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Near-infrared photoluminescence
of Portland cement
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Portland cement emits bright near-infrared photoluminescence that can be excited by light
wavelengths ranging from at least 500-1000 nm. The emission has a peak wavelength near 1140 nm
and a width of approximately 30 nm. Its source is suggested to be small particles of silicon associated
with calcium silicate phases. The luminescence peak wavelength appears independent of the cement
hydration state, aggregates, and mechanical strain but increases weakly with increasing temperature.
It varies slightly with the type of cement, suggesting a new non-contact method for identifying
cement formulations. After a thin opaque coating is applied to a cement or concrete surface,
subsequent formation of microcracks exposes the substrate’s near-infrared emission, revealing the
fracture locations, pattern, and progression. This damage would escape detection in normal imaging
inspections. Near-infrared luminescence imaging may therefore provide a new tool for non-destructive
testing of cement-based structures.

Since its introduction in the early nineteenth century, Portland cement has become an essential component of
concrete and related construction materials used around the world. Its global production exceeds 4 x 10° metric
tons per year. One of the laboratory tools used to study cement chemical compositions and processes is Raman
spectroscopy' . In this method, samples are irradiated with monochromatic laser light and the scattered light
is analyzed for wavelength shifts that reveal vibrational modes characteristic of different chemical components.
However, when the laser wavelength is within the visible spectral region, Raman spectra are subject to inter-
ference from sample fluorescence. This problem led some cement researchers to shift their Raman excitation
wavelength into the near-infrared (near-IR) spectral region*®. The resulting spectra showed odd features that
were eventually identified not as the presumed vibrational Raman transitions, but instead as unexpected near-
IR luminescence from the cement samples®. To date, however, key properties of that unexpected emission have
apparently not been investigated. We recently encountered strong and similar near-IR luminescence from speci-
mens while adapting the optical strain sensing method called $*”-'2 for use with cement-based materials. Here we
report an investigation of that near-IR luminescence and deduce that its origin appears to be crystals of silicon
associated with the calcium silicate components in cement. The emission spectra are found to vary with cement
type, suggesting a quick, nonintrusive method to distinguish different formulations. In addition, we demonstrate
that the strong and spectrally distinct nature of the emission can enable a new scheme for visualizing surface
microcracks in concrete structures.

Materials and methods

We used three commercial Portland cements, Type I/II (from TXI), White (from TXI), and G (from Dycker-
hoff AG), to cast specimen blocks with dimensions of 25.4 x 25.4 X 50.8 mm. To compare different hydration
states, the Type I/II specimens were made with water/cement ratios ranging from 0.25 to 0.40 and were cured
for between 1 and 7 days. We strain tested a Type I/II block with 0.40 water/cement ratio by applying uniaxial
compressive stress with a manually actuated vise while monitoring the signal from a resistive foil strain gauge
mounted to the specimen.

Photoluminescence spectroscopy involves the capture and spectral analysis of light emitted from a sample
when it is optically excited. Our excitation source was a small 660 nm diode laser that was focused onto the
surface of cured cement blocks or onto cement powder packed into spectrophotometric cuvettes. The resulting
emission was collected by a lens that focused the light into the core of an optical fiber connected to the input of
a modular near-IR spectrometer containing a 512-channel InGaAs photodiode array. We supplemented these
emission measurements with full excitation-emission scans obtained using a custom-built instrument in which
the spectrally filtered beam from a supercontinuum laser provided wavelength-tunable excitation between 500
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Figure 1. Excitation-emission contour plot for cured Type I/II cement in water. The color scale shows emission
intensity in arbitrary units.
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Figure 2. Excitation spectrum for emission at 1140 nm measured for the specimen of Fig. 1.

and 830 nm and a modular InGaAs spectrometer captured near-IR emission spectra. All spectral data were
recorded by laboratory computers. Except as noted, measurements were made with samples at ambient tem-
peratures near 23 °C.

Results and discussion

Ilumination of a cured block of Type I/II cement at 660 nm gave strong near-IR photoluminescence. Figure 1
displays a contour plot of the excitation-emission map for a sample of Type I/II cement. It shows that the emis-
sion profile is independent of excitation wavelength, implying that there is just one luminescent species. Figure 1
also shows that the emission can be induced by an unusually broad range of excitation wavelengths. This is seen
more clearly in the excitation spectrum plotted in Fig. 2. Figure 3 displays the much narrower emission spectrum,
which has a full width at half-maximum of only 31 nm (30 meV).

We found that the peak emission wavelengths are the same for cement powder, for cured cement blocks pre-
pared with different water/cement ratios, and for cement blocks cured for different periods (see Supplementary
Figs. S1 and S2), so the spectrum is not affected by hydration level. We also observed that the luminescence
peak wavelength does not shift as cement specimens are strained: loading a cured specimen to a strain of 500
ue gave no measureable peak shift in its emission spectrum. However, we found that temperature does lead to
spectral shifts. A cured block was heated on a digital hot plate while spectra were recorded from 121 locations
on the specimen surface. As plotted in Fig. 4, the averaged results show that the peak moves systematically to
slightly longer wavelength as the sample temperature increases. The emission intensity also decreases by 29% as
the sample is warmed from 19 to 73 °C (see Supplementary Fig. S3), suggesting accelerated nonradiative decay.

Our emission spectra may be compared with the cement luminescence artifacts captured in prior near-IR
Raman studies of Portland cements and their component minerals. Except for very minor spectral shifts, we
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Figure 3. Emission spectrum for the specimen of Fig. 1, excited at 660 nm.
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Figure 4. Temperature dependence of the luminescence peak wavelength for a sample of cured Type I/II
cement. Points show measured data, error bars show standard errors of the means, and the solid curve is a
quadratic fit to the data.

find a close match to the Raman artifact in the reported spectrum of monoclinic Ca;SiO; (CS3)°, a major alite
component of cement clinker (the nodular material produced during kilning). The identity of the luminescing
species is deduced to be crystalline silicon based on the emission and excitation spectra shown in Figs. 2 and 3.
Silicon absorbs throughout the visible spectrum, consistent with our unusually broad excitation spectrum. And
like the emission found from cement, silicon’s photoluminescence spectrum has a peak at 1140 nm with a weaker
phonon side band near 1200 nm'*-*>. Although silicon’s indirect band gap prevents strong near-IR emission',
quantum yields as high as several percent have been reported at room temperature when its nonradiative elec-
tron-hole recombination is suppressed by surface texturing and chemical passivation!”. We suggest that some
luminescent crystalline silicon crystals with those surface properties are formed in the calcium silicate phases
during high temperature clinker formation. Because of quantum confinement, silicon crystals smaller than ca.
10 nm are known to have band gaps significantly larger than in bulk silicon', with their luminescence shifted
to visible wavelengths'®. This implies that the silicon particles in cement exceed 10 nm in size. We note that the
near-IR luminescence observed from Portland cement is at least 100 times more intense than emission from
samples of sand or soda-lime glass, two other materials with high silicate contents.

Several types of Portland cement are in common use for different application requirements. Among these
are the American Society for Testing Materials Types I, II, and White, and the American Petroleum Institute
Classes A, B, and G. To spectrally compare some of these, we measured near-IR luminescence from specimens
of Type I/II, G, and White cement. The most intense luminescence was observed for White cement (see Sup-
plementary Fig. $4), which has a low content of tetracalcium aluminoferrite. This component therefore seems
not to be associated with the near-IR emitters. For each cured specimen, we collected and averaged spectra from
121 points on the surface. Specimens from two different bags of Type I/II cement were measured. The results
are plotted in Fig. 5 and the peak wavelengths are listed in Table 1. It can be seen that only a slight difference
in peak wavelength was found between the two bags of Type I/II cement, but there were much larger and clear
peak shifts among the types. This finding suggests that near-IR emission spectroscopy may find use as a quick,
non-contact method to distinguish and identify Portland cement formulations.
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Figure 5. Emission spectra from three cement formulations, with 660 nm excitation. Left panel shows a wide
spectral view; right panel shows the same data expanded near the peaks. All specimens were cured and fully
hydrated.

Type I/II (batch #1) Type I/1I (batch #2) White cement Class G
Peak position (nm) 1139 1140 1136 1142

Table 1. Luminescence spectral peaks from different cement types.

Near-IR cement luminescence may also prove useful for another application. If a specimen is coated with
a thin layer of opaque paint and then stressed, small cracks that develop at the surface will propagate outward,
breaking the paint layer and exposing the underlying cement-based material. Then when the specimen is illu-
minated with visible light, characteristic near-IR emission near 1140 nm will be observed only at the site of the
fracture. With suitable near-IR imaging, this effect should allow visualization of even very small cracks.

To show proof of concept for this idea, we cast and cured a Portland Type I/II cement block with a 6.4 mm
diameter hole through the center as a site for stress concentration during subsequent loading. The specimen was
coated with black paint and then compressed along its long axis to induce microcracks near the center hole. To
visualize the cracks using intrinsic cement fluorescence, we adapted an apparatus used to map fluorescence emis-
sion from strain-sensing carbon nanotube films'¢. This computer-controlled device raster-scanned the surface in
a sub-millimeter grid, illuminating each point with 660 nm light and collecting induced near-IR luminescence
spectra. By compiling the peak emission signals from the set of scanned points, we obtained a map of lumines-
cence intensity for the 10 x 23 mm? rectangular region of interest near the hole.

Figure 6a shows the resulting peak intensity map. To reduce noise and more clearly reveal fractures, we
applied a hysteresis thresholding method with two thresholds, t,,, and 4. Points with an intensity below #,,,
were discarded directly and shown as black, while points with an intensity above #,,,, were saved and displayed
as white. The map after this processing is shown in Fig. 6b. We then used a second step of hysteresis thresholding
to further exclude scattered noise points and identify fracture lines'®. Pixels with intensities between t,, and t,,
were displayed as white only if any neighboring pixels in the surrounding 3 x 3 region had magnitudes above
thign- If none of the neighbors qualified but at least one fell between #,,,, and ;4, then the 5x 5 pixel surrounding
region was searched for pixels with a magnitude above #,,,;,. If that 5 5 search was successful, the central pixel
was displayed as white; if not, it was classified as noise and displayed as black. Figure 6¢ shows that this image
processing revealed a very clear pattern of microcracks. Microscopic examination of these cracks found widths of
only 20 um, so they would be difficult to detect by normal inspection methods, as illustrated by the conventional
photographs of the specimen shown in Supplementary Fig. S5.

A more practical implementation of our crack detection method would involve illuminating an extended
area of the specimen surface with visible light and using an InGaAs (near-IR sensitive) camera to image that
area through a narrow-band spectral filter that transmits light only near 1140 nm. Compared to crack detec-
tion based on normal camera images, this near-IR luminescence imaging approach should greatly increase the
optical contrast between fractured and undamaged regions, allowing direct and more sensitive visualization of
microcracks that develop on the surface of painted concrete structures.

Conclusions

We have investigated the unusual near-IR photoluminescence emitted by cement-based materials. The broad
excitation spectrum and characteristic emission spectrum of this luminescence point to an origin in silicon
crystals, greater than 10 nm in size, associated with the calcium silicate phases of Portland cement. The emission
spectra appear independent of cement hydration state or mechanical strain but show a small shift with tempera-
ture. Two possible applications of the luminescence are proposed. One is using the small spectral differences
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Figure 6. (a) Maximum intensity map of the fluorescence emission from the painted cement surface; (b)
detected cracks after single thresholding; (c) detected cracks after hysteresis thresholding, as described in the
text.

found among several types of cement to quickly identify the different formulations. The other application is to
image painted concrete surfaces in the near-IR to reveal microcracks that would escape detection in conven-
tional inspections. We suggest that this method may become a useful new tool for the non-destructive testing

of

critical infrastructure.

Received: 7 October 2021; Accepted: 24 December 2021
Published online: 24 January 2022

References

1.

2.

3.

10.

11.

12.

13.

14.

Ghosh, S. N. & Handoo, S. K. Infrared and Raman spectral studies in cement and concrete (review). Cem. Concr. Res. 10, 771-782
(1980).

Potgieter-Vermaak, S. S., Potgieter, J. H. & Van Grieken, R. The application of Raman spectrometry to investigate and characterize
cement, Part I: A review. Cem. Concr. Res. 36, 656-662 (2006).

Ibafiez, J. et al. Hydration and carbonation of monoclinic C2S and C3S studied by Raman spectroscopy. J. Raman Spectrosc. 38,
61-67 (2007).

. Dyer, C. D., Hendra, P. ]. & Forsling, W. The Raman spectroscopy of cement minerals under 1064 nm excitation. Spectrochim. Acta

Part Mol. Spectrosc. 49, 715-722 (1993).

. Bonen, D,, Johnson, T. & Sarkar, S. Characterization of principal clinker minerals by FT-Raman microspectroscopy. Cem. Concr.

Res. 24, 959-965 (1994).

. Newman, S. P. et al. Anomalous fluorescence in near-infrared Raman spectroscopy of cementitious materials. Cem. Concr. Res.

35, 1620-1628 (2005).

. Withey, P. A,, Vemuru, V. S. M., Bachilo, S. M., Nagarajaiah, S. & Weisman, R. B. Strain paint: Noncontact strain measurement

using single-walled carbon nanotube composite coatings. Nano Lett. 12, 3497-3500 (2012).

. Sun, P, Bachilo, S., Lin, C. W,, Weisman, R. B. & Nagarajaiah, S. Noncontact strain mapping using laser-induced fluorescence from

nanotube-based smart skin. J. Struct. Eng. 145, 1 (2019).

. Sun, P, Bachilo, S. M., Nagarajaiah, S. & Weisman, R. B. Toward practical non-contact optical strain sensing using single-walled

carbon nanotubes. ECS J. Solid State Sci. Technol. 5, M3012-M3017 (2016).

Sun, P, Bachilo, S. M., Weisman, R. B. & Nagarajaiah, S. Carbon nanotubes as non-contact optical strain sensors in smart skins.
J. Strain Anal. Eng. Des. 50, 505-512 (2015).

Loh, K. J. & Nagarajaiah, S. (eds.) Innovative Developments of Advanced Multifunctional Nanocomposites in Civil and Structural
Engineering. (Elsevier, 2016).

Sun, P, Bachilo, S. M, Lin, C. W,, Nagarajaiah, S. & Weisman, R. B. Dual-layer nanotube-based smart skin for enhanced noncontact
strain sensing. Struct. Control Health Monit. 26, 1 (2019).

Nguyen, H. T,, Baker-Finch, S. C. & MacDonald, D. Temperature dependence of the radiative recombination coefficient in crystal-
line silicon from spectral photoluminescence. Appl. Phys. Lett. 104, 1 (2014).

Nguyen, H. T., Rougieux, F. E., Mitchell, B. & Macdonald, D. Temperature dependence of the band-band absorption coefficient in
crystalline silicon from photoluminescence. J. Appl. Phys. 115, 4370 (2014).

Scientific Reports |

(2022) 12:1197 | https://doi.org/10.1038/s41598-022-05113-1 nature portfolio



www.nature.com/scientificreports/

15. Nguyen, H. T. et al. Characterizing amorphous silicon, silicon nitride, and diffused layers in crystalline silicon solar cells using
micro-photoluminescence spectroscopy. Sol. Energy Mater. Sol. Cells 145, 403-411 (2016).

16. Haynes, J. R. & Westphal, W. C. Radiation resulting from recombination of holes and electrons in silicon. Phys. Rev. 101, 1676-1678
(1956).

17. Trupke, T., Zhao, J., Wang, A., Corkish, R. & Green, M. A. Very efficient light emission from bulk crystalline silicon. Appl. Phys.
Lett. 82,2996-2998 (2003).

18. Canny, J. A computational approach to edge detection. IEEE Trans. Pattern Anal. Mach. Intell. 8, 679-698 (1986).

Acknowledgements
The authors are grateful to the Kuwait Institute for Scientific Research and to the National Science Foundation
(Grant CHE-1803066) for research support.

Author contributions

W.M. prepared samples and acquired data; S.M.B. supervised experiments and interpreted results; J.P helped
design the project; S.N. and R.B.W. supervised project activities; S.N. and R.B.W. prepared the manuscript; all
authors reviewed the manuscript.

Funding
This article was funded by the Kuwait Institute for Scientific Research and the National Science
Foundation (CHE-1803066).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-05113-1.

Correspondence and requests for materials should be addressed to R.B.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:1197 | https://doi.org/10.1038/s41598-022-05113-1 nature portfolio


https://doi.org/10.1038/s41598-022-05113-1
https://doi.org/10.1038/s41598-022-05113-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Near-infrared photoluminescence of Portland cement
	Materials and methods
	Results and discussion
	Conclusions
	References
	Acknowledgements


