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Abstract. Chemiluminescence anlaysis and high-frequency eddy current testing 

(HF-ECT) were examined as nondestructive evaluation techniques to assess the 

hardening degree of epoxy resin in carbon fiber-reinforced plastic. Both techniques 
showed a correlation with the hardening degree of epoxy resin measured by 

differential scanning calorimetry. The results also indicated that the application of 

HF-ECT at frequencies of >50 MHz is suited for hardening degree determination. 
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1. Introduction 

The matrix resin, such as epoxy, play an important role in the mechanical properties of 

carbon fiber-reinforced plastics (CFRPs). However, complete curing of the matrix is not 

always achieved. The curing conditions employed thus determine the final mechanical 

properties [1]. "Uncured regions" may be seen during the manufacturing of rather large 

or long products. At the heating process in resin transfer molding method or pultrusion 

method, which are the processes not using prepreg, the uncured regions tend to be also 

occurred. To avoid the formation of uncured region, manufacturers often perform 

prolonged heating and/or post curing of the products. However, such processes increase 

the production cost and cycles.  

       The hardening degree of resin is typically evaluated by differential scanning 

calorimetry (DSC). In such a process, a few milligrams of the test specimen are heated, 

and the transition enthalpy of the specimen is measured. When the specimen is heated 

under nitrogen atmosphere, the hardening degree � can be determined by Eq. (1); 

                                                    (1) 
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where, q is the heat flow (mW), H(t) (mJ) is the enthalpy of the reaction up to elapsed 

time t (s), te is the time at which curing is complete, and HT is the total enthalpy of the 

curing reaction [2]. From Eq. (1), the hardening degree of resin varies from 0 to 1, which 

can be used as a measure of the degree of completeness of the curing process, with 0 

indicating that no curing had occurred and 1 indicating that curing is complete. 

Accordingly, the hardening degree can be used to indirectly evaluate the quality of the 

product. 

       However, evaluating the hardening degree via DSC is unsuitable for a 

comprehensive assessment of the quality of a product because only small portions of the 

product (rather than the entire product) can be tested. Additionally, DSC is a destructive 

evaluation technique as the product is lost upon heating. Thus, developing alternative 

nondestructive evaluation technique for the hardening degree of resin is desirable. 

Potential candidates include chemiluminescence analysis (CLA), which involves the 

measurement of chemiluminescence (CL) photons that is generated by resin upon curing 

with photo multipliers. As the amount of CL photons generated is linearly correlated to  

the hardening degree of epoxy resin [3], CLA can be used to assess the hardening degree 

of CFRPs. In another method, high-frequency eddy current testing (HF-ECT), an 

electromotive force v is generated on a pickup coil when eddy current is generated on 

the CFRP using an exciting coil; v can be described by Eq. (2): 

 
(2) 

where B is the magnetic field intensity (Wb/m2), S is the cross section of the pickup coil 

through which the magnetic flux passes, µ is the magnetic permeability (H/m), and H is 

the magnetic field strength (A/m). According to Maxwell's equations, H and the electric 

field E (V) are related as described in Eq. (3): 

 (3) 

where � is the electric conductivity (S/m), � is angular frequency, and � is the 

permittivity (F/m). Furthermore, �E is effectively the conduction current JC and j��E is 

the displacement current JD. When discussing eddy current in metallic materials, JD is 

often ignored because it is considerably smaller than JC. However, when considering 

insulators such as epoxy, the contribution of JD is important in particular in high- 

frequency regions.  

       For the case of CFRPs, the epoxy matrix region accounts for more than 40 vol.% of 

the total volume of the CFRP. Therefore, the contribution of JD is considered for 

interpretation of the eddy current signal. In a high-frequency region, e.g., > 2 MHz, � of 

epoxy resin can influence the electromagnetic field based on Eqs. (2) and (3). For 

instance, it is important to consider |JD|/|JC| (= ��/� = �) values when either carbon fiber 

or epoxy resin is dominant in determination of �. When carbon fiber is dominant, �CF is 

calculated by using values of � and �r of carbon fiber, whereas �EP is calculated with 

those of epoxy resin when epoxy resin is dominant. 

       We briefly assessed the influence of JD by calculating �CF, �EP and a product of them 

(�CF �EP) by assuming that � values of carbon and epoxy are 1.5 × 104 S/m [4] and 1.0 

× 10-12 S/m, respectively. The relative permittivity �r values (�r = �/�0, where �0 is 

permittivity of vacuum) are 1 and 2, respectively. Table 1 shows the values of �CF, �EP 

and �CF �EP at frequencies ranging from 0.5 to 50 MHz. As observed, generally, at lower 

frequencies (< 2 MHz), the �CF value of carbon fiber is comparable with �EP the value 

of epoxy resin. At frequencies ≥ 2 MHz, the �CF �EP value is larger than 1.0, which 

indicates that JD of epoxy resin is important in eddy current. Considering that the actual 
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electromagnetic properties of CFRPs are more complex, these values can only be used 

as guidelines for establishing criteria surrounding frequency for eddy current testing. 

 

Table 1. |JD|/|JC| (=�) values when either carbon fiber (�CF) or epoxy resin (�EP) is dominant and a product of 

�CF and �EP���CF �EP). 

 

 

       As curing of the epoxy progresses, the molecular weight of the resin increases and 

the dielectric constant of the resin decreases [4]. Variations in permittivity can change 

the electromotive force and coil impedance. Therefore, HF-ECT could be used to 

evaluate the extent of curing and hardening degree based on variations in the dielectric 

constant of the cured epoxy.  

       Gäbler et al. reported the use of HF-ECT at high frequencies (6 MHz) for evaluating 

the hardening degree of epoxy resin [6]. Measuring variations in the hardening degree of 

epoxy resin was possible using HF-ECT and a coil with a diameter of 2 mm. Their results 

indicated that HF-ECT could be used to evaluate the hardening degree of CFRPs. 

However, it is yet to be determined whether the HF-ECT signal of CFRPs is correlated 

to the hardening degree. 

       In the present study, we attempt to evaluate the HF-ECT signal amplitude of CFRPs 

for comparison with the hardening degree obtained by DSC at high frequencies of ≥ 2 

MHz. Additionally, we discuss the applicability of HF-ECT and CLA as nondestructive 

evaluation methods for assessing the hardening degree of CFRPs. 

2. Method 

2.1. Preparation and DSC of CFRP 

One ply of prepreg (P3252S-25, Toray Industries Inc., Tokyo, Japan) was cut into a 

certain shape and cured by heating in a furnace at 100ºC for 30, 60, and 120 min and at 

150ºC for 120 min under air atmosphere. The heated specimens were then sealed and 

stored in a freezer until analysis.  

       The curing progress of epoxy was evaluated by DSC. A few milligrams from various 

parts of the test specimen were sampled and subjected to DSC analysis (DSC-6100, 

Seiko Instruments Inc., Chiba, Japan). The samples were heated at a rate of 5ºC/min from 

50ºC to 200ºC, and the exothermic heat flow (mW) was measured. If the epoxy is not 

perfectly cured, the curing reaction heat is generated. The transition enthalpy 	H 

(mJ/mg) of the CFRP can then be measured using the heat flow and weight of the sample. 

In the present paper, the hardening degree � of epoxy resin is described as follows: 

                                                                                                  (4) 

where, 	Hp is the total reaction enthalpy of the prepreg (uncured CFRP) and 	Hi is the 

enthalpy of the total reaction of the heated CFRP.  
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2.2. Chemiluminescence Analysis of CFRP 

The CL intensity (photon counts per second, cps) of the specimens was measured using 

a chemiluminescence analyzer (CLA-FS4, Tohoku Electronic Industrial Co., Ltd., 

Sendai, Japan). The specimens (20 × 20 mm2) were placed in a sample chamber filled 

with nitrogen gas at 150ºC, and the CL intensity was measured using photomultiplier 

tubes. The CL intensity was calculated using the area of the CL curve. 

2.3. High Frequency Eddy Current Analysis of CFRP 

For HF-ECT, a pancake coil comprising a ferrite core was used. The inner diameter and 

outer diameter of coil were 1.4 mm and 3.0 mm respectively. The diameter of the wire 

was 0.2 mm. The number of turns was 38 and the height of the coil was 2.4 mm. The coil 

liftoff was 0.3 mm. The ferrite core was a cylinder with a diameter of 0.8 mm and a 

height of 3.0 mm. The surface of the core was arranged on the surface of the probe. In 

the present study, two resonance peaks were observed on a prepreg and CFRPs using an 

impedance analyzer (4294A, Agilent Technologies, Inc., Santa Clara, California, USA) 

(Fig. 1). The first resonance (5.9 MHz) is self-resonance and the second resonance (56.9 

MHz) is due to coupling between coil and CFRP. CFRP has inductance and capacitance 

components when eddy current is generated. Especially, the coil impedance at higher 

resonance frequency is sensitive to the variation of the permittivity of target material [6]. 

The probe was placed on the surface of the CFRP specimen, and the real part and 

imaginary part of the impedance were measured at a constant current of 20 mA. The 

impedance was calibrated by the impedance value measured in the air. 

 

 

Figure 1. Impedance profile of the pancake coil comprising a ferrite core on a prepreg 

at 23ºC. 

3. Results and Discussion 

The DSC curves of the heated CFRP specimens are shown in Fig. 2. As observed, 

prepreg, which was not heated, exhibited a large heat flow during DSC measurement. In 
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contrast, the specimens that were heated for a long time exhibited a lower heat flow. 

Specifically, the specimen that was heated for 120 min at 150ºC hardly exhibited a heat 

flow, indicating that the CFRP specimen was perfectly cured under this heating condition. 

The transition enthalpy values of the specimens, calculated from the DSC curves, are 

shown in Fig. 3a. The relationship between the hardening degree and the transition 

enthalpy of the specimens is shown in Fig. 3b. From the latter graph, the relationship 

between CL intensity and HF-ECT signal and the hardening degree of the CFRPs can be 

evaluated. 

 

 
Figure 2. DSC curves of prepreg (not heated) and the heated CFRPs. 

 
Figure 3. (a) Transition enthalpy 	H of prepreg and heated CFRPs. (b) Relationship 

between the hardening degree � and transition enthalpy 	H of CFRP specimens 

measured by DSC. 

 

       Fig. 4 shows the variations in CL intensity as a function of time. The high CL counts 

obtained indicate that epoxy is not cured upon heating at 100ºC. As heating was 

prolonged, the CL counts decreased, indicating the progress of curing. Fig. 5 shows the 

relationship between the average CL intensity obtained over 8 min of measurement and 

the hardening degree obtained by DSC. The obtained correlation indicates that CLA can 

be used as a nondestructively evaluating technique for assessing the hardening degree of 

CFRPs.  
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Figure 4. Variations in CL intensity as a function of time of the heated CFRPs in N2 

atmosphere. 

 
Figure 5. Relationship between the average CL intensity obtained over 8 min of 

measurement and hardening degree. 

 

        Fig. 6 shows the coil impedance diagram of the CFRPs at varying frequencies from 

54 to 60 MHz obtained by HF-ECT. The phase of the impedance plot changed according 

to the frequency. Variations in the impedance Z (Z = {(Real Z)2 + (Imaginary Z)2}1/2) 

became larger as the frequency approached the resonance and reaches a maximum at 

56.9 MHz before becoming smaller as the frequency increased above the resonance. 
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Figure 6. Impedance diagram of the heated CFRPs at frequencies ranging from 54 to 60 

MHz. 

 

        Fig. 7 shows the relationship between the coil impedance Z and the hardening 

degree. As observed, the coil impedance of CFRP decreased as the hardening degree 

(which is a measure of the extent of curing) increased. The same relationship was 

reported for epoxy resin by Gäbler et al. [6]. Thus, HF-ECT can also be used as a 

nondestructive evaluation method for assessing the hardening degree of CFRP matrices. 

        The relationship between coil impedance and hardening degree was similar to that 

obtained between CL intensity. Both relationships could be well fitted with the allometric 

function y = axb. However, it is yet to be determined why the relationships approximate 

to an allometric function. Regardless, the two methods examined herein can be used as 

nondestructive evaluation tools. CLA can be conducted in the absence of probes, which 

are typically in close proximity to the test specimens in conventional methods. However, 

CLA should be carried out in a dark room for precise detection of CL. Therefore, 

evaluation of the hardening degree with CLA has some constraints. In contrast, HF-ECT 

should be performed at a constant temperature and liftoff of the probe should be well 

controlled to avoid interference with the impedance measurement. Thus, though CLA 

and HF-ECT can be used as nondestructive techniques for evaluating the hardening 

degree of CFRPs, the conditions required for the measurements differ. Selection of the 

technique is therefore dependent on the user's needs. Additionally, results obtained from 

CLA are only representative of the surface of the test specimen. In contrast, in HF-ECT, 

it is unclear how representative the extracted information is in relation to the depth of the 

specimens examined because eddy current including displacement current in CFRPs are 

complicated and not well understood to date. However, numerical analysis and precise 

experiment can be useful for the interpretation and quantitative calculation of the effect. 

Understanding the mechanism of eddy current in CFRPs is one of the main fields of 

research in electromagnetics. 

 

 

 

 

 

 

H. Kosukegawa et al. / Nondestructive Evaluation of Hardening Degree of Epoxy Resin in CFRP 71



 
Figure 7. Relationship between coil impedance obtained at 56.9 MHz and hardening 

degree. 

4. Conclusion 

Both chemiluminescence analysis and high-frequency eddy current testing techniques 

show the correlation with the hardening degree of CFRP measured by DSC. Similar 

variations in the coil impedance of the CFRPs examined and epoxy resin were observed 

at the resonance frequency. By measuring the coil impedance at the resonance, it was 

possible to assess the hardening degree of the CFRPs by eddy current testing. The present 

results indicate that both chemiluminescence analysis and high-frequency eddy current 

testing techniques can be applied as nondestructive evaluation techniques for assessing 

of the hardening degree of CFRPs. 
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