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ABSTRACT 

Interfacial and mechanical properties of thermal aged carbon fiber reinforced epoxy composites 

(CFRP) were evaluated using acoustic emission (AE), electrical resistance (ER) and thermogram 

measurements. Unidirectional (UD)-composites were aged at different temperatures to produce 

different interfacial conditions. AE and ER of UD composites were measured along 0, 30, 60 and 90
o
. 

Changes in wavespeed, with thermal aging, were calculated using wave travel time from AE source to 

AE sensor and the changes in ER were measured. For thermogram evaluation, the composites were 

laid upon on a hotplate and the increase in the surface temperature was measured. Static contact angle 

were measured after different thermal aging and elapsed times to evaluate wettability. Interlaminar 

shear strength (ILSS) and tensile strength tests were also performed to explore the effects of thermal 

aging on mechanical properties. While thermal aging was found to affect all these properties, the 

changes were particularly evident at 400 
o
C.   

 

1 INTRODUCTION 

Due to some of their unique and superior properties, FRPs are being increasing used in many 

applications ranging from rehabilitation to construction [1]. Composites are currently being developed 

for applications in severe environments including cryogenic and high temperature, corrosive 

environments and exposure to ultraviolet radiation [2, 3] and to assess its location and severity. The 

extent of damage, caused by exposure to such conditions, is determined using nondestructive 

evaluation (NDE) procedures, including ultrasonic, radiography, thermography, acoustic emission 

(AE), modal analysis (such as instrumented tap testing) and eddy-current testing [4, 5]. Recently, in 

the area of structural health monitoring, polymer conductive composites have received considerable 

attention due to some of their distinct advantages. [6]. 

Contact angle measurements are widely used for investigating surface characteristics of materials. 

The wettability of solid surfaces is an important aspect surface science for a variety of practical 

applications. The Young-Dupre equation, in terms of the contact angle of a drop of selected liquids on 

a surface is commonly used to evaluate [7, 8].  

Acoustic emission (AE) is important nondestructive evaluation (NDE) tool for the investigation of 

the mechanisms of micro-failure in structural composite materials. It has been used as a reliable tool 

for the characterization of structural integrity and to help identify damage mechanisms in complex 

composite structures under various loading conditions [9, 10]. In these approaches, mechanical and 

AE information are separately applied to assess behavior of components undergoing mechanical 

loading [11]. 

The basic principles underlying the electrical resistance (ER) method of electrical conductive 

concrete composites are rather straight forward. This method is based on the electrical resistance 

change (ERC) associated with structural and dimensional changes accompanying the application of 

stress. Prior research has shown that there in a concomitant increase in ERC with increasing stress 

conductive composites [12, 13].  
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This method consists of measurements of the changes of resistance with stress in CFRP specimens 

and has been shown to provide information on the basic failure mechanisms. The method has been 

found to have several advantages: the possibility of continuous monitoring of CFRP under loading, the 

ability to simultaneously detect defects throughout the volume of the specimen, and the possibility of 

locating and investigating failure mechanisms in the composite structure in real time [14].  

Various NDE methods are applied to monitor the static and dynamic failure conditions inside 

composite materials. Methods based on the acoustic techniques and thermal methods are used to detect 

defects in the composite structure [15]. The thermogram is solely based on the heat distribution in the 

system. Thermogram based temperature measurement technique offers many advantages such as 

prompt response times and ample temperature ranges [16].  

In this study, the UD-CFRPs were aged at 200, 300, 400 
o
C with a goal of producing different 

interfacial conditions to make the different condition of interface. AE and ER sensors were installed 

along angles of 0, 30, 60 and 90 
o
.The time of travel of waves between the AE source and AE sensor 

was used to calculate change in wavespeed while ER sensors were used to determine the changes in 

ER, with aging. For the thermogram evaluation, CFRP specimens were laid on a hotplate and the 

increase in surface temperature was measured as the hot plate was heated. Changes in static contact 

angle were also measured, for the different CFRPs, and related to the thermal aging. To investigate the 

effects of aging on mechanical properties, interlaminar shear (ILSS) and tensile stress tests were 

conducted. The wavespeed and ER were correlated with the different thermal aging temperatures for 

the CFRP.  

 

2 EXPERIMENTAL 

2.1 MATERIALS AND SPECIMENS 

Carbon fiber (T700SC, Toray Co. LTD., Japan) was used for the composite prepreg (CF preperg, 

Hankuk Co., Ltd., Korea). Bisphenol A type epoxy was used as resin for the UD composites. The 

CFRP composites were cut to 100 mm x 100 mm square specimens which were cured a hotpress. 

These UD-CFRP specimens were supplied by the Hankuk Co., Ltd. 

 

2.2 METHODOLOGIES 

 
Figure 1: Schematic of interfacial measurement using AE and electrical resistance 
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AE and ER measurements were used to evaluate changes in the CFRP specimens resulting from 

thermal aging. Figure 1 shows a schematic arrangement for the interfacial measurements using the AE 

and ER methods. As a first step, thermal aging of the CFRP was conducted as 200, 300 and 400 
o
C. 

The aged CFRP specimens were then evaluated by the NDE methods previously described. The 

sensors were installed along the specified 0, 30, 60 and 90 
o
 directions. The distance between the wave 

source and sensor for the AE evaluation was 100 mm. 

An oscilloscope (LT584, Lecroy, U.S.A.) was used to measure the wavespeed. The AE sensors 

were fixed on both two sides of the specimen with as pacing of 100 mm. The wavespeed was 

calculated by the time for the wave to travel between the source and the sensor by the equation: 
 

v =  
𝑙
𝑠
                                                                    (1) 

 

where, v is the wavespeed, l is distance between wave source and sensor and s is the wave travel time 

[17]. 

The electrical resistance of the CFRP composite specimens was determined by the four-probe 

method using a multimeter (HP34401A) [18]. The specimen’s electrical resistivity was determined by 

means of electrical contact points, using embedded copper wire without silver paste, located at 

regularly spaced intervals, along the specimen. The resistivity is the resistance per unit volume of the 

bulk material, and its determination provides a measure of the state of dispersion of the CNT filler in 

composites. The equation used for calculation of this electrical resistivity is: 
 

ρ𝑣 = (
𝐴𝑣
𝐿𝑒𝑐

) × 𝑅𝑣                                                          (2) 
 

where  ρ𝑣  is the resistivity, 𝑅𝑣 is the measured electrical resistance, 𝐴𝑣 is the cross-sectional area, and  

𝐿𝑒𝑐  is the spacing between the electrical contact points [19]. 

Wettability was determined from static contact angles using uniform micro-droplets of double 

purified water. Uniform micro-droplets were each positioned on the surfaces of specimen of the 

different CFRP. These measured angles are related to the surface tensions by Young’s equation: 

 

γ𝑆 − γ𝑆𝐿 = γ𝐿𝑐𝑜𝑠𝜃                                                      (3) 

 

where, where θ is the measured contact angle, γL is the surface tension of the liquid, γSL is the 

interfacial energy between the solid and the liquid, and γS is the surface energy of the solid substrate 

[20, 21]. 

To measure the mechanical properties of specimens, the short beam test (ASTM D-2344) 

and tensile tests (in the transverse direction) were performed on specimens with the different 

aging histories. A UTM (H1KS, Lloyd, U.S.A.) at a cross-head speed of 1 mm/minute was 

used in these tests. The equation used to determine the ILSS from the test results is: 

 

τ =  
3𝑃𝑚𝑎𝑥

4𝐵𝑑
                                                        (4) 

 

where Pmax is the load at the center of the short beam specimen, B is the thickness and d is the 

width of test specimen [22, 23]. 
 

3 RESULTS AND DISCUSSION 

3.1 AE and ER evaluation of CFRP aging 

Figure 2 shows the AE wavespeeds in the specified directions for the CFRP after the indicated 

different thermal aging treatments. Initially, the wavespeed in the longitudinal direction was higher 

than it was in the transverse direction. The wavespeed in the longitudinal direction decreased more 

rapidly with thermal aging than the wavespeed in the transverse direction. This was especially true for 

the 400 
o
C aging where the decrease was 597 m/s. It is thought that these affects might be related to 

microcracking between fiber and matrix, during aging, tending to retard the wave motion.  
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Figure 2: Wavespeeds of each directions of CFRP after aging treatment 

 

 

 
Figure 3: Electrical Resistance of each directions of CFRP after aging treatment 

 

Figure 3 shows results of the ER tests for each of the specified directions on the CFRP specimens, 

after the indicated thermal aging treatments. Initially, the ER in the longitudinal direction was lower 

than that for the transverse direction. With thermal aging the ER in the longitudinal direction increase 

more rapidly than it did in the transverse direction. It is hypotheses that these affects are related to 

microcracking between fiber and matrix, during thermal aging, which would tend to interrupt electrical 

flow in the material thereby increasing the ER. 
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Figure 4: Electrical Resistance and wavespeed of transverse direction of CFRP after aging 

treatment 

 
Figure 4 shows the ER and wavespeed in the transverse direction for CFRP after the different aging 

treatments. The wavespeed decreased while the ER increased for the thermal treatment up to 300 
o
C. 

After the 400
o
C treatment, both the wave and the ER exhibited significant decreases. It appears that 

for aging at temperatures up to 300 
o
C there were significant but rather gradual changes in wave 

velocity and ER but 400 
o
C aging resulted in much more dramatic changes and in the case of ER evens 

a reversal in the direction of the change. 

 

3.2 Thermal and surface properties 

 
Figure 5: Thermogram of heat transfer of CFRP after aging treatment: (a) neat; (b) 200˚C; (c) 300 ˚

C and (d) 400 ˚C 

 

Figure 5 shows a thermogram for heat transfer in the CFRP after the different thermal aging 

treatments. It is seen that the color of thermogram changed with changes in thermal aging. For the neat 

CFRP, the color changed from bright purple to nearly yellow, the 200 and 300 
o
C treated CFRP the 

change was from purple to orange, whereas for the 400 
o
C treated CFRP the color change was from 

blackish-violet to bright purple. These color changes might be viewed as indicators of changes in the 

degree or extent of heat transfer in the CFRP specimens.  
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Figure 6: Change of heat transfer of CFRP after aging treatment 

 
Figure 6 shows the change in heat transfer in CFRP after different thermal aging treatments. The 

temperature increased rapidly during the first 20 seconds and then much more gradually. The degree 

of thermal transfer was largest for the neat CFRP dramatically less for CFRP treated at 400 
o
C. For 

example, at 180 seconds the temperature of the neat material had increased to 84.4 
o
C, while at the 

same time the temperature of the material aged at 400 
o
C had only increased to 48.4 

o
C. 

 

 
Figure 7: Change of static contact angle on different thermal aging CFRP 

 
The photographs in figure 7 clearly illustrate the differences in the static contact angles for droplets 

of water on CFRP with the different thermal aging treatments. For neat CFRP, the initial contact angle 

was 73 
o
 and the contact angle rapidly decreased with time such that. After 60 seconds contact angle 

was essentially 0
o
 as the water was almost completely absorbed into the CFRP. Somewhat similar 

behavior, but at a reduced rate, was observed for the CFRP that had been aged at 200
 o
C and 300 

o
C. 

However, for material aged at 400 
o
C the initial contact angle was 107 

o
 and it experienced very 

little change during the 60 second observation period. It could be due to exposed hydrophobic carbon 

fiber by thermal treatment, which resulted in the elimination of epoxy resin on the surface. Figure 8 

shows the change in static contact angle as a function of time for GFRP with the different aging 

treatments. Figures 7 and 8 together clearly demonstrate the dramatic difference thermal aging has on 

wetting behavior. 
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Figure 8: Static contact angle of CFRP as different aging temperature 

 

3.3 Mechanical and interfacial properties and modeling of CFRP after thermal aging 

 
Figure 9: ILSS test of CFRP after aging treatment 

 

Figure 9 shows the results of ILSS short beam testing on GFRP specimens with the different 

thermal aging treatments. The ILSS decreased from approximately 60 MPa for the neat material to 

roughly 10 MPa for material aged at 400 
o
C. As with the other properties, discussed previously, the 

ILSS decreased significant but rather gradually up to an aging temperature of 300 
o
C, but experienced 

a very dramatic decrease for GFRP aged at 400 
o
C. This dramatic decrease in ILSS was accompanied 

by a significant increase in micro cracking.  

Figure 10 shows the results of tensile testing in the transverse direction of CFRP after the different 

thermal aging treatments. The tensile strength for neat CFRP was approximately 65 MPa but only 5 

MPa for the CFRP aged 400 
o
C. Figure 10 also shows a couple of FE-SEM photographs of tensile a 

neat specimens and a specimen aged at 400 
o
C. These clearly illustrate differences in which the resin 

and carbon fibers that are initially connected at their interface becomes more disconnected during the 

400 
o
C aging, as some of the epoxy evaporated or was otherwise degraded and removed.  
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Figure 10: Tensile test of transverse direction of CFRP after aging treatment 

 

 
Figure 11: Schematic diagram of CFRP after thermal aging: 

 

Figure 11 shows schematic modeling of CFRP after different thermal aging treatments. In the neat 

condition, the carbon fibers are effectively covered with and bonded to the matrix. During thermal 

treatment the composites damaged in that weakly bonded and relatively thermally weak polymer 

matrix is removed. This affects the acoustic properties resulting in a decrease in wavespeed, as well as 

a decrease in electrical conductivity. These models also provide an indication on why aging should 

affect ILSS and tensile strength (particularly in the transverse direction). 

 

4 CONCLUSIONS 

UD-CFRPs were aged at 200, 300, 400 
o
C resulting in different interfacial conditions and 

properties. AE, ER and thermogram measurements were used to investigate aging produced changes in 

the CFRP properties. For the AE and ER studies sensors were installed along angles of 0, 30, 60 and 

90 
o
. AE and ER measurements revealed that the wavespeed decreased while the ER increased for 

aging treatment up to 300 
o
C followed by a very large decrease in wavespeed and a large decrease in 

conductivity for specimens aged at 400
 o

C. The rate of heat transfer was best in neat CFRP and it 

experienced a rather gradual decrease up to an aging temperature of 300 
o
C followed by a very 

significant drop for CFRP aged at treated at 400 
o
C. Water droplet contact angles and there changes 

with time were found to be dependent on thermal aging treatment. For the neat CFRP the initial 

contact angle was just over 70 
o
 and rapidly decreased to essentially 0

o
 after 60 seconds as the water 

appeared to be absorbed into the composite. Aging of the CFRP dramatically changed its wetting 

behavior. The rate of spreading gradually decreased with aging temperature up to 300 
o
C after which a 

large change occurred and there was almost no spreading evident during the 60 second observation 

period for material aged ILSS and tensile test results exhibited trends similar to those just described. 

Both the IISS and tensile strength decreased significantly but relatively gradually with aging up to 300 
o
C but dropped precipitously for the material aged at 400 

o
C. Measurement related to heat transfer and 
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FE-SEM observations provided further evidence for thermal aging induced structural damage of the 

composite. Experiments in which CFRP specimens, with the different aging histories, were placed on 

a hot plate and their surface temperature measure as a function of time, clearly demonstrated that 

thermal aging, particularly at 400 
o
C, reduced the composite’s heat transfer capability. FE-SEM 

photographs showed that resin-fiber bonding and resin integrity was greatly diminished in the CFRP 

aged at 400 
o
C. 
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