
Evaluation of Acid and Alkali Aqueous Solution Penetration in 
Polymeric Materials by Terahertz Time-Domain Spectroscopy 

 
Masahiro KUSANO 1, Saiko AOKI 1, Masatoshi KUBOUCHI 1 

 
1 Department of Chemical engineering, Graduate School of Science and Engineering, Tokyo Institute of 

Technology; Tokyo, Japan 
Phone: +81 3 5734 2124, Fax: +81 3 5734 2124; e-mail: kusano.m.ab@m.titech.ac.jp 

 
Abstract 
In this study, degraded epoxy (EP) and unsaturated polyester (UP) specimens were measured by Terahertz time-
domain spectroscopy (THz-TDS). Epoxy specimens were immersed in H2SO4 aqueous solution. Water and 
sulfate ion penetrated into epoxy resin without polymer chain scission but UP polymer chain was cut on ester 
bonds under alkali solution, such as NaOH. This turned UP into corroded products from the surface and 
remained on the surface as a layer. Spectrum of the complex refractive index of the specimens at 0.1 - 0.6 THz 
was measured by THz-TDS in transmission geometry. The refractive index and the extinction coefficient of both 
samples increased after immersion into solution. Since the specimen’s corrosion layer thickness and penetration 
depth also increased in proportion to the mass fraction, the refractive index could be related to the thickness. 
Thus, THz-TDS could non-destructively measure the thickness even though it was simple transmission mode. 
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1. Introduction 

Fiber Reinforced Plastics (FRPs), which consist of strong fibers and polymeric matrix, are 
used for a wide range of applications such as constructional material of small yachts, fishing 
vessels and water storage tanks, since FRPs have a high specific strength and good 
waterproofness. If anti-corrosion polymer, such as vinyl ester and epoxy, is selected as matrix, 
the FRPs are used as acid/alkali solution storage tanks, pipes and ducts in chemical plant. 
Furthermore, the anti-corrosion resin and its FRPs are applied as lining and coating on metal 
and concrete materials under severe condition for materials such as around coast. 
However, FRP equipment has degraded little by little even though it has waterproofness and 
anti-corrosion properties because it has been used for several decades under severe condition. 
Water and acid/base ions (penetrants) can adsorb onto the polymer surface and penetrates into 
polymeric network structure, causing changes in physical properties of polymer, thus weaken 
adhesion strength between fibers and polymer or make fibers weaker. Then, mechanical 
degradation such as crack and delamination may occur. Penetrants could also lead to the 
corrosion product formation on metal substrates under the linings and coatings. 
In order to predict the life of FRP equipment, due to the fact that penetration and corrosion 
occurs in advance to mechanical degradation, information of penetrants kind, penetration 
depth and reactivity should be gathered. For example, fluorescent X-ray spectroscopy and IR 
spectroscopy gives elemental ratio and chemical structure of material respectively [1][2]. 
These spectroscopic devices have become handy so that they can be easily used in the field. 
However, these devices can be used only to study the surface of equipment because the rays 
can hardly transmit through bulk. Terahertz frequency range (0.1 - 10 THz) corresponds to the 
spectral region between microwave and IR range, and had received an increasing interest in 
the past decade, especially with progress in terahertz time-domain spectroscopy (THz-TDS). 
The advantages of THz spectroscopy are high penetration depths of THz electromagnetic 
waves into the polymers, high THz wave absorptivity by water and unique spectral fingerprint 
in the frequency [3]. We also studied water inside thermosetting polymers by using THz-TDS 
[4]. In this paper, THz-TDS was used to investigate corrosion of anti-corrosion resin degraded 
by acid and alkali solution.  
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2. Experimental 

2.1 Specimen 

Two thermosetting polymer plate specimens were prepared; ortho-phthalic unsaturated 
polyester (UP) and bis-phenol A type epoxy (EP). The resin was mixed with curing agent or 
accelerator and then was poured into mold and cured in an oven. The thickness of specimen 
was approximately 4 mm. Chemical structures of UP and EP is shown in Fig. 1. 
In order to corrode the specimen from its one-sided surface (so called one-side immersion 
test), it was fixed on a glass vessel filled with test solution at 70˚C. One-sided immersion test 
equipment is shown in Fig.2. Four UP specimens were touched with 30 mass% NaOH 
aqueous solution for 120, 240, 360 and 456 hours respectively. Five EP specimens touched 
with 10 mass% H2SO4 aqueous solution for 9, 48, 150, 300 and 600 hours respectively. The 
glass vessel was removed after immersion, and then masses, thicknesses and THz spectra of 
the specimen were measured. Then, the specimens were dried in warm air to remove water 
inside and same measurements were performed again. To study corrosion depth, the cross 
section of the specimen was observed by SEM and analyzed by EDS (Energy dispersive X-
ray spectrometry).  
  

 

 

Fig. 1  Chemical structure of (a) UP and (b) EP. 
 

 
Fig. 2  One-sided immersion test 

 
2.2 Terahertz frequency time-domain spectroscopy 

A THz-TDS instrument was used to assess the complex refractive index in the THz frequency 
range. The instrument was supported by Olympus and Tanaka laboratory of KYOTO 
University. A schematic of the THz system in transmission geometry is illustrated in Fig. 3. 

(a) 

(b) 



An Er-doped fiber laser is operating at a center wavelength of 780 nm with an average output 
power greater than 20 mW and a pulse duration of about 10 fs duration at a repetition rate of 
50 MHz. Firstly, the output laser beam is split by a beam splitter into the pump and probe 
beams. Focusing the probe beam onto the biased gap of the photoconductive antenna (a low-
temperature-grown Ga As film, gap) produces THz radiation. The THz radiation emitted by 
the antenna is collimated and focused onto a specimen, and the THz wave transmitted through 
the specimen is focused onto another photoconductive antenna, or a detector. At the same 
time, pump beam is delayed for a few picoseconds by delay line and, then focused onto the 
antenna. The antenna acts as a detector gated by the probe beam and measures the time-
domain THz electric field. By varying the time between the probe and the pump beams, the 
entire time profile of the THz pulse wave can be obtained. To calculate the electromagnetic 
properties of a specimen, the wave is traced twice; without a specimen as a reference and with 
a specimen and the data are transferred to a computer and analyzed. The complex refractive 
index between 0.1 to 0.6 THz was evaluated. Real part of the index is the refractive index and 
imaginary part is the extinction coefficient. The measurement was conducted under dry 
nitrogen atmosphere at room temperature. 
 

 
Fig. 3  A schematic of the THz system in transmission geometry 

 
3. Results 

3.1 UP immersed in NaOH aqueous solution 

3.1.1 Corrosion behaviour 

It is known that NaOH aqueous solution causes hydrolysis at ester bonding of UP and some 
corroded resin remains on the surface as layer and the other dissolves into solution [5]. In this 
experiment, corrosion layer was also observed as shown in. Fig. 4. The SEM picture of the 
cross-section of the plate specimen shows a number of cracks of size from small to large sizes 
in the layer. In addition, EDS picture shows that Na element thoroughly penetrated into 
corroded resin layer. In order to evaluate water content inside specimen, water mass fraction, 
MW was calculated by equation (1), �� = ��賑�−�匂����賑�  ....................................................... (1) 

where Mwet represents the mass of the specimen after immersion time, and Mdry refers to the 
mass of the specimen after dried. As you can see in Fig. 5 (a), water mass fraction of UP 
increased with immersion time. Compared to UP immersed into water, more than 0.10 of 
water mass fraction is quite large. This is because the polymer softened by hydrolysis and 



cracks absorbed more solution. Fig. 5 (b) shows that a ratio of corrosion layer thickness to 
specimen thickness also increased in proportion to MW. 
 

  
Fig. 4  SEM and EDS (Na element mapping) pictures of the cross section of UP specimen after 456 
hours immersion. The right side is a surface of specimen contacted with NaOH aqueous solution. 

 

  
Fig. 5  Water mass fraction of UP specimen with immersion time and 

a ratio of corrosion layer thickness to specimen thickness with the mass fraction. 
 
3.1.2 Terahertz spectroscopy 

Fig. 6 shows the complex refractive index between 0.1 to 0.6 THz of UP specimen after 
immersion and after dried. Both the refractive index and extinction coefficient increased with 
immersion time and decreased after the specimens were dried in the warm air because of 
increasing and decreasing of water mass fraction. Though Na element from solution was in 
the corroded layer or carbonic acid and alcohol should have been produced owing to 
hydrolysis, any unique characteristic such as a sharp peak didn't appear in the spectra at the 
frequencies. As shown in Fig. 7, the refractive index and extinction coefficient at 0.4 THz 
increased in proportion to water mass fraction. 
 

(a) (b) 



 
Fig. 6  The refractive index and extinction coefficient of UP immersed in NaOH aqueous solution. 

Left: after immersion, Right: after drying. 
 

 
Fig. 7  The refractive index and extinction coefficient  
at 0.4 THz with water mass fraction of UP specimen. 

 
3.2 EP immersed in H2SO4 aqueous solution 
3.2.1 Penetration behaviour 
In the case of EP immersed into H2SO4 aqueous solution, sulfur and water penetrate into 
epoxy but don’t corrode polymeric structure [5]. As you can see in Fig. 8, boundary line 
between penetrated area and non-penetrated area was obviously recognized. During dry 
process, water desorbs out from the specimen whereas sulfur remains as a sulfate there. 
Therefore, sulfate mass fraction MSulfate were defined as equation (2), 

(a) (b) 



��通�捗�痛勅 = �匂��−�0��賑�  ....................................................... (2) 

where M0 represents the mass of the specimen before immersion. In Fig. 9 (a), the mass 
fraction of both sulfate and water increased in proportion to square root of immersion time. 
Fig. 9 (b) shows that a ratio of penetration depth to specimen thickness also proportionally 
increased with the mass fraction MSulfate. 
 

  
Fig. 8  SEM and EDS (S element mapping) pictures of EP specimen after 600 hours immersion. 

The right side is a surface of specimen contacted with H2SO4 aqueous solution. 
 

  
Fig. 9  The sulfate mass fraction of UP specimen with immersion time and 

a ratio of corrosion depth to specimen thickness with the mass fraction.  
 

 
3.2.2 Terahertz spectroscopy 

Fig. 10 shows the complex refractive index between 0.1 to 0.6 THz of EP specimen after 
immersion and after drying, respectively. Since water and sulfur penetrated into the specimen, 
both the refractive index and extinction coefficient increased with immersion time. However, 
after the specimens were dried, the spectra didn’t return to initial spectrum. This is because 
sulfur remained in the specimen as sulfate. As shown in Fig. 11, the complex refractive index 
at 0.4 THz both after immersion and after drying, increased in proportion to sulfate mass 
fraction. 
 

(a) 

(b) 



 
Fig.10  The complex refractive index of EP immersed in H2SO4 aqueous solution. 

Left: after immersion, Right: after drying. 
 

 
Fig. 11 The complex refractive index at 0.4 THz with water mass fraction of EP specimen.  

 
4. Discussion 

In both cases of UP specimens immersed in NaOH aqueous solution and EP specimens 
immersed in H2SO4 aqueous solution, the refractive index increased in proportion to penetrant 
mass fraction in the specimen. Moreover, corrosion layer thickness or penetration depth also 
proportionally increased with penetrant mass fraction. These cases are result of 
corrosion/penetration progressed by step-like process that accompanies obvious border 
between homogeneous corroded/penetrated layer and uniform virgin area. That’s why the 
refractive index can be related to corrosion layer thickness or penetration depth. 

(a) (b) 



Firstly, the slope In, the relationship between increment of refractive index at 0.4 THz and 
penetrant mass fraction MP, was calculated by substituting experimental data (Fig. 7 or Fig. 
11) to following equation, � = �0 + ���� ........................................................... (3) 

where n0 is the refractive index before immersion and MP is MW defined in equation (1) in UP 
case or MSulfate defined as equation (2) in EP case. 
Next, the slope It, the relationship between corrosion layer thickness in case of UP or 
penetration depth in case of EP, to penetrant mass fraction MP, was derived from following 
equation by substituting experimental data (Fig. 5 or Fig. 9), � = �痛�� .............................................................. (4) 

where d is corrosion layer thickness or penetration depth in the specimen thickness. 
Finally, d was determined by following equation derived from Eq. 3 and 4. � = ���� 岫� − �0岻 ......................................................... (5) 

Measurement data of n0, In and It are listed in Table 1. Fig. 12 indicates relations between 
corrosion layer thickness and penetration depth with the refractive index at 0.4 THz and 
calculated value. Consequently, corrosion layer thickness and penetration depth can be 
evaluated by transmission measurement of refractive index. 
 

Table 1  The refractive index of specimen before immersion, the slope In and It 

 
 

 
Fig. 12  Corrosion layer thickness with refractive index of UP specimen (left) 

and penetration depth with refractive index of EP specimen (right) 
 
5. Conclusion 

THz-TDS could measure penetrant amount in the polymeric specimen. Since penetrants 
amount increased in proportion to corrosion layer thickness or penetration depth, THz-TDS 
could non-destructively measure the thickness even though it was simple transmission mode. 



For this reason, THz-TDS will become one of the most promising NDT methods in the field 
such as chemical plant. 
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