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Abstract:

High environmental temperatures can significantly degrade the mechanical behavior of CFRP-steel 

composites, due to the reduced bond performance of epoxy adhesives. Here, we systematically 

investigate the effects of elevated temperatures on the mechanical behavior of epoxy adhesives and 

CFRP-steel hybrid joints. First, the glass transition behavior and mechanical properties of four 

distinct epoxy adhesives subjected to elevated temperatures were studied via dynamic mechanical 

analysis (DMA) and tensile tests. The failure process of CFRP-steel double-lap joints was 

subsequently investigated under different elevated temperatures. Digital image correlation (DIC) 

technique was utilized to capture the full-field strains on the specimens during the testing. The 

results indicate that adhesive Araldite 2014 possesses the highest glass transition temperature, 

followed by adhesive J133. However, adhesive J133 possesses the highest tensile strength and 

toughness under all testing temperatures and forms the most robust bonding between CFRP and steel 

at these temperatures. The bond strength is reduced by over 50% at 70℃ compared with that at room 

temperature, and the degradation of bond strength is correlated with that of the tensile strength of the 

adhesives. We also find that it is more appropriate to use Tg,o as an indicator to determine the 

working temperature limit of epoxy adhesives.
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Highlights:

 Glass transition and mechanical behaviors of typical epoxy adhesives at elevated temperatures.

 Elevated-temperature effects on the failure process of CFRP-steel hybrid joints.

 Relation between the mechanical degradation of epoxy adhesives and that of bonded joints at 

elevated temperatures.

 Adhesive with high strength and toughness at elevated temperatures achieves superior 

high-temperature bond strength.
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1. Introduction

Traditional retrofitting technologies such as re-welding, crack arrest hole, bolting and welding 

steel reinforcement plates are commonly used rehabilitation methods for deteriorated steel 

infrastructures. However, such strengthening systems often lead to a massive self-weight increase 

and are prone to fatigue and corrosion. Moreover, they could cause new damages, e.g. drilled holes 

and heat-induced material hardening, to the original structures, which may unexpectedly worsen the 

fatigue problems [1,2]. In contrast, emerging technology– adhesively bonded carbon fiber-reinforced 

polymer (CFRP) system offers a fast, non-destructive, and reliable alternative solution to steel 

structure rehabilitation [3-7]. Compared with conventional techniques, the bonded CFRP system has 

various advantages such as less weight increase, superior corrosion resistance, and easy on-site 

installation [8,9]. Adhesively bonding technology offers a jointing solution for two components 

without causing damages by drilling holes, and it has been widely applied in civil, automotive and 

aerospace engineering [10-12]. By using bonded CFRPs, the efficacy of the strengthening system 

depends intrinsically on the adhesive bonding between the CFRP and steel substrates [13-15]. 

Currently, epoxy adhesive (EA) is widely used for bonding in civil infrastructures because of its 

excellent bond strength, durability, and on-site handling performance [16,17]. Under the room 

environment, the excellent bond efficacy and stress transfer efficiency of EAs have been validated 

for bonding CFRPs to steel [18-22]. 

Civil infrastructures like bridges and buildings are inevitably exposed to hot environments, e.g., 

50℃ or even up to 70℃ [23]. Compared with adverse conditions such as low temperature, humidity, 

ultraviolet radiation, cyclic wet-dry, cyclic freeze-thaw, etc., high temperatures should be given 

more concern as to the safety aspect of adhesive bonding [16,22-31]. This is because EAs are 

polymer materials and degradation of their polymer matrix can occur due to high heat [17,23,32]. 

This degradation can be determined by glass transition temperature (GTT) index, above which the 

polymer transit from glassy state to rubber-like [32]. Besides, the adhesive mechanical behaviors, e.g. 

the tensile strength, elastic modulus and fracture toughness, also degrade with the increasing 

environmental temperatures, and the degradation varies with different adhesive types [33-35]. The 

GTTs for commonly used structural EAs are collected and listed in Table 1. As shown in this table, 

the GTTs for many construction-use adhesives are below 50℃. It should be pointed out here that the 

strength and modulus of CFRP and steel are marginally influenced by the high temperatures ranging 

from 10℃ to 90℃ [36]. Therefore, the strength and stiffness degradation of CFRP-steel bonded 

composites are logically owing to the degradation of elasticity and adhesion of EAs [24,32]. Thus, 

due care has to be taken at the high-temperature behavior of the adhesives, which heavily influences 
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the bonding interface between CFRP and steel [33,37,38].

Table 1 

Glass transition temperatures for typical epoxy adhesives.

Adhesive type Curing condition Frequency, heating 
rate

Definition method 
for GTT *

GTT 
(℃) Reference

Araldite 420 N/A 1 Hz, 2℃/min Loss factor method 42.0 Nguyen [23]
Sikadur 330 25°C/10d 1 Hz, 2.5℃/min Tangent line method 45.1 Zhang [39]
Araldite 2011 25°C/2d+ 120°C/4h 1 Hz, 2℃/min Tangent line method 37.2 Korayem [40]
Adhesive B 20°C/7d 1 Hz, 2℃/min Tangent line method 30.1 Custódio [29]
Adhesive C 20°C/7d 1 Hz, 2℃/min Tangent line method 47.5 Custódio [29]
Adhesive D 20°C/7d 1 Hz, 2℃/min Tangent line method 41.8 Custódio [29]
S&P Resin 220 25°C/3d+ 90°C/25min 1 Hz, 2℃/min Tangent line method 37.4 Michels [32]

* The definition methods for GTT are detailly described in Section 3.1.

Studies of Bai et al. [26] show that both stiffness and strength of CFRP sheet-steel bonded 

joints decreased by 80% when the temperature approaches or exceeds the GTT of the EA. Nguyen et 

al. [23] found that the failure of wet-laid CFRP sheet-steel joints transformed from CFRP 

delamination (20℃) to cohesive failure (over 40℃) with the increase of temperature. Moreover, the 

bond strength dropped by about 15%, 50%, and 80% when the temperature reaches the GTT, 10℃ 

above GTT, and 20℃ above GTT, respectively. They also found that the high-temperature curing 

significantly improves the joint strength at moderately high temperatures [41]. Korayem et al. [40] 

found that the increasing temperature leads to a transition of failure mode of CFRP laminate-steel 

joints from the CFRP-adhesive interface debonding to steel-adhesive interface debonding and finally 

to cohesive failure. In all, the usage of improper EAs in CFRP-steel composite structures without 

considering the high-temperature effects may lead to perilous applications. Up to date, most of the 

existing studies focused on the bond properties of wet-laid CFRP sheets-fabrics with steel with 

respect to the high-temperature effects [8,23,26,39,41,42]. CFRP laminas are different from CFRP 

sheets/fabrics as to their fabrication, installation and properties. Existing researches have validated 

that bonded CFRP laminas have significant advantages in respect of fatigue resistance and 

installation efficiency [22]. However, the studies on the bond behaviors of CFRP laminas with steel 

at elevated temperatures are still limited [40,43]. In addition, more studies are needed to evaluate the 

mechanical behavior of EAs at elevated temperatures, as well as the relation between the 

high-temperature properties of EAs and those of CFRP lamina-steel assemblies [23].

The motivation of this study is to investigate the mechanical behavior of EAs and CFRP-steel 

assemblies at elevated temperatures and provide some information on the selection of proper 

structural adhesives for the strengthening practice. First, the bulk mechanical properties of four 

typical EAs under different temperatures were studied by dynamic mechanical analysis (DMA) and 

quasi-static tensile testing. The epoxy adhesives studied herein include three commonly used 
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commercial products and one experimental formulation. After that, two types of adhesives with 

relatively high GTTs and tensile strengths were selected to fabricate CFRP-steel double-lap joints 

(DLJs). The bond performance of these joints under different temperatures (25℃–70℃) was studied 

via tensile testing and digital image correlation (DIC) technique. The bond strength, joints stiffness, 

failure modes, and strain distributions of these joints were investigated. Finally, the relations 

between the temperature-dependent mechanical properties of EAs and that of bonded joints were 

examined. 

2. Materials and methodology

2.1. Materials and specimens

2.1.1 Materials

In the present study, four types of two-component ambient cured EAs are employed, including 

Araldite 2014, Araldite 420, Sikadur 30 (abbreviated as A420, A2014, and S30), and J133. 

Adhesives A420 and A2014 were provided by HUNTSMAN Australia, and S30 was provided by 

SIKA Australia. They are widely used commercial structural adhesives for bonding CFRP to steel 

[16,25]. According to the product description, A2014 is used for bonding metals, electronic 

components, and other items that may be exposed to relatively high-temperature conditions. A420 is 

an extremely tough and resilient adhesive for bonding a wide variety of metals, ceramics, and other 

items. S30 is a thixotropic adhesive with superior creep resistance, and it is useful for bonding 

reinforcement plates to concrete, brickwork, timber, steel, etc. Adhesive J133 was developed jointly 

by our research lab and a chemical research institute. The adhesive is toughened by rubber core-shell 

nanoparticles which are effective in improving its fracture toughness [44]. It has been used for 

bonding metal/nonmetal plates to other plate- or core-substrates subjected to high temperatures.

The CFRPs used for manufacturing the CFRP-steel joints are 50 mm wide, 1.4 mm thick, and 

provided by Nanjing Hitech Co., Ltd. They are unidirectional, one-layered, and fabricated by using 

the pultrusion technique. The steel Q345qC is also used, which is widely used in bridge projects in 

China. The material properties of CFRP and steel are listed in Table 2.

Table 2

Material properties of CFRP and steel

Materials
Young’s modulus
(GPa)

Yield strength
(MPa)

Tensile strength
(MPa)

Elongation
(%)

Poisson’s 
ratio

CFRP 161.2 – 2263 1.65 0.25
Steel (Q345qC) 200 461 565 31.53 0.30

2.1.2 DMA and tensile specimens of EAs

DMA and tensile specimens were prepared to evaluate the temperature dependence of the bulk 
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structural properties of the EAs. The dimensions and molds for the DMA and tensile specimens are 

presented in Fig. 1. The DMA specimens were manufactured according to ASTM 4065-06 [45] and 

ISO 6721-11 [46]. They are 50 mm long, 12.8 wide and 3.2 mm thick. The dog bone-shaped 

specimens for quasi-static tensile testing were prepared according to ASTM D638-14 [47]. These 

specimens are 200 mm long, and the test sections are 57 mm long, 13 mm wide, and 3.2 mm thick. 

These bulk adhesive specimens were prepared as per the following steps. First, the two components, 

including the epoxy resin and curing agent, were fully mixed with a recommended mass ratio. Then, 

the mixture was poured into the silicone rubber molds. The upper surfaces of the specimens should 

be struck flat carefully by using a scraper. Finally, the specimens were cured under the laboratory 

environmental condition (25±2℃ and 65±5% relative humidity) for 7 days. 

  

Fig. 1. Molds and dimensions for (a) DMA specimens and (b) tensile specimens (unit: mm).

2.1.3 CFRP-steel double-lap joint specimens

To test the bond properties between CFRP and steel under different temperatures, we fabricated 

CFRP-steel DLJ specimens in accordance with ASTM D3165-00 [48]. The dimensions of the 

specimen are shown in Fig. 2. Two types of adhesives, A2014 and J133, were selected to fabricate 

the joints, according to results in Section 3. The lengths of steel plates and CFRPs are 230 mm and 

150 mm, respectively, with the same width of 50 mm. The thicknesses of steel plates and CFRPs are 

8 mm and 1.4 mm, respectively. First, the steel plates were ground by a grinding machine to achieve 

a consistent roughness and then cleaned carefully with acetone. Secondly, fully mixed adhesives 

were pasted to the steel plates, and four steel beads with a diameter of 0.5 mm were arranged in the 

adhesive layer to achieve a consistent adhesive layer thickness. Then, the CFRPs were pasted to the 

steel plates, with a bond length of 25 mm. Finally, the specimens were cured at 25±2℃ and 65±5% 

relative humidity for 7 days. For the convenience of description, the intersection of the CFRP and 

the steel plate end is defined as the “crossing line”, and the end of CFRP on the overlap region is 

defined as the “free end”, as shown in Fig. 2.

DIC is an extensively used optical technique in displacement and strain measurement filed, 
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because of its real-time, noncontact, full-field advantages [49]. The strain fields on the observation 

area of the specimens were monitored using the DIC technique. The observation area includes a 25 

mm-long overlap region and a 25 mm-long CFRP region closed to the crossing line, as depicted in 

Fig. 2. The observation area was pretreated with a speckle pattern, allowing the DIC equipment to 

track the relative displacements and deformation of the specimens during testing. First, the 

observation area was painted white. Then, random black speckles were sprayed on this area to form 

a speckle pattern, as shown in Fig. 2(b). 

(a)

(b)

Fig. 2. Schematic view of CFRP-steel DLJ specimens: (a) specimen dimensions; (b) observation area and 
speckle pattern on the real specimen (unit: mm).

2.2. Test methods and programs

2.2.1 DMA test methodology for EAs

Dynamic mechanical behavior is the mechanical response of materials under dynamic loading 

conditions. It characterizes the intrinsic mechanical properties of materials as a function of 

temperature. While the material is subjected to an action of sine (or cosine) oscillatory stress, the 

strain response is not synchronized with the stress but will lag a phase difference,  (0 < <90°).  

The applied stress and strain response can be expressed as:

        (1)0= exp( )i t  

         (2)0= exp( ( ))i t   

Then, the complex dynamic modulus of materials, E*, is written as: 

        (3)* 0 0

0 0

= exp( )= (cos sin )E i i    
  

 

Therefore, the complex modulus would have in-phase and out-of-phase components:



 8 / 29

         (4)E E iE   

The real part, , is the in-phase storage modulus. It reflects the mechanical energy stored per E

cycle and represents the elastic component, as expressed by

        (5)0 0=( )cosE   

The imaginary part, , is the out-of-phase loss modulus. It characterizes the energy E

dissipated in the form of heat due to viscous flow and represents the viscous component, as 

expressed by

        (6)0 0=( )sinE   

The loss factor, , is defined as the ratio of loss modulus to storage modulus. It tan

characterizes the damping of materials and is written as

            (7)tan E E  

Via the DMA tests, the temperature dependence of the mechanical properties of EAs, including 

the storage modulus, loss modulus, and loss factor, are characterized as a function of temperature. 

The dynamic mechanical analyzer TA DMA Q800 was used to perform the tests, as shown in Fig. 3. 

In the tests, 3-point bend set-up and multi-frequency strain mode were adopted. The tests were run 

from 0℃ to 100℃, at a heating rate of 2℃/min and a frequency of 1 Hz.

Fig. 3. DMA test set-up for EAs.

2.2.2 Tensile test methodology for EAs

Quasi-static tensile tests for EA bulk specimens were carried out under different temperatures 

(25℃/40℃/55℃/70℃). Three specimens were tested for each scenario. The specimens were loaded 

by a LABSANS LD26 universal testing machine equipped with a control chamber. The loading rate 

is set as 2 mm/min. A high-temperature extensometer (withstanding temperatures not higher than 

100℃) was used to measure the strain, as shown in Fig. 4. Before the testing, the specimen was 

soaked in a specific temperature in a free mode for about 30min to ensure a uniform 

through-thickness temperature profile. The soaking time was obtained by the data from the 

thermocouples that are attached to the specimens. 
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Fig. 4. Tensile test set-up for EAs.

2.2.3 Tensile tests of joint specimens

The CFRP-steel DLJs were tested in tension using a 100 kN Instron 8801 servo-hydraulic 

testing machine with an environmental chamber, as shown in Fig. 5. Before the testing, every 

specimen was soaked in the specified temperature in a free mode for 45min to achieve a temperature 

balance throughout the specimens. All specimens were loaded in tension at a displacement rate of 

0.4 mm/min.

The DIC equipment GOM ARAMIS 3D 6M was utilized to monitor the strain fields on the 

specimens, as shown in Fig. 5. During the tests, two high-speed cameras were focused on the 

observation area with a speckle pattern and took pictures at a frequency of 1 Hz. Thereafter, the 

strain fields on the specimens were calculated by comparing the images of deformed specimens with 

the image of the origin undeformed specimen. 

Fig. 5 Set-up for tensile tests of joint specimens.

3. Results and discussions: temperature effect on bulk EAs 

3.1. Dynamical mechanical behavior

The results of DMA spectra for four EAs were depicted in Fig. 6. In this figure, the storage 

modulus, , loss modulus, , and loss factor, , were characterized as a function of E E tan
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temperature ranging from 0℃ to 100℃. The results show that the storage modulus of these four 

adhesives degraded sharply within a specific range of temperatures, i.e. the glass transition range. 

Adhesive A420 has the lowest storage modulus in the whole temperature range of 0–100℃. Within 

the temperature range of 0℃–30℃, the storage modulus of these four adhesives is basically stable. 

Moreover, adhesive S30 has a larger storage modulus than other adhesives within this temperature 

range. It is noteworthy that the storage modulus of different EAs after the glass transition is 

different, e.g., the storage modulus of adhesive S30 at 100℃ is 106.6 MPa while that of A420 is only 

2.3 MPa.

Generally, the GTT is defined as the temperature when material state changes from a glassy to a 

leathery state. Four definition methods for GTT are frequently used:

i) Tg,o – Tangent line method: the temperature corresponding to the tangent line intersect of 

storage modulus curve is defined as GTT according to ASTM E1640-18, DIN EN 61006, and 

DIN 65583 [50-52], as shown in Fig. 6a. 

ii) Tg,i – Inflection point method: the temperature at the inflection point of storage modulus 

curve is recommended as GTT by ISO 6721-11 [46], as shown in Fig. 6a.

iii) Tg,l – Loss modulus method: the temperature at the maximum loss modulus is occasionally 

used [32,40], as shown in Fig. 6b. 

iv) Tg,t – Loss factor method: the temperature at the maximum loss factor is often defined as 

GTT [23,53], as presented in Fig. 6c. 

(a)  (b)

(c)

Fig. 6. DMA spectra for EAs: (a) storage modulus, (b) loss modulus, (c) loss tangent.



 11 / 29

The ratio of storage modulus at the GTT to that at room temperature (e.g. 25℃) is defined as 

the modulus residual coefficient (MRC), as expressed by: 

        (8)T

RT

EMRC
E



where  is the storage modulus at the GTT, and  is the storage modulus at room temperature. TE RTE

Fig. 7 shows the GTTs and relevant MRCs for these EAs based on different definitions for GTT, as 

well as the comparisons of Tg,o values for the tested EAs with those in Table 1.

Fig. 7. (a) GTTs and MRCs for the EAs based on different definitions for GTT and (b) comparisons of Tg,o 
values for different EAs.

The results in Fig. 7(a) show that the GTTs for adhesives A2014, A420, J133, and S30 based on 

the above four definitions are 56.3–70.7℃, 31.6–43.6℃, 49.9–63.2℃, and 32.8–47.8℃, respectively. 

With regard to different GTT definitions, the general trend is that the values of Tg,t is the highest, 

while Tg,o the lowest (i.e., Tg,t > Tg,i > Tg,l > Tg,o), except for adhesive A2014 (i.e., Tg,i > Tg,t > Tg,l > 

Tg,o). The values of Tg,o and Tg,l are close for different adhesives, with a difference of less than 4℃. 

The values of Tg,i are close to Tg,t, with a difference of less than 4.6℃. For different EAs, the 

adhesive A2014 possesses the highest GTT, while A420 the lowest (i.e., A2014>J133>S30>A420), 

irrespective of which definitions for GTT to be based on. The MRC corresponding to Tg,o is higher 

than 0.5 for all adhesives. However, the MRCs corresponding to Tg,i, Tg,l, and Tg,t are respectively 

0.08–0.12, 0.19–0.44, and 0.03–0.12, indicating an excessive reduction in storage moduli. In general, 

it is more appropriate to use Tg,o to evaluate the upper limit of the working temperature for EAs, 

which will be further discussed in Section 4.2. As we can see from Fig. 7(b), adhesive A2014 has the 

highest Tg,o value among the studied EAs, followed by J133.

3.2. Tensile stress-strain relationship

The typical engineering stress-strain curves for all types of EA at different temperature 



 12 / 29

environments are shown in Fig. 8. The engineering stress, , is obtained as the ultimate load E

divided by the cross-sectional area, and the engineering strain, , is directly measured by the E

extensometer. Notably, adhesives A420 and S30 lost their structural properties accidentally at 70℃; 

thus, their results are not shown in these figures.

In an analysis of structures strengthened with adhesively bonded CFRP systems, it is important 

to input the true material properties, i.e. the true stress-strain constitutive relationships. The true 

stress, , and true strain, , can be deduced from the engineering stress and strain, as expressed T T

by Eqs. (9) and (10). The typical true stress-strain curves for the EAs at different temperatures are 

shown in Fig. 9.

       (9)(1 )T E E    

       (10)ln(1 )T E  

(a)   (b)

(c)   (d)

Fig. 8. Engineering stress-strain relationships for EAs at different temperatures: (a)A2014, (b)A420, (c)J133, 
(d) S30.
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(a)   (b)

(c)   (d)

Fig. 9. True stress-strain relationships for EAs at different temperatures: (a)A2014, (b)A420, (c)J133, (d) S30.

By comparing the results of Fig. 8 and Fig. 9, it can be clearly seen that the engineering strain 

overestimates the elongation behavior of the EAs, especially for the case of elevated temperatures. It 

is because the engineering strain is calculated based on the total elongation divided by the original 

length. However, the true strain is obtained based on the real-time elongation divided by the 

real-time length and reflects the current behavior of the material. Therefore, the true stress-strain 

relationships are more applicable for structural modeling. It is also notable that, based on their 

behaviors at room temperature, these EAs can be classified into two categories the nonlinear 

adhesives like A420 and linear adhesives such as A2014, J133, and S30.

It is interesting that the morphologies for the true stress-strain curves of EAs can be classified 

into four patterns, as depicted in Fig. 10. Pattern-1: when the temperature is lower than GTT, the 

stress increases linearly with the strain until failure for linear adhesives, and the elongation at break 

mostly does not exceed 1%. Pattern-2: the material experiences a strain-softening process after a 

yield point. Pattern-3: the stress-strain curve also has a yield point, but followed by a 

strain-hardening section. Pattern-4: the stress-strain curve is strongly nonlinear but has no yield point, 

with a large elongation at break. Each curve in Fig. 8 was labeled with one morphology pattern, 
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which reflects the different characteristics of the elastoplastic behavior.

Fig. 10. Typical morphology patterns for true stress-strain curves of EAs.

The results in Fig. 9 show that the morphology of true stress-strain curves varies significantly 

with the increase of temperature. Additionally, the morphologies also vary for different adhesives at 

a specific temperature. Adhesive A420 and A2014 typically show typically opposite characteristics 

as the temperature increases. In particularly, adhesive A420 behaves in nonlinear modes (Pattern-3 

and Pattern-4) at all temperatures, showing higher ductility than other adhesives. It even loses 

mechanical properties at 70℃. In contrast, A2014 exhibits Pattern-1 under the temperature ranging 

from 25℃ to 70℃, showing great high-temperature resistance. However, it also shows the 

unfavorable characteristics of excessive brittleness. Then, the tensile behaviors at relatively high 

temperatures are discussed. At 55℃, the stress-strain curves of adhesives A420 and S30 transformed 

into Pattern-4, because the temperature is much higher than the GTTs. However, adhesive J133 still 

maintained in Pattern-3, since the temperature is only 5℃ higher than its GTT. It is worth noting that 

only adhesives A2014 and J133 have structural properties at 70℃. Adhesive A2014 behaves in 

Pattern-1 at 70℃, while adhesive J133 Pattern-3. In general, adhesive J133 is much more ductile 

than A2014 at relatively high temperatures.

3.3. Degradation of mechanical properties 

Fig. 11 shows the degradations of mechanical properties of EAs under different temperatures, 

including the tensile strength , , elastic modulus , , elongation at break , , and strain energy t aE u

density, . The tensile strength is the maximum stress in the curves. The elastic modulus is defined 

by the secant modulus between strain 0.05% and 0.25%, according to ISO 527-2:2012(E) [54]. The 

strain energy density reflects the energy stored in the material in the form of strain and stress and can 

be calculated by the area underneath the true stress-strain curves, as expressed by:

     (11)
0

= u

T Td
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where  is the true stress,  is the true strain, and  represents the elongation at break.T T u

(a)  (b)

(c)  (d)

Fig. 11. Variations of mechanical properties of EAs with different temperatures: (a) tensile strength, (b) elastic 
modulus, (c) elongation at break, (d) strain energy density.

Fig. 11(a)–(d) show that only adhesives A2014 and J133 maintain mechanical properties 

against the high temperature of 70℃. Fig. 11(a) shows that the tensile strengths of these four EAs are 

higher than 25 MPa at room temperature. The tensile strength of A2014 and A420 decreases almost 

linearly with the increase of temperature. The tensile strength of J133 decreases most (by ~40%) 

when the temperature rises from 25℃ to 40℃, while the tensile strength of S30 decreases most when 

the temperature rises from 40℃ to 55℃. At 70℃, adhesives A420 and S30 almost lose their strength. 

In contrast, adhesives A2014 and J133 still maintain tensile strengths of 10.5 MPa and 19.4 MPa at 

70℃, respectively. 

Fig. 11(b) demonstrates that the elastic modulus of S30 is much larger than those of other EAs 

at 25℃. The elastic modulus of S30 decreases most sharply with the increase in temperature. The 

modulus of A420 is the lowest in the temperature range investigated. At 55℃, the elastic moduli of 

adhesives A420 and S30 degrade to the lowest (~0.7 GPa). In general, the elastic modulus of A2014 

and J133 decreases slowly with the increase of temperature. 

Fig. 11(c) shows that the elongation at break of these four EAs increases with the increase of 

temperature. The elongations at break of adhesives A2014 and S30 are lower than that of A420 and 

J133 in the temperature range of 25 ~55℃. At 70℃, the elongation at break of adhesive J133 is 

much higher than that of adhesive A2014.
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Fig. 11(d) shows that the strain energy densities of adhesives A2014 and S30 are low at all 

investigated temperature levels, showing a characteristic of brittleness. The strain energy density of 

adhesive A420 is the highest at room temperature but then decreases dramatically when the 

temperature reaches 55℃. In contrast, adhesive J133 maintains higher strain energy density at high 

temperatures of 55℃ and 70℃.

In general, only adhesives A2014 and J133 maintain mechanical properties against the high 

temperature of 70℃. Additionally, adhesive J133 possesses higher strength and toughness (strain 

energy density) than adhesive A2014 at all temperature levels. Based on the above results, these two 

types of EAs were selected to fabricate CFRP lamina-steel joints to investigate the temperature 

dependence of bond behavior.

4. Results and discussions: temperature effect on bonded joints

4.1. Overall results and load-displacement responses

The failure behaviors of CFRP lamina-steel DLJs were studied under different temperatures 

(25℃/40℃/55℃/70℃). A total of 16 specimens made of adhesives A2014 and J133 (i.e., Series 

A2014 and J133) were tested, including two specimens for each scenario. Table 3 shows the details 

of joint specimens and the summary test results. The failure modes listed in this table include (a) 

CFRP-adhesive interface debonding, (b) adhesive-steel interface debonding and their mixed modes. 

Note that the mode before ‘+’ is predominant for the mixed modes.

The measured adhesive layer thickness, , in Table 3 is calculated as:at

    (12)2a j s ft t t t   

where , , and  are the measured thicknesses of bonded area, steel plate, and CFRP plate, jt st st

respectively. The measured adhesive layer thickness is a little bit larger than the designed value (0.5 

mm), with differences less than 0.12 mm. It can be accepted in the tests.

The bond strength, , is calculated byuf

    (13)u
u

f b

Pf
b L



where  is the ultimate load,  is the width of CFRP, with the same width of steel plates.  uP fb bL

represents the bond length, which is 25 mm for all specimens.

Table 3
Specimen details and summary test results for joint specimens.

Series Specimen number at
(mm)

at
(mm)

maxD
(mm)

uP
(kN)

uf
(MPa)

uf
(MPa)

Failure 
mode
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A2014-25-1 0.53 +0.03 0.33 26.11 20.89 a
A2014-25-2 0.62 +0.12 0.37 28.58 22.86

21.88
a

A2014-40-1 0.62 +0.12 0.41 32.07 25.66 a
A2014-40-2 0.65 +0.15 0.62 25.96 20.77

23.21
a+b

A2014-55-1 0.55 +0.05 0.21 14.23 11.38 a
A2014-55-2 0.54 +0.04 0.20 14.29 11.43

11.41
a

A2014-70-1 0.56 +0.06 0.18 6.32 5.06 a

(a) A2014

A2014-70-2 0.58 +0.08 0.63 12.27 9.80
7.44

a

J133-25-1 0.58 +0.08 1.03 56.40 45.12 b+a
J133-25-2 0.55 +0.05 0.83 66.88 53.50

49.31
b+a

J133-40-1 0.58 +0.08 0.68 48.42 38.74 b+a
J133-40-2 0.50 +0.00 0.61 47.74 38.19

38.46
b+a

J133-55-1 0.52 +0.02 0.81 51.37 41.10 b
J133-55-2 0.55 +0.05 0.73 36.51 29.21

35.15
b

J133-70-1 0.55 +0.05 0.29 22.62 18.10 b+a

(b) J133

J133-70-2 0.57 +0.07 0.57 32.49 25.99
22.04

b

Note: – measured thickness of adhesive layer; – difference between measured and intended thicknesses of at at

adhesive layer; – limit displacement between the upper and lower clamps at failure; – ultimate load; – maxD uP uf
bond strength; – average value of bond strengths for the two specimens. uf

Fig. 12 depicts the load-displacement responses of joint specimens under different temperatures. 

The results show that, at relatively low temperatures 25℃–55℃, loads of both types of specimens 

increased linearly with the displacement until reaching the peak load and then dropped directly to 

zero. In contrast, at the high temperature of 70℃, the load of A2014 specimens behaved nonlinearly 

with the increasing displacement until the peak load. Afterward, the load-displacement curves 

experience a more nonlinear process similar to a “yield plateau,” with a large elongation until the 

joint failure. Unlike A2014 specimens, at 70℃, the load-displacement curves of J133 specimens 

almost increased linearly until the peak load and then experienced a second load rise before the joint 

fracture. That is, the specimens failed with a two-stage process, which may result from the failure of 

one of the two bonding interfaces. It is also notable that the slopes of final decline segments are 

reduced with the increasing temperatures. At room temperature, loads of both A2014 and J133 

specimens almost directly dropped to zero. When the temperature exceeds 55℃, the slopes of final 

decline segments become increasingly gentle, especially for A2014 specimens. It shows that the 

joints failure shows increasing toughness characteristics as the temperature increases.
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(a)  (b)

Fig. 12. Load–displacement responses under different temperatures: (a) Series A2014, (b) Series J133.

4.2. Temperature effect on bond strength

Fig. 13(a) presents the bond strength of the bonded joints under different temperatures. The 

results show that the bond strengths of J133 specimens are higher than that of A2014 specimens at 

any specific temperature. Moreover, the bond strength of J133 specimens at 70℃ is even higher than 

that of A2014 specimens at 25℃. Concretely, the lowest bond strength of J133 specimens exceeds 

22 MPa, while that of A2014 specimens is only 7.4 MPa. As reported in Fig. 11, adhesive J133 has 

higher tensile strength and toughness than A2014 at the investigated temperatures, especially at high 

temperatures. It suggests that the adhesive with the highest strength and toughness at elevated 

temperatures forms the most bust bonding between CFRP and steel at these temperatures. 

Fig. 13(b) depicts the normalized bond strength of the joints as a function of the temperature, as 

well as the results from Nguyen et al. [23] who studied CFRP sheet-steel joints with the adhesive 

A420. The figure also depicts a comparison of the normalized bond strength with the normalized 

mechanical properties of EAs including the tensile strength, , elastic modulus, Ea, and storage a

modulus, . In this figure, the labels CF1 and CF3 denote 1 and 3 layers of CFRP sheets applied, E

and BL60 and BL100 represent 60 mm- and 100 mm-bond lengths, respectively. The results show 

that the bond strength of A2014 specimens slightly reduces in the temperatures ranging from 25℃ to 

40℃ and then decreases sharply. However, for J133 specimens, the bond strength declines slightly 

as the temperature rises from 40℃ to 55℃ but decreases sharply as the temperature increases from 

25℃ to 40℃ and 55℃ to 70℃. At the high temperature of 70℃, the bond strengths for A2014 and 

J133 joints declined to 34% and 45% of those at room temperature, respectively. In contrast, the 

bond strength of A420 joints at 60℃ can only retain approximately 20% compared with that at 20℃. 

It is because the adhesive A420 possesses the weakest high-temperature resistance as shown in 

Section 3.1. It indicates that it is reasonable and effective to select epoxy adhesives for improved 

bond strength based on the dynamic mechanical and tensile properties of adhesives. In addition, it is 

interesting that the bond strength degradations for both types of joints are roughly correlated with 
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those of the tensile strengths of the adhesives. It means that the bond strength relies more on the 

adhesive’s tensile strength than its modulus, which shows agreement with the research outcomes of 

Yu et al. [13]. 

It is notable that the values of  and  for adhesive A2014 are ~70℃ (respectively ,igT ,tgT

70.7℃ and 68.3℃, as shown in Fig. 7). At this temperature, the bond strength retentions are only 

34% and 45%, which may be an excessive bond strength reduction. In contrast, the bond strengths at 

the temperature of  (49.9℃ and 56.3℃ for adhesives J133 and A2014, respectively) are higher ,g oT

than 50% of those at room temperature. Therefore,  is more appropriate for determining the ,g oT

upper limit of the working temperature for EAs, which results in safer applications.

(a) (b)

Fig. 13. (a) Comparisons of average bond strengths and (b) normalized bond strengths of bonded joints 
exposed to different elevated temperatures. Note: = tensile strength, Ea= elastic modulus, = storage a E

modulus. 

4.3. Temperature effect on joint Stiffness

The slope of the load-displacement curves of the joints at the initial stage of loading is defined 

as the joint stiffness. Fig. 14 depicts the normalized joint stiffness as a function of temperature, as 

well as the results for A420 joints from Nguyen et al. [23]. The normalized storage and elastic 

moduli and tensile strength of the adhesives are also demonstrated. It is found that the stiffness of 

these two types of joint almost remains constant when the temperature rises from 25℃ to 40℃, but 

then decreases as the temperature continues to increase. A greater stiffness decline of A2014 joints 

was observed than that of J133 joints when the temperature raises from 40℃ to 70℃. The stiffnesses 

of the two types of specimens at 70℃ respectively decline to 95% and 74% compared with those at 

room temperature. However, as revealed by Nguyen et al. [23], the stiffnesses of A420 joints at 60℃ 

degrades to 33% and 17% of those at 20℃, respectively. It is because the storage modulus of adhesive 

A420 declines faster with the increasing temperature, as revealed in Section 3.1. Besides, Nguyen et al. 

[23] found that the temperature-dependent degradation of the stiffness for CFRP sheet-steel joints is 

correlated with that of the EA storage modulus. However, no similar correlation between these two 
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properties was found for the present CFRP lamina-steel bonded joints. 

Fig. 14. Normalized stiffness of joint specimens at different temperatures. Note: = tensile strength, Ea= a
elastic modulus, = storage modulus.E

4.4. Temperature effect on failure mode

The failure modes of the DLJ specimens are listed in Table 3. The typical failure modes are 

illustrated in Fig. 15. In this figure, the scanning electron microscopy (SEM) images of the fracture 

surfaces on the adhesive layer are also presented. As shown in Table 3, almost all A2014 specimens 

failed with CFRP-adhesive interface debonding (mode a), indicating that the weakest link is the 

bonding between CFRP and adhesive layer. In contrast, with the temperature increasing from 25℃ 

to beyond 55℃, the failure of J133 specimens transformed from b+a mixed mode (with mode b, i.e. 

adhesive-steel interface debonding, being the predominant one) to pure mode b. It indicates a 

reduced bond strength between the adhesive layer and steel caused by the increasing temperature. By 

comparing the SEM images at a specific temperature, e.g., at 25℃ or 70℃, the J133 specimens are 

found to have more carbon fibers remaining on the surfaces of the adhesive layer than A2014 

specimens. It means that adhesive J133 provides a stronger adhesion with CFRP than adhesive 

A2014 regardless of which temperature levels they are exposed to. For A2014 specimens, the 

number of carbon fibers remaining on the adhesive layer surface decreases significantly at 70 ℃ 

compared with that at 25℃. However, for J133 specimens, the number of carbon fibers remaining on 

the adhesive layer at 70℃ is only slightly reduced compared with that at 25℃. Therefore, with the 

increase of temperature, the bond strength degeneration of Series A2014 results from the reduced 

interfacial adhesion between CFRP and adhesive layer. However, the bond degradation of Series 

J133 is more from the reduced steel-to-adhesive layer adhesion.
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Fig. 15. Typical failure modes and SEM images of the fracture surfaces on the adhesive layer: (a) A2014-25-1, 
(b) A2014-70-1, (c) J133-25-1, (d) J133-70-1.

4.5. Temperature effect on CFRP strain distributions

To understand the failure process of these joints, we monitored the strain distributions on the 

observation areas during loading by using the DIC system. Without losing its generality, the typical 

strain distributions for specimens J133-25-1 and J133-55-1 are presented in Fig. 16 and Fig. 17. The 

longitudinal coordinate system is defined along the specimen axial direction, from the “free end” to 

the “CFRP end”, as shown in Fig. 16(b) and Fig. 17(b). The results show that the strain levels on the 

overlap and CFRP regions increase as the load rises. Moreover, the gradient strains on the overlap 

region are approximately linear distributed along the longitudinal direction. Besides, the strains on 

the CFRP region are almost uniformly distributed. Another interesting finding is the concentrated 

strain on the overlap near the crossing line of CFRP and steel plate end. Moreover, it increases more 

quickly than strains elsewhere as the load increases. The damages within the bonding layer may be 

firstly generated at these strain concentrations, where a more optimized design is needed. By 

comparing the strain distributions on the two specimens at 100%Pu, it is found that the maximum 
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strain of the J133-55-1 specimen is 0.79 times that of the J133-25-1 specimen. It indicates that the 

strains on the overlap region are reduced by the elevated temperature. As shown in Fig. 16(b) and 

Fig. 17(b), the location of stress concentration on both specimens moves from the crossing line 

towards the free end of CFRP with the increase of load. It demonstrates that the bond layer near the 

stress concentration has been progressively damaged with the increasing load. By comparing the 3D 

strain contours at 100%Pu, it is found that strains near the crossing line at 25℃ is more concentrated, 

which may result from the relatively larger stiffness of the bond layer. Additionally, the transverse 

distribution of strain at 55℃ is not so uniform as that at 25℃. It suggests that progressive damages 

were generated within the bond layer at 55℃ before failure owing to the softening of adhesive.

(a)

(b)  (c)

Fig. 16 Strain distributions on the observation area for specimen J133-25-1: (a) 2D strain contours with 
increasing load, (b) strain distributions with increasing load, (c) 3D strain contour at 100%Pu.
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(a)

(b)  (c)

Fig. 17 Strain distributions on the observation area for specimen J133-55-1: (a) 2D strain contours with 
increasing load, (b) strain distributions with increasing load, (c) 3D strain contour at 100%Pu.

The strain distributions on the observation area at 100%Pu under different temperatures are 

depicted in Fig. 18. The results show that the axial strain on the overlap region at 100%Pu degrades 

significantly as the temperature increases. In terms of Series A2014, the maximum strains on the 

overlap regions at 40℃, 55℃, and 70℃ are 1.04, 0.69, and 0.58 times of that at room temperature. 

For Series J133, the maximum strains on the overlap region at 40℃, 55℃, and 70℃ are 0.88, 0.76, 

and 0.36 times of that at room temperature. 

On the other hand, the strain concentrations locate at different positions for different joints at 

elevated temperatures. For Series A2014, as the temperature rises to 55℃, the location of the strain 

concentration moves towards the free end and is ~4.3 mm away from the crossing line. The joints 

still behave linearly, as shown in Fig. 12(a). When the temperature reaches 70℃, the strain 

concentration continues to move toward the free end and is ~9.0 mm away from the crossing line, 

and the strain distribution on the overlap region fluctuates significantly. It implies that severe 

damages were generated within the bonding layer between the strain concentration and the crossing 

line. It results in the reduced stiffness and the nonlinear behavior of the joints under the high 

temperature of 70℃ (see Fig. 12(a)). The above results also show that the damaged area within the 

adhesive layer is expended as the temperature rises. Different from Series A2014, as the temperature 
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rises, the strain concentrations on Series J133 almost occurred at the same position and always close 

to the crossing line (slightly vary). It indicates that no severe damages were generated within the 

adhesive layers before the joint fracture at all temperatures. Therefore, these joints behave linearly 

almost with a constant stiffness at all temperature levels, as shown in Fig. 12(b). Generally, the J133 

specimens are more capable of maintaining their bonding integrity than A2014 specimens under 

high temperatures.

(a)  (b)

Fig. 18 Strain distributions on the observation area at 100%Pu: (a) Series A2014, (b) Series J133.

5. Conclusions

In the present study, the effects of elevated temperatures on the mechanical behavior of bulk 

EAs and their CFRP-steel hybrid bonded joints were investigated. The following conclusions can be 

drawn:

(1) Among the adhesives studied, adhesive A2014 possesses the highest GTT, followed by the 

adhesive J133, regardless of which definitions for GTT were used. However, adhesive J133 has 

the highest tensile strength and toughness (strain energy density) under almost all temperature 

levels. 

(2) The MRC of the EAs corresponding to Tg,o is higher than 0.5, and the bond strengths of the 

CFRP lamina-steel bonded joints at Tg,o are higher than 50% of those at room temperature. 

Therefore, it is more appropriate to use Tg,o as an indicator to determine the working 

temperature limit of EAs.

(3) The adhesive with the highest tensile strength and toughness at elevated temperatures (i.e. 

adhesive J133) forms the most robust bonding between CFRP and steel at these temperatures. 

SEM images for the joint fracture surfaces show that adhesive J133 provides a stronger 

adhesion with the CFRPs than adhesive A2014 at all testing temperatures.

(4) The bond strength of the CFRP lamina-steel joints degrades by over 50% at 70℃ compared 

with that at room temperature. Moreover, the bond strength degradation is correlated with that 

of the tensile strength of the adhesive rather than its modulus.
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(5) The bond strength degradation mechanisms at elevated temperatures are different for the two 

types of bonded joints. With the increase of temperature, the bond strength degradation of 

A2014 joints results from the reduced adhesive layer-to-CFRP interfacial adhesion, while that 

of J133 joints is mainly due to the reduced adhesive layer-to-steel adhesion.

(6) Under high temperatures, e.g., 55℃–70℃, severe progressive damages in the bonding layer are 

generated in the regions with high strain concentrations for A2014 joints during loading, 

leading to the nonlinear behavior and reduced stiffness of the joints. However, for J133 joints, 

no severe damages are generated within the bonding layers before the joint fracture, resulting in 

linear behavior with almost the same stiffness for all elevated temperatures tested. Generally, 

the J133 joints are superior for maintaining their bond integrity than A2014 joints at high 

temperatures.
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