SCIENTIFIC REPLIRTS

Development of pink-beam 4D
phase CT for in-situ observation
of polymers under infrared laser
e e irradiation

Published online: 22 May 2019 . . . .
ublished ontine W Karol Vegso?, Yanlin Wu?, Hidekazu Takano?, Masato Hoshino! & Atsushi Momosel-?

. Four-dimensional phase computed tomography (4D phase CT) by an X-ray Talbot interferometer (XTI)

: with white synchrotron radiation has ever been demonstrated at a temporal resolution of about 1s

. for soft-matter samples. However, the radiation damage to samples caused by white synchrotron

© radiation occasionally hampers our understanding of the sample dynamical properties. Based on the

. fact that XTI functions with X-rays of a bandwidth up to ca. 10% with performance comparable to that

. by monochromatic X-rays, filtering white synchrotron radiation to generate a ‘pink-beam’ of a 10%
bandwidth is effective to reduce radiation damage without degrading the image quality and temporal
resolution. We have therefore developed pink-beam 4D phase CT at SPring-8, Japan by installing
a multilayer mirror with a 10% bandwidth and a 25 keV central photon energy. XTI optimal at this
photon energy was built downstream, and a CMOS-based X-ray detector was used to achieve fast
image acquisitions with an exposure time of 1 ms (or 0.5 ms) per moiré image. The resultant temporal
resolution of pink-beam 4D phase CT was 2s (1s). We applied the pink-beam 4D phase CT to in-situ
observation of polypropylene, poly(methyl methacrylate), and polycarbonate under infrared laser
irradiation (1064 nm). The dynamics of melting, bubbling, and ashing were successfully visualized in 3D
movies without problematic radiation damage by synchrotron radiation.

Computed tomography (CT) is an excellent non-destructive technique that maps X-ray absorption (attenuation)
. coeflicient three-dimensionally in the case of X-ray absorption CT" or X-ray refractive index in the case of X-ray
. phase CT% X-ray phase CT has outstanding applicability to 3D visualization of the inner structure of weakly
. absorbing (soft) materials, and the development of X-ray phase CT is mainly aimed at biology, medicine and
:material sciences such as polymer sciences®=°. Recently, X-ray phase CT with XTI>%” has been attracting attention
© because of its flexibility in implementation. One attractive feature is that XTI can be operated with polychromatic
. X-rays. Therefore, X-ray phase CT with white synchrotron radiation was performed for in vivo dynamical obser-
: vations of living biological specimens®, and the changes in inner structure of a living worm, which was considered
. to be respiratory tract, were visualized with a temporal resolution of 1s. However, the radiation damage to the
° worm was serious, resulting in death after just one measurement. Consequently, it was difficult to discuss whether
. the dynamics observed in the worm were natural or radiation induced. The performance of XTI with X-rays of a
. bandwidth up to 10% is comparable to that with monochromatic X-rays. However, the bandwidth of white syn-
. chrotron radiation from a bending section of a synchrotron radiation storage ring is much broader than that, and
* the experiment in Ref.® was not optimized for XTI and harmful for samples.
: The first action made in this study was to install a band-pass filtering multilayer mirror at BL28B2, SPring-8,
Japan, where white synchrotron radiation from a bending section is available for various user experiments. A
. depth-graded multilayer mirror was designed and fabricated for this purpose, and a pink beam of a 10% band-
. width at a central photon energy of 25keV and a beam section of 50 mm wide and 5 mm high was generated.
: Secondly, we constructed an XTI downstream in combination with a high-speed X-ray image detector, which
is composed of a phosphor screen (P46, Hamamatsu Photonics K. K., Japan) and a Complementary Metal Oxide
Semiconductor (CMOS) imaging detector via a coupling lens®!°. Then, we performed pink-beam 4D phase CT
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Figure 1. A scheme of a pink-beam 4D phase CT set-up with a multilayer mirror, XTI (G1 and G2), fast X-ray
image detector, and an infrared laser source. The image of the pink beam generated from the X-ray multilayer
mirror in the inset (the entire beam section (50 mm x 5mm) is shown by combining three images).

(b)10.0's

(c) 16.0s (h)46.0s

’

=N

&

(d) 22.0s (i) 52.0s

6 values (x10°°): m——m—
0.4

Figure 2. Sagittal section views of 4D phase tomograms obtained for the polypropylene at different laser irradiation
times in CW mode: (a) 4s, (b) 10s, (c) 165, (d) 225, (e) 28s, (f) 345, (g) 40s, (h) 465, (i) 525, and (j) 58s.

measurements of polymer samples under infrared laser irradiation along the sample rotation axis for CT scan, as
shown in Fig. 1. While a hard-X-ray Shack-Hartmann sensor was used for visualizing the laser ablation process
in a projection mode'?, our system depicted melting, bubbling, and/or ashing induced by the laser in movies of
3D phase tomograms with a temporal resolution of 1s or 0.5s. We expect that valuable information would be
obtained for the field of laser machining (ablation, drilling, cutting, trimming, welding, and so on), which could
be used to design the appropriate laser ablation procedures for maintaining polymer strength!?-4,

Methods and Materials

Pink-beam generation. Pink-beam 4D phase CT experiments were performed at BL28B2, SPring-8, Japan
where white synchrotron radiation from a bending section is available. A pink-beam was generated by a depth-
graded W/Si multilayer mirror (Rigaku Innovative Technologies, Inc., USA), which functions as a band-pass filter
against white synchrotron radiation impinging at a grazing angle of 5.11 mrad and generates a 10%-bandwidth
X-rays with a 25-keV central photon energy, suppressing the second-order diffraction. The multilayer was formed
on a flat Si substrate 50 mm in thickness, 60 mm in width, and 1000 mm in length, and a pink beam (50 mm wide
and 5mm high) was generated by a single bounce downward.

An image showing a reflected beam from the multilayer mirror is shown in the inset of Fig. 1, which is formed
by three images because the field of view of the X-ray image detector was smaller than the beam section. The
photon flux density downstream of the X-ray multilayer mirror was 10'* photons/s/mm?. Although weak hori-
zontal stripes caused by the slope errors in the multilayer mirror was seen, this was not crucial as the XTI set
downstream was constructed by aligning gratings so that the grating lines were vertical. The spatial coherency in
the horizontal direction is sufficiently high at SPring-8, and that in the vertical direction does not matter even if it
was degraded by the multilayer mirror to some extent.
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Figure 3. 3D rendering views of the 4D phase tomograms obtained for the polypropylene sample at different
laser irradiation times: (a) 24s, (b) 28s, (c) 325, (d) 365, (e) 40s, (f) 445, (g) 48, (h) 525, and (i) 56 5. The
morphological changes formed above the entrance sample surface are clearly visible.

X-ray Talbot interferometer (XTI). An XTI composed of a 7/2 linear phase grating (G1) for 25keV X-rays
and an amplitude linear grating (G2) with an identical pitch of 5.3 pm was built about 8 m downstream of the
multilayer mirror and in front of the X-ray image detector (Fig. 1). The distance between G1 and G2 was set
to 283 mm, which corresponded to the fundamental fractional Talbot order of a ©/2 phase grating at 25keV.
The sample rotation axis was almost vertical (strictly, slightly inclined so that the axis is perpendicular to the
pink-beam). Therefore, grating lines were set vertically, and X-ray refraction and scattering in the horizontal
direction were measured. The horizontal spatial coherence length, which determined the performance of the
XT1T, was sufficiently larger than the pitch of the gratings, resulting in 48% visibility of moiré images. A sample
was located 150 mm in front of G1.

Polymer samples. Polypropylene (PP), poly(methyl methacrylate) (PMMA), and polycarbonate (PC) were
used in this study. Samples were cut in the form of thick disks, whose diameters (thickness) were 9.8 mm (2 mm),
8 mm (3mm), and 5mm (2 mm), respectively. The samples were fixed on an Al holder for CT scan.

The melting temperature and decomposition temperature of PP (PMMA) were 160 °C (160 °C) and 336 °C
(226°C), respectively. The other thermal properties of PP, PMMA and PC are listed in Refs.!>!¢. The average val-
ues of the real part ¢ of the refractive indices decrement from unity for pristine PP, PMMA and PC at a 25-keV
X-ray photon energy were 3.41 x 1077, 4.26 x 107 and 4.2 x 1077, respectively.

X-ray image detector. A high-speed X-ray image detector was composed of a P46 phosphor screen
(YAG:Ce*, Hamamatsu Photonics K. K., Japan) 20 um in thickness and a CMOS imaging detector (FASTCAM
SA2, Photron) with a coupling lens system (AA40, Hamamatsu Photonics K. K., Japan)®!°. The field of view of the
X-ray detector was 15.36 mm (H) x 5.12mm (V). The effective pixel size of the X-ray detector was 10.1 pm. The
X-ray imaging detector was operated at the frame rate of 1000 fps for PP, 2000 fps for PMMA, and 4000 fps for
PC. The image size was 1536 (H) x 512 (V) pixels for PP, 1024 (H) x 512 (V) pixels for PMMA, and 768 (H) x 512
(V) pixels for PC. The resultant spatial resolution in combination with the XTI was about 60 um, which was esti-
mated by evaluating the resultant 4D phase CT images.

Laser. An infrared Nd:YAG fiber laser (G4, SPI Lasers) of a wavelength of 1064 nm was employed to irra-
diate samples along their rotation axis via plano-convex lens with a focus size of 35 pm in diameter (FWHM).
Continuous-wave (CW) mode and pulse mode were switchable between each other in laser operation. The
maximum power of the laser was 50 W for both modes. The laser fluence on the entrance sample surface was
5.2 x 10°J/s/cm? in CW mode.
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Figure 4. CT slices taken 250 pm below the entrance surface of the PP sample: (a) 5s and (b) 40s of laser
irradiation. The arrow in (a) shows a spot of melted PP. (c) Profiles on the yellow line in (a) at different times
after starting laser irradiation, showing expansion of the melted region. (d) Histograms of ¢ values at different
times after laser irradiation.

4D phase CT. Phase CT based on XTI reconstructs tomograms that map the distribution of the refractive
index from differential phase images, which are conventionally measured by the fringe scanning method (or
phase-stepping technique) that moves one of the gratings step by step and acquires a moiré image at every step.
Sophisticated sequenceis for grating stepping with a continuous rotation of a sample were reported for phase
tomography'”'8. However, such a procedure involving motions, which displace a grating forward and return
it to an origin repeatedly, is not suitable for 4D phase CT, and therefore the continuous fringe scanning (CFS)
technique' was used. CFS records the movie of moiré images by moving one of the gratings (in this study, G2)
unidirectionally and rotating a sample simultaneously at constant speeds. The speed of the sample rotation was
tuned so that the grating displacement was equal to one pitch during five sample rotations. By picking up the
frames at the same angular position of sample rotation, the moiré images needed for the calculation of the fringe
scanning method are collected.

The sample rotation speeds were 450°/s for PP, 900°/s for PMMA and 1800°/s for PC, and measurements were
performed for 565, 40s, and 29, respectively. The number of differential phase images obtained per 180° sample
rotation was 400 for all CT measurements.

Assuming parallel beam illumination, the data for 180° rotation are used for phase CT reconstruction. Hence,
the resultant temporal resolution was 2 s for PP, 1s for PMMA, and 0.5s for PC. A series of phase tomograms
were reconstructed from the sinogram data in the range from Q, to Q, + 180°, increasing €, by 45°. Thus, eight
tomograms are reconstructed per turn, and the sinogram data for 135° sample rotation were used for neighboring
reconstructions for a smooth view of the resultant 4D CT movies.

Results
Observation of polypropylene melting. Figure 2 shows sagittal slice views on the sample rotation center
of the phase tomograms obtained for the PP sample (see also Supplementary Movie S3). The laser operated in
CW mode at 50 W was irradiated from the upper surface. As shown in Fig. 2, melting occurred and bubbling
(evaporation) followed from the opposite surface, which contacted with the Al holder and was just below the
field of view of Fig. 2. The morphological change is shown by volume rendering views in Fig. 3. The optical pen-
etration length of PP at the laser wavelength of 1064 nm is 12.87 mm'*. According to the Beer-Lambert law, the
transmittance of 2 mm thick PP is 85%. Hence, the laser easily penetrates through the PP sample and reaches the
Al holder. It is speculated that the heat generated at the Al holder propagated back to the sample.

The axial slice view at the position 250 pm from the entrance surface at 5s and 40 after laser irradiation is
shown in Fig. 4(a,b), and the profiles along the yellow line are shown in Fig. 4(c). The § value of melted PP was
within 2.6 x 1077 ~ 2.8 x 107, while the theoretical 6 value of pristine PP is 3.41 x 1077 at 25keV, which coincides
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Figure 5. Sagittal section views of 4D phase tomograms obtained for the PMMA sample at different laser irradiation
times in pulse mode: (a) 2s, (b) 65, (¢) 10s, (d) 14s, (e) 18s, (f) 225, (g) 265, (h) 30s, (i) 34s, and (j) 38s.

with this measurement. Thus, the boundary of the melted region was differentiated clearly, and the speed of the
boundary expansion was evaluated to be 77.9 & 1.9 um/s. The histograms of § values representing tomograms
at different times after starting laser irradiation are shown in Fig. 4(d), where a peak emerging at 2.8 x 107 and
corresponding to the melted phase is clearly observable. The regions of melted PP were identified and marked in
each CT slice during the segmentation process. The 3D distribution of melted PP within sample at the end of laser
irradiation was depicted in Supplementary Fig. S1.

Observation of bubbling in poly(methyl methacrylate). The result obtained for the PMMA sample
is shown in Fig. 5 (see also Supplementary Movie S4). The laser operated in the pulse mode (pulse width: 50 ns,
pulse frequency: 154kHz) at a peak power of 12kW and an average power of 50 W. The optical penetration length
of PMMA at a wavelength of 1064 nm is approximately 24 mm, which implies that the transmittance for 3 mm
thick PMMA is around 88%. However, no change from the Al rod side was observed, unlike the result shown in
Fig. 3 and the result in CW mode (see Supplementary Fig. S2). Sagittal section views on the center in Fig. 5 reveal
significant structural change (bubbling) at the region hit by the laser. The small bubbles coalesce into larger voids
and a hole was made in the PMMA, which is shown in the surface rendering views presented in Fig. 6.

Observation of polycarbonate ashing. The result obtained for a PC sample in CW mode at 6.55W is
shown in Fig. 7, where carbon ashes were formed (see also Supplementary Movie S5). The 3D reconstruction of
the PC sample at 25s of laser irradiation is depicted in Fig. 8(a), where the formation of carbon ash was success-
fully visualized. Assuming that the total sum of § values of all voxels provides total mass, the reduction in the total
mass in time is plotted in Fig. 8(b). At the beginning of laser irradiation, ashing was dominated until 17s. Beyond
17 s, bubbling phenomenon occurred additionally and the total mass decreased more rapidly. The histograms
of § values representing tomograms at different laser irradiation times are seen in the Fig. 8(c), where two peaks
corresponding to the pristine PC (§=4.2 x 1077) and carbon ash (§ =0.45 x 10~7) can be clearly distinguished.

Discussion

According to laser ablation theory'®%, laser ablation can follow either a “volume absorption” or a “surface absorption”
regime. Volume absorption is characterized as the case where the optical penetration length of the polymer is much
larger than its thermal diffusion length while it is vice versa in the case of surface absorption. The expansion of melted
regions during laser irradiation in PP over several mm (Fig. 2(a)-(i)) suggests “volume absorption” of the thermal
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Figure 6. Rendering views of bubbles appeared immediately below laser entrance surface in the PMMA sample
at different laser irradiation times: (a) 65, (b) 105, (c) 145, (d) 18s, (e) 22, (f) 26, (g) 305, (h) 345, and (i) 38s.
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Figure 7. Sagittal section views of 4D phase tomograms obtained for the PC sample at different laser irradiation
times in CW mode: (a) 1s, (b) 4s, (c) 7s, (d) 105, (e) 135, (f) 16, (g) 195, (h) 22, and (i) 255s. The images show
the accumulation of carbon ash on the entrance sample surface.

energy generated by the laser beam. On the other hand, the interaction of nanosecond pulses with PMMA is charac-
terized by “surface absorption”; that is, the laser was mainly absorbed at the entrance sample surface. Thus, the both
regimes of the interaction of laser radiation with polymer materials were demonstrated by pink-beam 4D phase CT.
It is speculated that the result shown in Fig. 2 involved the heat effect from the Al holder in addition to direct
interaction of the laser and sample. In order to visualize only polymer laser ablation by 4D phase CT, the contact of the
sample with the holder should be avoided by modifying the sample holder (e.g. by drilling a vertical central hole into it).
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Figure 8. (a) 3D rendering view of a phase tomogram obtained for the PC sample at 25 s of laser irradiation.
The carbon ash accumulated on the entrance sample surface is depicted. (b) The temporal evolution of the
total mass of the PC sample during laser irradiation. (c) The histograms of § values calculated for all phase
tomograms obtained for the PC sample at different laser irradiation times.

Conclusions

A pink-beam of a 10% bandwidth has been generated by a multilayer mirror at BL28B2, SPring-8, and an XTI
was combined to perform 4D phase CT. The interaction of infrared laser radiation with PP, PMMA and PC was
studied at a spatial resolution of 60 pm and a temporal resolution of 0.5-2 s without causing problematic radia-
tion damage to the samples by synchrotron radiation. Laser-induced PP melting, laser-induced drilling into the
PMMA and laser-induced combustion of PC were successfully visualized.

In the near future, we plan to improve the temporal resolution from the current 0.5 s to 80 ms by increasing the
frame rate of the X-ray detector from 4000 fps to 10,000 fps. Moreover, the application of pink-beam 4D phase
CT will be expanded to laser ablation of polymer composites such as carbon-fiber reinforced polymers, for which
scattering contrast generated by fibrous microstructure would be used??2.

References

1. Herman, G. T. Fundamentals of Computerized Tomography: Image reconstruction from projections, https://doi.org/10.1007/978-
1-84628-723-7 (Springer-Verlag London, 2009).

2. Momose, A. Phase-sensitive imaging and phase tomography using X-ray interferometers. Opt. Express 11, 2303-2314, https://doi.
org/10.1364/0E.11.002303 (2003).

3. Momose, A., Yashiro, W,, Takeda, Y., Suzuki, Y. & Hattori, T. Phase tomography by X-ray Talbot interferometry for biological
imaging. J. Appl. Phys. Part 1 45, 5254-5262, 10.1143/]JAP.45.5254 (2006).

4. Zhou, S. A. & Brahme, A. Development of phase-contrast X-ray imaging techniques and potential medical applications. Phys. Med.
- European Journal of Medical Physics 24, 129-148, https://doi.org/10.1016/j.ejmp.2008.05.006 (2008).

5. Momose, A., Fujii, A., Kadowaki, H. & Jinnai, H. Three-dimensional observation of polymer blend by X-ray phase tomography.
Macromolecules 38, 7197-7200, https://doi.org/10.1021/ma0509170 (2005).

6. Momose, A. et al. Demonstration of X-ray Talbot interferometry. Jpn. J. Appl. Phys. Part 2 42, L866-L868, https://doi.org/10.1143/
JJAP.L866 (2003).

7. Weitkamp, T. et al. X-ray phase imaging with a grating interferometer. Opt. Express 13, 6296-6304, https://doi.org/10.1364/
OPEX.13.006296 (2005).

8. Momose, A., Yashiro, W., Harasse, S. & Kuwabara, H. Four-dimensional X-ray phase tomography with Talbot interferometry and
white synchrotron radiation: dynamic observation of a living worm. Opt. Express 19, 8423-8432, https://doi.org/10.1364/
OE.19.008423 (2011).

9. Uesugi, K., Hoshino, M., Takeuchi, A., Suzuki, Y. & Yagi, N. Development of fast and high throughput tomography using CMOS
image detector at SPring-8. Proc. SPIE 8506, 850601, https://doi.org/10.1117/12.929575 (2012).

10. Hoshino, M., Uesugi, K. & Yagi, N. 4D X-ray phase contrast tomography for repeatable motion of biological samples. Rev. Sci.
Instrum. 87, 093705, https://doi.org/10.1063/1.4962405 (2016).

11. dos Santos Rolo, T. et al. A Shack-Hartmann sensor for single-shot multi-contrast imaging with hard X-rays. Appl. Sci. 8, 737,
https://doi.org/10.3390/app8050737 (2018).

SCIENTIFIC REPORTS | (2019) 9:7404 | https://doi.org/10.1038/s41598-019-43589-6 7


https://doi.org/10.1038/s41598-019-43589-6
https://doi.org/10.1007/978-1-84628-723-7
https://doi.org/10.1007/978-1-84628-723-7
https://doi.org/10.1364/OE.11.002303
https://doi.org/10.1364/OE.11.002303
https://doi.org/10.1016/j.ejmp.2008.05.006
https://doi.org/10.1021/ma050917o
https://doi.org/10.1143/JJAP.L866
https://doi.org/10.1143/JJAP.L866
https://doi.org/10.1364/OPEX.13.006296
https://doi.org/10.1364/OPEX.13.006296
https://doi.org/10.1364/OE.19.008423
https://doi.org/10.1364/OE.19.008423
https://doi.org/10.1117/12.929575
https://doi.org/10.1063/1.4962405
https://doi.org/10.3390/app8050737

www.nature.com/scientificreports/

12. Choudhury, I. A. & Shirley, S. Laser cutting of polymeric materials: An experimental investigation. Opt. Laser. Technol. 42, 503-508,
https://doi.org/10.1016/j.optlastec.2009.09.006 (2010).

13. Mathew, J., Goswami, G. L., Ramakrishnan, N. & Naik, N. K. Parametric studies on pulsed Nd:YAG laser cutting of carbon fibre
reinforced plastics. . Mater. Process. Technol. 90, 198-203 (1999).

14. Herzog, D. et al. Laser cutting of carbon fibre reinforced plastics of high thickness. Mater. Des. 92, 742-749, https://doi.org/10.1016/j.
matdes.2015.12.056 (2016).

15. Klein, R. Material properties of plastics. Laser welding of plastics, https://doi.org/10.1002/9783527636969.ch1 (Wiley, 2011).

16. Frayssinous, C., Fortin, V., Berube, J. P, Fraser, A. & Vallee, R. Resonant polymer ablation using a compact 3.44 pm fiber laser. J.
Mater. Process. Technol. 252, 813-820, https://doi.org/10.1016/j.jmatprotec.2017.10.051 (2018).

17. Zanette, I, Bech, M., Pfeiffer, F. & Weitkamp, T. Interlaced phase stepping in phase-contrast x-ray tomography. Appl. Phys. Lett. 98,
094101, https://doi.org/10.1063/1.3559849 (2011).

18. Zanette, I. et al. Trimodal low-dose X-ray tomography. Proc. Natl. Acad. Sci. 109, 10199-10204, https://doi.org/10.1073/
pnas.1117861109 (2012).

19. Kibayashi, S., Harasse, S., Yashiro, W. & Momose, A. High-speed X-ray phase tomography with Talbot interferometer and fringe-
scanning method. AIP Conf. Proc. 1466, 261-265, https://doi.org/10.1063/1.4742302 (2012).

20. Bauerle, D. W. Laser Processing and Chemistry. Fourth Edition, https://doi.org/10.1007/978-3-642-17613-5 (Springer-Verlag Berlin
Heidelberg, 2011).

21. Revol, V. et al. Laminate fibre structure characterisation of carbon fibre-reinforced polymers by X-ray scatter dark field imaging with
a grating interferometer. Nondestruct. Test. Eval. Int. 58, 64-71, https://doi.org/10.1016/j.ndteint.2013.04.012 (2013).

22. Hannesschlaeger, C., Revol, V., Plank, B., Salaberger, D. & Kastner, J. Fibre structure characterisation of injection moulded short
fibre-reinforced polymers by X-ray scatter dark field tomography. Case Stud. Nondestr. Test. Eval. 3, 34-41, https://doi.org/10.1016/j.
csndt.2015.04.001 (2015).

Acknowledgements
This work was supported by the ERATO project (JPMJER1403) of Japan Science and Technology Agency. The
experiments using synchrotron radiation were approved by SPring-8 committee, 2017A1041 and 2017B1445.

Author Contributions
K.V, YW, H.T.,, M.H. and A.M. planned this study and performed the experiments. K.V. reconstructed 4D phase
tomograms, prepared rendering views, and performed data analysis. K.V. and A.M. completed the manuscript
with input from all authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-43589-6.

Competing Interests: The authors declare no competing interests.

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

Cam | icense, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:7404 | https://doi.org/10.1038/s41598-019-43589-6 8


https://doi.org/10.1038/s41598-019-43589-6
https://doi.org/10.1016/j.optlastec.2009.09.006
https://doi.org/10.1016/j.matdes.2015.12.056
https://doi.org/10.1016/j.matdes.2015.12.056
https://doi.org/10.1002/9783527636969.ch1
https://doi.org/10.1016/j.jmatprotec.2017.10.051
https://doi.org/10.1063/1.3559849
https://doi.org/10.1073/pnas.1117861109
https://doi.org/10.1073/pnas.1117861109
https://doi.org/10.1063/1.4742302
https://doi.org/10.1007/978-3-642-17613-5
https://doi.org/10.1016/j.ndteint.2013.04.012
https://doi.org/10.1016/j.csndt.2015.04.001
https://doi.org/10.1016/j.csndt.2015.04.001
https://doi.org/10.1038/s41598-019-43589-6
http://creativecommons.org/licenses/by/4.0/

	Development of pink-beam 4D phase CT for in-situ observation of polymers under infrared laser irradiation

	Methods and Materials

	Pink-beam generation. 
	X-ray Talbot interferometer (XTI). 
	Polymer samples. 
	X-ray image detector. 
	Laser. 
	4D phase CT. 

	Results

	Observation of polypropylene melting. 
	Observation of bubbling in poly(methyl methacrylate). 
	Observation of polycarbonate ashing. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 A scheme of a pink-beam 4D phase CT set-up with a multilayer mirror, XTI (G1 and G2), fast X-ray image detector, and an infrared laser source.
	Figure 2 Sagittal section views of 4D phase tomograms obtained for the polypropylene at different laser irradiation times in CW mode: (a) 4 s, (b) 10 s, (c) 16 s, (d) 22 s, (e) 28 s, (f) 34 s, (g) 40 s, (h) 46 s, (i) 52 s, and (j) 58 s.
	Figure 3 3D rendering views of the 4D phase tomograms obtained for the polypropylene sample at different laser irradiation times: (a) 24 s, (b) 28 s, (c) 32 s, (d) 36 s, (e) 40 s, (f) 44 s, (g) 48 s, (h) 52 s, and (i) 56 s.
	Figure 4 CT slices taken 250 μm below the entrance surface of the PP sample: (a) 5 s and (b) 40 s of laser irradiation.
	Figure 5 Sagittal section views of 4D phase tomograms obtained for the PMMA sample at different laser irradiation times in pulse mode: (a) 2 s, (b) 6 s, (c) 10 s, (d) 14 s, (e) 18 s, (f) 22 s, (g) 26 s, (h) 30 s, (i) 34 s, and (j) 38 s.
	Figure 6 Rendering views of bubbles appeared immediately below laser entrance surface in the PMMA sample at different laser irradiation times: (a) 6 s, (b) 10 s, (c) 14 s, (d) 18 s, (e) 22 s, (f) 26 s, (g) 30 s, (h) 34 s, and (i) 38 s.
	Figure 7 Sagittal section views of 4D phase tomograms obtained for the PC sample at different laser irradiation times in CW mode: (a) 1 s, (b) 4 s, (c) 7 s, (d) 10 s, (e) 13 s, (f) 16 s, (g) 19 s, (h) 22 s, and (i) 25 s.
	Figure 8 (a) 3D rendering view of a phase tomogram obtained for the PC sample at 25 s of laser irradiation.




