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Abstract
Due to several excellent material properties, fiber-reinforced plastic (FRP) composites
are expediently used in many applications, e.g., in the field of renewable energy and
in oil, gas, and transportation applications. They show excellent mechanical stability,
low weight and fatigue, and high corrosion resistance. However, their full potential for
exploitation, as well as the lifetime of FRP-based structures, is limited due to certain
defects and damage mechanisms. One of the most important methods used to ensure
the quality of FRPs is non-destructive testing and active thermography. A prerequisite
for quantitative active thermography is accurate knowledge of the optical properties of
the investigated material (i.e., its spectral emissivity, reflectivity, and transmissivity).
The objective of PTB as a partner organization within the European EMRP project
titled “Validated Inspection Techniques for Composites in Energy Applications” was
to improve the state of the art of this technique. One of the goals in doing so was
to significantly reduce the uncertainty of emissivity measurements of FRP materials
in the visible and infrared wavelength ranges. Achieving a target value of lower than
0.01 of the emissivity of partially transmitting materials is very challenging, espe-
cially at temperatures close to room temperature. Different experimental setups at
PTB were employed for these measurements: one setup for spectral emissivity mea-
surements in air and the other for diffuse reflectivity and transmissivity measurements.
In this paper, we give a review of PTB measurements on emissivity, reflectivity and
transmissivity of semitransparent FRP composites. Part of this work has already been
published in Adibekyan et al. (emissivity, reflectivity and transmissivity of semitrans-
parent fiber-reinforced plastic composites. https://www.ndt.net/article/dgzfp-irt-2017/
papers/17.pdf, 2018). Here, we present the complete set of data for seven technical
relevant materials and compare the results. The directional spectral emissivity was
determined at a nominal sample temperature of 40 °C, at angles of observation from
10° to 70° with respect to the surface normal and in a wavelength range from 5 µm to
25 µm. In addition, these spectrally and directionally resolved measurements allow
to calculate the total directional emissivity and the hemispherical emissivity. For the
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determination of the directional–hemispherical spectral transmissivity and direction-
al–hemispherical spectral reflectivity a gold-coated integrating sphere and a vacuum
FTIR spectrometer were used. The directional–hemispherical spectral transmissivity
was measured under an angle of incidence of 0°; the directional–hemispherical spec-
tral reflectivity was measured under an angle of incidence of 10°. These investigations
were performed in the spectral range from 1.0 µm to 16.7 µm and compared in the
overlapping wavelength range; the emissivity measurements were performed using
the setup for spectral emissivity.

Keywords Emissivity · Fiber-reinforced plastic · Reflectivity · Semitransparent
materials · Transmissivity · Uncertainty · VITCEA

1 Introduction

The excellent mechanical properties, low weight and fatigue, and corrosion resistance
of FRP composites lend weight to their potential for use in the field of renewable
energy, and in oil, gas, and transport applications [1]. These advantages make FRPs
significant for reducing greenhouse gas emissions and reliance on fossil fuels. How-
ever, the full exploitation of this potential is hindered by the diverse range of defects
and damage mechanisms that reduce the strength, stiffness, and lifetime of FRP struc-
tures. Within the scope of the EMRP Project titled “Validated Inspection Techniques
for Composites in Energy Applications” (VITCEA) [2–5], traceable procedures were
developed and validated for innovative non-destructive testing (NDT) techniques and
applied to selected fiber-reinforced plastic (FRP) composite materials exhibiting dif-
ferent kinds of defects. As one of the partner organizations within this project, PTB
defined optical properties of FRP materials (i.e., spectral emissivity, reflectivity, and
transmissivity) for active thermography, which is one of the most important methods
used to ensure the quality of FRPs.

To date, these optical properties of FRPmaterials have not been sufficiently investi-
gated. Even handbooks detailing the characteristics and properties of FRP composites
do not provide sufficient or accurate information about their spectral emissivity, reflec-
tivity, or transmissivity [1]. Furthermore, the emissivity measurements of the FRPs are
usually performed indirectly via reflectivity values using an FTIR spectrometer [6] or
industrial reflectometers [7], often without taking into account the uncertainty budget
according to the Guide to the Expression of Uncertainty in Measurement (GUM) [8].
Moreover, the target uncertainty of less than 0.01 declared in the VITCEA project is
currently around the level of accuracy in the state-of-the-art emissivity measurements
of opaque materials, when measured at relatively high temperatures. Direct emissiv-
ity measurements performed at temperatures close to room temperature of partially
transmitting FRP materials, which have a low thermal conductivity, represent a new
challenge.

Different setups were employed for these measurements at PTB: one setup for
spectral emissivity measurements in air and the other for diffuse reflectivity and trans-
missivity measurements.
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2 Experimental Setups

PTB routinely determines the emissivity of a wide range of materials using two
setups: the Reduced BackgroundCalibration Facility (RBCF) formeasurements under
vacuum [9, 10] and the Emissivity Measurement in Air Facility (EMAF) [11]. The
operation principle of both setups is similar andbasedon the direct radiometricmethod,
which relies on comparing the spectral radiance of an investigated sample with two
variable-temperature blackbodies as reference standards of radiation temperature. It
provides traceability to the International Temperature Scale of 1990 (ITS-90) and,
in combination with the precisely evaluated radiation budget, it also provides well-
established uncertainties of 0.005 and better. Calculation of the spectral distribution
of uncertainty is based on the GUM and performed for each individual measurement
[12].

Both setups were also used within the scope of the VITCEA project to perform
high-accuracy emissivity measurements of the FRP materials. The RBCF was used
solely tomeasure internal reference samples that were applied to verify the uncertainty
of the EMAF. All direct emissivity measurements shown below were recorded with
the EMAF. These measurements were performed in the range from 5 µm to 25 µm,
at a nominal temperature of 40 °C, and at angles of observation from 10° to 70° with
respect to the surface normal. The total directional emissivity and the hemispherical
emissivity were calculated as well.

The direct emissivity measurements in the wavelength range below 5 µm require a
significantly higher temperature of the samples because of Planck’s law. However, the
GFRP and CFRP samples investigated are not suitable for operation at high tempera-
tures. Therefore, a different approach was chosen to perform the measurements in the
range from 1 µm to 5 µm in which a setup for diffuse reflectivity and transmissivity
measurement was used. Using a gold-coated integrating sphere and a vacuum FTIR
spectrometer (Fig. 1), this setup allows optical properties to be determined in the NIR
and MIR ranges at a temperature of 25 °C. A Globar or tungsten-halogen lamp serves
as a source of radiation. The reflected or transmitted radiation is recordedwith anMCT
detector. Each sample was subsequently placed in the integrating sphere—either at the
transmissivity port, allowing the directional–hemispherical spectral transmissivity to
be measured under an angle of 0°, or at the reflectivity port, allowing the direction-
al–hemispherical spectral reflectivity to be measured under an angle of 10°.

The reflectivity and transmissivity were determined within the VITCEA project
not only from 1 µm to 5 µm, but in an extended wavelength range up to 16.7 µm to
obtain additional information about the investigated GFRP and CFRP samples. This
allowed the emissivity calculated from these measurements to be compared with the
direct method in the wavelength range up to 16.7 µm (Sect. 4.3).

To characterize the integrating sphere and determine an uncertainty for the dif-
fuse transmittance and reflectance measurements, different aspects of the setup were
investigated: the systematic deviation and repeatability of the maximum signal; the
background level; the successive attenuation of the incident flux level; the nonlinearity
in theMIR and NIR ranges; and the sensitivity of the integrating sphere measurements
to a potentially wide angular distribution of the diffusely transmitted radiation [13].
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Fig. 1 Schematic presentation of the FTIR spectrometer with the integrating sphere

3 Design and Composition of Reference FRP-Samples

Several glass fiber-reinforced plastic (GFRP) and carbon fiber-reinforced plastic
(CFRP) sampleswere prepared usingdifferentmatrixmaterials (epoxy andpolyamide)
and different fiber orientations (bi-directional, unidirectional, and quasi-isotropic)
for the individual fiber layers; the samples were prepared without and with pre-
impregnation. Basic information about the design and structural composition of the
reference samples provided by the partner organizations in the VITCEA project is
listed in Table 1. The detailed properties, including different types of defective arte-
facts, can be found in [4]. The thickness of each sample is 5 mm.

4 Experimental Determination of Optical Properties of Composite
Materials

4.1 Transmissivity, Reflectivity, and Emissivity Data from 1.0µm to 16.7µm

The optical properties measured for all GFRP and CFRP samples investigated in the
range from 1.0 µm to 16.7 µm are presented in Figs. 2, 3 and 4 with their calculated
standard uncertainties. Three of the samples—GFRP PA12, GFRP QUADRAXIAL,
and GFRP 913 CROSSPLY 0–90—show significant transmittance in the range from
1.0 µm to 2.3 µm (Fig. 2, highlighted in bold). The other four samples—CFRP
SE84 CROSSPLY, CFRP SE84, GFRP MTM28+-55, and CFRP SE84 QI—show
no transparency over the whole spectral range. The measurements of the direction-
al–hemispherical spectral transmissivity were performed at a temperature of 25 °C
and for an angle of observation of 0° with respect to the surface normal. The standard
uncertainty is shown as shaded area around the curves.
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Fig. 2 The directional–hemispherical spectral transmissivity of all GFRP and CFRP samples investigated,
measured at an angle of observation of 0° with respect to the surface normal and at a temperature of 25 °C. In
addition, the standard uncertainty is shown as a shaded area around the curves. The three partially transparent
samples—GFRP PA12, GFRPQUADRAXIAL, and GFRP 913 CROSSPLY 0–90—are highlighted in bold
in the legend

Fig. 3 The directional–hemispherical spectral reflectivity of all GFRP and CFRP samples investigated,
measured at an angle of observation of 10° with respect to the surface normal and at a temperature of
25 °C. In addition, the standard uncertainty is shown as a shaded area around the curves and the three
partially transparent samples—GFRPPA12,GFRPQUADRAXIAL, andGFRP913CROSSPLY0–90—are
highlighted in bold in the legend

The resulting directional–hemispherical spectral reflectivities—also measured at a
temperature of 25 °C—are depicted in Fig. 3. Here, the reflectivities are observed at an
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Fig. 4 The directional spectral emissivity of all GFRP and CFRP samples investigated, calculated from
the transmissivity and reflectivity measurements presented in Figs. 2 and 3. Again, the combined standard
uncertainty is shown as a shaded area around the curves and three partially transparent samples—GFRP
PA12, GFRP QUADRAXIAL, and GFRP 913 CROSSPLY 0–90—are highlighted in bold in the legend

angle of 10° and surrounded by a shaded area, which is also the range of the standard
uncertainty. A certain structure at wavelengths below 2.3 µm can be identified for
the three partially transparent samples, whereas the other four materials show smooth
reflectivity curves in this range.

As previously noted, the directional spectral emissivity in the range from 1.0 µm
to 16.7 µm is calculated from the transmissivity (Fig. 2) and reflectivity (Fig. 3) mea-
surements. In Fig. 4, the three partially transparent samples—GFRP PA 12, GFRP
QUADRAXIAL, andGFRP913CROSSPLY0–90—shownot only a significant struc-
ture in their spectrally resolved emissivity values, but also a decrease in their emissivity
at wavelengths below 2.3µm. A relatively constant emissivity can be seen in the other
materials. Figure 4 shows the calculated emissivity up to 5 µm. The calculated emis-
sivities at longer wavelengths will be presented in Sect. 4.3 and compared with direct
measurements in the overlapping range.

4.2 Directional Spectral Emissivity Data from 5µm to 25µm

The measurements of the directional spectral emissivities were directly performed in
the range from 5 µm to 25 µm and at a nominal temperature of 40 °C at the EMAF.
A slightly higher temperature of 40 °C instead of 25 °C was chosen to increase the
radiation originating from the sample and, by this, to reduce the uncertainty of themea-
surements. A potential temperature dependence of the emissivities can be neglected
in this small temperature range between 25 °C and 40 °C. The wavelength range of
these measurements was limited to 5 µm due to the consequence of Planck’s law:
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Fig. 5 The directional spectral emissivity of all GFRP and CFRP samples investigated at a nominal temper-
ature of 40 °C and for an angle of observation of 10° with respect to the surface normal. In addition, the
standard uncertainty is shown as a shaded area around the curves

5 µm is the shortest wavelength that provides a sufficient signal for direct emissivity
measurements around room temperature. The directional spectral emissivities of all
GFRP and CFRP samples investigated at a nominal temperature of 40 °C and for an
angle of observation of 10° with respect to the surface normal can be seen in Fig. 5.

Furthermore, the EMAF provides measurements under the following angles of
observation with respect to the surface normal of the samples: 10°, 20°, 30°, 40°, 50°,
60°, and 70°. A subsequent spectral and angular integration allow the total directional
emissivities, the hemispherical emissivities, and their absolute standard uncertainties
to be calculated.

In this article, the CFRP SE84 CROSSPLY and GFRP 913 CROSSPLY 0–90
samples were chosen as two examples of the angle-resolved spectral emissivity mea-
surements of carbon and glass materials. The resulting spectral curves under different
angles of observation are plotted in Figs. 6 and 7. Some of the angles measured have
been omitted for the sake of clarity in the figures. The decrease in the directional
spectral emissivities with increasing angles of observation, which is typical of high-
emission samples, is clearly visible.

4.3 Total Directional and Hemispherical Emissivity Data

The integrated quantities (the total directional and hemispherical emissivities) in the
wavelength range from 5 µm to 25 µm and at a nominal temperature of 40 °C with
their standard uncertainties are listed in Table 2 and plotted in Fig. 8. Since many
components of the uncertainty budget of emissivity measurements depend on the
measurement conditions and optical properties of the sample, the uncertainty is cal-
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Fig. 6 The directional spectral emissivity of the CFRP SE84 CROSSPLY sample measured at a temperature
of 42.3 °C and for angles of observation from 10° to 70° with respect to the surface normal

Fig. 7 The directional spectral emissivity of the GFRP 913 CROSSPLY 0–90 sample measured at a tem-
perature of 42.3 °C and for angles of observation from 10° to 70° with respect to the surface normal

culated for each specific condition as well as for each individual measurement [12].

About half of the measured data presented in Table 2 meets the initial target of
an uncertainty of less than 0.01, while the other uncertainties are close to it. Given
the current data situation for optical properties of FRP composites, this represents
a significant improvement, allowing an improved evaluation of active thermography
results [14].
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Fig. 8 Directional total emissivities of the materials investigated in the wavelength range from 5 µm to
25 µm and at a nominal temperature of 40 °C with their corresponding standard uncertainties

Based on these results, it can be concluded that the emissivity of FRP composites
depends mainly on the type of fiber material: the materials made of GFRPs in the
wavelength range from 5 µm to 25 µm have a higher and spectrally less structured
emissivity than the materials made of CFRPs. The angular dependence of all the
samples is approximately the same; only the GFRP QUADRAXIAL, which has the
highest emissivity, has a less pronounced decrease in the directional total emissivities
with increasing angles of observation (Fig. 8). No influence of the fiber orientation or
changes in optical properties depending on the orientation of the sample in the plane
perpendicular to the optical path were revealed.

4.4 Comparison of the TwoMethods

To ensure the consistency of our results, we compared the emissivities obtained by
direct emissivity measurements (EMAF) with those obtained by the indirect approach
(when calculated from transmissivity and reflectivity).

The results for two samples—GFRP PA 12 UD and CFRP SE84 CROSSPLY—are
shown in Fig. 9. The very good consistency of the directional spectral emissivity for
an angle of observation of 10° in the overlapping wavelength range (from 5 µm to
16.7 µm) within the range of uncertainty of both measurements illustrates the ability
to correctly determine emissivities in a broad wavelength range.

Two advantages of the directmethod are its ability to determine the total and spectral
quantities in an angularly resolved way and the fact that possible warming effects of
the sample can be properly considered, yielding results with low uncertainties in the
longer wavelength range (Table 2 and Fig. 8). The indirect method (calculating the
emissivity from themeasured directional hemispherical reflectivity and transmissivity)
yields a higher uncertainty in our setup and can be performed only using a specific
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Fig. 9 Comparison of two methods used to determine the directional spectral emissivity for an angle of
observation of 10°. This comparison shows the very good consistency of both measurement schemes for
emissivity. Two samples—GFRP PA 12 UD and CFRP SE84 CROSSPLY—were chosen. In addition, the
standard uncertainty is shown as a shaded area around the curves

geometry of incidence of the radiation. However, it allows the optical properties of
FRP materials to be determined at room temperature in the range from 1 µm to 5 µm.

5 Summary

The optical properties of samplesmade ofCFRP andGFRPwere experimentally deter-
mined at PTB using two different measurement setups: the emissivity measurement
in air facility and the integrating sphere-based setup for diffuse reflectivity and trans-
missivity measurements. The directional spectral emissivity was directly measured at
a nominal sample temperature of 40 °C, angles of observation from 10° to 70° over a
wavelength range from 5 µm to 25 µm with very small uncertainties.

The directional–hemispherical spectral transmissivity and directional–hemispher-
ical spectral reflectivity were determined over a wavelength range from 1.0 µm to
16.7 µm and were used to calculate the directional spectral emissivity in this spectral
range as well. A comparison of the two methods used to determine the emissivity
in the overlapping wavelength range (from 5 µm to 16.7 µm) showed a very good
consistency within the range of uncertainty of both measurements.

Three samples—GFRP PA12, GFRPQUADRAXIAL, and GFRP 913 CROSSPLY
0–90—show significant transmittance in the range from 1.0 µm to 2.3 µm. The other
four samples—CFRPSE84CROSSPLY, CFRPSE84, GFRPMTM28+-55, andCFRP
SE84 QI—show no transmittance over the whole spectral range.

The results of the emissivity test revealed that emissivity depends on the material
used: the samples made of GFRPs have a higher and spectrally less structured emis-
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sivity in the wavelength range from 5 µm to 25 µm than the samples made of CFRPs
in the same range.

On the other hand, the three partially transparent GFRP samples show a significant
structure in their spectrally resolved emissivity values; they also show the expected
decrease in their emissivity at wavelengths under 2.3 µm. The uncertainties achieved
are below or close to the target value of 0.01 and represent a significant improvement
over the past data situation.

These optical properties were successfully used to evaluate the data from apply-
ing different active thermography techniques [14] for the quantification of artificial
and natural defects in fiber-reinforced composites within the scope of the EMRP
Project titled “Validated Inspection Techniques for Composites in Energy Applica-
tions” (VITCEA).
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