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Abstract. Today, along with the conventional materials and technologies
for reinforcement of building structures, structural reinforcement systems
based on polymer composites are on the rise. A structural reinforcement
system consists of reinforcing filler (normally, carbon fiber fabric or cloth)
and adhesive binder. This paper investigated the modification of epoxy no-
bake adhesive binders to provide a higher thermal resistance and mechanical
strength. The influence of epoxy novolac resins on the processing and
physical mechanical properties of adhesives, thermal resistance is studied. It
is found that the substitution of 20-40 % of epoxy resin for epoxy novolac
resin in the binder increases tensile strength by 40-50 %, flexural modulus
by 20 %, reduces tensile strain, and increases glass transition temperature.
From the processing point of view, it is more reasonable to use liquid epoxy
novolac resins with a functionality of f/=2.5 than semisolid resins with a
functionality of /=3.6.
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1 Introduction

The need for reinforcement of load-bearing building structures made of concrete, reinforced
concrete, brickwork, and steel arises from a variety of reasons, including:

- ageing and failure of materials during their long term operation when exposed to
mechanical loads and environmental factors (positive and negative temperatures, UV
radiation, aggressive media, etc.) followed by a decrease in bearing capacity;

- assurance of reliability and bearing capacity of structures in cases of design and
construction in high seismic hazard zones, under extreme loads; higher intermaitenance
periods; higher loads due to changes in a structural scheme of elements of a facility;
correction of various defects caused by design, transportation, installation of structures, etc.

In the past, the main reinforcement method for building structures was to increase their
section (by attaching additional elements to them, lessening the load on structures, installing
backup elements), which was high energy and labour intensive. The conventional and
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effective (in regard to an increase in bearing capacity) reinforcement methods also include
attachment of steel plates in a tension area of reinforced elements. Among the disadvantages
of this method are higher corrosion rate due to the external position of steel plates; failure of
adhesion bond between plates and concrete due to a significant own weight, which can result
in separation of plates during the operation; use of large-size equipment and time-consuming
work; inability to strengthen bent elements and surfaces. In addition, the existing
conventional reinforcement methods are relatively expensive, labour intensive, and
frequently require decommissioning of a construction during repair.

Today, along with the conventional materials and technologies for reinforcement of
structures, the production and use of structural reinforcement systems (SRS) made of
polymer composite materials are on the rise. According to GOST 33369-2015, SRSs are
classified as follows:

- by type of reinforcing filler: fiberglass composite, carbon composite, and combined
composite;

- by material of thermosetting polymer matrix: vinyl ester thermosets, epoxy thermosets;

- by manufacturing method: on the site of strengthening and rehabilitation of a building
structure, under factory conditions.

Carbon reinforcing fillers (cloth, fabrics, tapes) are most widely used for SRSs. They have
a higher flexural modulus than other fiber types (Table 1). Basalt fibers are also noteworthy
for their properties and maximum possible operating temperature (up to 700 °C). Besides,
glass and basalt fibers are much cheaper than carbon and aramid fibers.

Table 1. Physical mechanical properties of reinforcing fillers.

No. Fiber Density (g/cm?) Tensile strength (GPa) | Flexural modulus (GPa)
1 Carbon 1.6-2.0 3.5-7.0 230-700
2 Glass 2.2-2.8 1.4-43 50-90
3 Basalt 2.6-3.0 2.5-4.0 80-90
4 Aramid 1.4-1.5 2.9-3.4 70-140

Special adhesive compounds ensure the combined action of high-strength reinforcing fillers
and material of a repaired structure (normally, concrete or reinforced concrete). Epoxy
compounds became widespread as adhesives for SRS, which is due to their processability, high
strength properties, and good adhesion to reinforcing fillers and materials of reinforced
structures. For the best possible adhesion, reinforcing fillers (cloth, fabrics, tapes) treated with
epoxy-based systems during their production should be selected. Fillers with paraffin oil cannot
be treated with epoxy compounds uniformly (due to their bad compatibility and wettability),
and they reduce interfacial adhesion and strength properties of a reinforcement system.

The majority of publications about study, development, and application of composite-
based reinforcement systems are associated with testing of reinforced products and structure
elements, refinement of calculation methods and practical experience of their implementation
[1-17]. Meanwhile, the Russian market is dominated by imported epoxy compounds, and
there are hardly any publications about development and study of epoxy adhesives for SRS.

Scientific and Production Company «Recon» along with Kazan State University of
Architecture and Engineering developed epoxy no-bake binders RecARM [18-20] to be used
together with carbon fiber fabrics for SRS. The addition of dispersion of multi-walled carbon
nanotubes to the binder (0.0025-0.01 weight fractions per 100 weight fractions of epoxy
resin) improved adhesion properties, tensile and flexural strength [19].

The objective of this paper is to study and develop methods for modifying epoxy adhesive
binders RecARM to increase thermal resistance and mechanical strength.
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2 Materials and methods

For the purposes of increasing a set of properties of adhesive binders, adhesive compound
modified with epoxy novolac resins DEN-425 and DEN-438 (from Olin Corporation) at the
ratio of from 10:90 to 50:50 against the standard epoxy-diane resin was studied. The
properties of the used resins are shown in Table 2.

Table 2. Structure and properties of the used epoxy resins.

Parameter value for resin:
Parameter NPEL-128S/DER-331 DEN-425 DEN-438
(Nan Ya Plastics Corporation/ (Olin (Olin
Olin Corporation) Corporation) Corporation)
Epoxy-diane resin is a product of Epoxy novolac resiisap roduct
. . . . of condensation of
Type of resin condensation of epichlorohydrin and . .
. epichlorohydrin and phenol-
bisphenol A
formaldehyde novolac
N GHs OH A /0\
CH,—CH—CH; n—@—({—@—n—cu_—cn—cn. Ha—CH—CH: Tul_cu—caz TH;—CH—CH:
CH,
Structure ' ? 7 ?
CHy /( )\ CH CI_LT@
—()—@—il—O—()—Cll;—Cll—Cll; !
Condition Liquid Liquid Semisolid
Epoxy equivalent 205-225/182-192 169-179 176-181
weight (g/eq)
Viscosity (mPaxs) 19000-24000/11000-14000 9500-12500 22500-50000
Y (at +25 °C) (at +25 °C) (at +52 °C)
Density (g/cm?) 1.16 1.20 1.22

Epoxy novolac resin combines thermal resistance of a phenolic chain with reactivity of
epoxy groups. Multipurpose epoxy novolac resins (Table 2) have a high density and provide
more stable cross-linked structure after hardening, which increases chemical and thermal
resistance of a material [21-23]. Functionality of the selected epoxy novolac resins is as
follows: f=2.5 (DEN-425) and f=3.6 (DEN-438).

There are requirements for processability (pot life, viscosity, hardening ability at
temperatures from +10++15 °C to +30+35 °C) and performance properties (tensile and
compressive strength, flexural modulus, shearing and peeling strength, glass transition
temperature, thermal expansion coefficient, and shrinkage) of adhesive binders for
composite-based SRSs.

Processing properties, tensile strength and flexural modulus, and glass transition
temperature were chosen as test parameters at the first stage of experimental studies and
optimization of the compositions of epoxy and epoxy novolac adhesive binders.

The viscosity of the binders and final adhesive compounds was measured with a
Brookfield viscometer, the strength and flexural modulus - with tensile testing machine 5882
from Instron, glass transition temperature - with dynamic mechanical analyzer Q800 DMA
from TA INSTRUMENTS.

The reference compound was adhesive binder RecARM-B based on epoxy resin with
modifying additives and mixed amine hardener. The hardener was a mixture of aromatic
amines.

The binder of the adhesive compound was prepared using the following procedure:

1. Mixing of epoxy and epoxy novolac resin using the laboratory dissolver at a mixing
rate of minimum 800-1000 rpm for about 40-50 minutes at a temperature of t = +(20+2) °C.
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For semisolid epoxy novolac resin DEN-438, mixing was performed at a temperature of t =
+(50+5) °C;

2. Sequential addition of reactive diluent and plasticizer to the mixture of resins with stirring
for minimum 30 minutes at each stage;

3. Addition of rheology agents (foam suppressant, wetting agent) and stirring for 10-20
minutes.

3 Results and discussion

The processing properties of the adhesives are given in Table 3.

Table 3. Processing properties of the adhesives based on the mixtures of epoxy-diane and epoxy
novolac resins.

Sample . S . . Prgcessing properties
No. Type and ratio of resins in binder \gts;(;sol(tjy((r)lfl?:xl(si;:r Pot life at 20°C (min)
Reference compound RecARM-B
1 (NPEL-128S = 100) 3500-4000 90-110
2 NPEL-128S/DEN-425 =90:10 5000-5500 120-140
3 NPEL-128S/DEN-425 = 80:20 4500-5000 110-120
4 NPEL-128S/DEN-425 = 70:30 4000-4500 90-100
5 NPEL-128S/DEN-425 = 60:40 2500-3000 90-100
6 NPEL-128S/DEN-425 = 50:50 2000-2400 80-90
7 DEN-425 =100 1800-2200 60-70
8 DER-331/DEN-425 =90:10 5000-5500 70-80
9 DER-331/DEN-425 = 80:20 6000-7000 70-80

According to Table 3, the addition of liquid epoxy novolac resin DEN-425 to the binder
changes the viscosity of the system: when 10-20 weight fractions of epoxy resin is substituted
for epoxy novolac resin the viscosity increases insignificantly; when the content of epoxy
novolac resin is increased to 40-50 weight fractions the viscosity decreases by 1.5-2 times.
When semisolid epoxy novolac resin DEN-438 (10-20 weight fractions) is added to the
binder the viscosity increases significantly. It explains why less viscous epoxy-diane resin
DER-331 is used when semisolid resin DEN-438 is added to the compound.

It is important to note that when the hardener is added to the binder and mixed, the
viscosity of the final adhesive compound is lower that the viscosity of the binder (from 1500
to 5000-6000 mPaxs).

The pot life varies from 50-60 minutes to 120 minutes depending on the ratio of epoxy
and epoxy novolac resins in the composition.

The tensile strength and flexural modulus of the hardened compounds were studied, their
glass transition temperature was determined.

Fig. 1 shows the tensile strength of the adhesive compounds based on the mixtures of
epoxy resin NPEL-128S and epoxy novolac resin DEN-425 at test temperatures of t = +22;
+40 °C. Partial substitution of epoxy-diane resin (20-40 %) for epoxy novolac resin DEN-
425 increases the tensile strength from 45 MPa to 62-68 MPa. With a higher content of epoxy
novolac resin DEN-425, the degree of tensile strength retention at t = +40 °C increases from
45 to 75-80%.

The tensile strength of the adhesive compounds based on epoxy resin DER-331 and
semisolid epoxy novolac resin DEN-438 is 65 and 70 MPa with a content of DEN-438 of 10
and 20 weight fractions, respectively. The degree of strength retention is 70%.
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Fig. 1. Tensile strength of the adhesive compounds based on the mixtures of resins NPEL-128S and
DEN-425 at +22 and +40 °C.

The results of the elevated-temperature mechanical tests correlate to the glass transition
temperatures of the hardened adhesives, which were determined by dynamic mechanical
analysis (DMA).

According to the DMA data (Fig. 2), the glass transition temperature of the hardened
adhesive increases from 50 °C to +55 + +59 °C when epoxy novolac resin DEN-425 is added
to the compound (substitution of 20-50% of NPEL-128S resin in the composition). The glass
transition temperature increases by 5-7 °C: from 47 °C to 52-54 °C when DEN-438 is added
(substitution of 10-20% of DER-331 resin). The difference between glass transition
temperatures of the reference samples (47 °C and 50 °C) results from the use of epoxy resins
which have slightly different molecular mass and epoxy equivalent weight.
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Fig. 2. Dynamic mechanical analysis of the hardened adhesives:
- control sample (NPEL-128S/DEN-425 = 100/0); - NPEL-128S/DEN-425 = 50/50.
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Table 4 shows the flexural modulus and tensile strain of the adhesive compounds based on
the mixture of resins NPEL-128S and DEN-425. The tests were performed at t =+ 22 °C.

Table 4. Tensile strength, flexural modulus and tensile strain.

Sample Ratio of resins NPEL- - Tensile properties: :
No. 128S/DEN-425 in the binder Tensile strength Flexural modulus Tepsﬂe
(MPa) (GPa) strain (%)
1 Reference compound (100:0) 45 5.6 1.7
2 90:10 50.9 5.8 1.5
3 80:20 62.8 6.1 1.3
4 70:30 66.1 6.6 1.2
5 60:40 68.2 7.0 1.0
6 50:50 61.5 6.8 0.9

The partial substitution of epoxy-diane resin for liquid epoxy novolac resin DEN-425 in
the binder of the adhesive compound provides a higher flexural modulus and lower tensile
strain as a result of a higher hardness of the adhesive due to the formation of a denser structure
with a lot of cross-links after hardening.

4 Conclusion

The use of mixtures of epoxy-diane and epoxy novolac resins in adhesive binders for SRSs
has enough potential from technical and commercial point of view. Substitution of 20-40 %
of epoxy resin for epoxy novolac resin in the binder increases tensile strength by 40-50 %,
flexural modulus by 20 %, reduces tensile strain, and increases glass transition temperature.

When 50 weight fractions of liquid epoxy novolac resin DEN-425 (f=2.5) are added to
the compound (per 50 weight fractions of epoxy resin), the processability of the adhesive
compound shows little change, when semisolid epoxy novolac resin DEN-438 (f=3.6) is
added to the compound, the viscosity of the binder increases twofold even with 20 % of
epoxy resin replaced. Maximum tensile strength is 65-70 MPa with 10-20% of epoxy resin
replaced by DEN-438 resin, which corresponds to the strength of the hardened adhesive with
30-40% of epoxy resin replaced by DEN-425 resin. In general, it is more reasonable to use
liquid epoxy novolac resins than semisolid resins from the processing point of view. The
highest glass transition temperature of the adhesive corresponds to maximum content of
epoxy novolac resin in the compound, which is due to a higher cross-link density after
hardening as a result of a higher functionality of the proportion of resin present.

Therefore, the effectiveness of epoxy novolac resins in the adhesive binders for SRSs and
the formation of a set of higher performance properties have been proved.

Further studies may focus on the investigation of adhesion properties of adhesive
compounds, rupture life and durability, as well as performance evaluation in reinforcement
systems.
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