measurement, microstructure characterization, etc.

In addition to the above-mentioned conventional test methods, this study has done some innovative
worksin terms of corrosion surface analysis, in which the fractal dimension (Dr) was used to describe
the surface complexity. In the electrochemical tests, a self-developed measuring setup of electrolytic
film thickness was used to prepare water films accurately. These novel research methods mentioned
above are the basis for the innovative results obtained in this study.

In the 2019 year, the fundamental studies on the adhesion interface fracture between CFRP and
cleaned steel substrate were simulated by parametric FE analysis, using a CZM (cohesive zone model)



numerical simulation. Moreover, thermal characterization of the epoxy resin was conducted by DSC
analysis. From 2020, it was focused on the electrochemical test and indoor corrosion/deterioration
tests. Inthe 2021 year, the main study focused on theinterfacial bond behavior of steel-CFRP adhesion
joint associations with different steel surface treatments. Based on the three years of detailed research
work, the main findings of this study were summarized in the following (1~5) parts.

(1) Galvanic corrosion mechanism under thewater film condition

The electrochemical tests were measured using a conventional three-electrode cell, carried out in
the naturally aerated 3.5 wt% NaCl solution. Fig.1(a) shows the galvanic potential of the immersion
and water film environments are approximated, whereasthereisatenfold differencein current density.
For the polarization curves of steel electrodes affected by CFRP in an 0.5 mm water film, the full
contact state between CFRP and steel leads to a significant increase in the corrosion rate of steel
electrodes. The short-connected fiber surface can serve asthe cathode reaction area of thetotal system.
Also, as the CFRP was partially exposed to the atmosphere above the water film, that improved the
oxygen diffusion control of corrosion reactions, which further promotes the active dissol ution of steel.

The ZRA test of 24 hours, as shown in Fig.1(b), it is a system to measure the galvanic current
density between steel and CFRP-affected steel in electrolyte thicknesses of 0.5 mm and 10 mm. The
anode/cathode electrode can be determined from the current direction. Obviously, the CFRP-affected
steel was the cathode in the 0.5 mm water film environment, while it acted as an anode in the
immersion environment. The phenomenon of opposite current direction should cause by the different
dominant inducing factors. For the water film case, the steel electrode of noble potential, i.e., the one
polarized by CFRP, was determined to be the cathode. For the immersion case, both steel electrodes
and CFRP were under the waterline. Thus, the oxygen diffusion limitation would restrict the cathodic
reaction of the whole system. Macrocell corrosion occurred by differential oxygen concentration,
leading to the current flows between two steel electrodes while the oxygen-rich zone became the
cathodg, i.e., the electrode without CFRP cover.
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Fig.1. Galvanic corrosion behavior in water film and immersion environments.

The current experimental results show that the water film and immersion environments can cause a
significant difference in the corrosion rate of steel and might lead to a reversal of the surrounding
cathodic and anodic zones. These results will have a significant impact on the assessment of galvanic
corrosion rate in a specific environment.

(2) Surfacetreatment on sted substrate and rust removal efficiency

For the milled specimens after different surface treatments, the most utilized roughness profile
parameters were obtained by LSCM. The results showed that the roughness parameters were similar
for the steel substrates polished by the electric power tools. The Wenzel roughness factor of Blast
shows that its true surface is approximately 1.266 times the nominal area. An increase in the actual
surface areamay lead to aproportional increase in adhesion, which was verified by pull-off test results.
Among four surface treatment methods, the Pearson correlation coefficient shows the Wenzel
roughness factor strongly correlated to the bond strength. The roughness parameters Ra, Rzjis, Sa, Sq,
and Sz corresponding to the height direction of the surface undulation, conform to the relation that BS

DS Brush Blast, and they all own ahigh correlation to bond strength.

For the corroded specimens, the rust residues are unavoidable in corrosion when treated with power
tools. The elemental analysis results by SEM-EDX are shown in Fig.2, it showed that the steel base
and corrosion pits on the BNA (an abrasive disk made of a bevel non-woven pad was installed on an
electric rotating disc grinder and manually processed evenly on the rusted surface) were clearly
demarcated with a high concentration of oxides and salts in the pits. For the brush surface, more
chloride residues were discretely observed. Chloride ions and oxide residues are also distributed on
the entire treated surface. The top view of the blast specimen reveals that there are few Cl and O



residues on the surface. The related SEM image of the cross-sectional view of the blast case is shown
in Fig.4(d), which indicates that the blasted steel substrate has an irregular rough surface with fissures.
This case not only increases the real adhesion surface but also forms an anchor effect for adhesive-
penetrated fissures and further enhances the necessary fracture energy. Moreover, it was confirmed
that a small number of abrasive remains on the blast steel surface, which might cause salt and rust to
be embedded into the substrate.

(a) BNA
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(c) Blast

(d) Blast: Cross-sectional view

Fig.2. SEM-EDX analysis on the de-rusting surfaces (x50 magnification).

(3) Thermal properties of epoxy matric associated with curing temperatures

The curing temperature has an influence on the curing kinetics and final strength of the composite.
The curing kinetics and thermal properties of the epoxy resin were investigated by DSC analysis. The
curing reaction parameters were cal cul ated by the phenomenological kinetic model, and the isothermal
curing degree curves of the system were drawn as shown in Fig.3. It shows arequired time at acertain
temperature corresponding to a certain percentage of conversion, that longer curing time is necessary
to reach the same conversion degree at low temperatures. The growth rate is basically linear when the
conversion degree below 50%, while the curing process was significantly decelerated owing to the
effects of material vitrification and diffusion control in the late curing stages.

The isothermal curing degree curves also indicate that specimens curing at 15°C (14 days) and 35°C
(5 days) isapproaching completereaction ( 99%). The non-isothermal DSC curves of the fully cured
epoxy matrix in composite joints are shown in Fig.4. According to the twice heat raising on the just
mixed A/B epoxy resin, the DSC thermogram of the second run can be used to obtain the glass
transition temperature Tg.=60°C. However, the glass transition temperature of both samples under
15°C and 35°C cure remain much lower than Tg., because the polymer network was not crosslinked,
and the polymerization does not achieve completion. For the glass transition temperature (Tg) of
polymer adhesive applied to the steel structure reinforcement, the ambient temperature close to Tq
leads to the thermal deterioration of epoxy. The local temperature of the steel structure has risks over
50°C in summer. However, a low Ty value in the range of about 45~48°C was obtained after curing at
normal atmospheric temperature. Thus, the thermal properties of CFRP strengthened structure related
to environmental durability should be paid attention.
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(4) Deterioration behavior of adhesion interface of CFRP-sted joint

The moisture and thermal effects on the deterioration of the adhesive joint were examined by
conducting short-period aging tests in immersion (W) and wet-dry cyclic (WD) environments, during
which delamination strength reduction and failure mode transformation were observed. Fig.5 shows
the pull-off tensile strength of WD and W specimens after 30 cycles of deterioration tests. The bond
strength reduction of WD specimens was more evident than that of the immersion group. The wet-dry
cyclic exposure would lead to higher risks of the steel/adhesive interfacial debonding, especially for
the relatively smooth steel surface. The debonding was mainly caused by the thermal deformation
difference at the interface that occurred among all WD specimens except the Blast specimen. The grit-
blast roughened surface provides an anchor effect that ensures the synchronous deformation of
composite material under the 23°C~60°C temperature cycling.
% I Immersion 30 days % Composite joint with 3 layers of CFRP

3 Wet-dry 30 cycles [ Clean steel substrate | Within 2 standard deviations
) 251 [ Corroded steel after rust removal

! S %
H |
0

N
ul

Unaged cases
Mean delamination strength

N
o

Adhesive bond strength, ¢ (MPa)
5 &

Adhesive bond strength, ¢ (MPa)
O

ul

(=)

BS DS Brush Blast w S
@@v %‘i&’v
Fig.5. Pull-off test results of specimens of the Fig.6. Adhesive bond strengths of milled/
composite joint after aging test. corroded specimens.

(5) Bond behavior of clean/corroded sted -CFRP adhesion joint

This study evaluated the topography, microstructure, and surface composition of clean and corroded
steel specimens, and qualitatively established their relation to bonding behaviors and failure modes.
The pull-off test resultsfor the composite joint specimen with three layers of CFRP are shown in Fig.6.
For the clean steel substrate, all test failure modes were CFRP delamination, regardless of the surface
treatments. For the corroded specimens, the failure mode of the Brush-C3 is a complete interfacial
failure, which is a combination of interfacia failure and CFRP delamination, while Blast-C3 shows a
typical delamination fracture. Accordingly, the tensile strength of the BNA-C3 and Brush-C3 dropped
to more than half of the corresponding value of the milled specimens. In contrast, blast treatment
resulted in increased bond strength of 31.7% for the corroded specimens.

It was speculated that the effective adhesion area was changed by residual rust or roughness. The
corroded steel was then treated using power tools. Residual rust leads to cavities occurring between
the adhesive and substrate, which significantly reduces the effective adhesion areaand interfacial bond
strength. Nevertheless, the blast specimen showed the opposite tendency. As shown in Fig.4(c), there
were rare-residual rust or oxide residues on the blast-treated surface. According to the calculated
Wenzel roughness factor, there was a difference of 1.58 times in the actual adhesion area of the
milled/corroded specimens after the same blast treatment. Therefore, the following two aspects are
speculated to contribute to the increase in bond strength in Blast-C3: 1) When adhesive failure occurs
at the interface, Go equals the work of adhesion W, which is strongly associated with the true surface
area (in the case of a cohesive failure occurs, Go equals W, which is strongly associated with the true
fracture ared). Thus, alarger Wenzel roughness factor is the dominant factor that causes an increase
in the surface energy term G, leading to a larger fracture strength. 2) When the bonding surface is
more irregular (or rougher), alarger volume of epoxy resin is required to occur plastic deformation
during the fracture process, which results in a significant increase in y (a term for other energy-
absorbing processes occurring during fracture).

In addition to the above work, this study also found a strong correlation existed between the surface
geometry properties and the tensile/shear strength. However, for clean and corroded steel surfaces
their fracture mechanisms differ. Various physical property parameters of the corroded surface related
to surface treatment will further affect the bond performance. The corresponding adhesion
mechanisms were mathematically demonstrated based on the surface energy principle. The present
experimenta results provide new insightsinto the interfacial bond mechanism between corroded steel
structures and adhesive or CFRP composites.
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