
Open Ceramics 12 (2022) 100311

Available online 9 October 2022
2666-5395/© 2022 The Authors. Published by Elsevier Ltd on behalf of European Ceramic Society. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Mid-infrared optical coherence tomography as a method for inspection and 
quality assurance in ceramics additive manufacturing 

Ivan Zorin a,*, Dominik Brouczek b, Sebastian Geier b, Serkan Nohut b,c, Julia Eichelseder b, 
Guillaume Huss d, Martin Schwentenwein b, Bettina Heise a 

a Research Center for Non-Destructive Testing GmbH, Science Park 2, Altenberger Str.69, Linz, 4040, Austria 
b Lithoz GmbH, Mollardgasse 85a/2/64-69, Vienna, 1060, Austria 
c Piri Reis University, Department of Mechanical Engineering, Postane Mah. Eflatun Sok. 8, Istanbul, 34940, Turkey 
d LEUKOS SAS, 2 rue Edouard Michaud, Limoges, 87000, France   

A R T I C L E  I N F O   

Keywords: 
Non-destructive testing 
Mid-infrared 
Optical coherence tomography 
Characterization 
Inspection 
Quality assurance 
Material research 

A B S T R A C T   

In the past decade, significant progress has been made in ceramics additive manufacturing (AM). Material 
research and the rapid evolution of high-resolution printing technologies enabled the production of high-quality, 
high-precision, complex-structured ceramic objects. In this contribution, we propose a contactless, non- 
destructive method of mid-infrared optical coherence tomography (mid-IR OCT) for at-line inspection and 
quality assurance of AM ceramics. The OCT system operates in the spectral range from 3.15 μm to 4.2 μm 
featuring extended probing depth into porous ceramics. The spatial resolution of the mid-IR OCT system is suited 
to most of AM techniques: the axial resolution (determined by the coherence length) is 8 μm; the lateral reso-
lution is around 40 μm (determined by the size of the focused beam). The capabilities of the method are 
demonstrated by imaging diverse high-scattering single and multi-component samples (in both green and sin-
tered states) fabricated by means of lithography-based ceramics manufacturing. The selected materials are 
alumina and zirconia, the gold standard in AM. Some features of interest, such as local changes in porosity, 
surface and sub-surface defects and layer structure, were accessed and analyzed.   

1. Introduction 

Ceramic additive manufacturing (AM) has developed rapidly in 
recent years, as evidenced by its significant impact on the industry and 
extensive scientific reports [1–4]. High-performance ceramic materials 
employed in AM have unique and diverse properties. They possess 
bending and tensile strength, high density, corrosion, chemical, and 
thermodynamic stability; optical properties include broad spectral 
response, strong scattering, and high damage threshold. Some materials 
exhibit specific thermal and electrical properties (insulation or con-
ductivity), or, for instance, piezoelectric characteristics [5,6]. Due to 
this variety of material characteristics, three-dimensional (3D) ceramic 
printing technology has aroused great interest in various applied sce-
narios. The ceramic AM systems became commercial and found wide 
adoption in fields ranging from biomedicine (especially application of 
so-called bio-ceramics for implant printing and bone tissue engineering) 
[7–14], to, for instance, terahertz technology [15–17], microelectronics 
[18–20], automotive and aerospace industries [21,22]. Nevertheless, 

despite the seeming maturity of the technology, 3D ceramic printing is 
still in an intensive development phase. The main focus is on material 
research and optimization of the printing process, dimensional accu-
racy, and minimization of defects (such as cracking, contamination, 
delamination, surface and sub-surface inhomogeneities, surface quality, 
shrinkage etc.) [23]. 

Various inspection, characterization and quality control methods are 
used to obtain the relevant data required to study materials and optimize 
the printing process. Probably the most common techniques for 
morphological evaluation are scanning electron microscopy, X-ray im-
aging (micro-computed tomography), and optical microscopy; porosity 
analysis — another important quantity for AM of ceramics — is usually 
performed conventionally using the Archimedes method or gravimetric 
approaches. Scanning electron microscopy provides extremely high 
resolution, allowing evaluation of surface quality, roughness and 
average pore size; the application, however, is confined to the exami-
nation of the sample surface [24]. X-ray tomographic imaging tech-
niques enable volumetric morphological imaging with high spatial 
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resolution, albeit with long processing times [25]. The chamber size of 
standard micro-computed tomography systems limits their use for 
relatively small samples or involves cutting out fragments for exami-
nation [26]. Besides, X-rays are ionizing, which restricts their use in 
certain scenarios. Apart from the high capital costs of both methods, 
both X-ray methods and scanning electron microscopy are technically 
complex, so they are not feasible for at- and even less so for in-line 
monitoring. In contrast, conventional optical microscopy is 
cost-effective and technically simple, but merely limited in performance. 
Thus, only surface analysis (due to scattering and absorption) with 
confined spatial resolution and depth of field is possible [27]. The 
classical methods of porosity analysis mentioned above are conventional 
manual procedures that provide average sample porosity without any 
spatial localization. 

An alternative method that is not as commonly known in the ceramic 
community, but is well suited for assurance, qualitative and quantitative 
control, and dimensional metrology, is optical coherence tomography 
(OCT). OCT is a well-established non-destructive and contactless 
method for 3D structural imaging of complex-shaped turbid specimens 
[28]. OCT operates as an optical length gauge and uses optical inter-
ferometric detection (i.e. signals are coherently amplified) of back-
scattered light, which enables depth discrimination capability. OCT 
systems are relatively cost-effective, reliable, and provide high sensi-
tivities (sensitivity above 110 dB can be achieved [29]) and high-speed 
data acquisition (MHz rates reported [30–32]). The usual imaging depth 
of OCT systems ranges from hundreds of micrometers to a couple of 
millimeters. OCT enables defectoscopy, direct quantitative and quali-
tative morphological imaging and indirect analysis of various optical 
material responses. For this reason, notable solutions span various fields 
of research. The main areas of the application are biomedicine and 
ophthalmology [33,34]. However, there is a wide variety of prominent 
use cases for non-destructive testing beyond the biomedical applications 
standard for OCT [35–38]. Among them are several reports on the 
application of near-infrared (near-IR) OCT systems to the inspection of 
ceramic materials also covering AM scenarios [39–42]. Thus, the per-
formances of OCT to evaluate geometry, analyze particle or grain 
composition and distribution, map localized porosity, surface topology, 
and defectoscopy are in principle known and practically studied. How-
ever, it is essential to note that most industrial ceramics are challenging 
materials for state-of-the-art OCT systems —standard commercial sys-
tems operate in the well-developed near-IR spectral range, at most at 
wavelengths up to 1.5 μm. In this spectral window, ceramic media 
exhibit strong elastic light scattering, so the probing depth is severely 
constrained. 

Scattering in ceramics with an emphasis on OCT imaging, as well as 
the search for an optimal spectral band was first theoretically investi-
gated by R. Su et al. in Ref. [43]. A significant increase in OCT pene-
tration depth was predicted to be at longer wavelengths, i.e. in the 
mid-IR spectral range between 2 μm and 4 μm. This wavelength range 
also provides a good compromise with axial resolution in comparison to 
e.g. THz solutions [44]. Thus, the simulations have shown that the 
optimal spectral range provides increased tolerance to scattering as its 
magnitude decreases with increasing wavelength [45,46]. In the last few 
years, the predictions of R. Su et al. have been confirmed by several 
research groups when the first mid-IR OCT systems were experimentally 
demonstrated [47,48]. It has been verified, that the imaging perfor-
mance of mid-IR OCT for industrial porous ceramics can be substantially 
improved compared to that of near-IR systems. These first experimental 
reports were followed by derivative publications addressing further 
developments of mid-IR OCT systems; some potential applications were 
identified [49–54]. 

In this contribution, we introduce mid-IR OCT as an alternative and 
promising tool for at-line volumetric imaging, inspection, material 
research, and quality assurance in 3D ceramics printing. We demon-
strate the capabilities of this technology to the broad community dealing 
with material research and development of AM machinery. Thus, the 

experimental part includes measurements of various high-scattering AM 
ceramic samples (single- and multi-component) in both green and sin-
tered states. We present the system’s capabilities for defectoscopy , 
dimensional metrology (surface and sub-surface features), and locali-
zation of porosity variations for 3D printed ceramics. The investigated 
samples were produced by the method of lithography-based ceramic 
manufacturing (LCM). 

2. Material and methods 

2.1. Mid-infrared spectral-domain optical coherence tomography system 

The mid-IR OCT system employed for at-line measurements of 3D- 
printed ceramics is schematically shown in Fig. 1. The setup consists 
of three core units: a compact measurement head (size 16.5 cm×12.5 
cm×6 cm), a detection system (dispersive single-pixel scanning spec-
trometer), and a mid-IR supercontinuum source. The OCT system 
operates in the spectral domain configuration; the operational spectral 
window ranges from around 3.15 μm to 4.2 μm. The detection approach 
relies on time-encoded sampling of spectral interferograms — the OCT 
signals required to reconstruct morphological information are recorded 
in time as the spectral components are scanned over a point detector. 
This is accomplished in the detection module by using a two-fold spec-
trometer configuration with a 4f mirror system (formed by spherical 
mirrors with focal lengths of 100 mm) that conjugates the grating and 
scanner planes. 

The at-line spectral-domain OCT system is a customized design that 
has been previously reported in Ref. [55], thus, details on the technical 
implementation of the system and its characterization can be found in 
this publication. In terms of system architecture, two technical aspects 
have been modified. Instead of an all-free-space configuration presented 
in Ref. [55], in the at-line OCT setup shown in Fig. 1, the core modules of 
the OCT system are separated by optical fibers for practical flexibility. In 
addition, the spectrometer’s long focal-length focusing optics was 
replaced with a spherical mirror with a focal length of 150 mm, which 
allowed us to reduce the size of the detection spectrometer (30 cm×30 
cm×20 cm). In order to preserve spectral resolution, since the replaced 
optics affected linear dispersion, a fixed 100 μm slit (Thorlabs, S100K) 
was installed in front of the detector. Scanning parameters were 
adjusted, so that this upgrade impacted the dimensions, and the spec-
trometer specifications (spectral resolution of around 2 nm) and band-
width were retained. 

The compact measuring head is intended to probe a sample mounted 
on a two-dimensional motorized scanning stage. The supercontinuum 
laser light is focused onto the sample; area mapping is performed in a 
stepwise manner by scanning the beam over the surface of the sample. 
The measurement head has input and output collimators (cIN and cOUT) 
to couple light in and out. The input spectral filtering is performed by an 
edge-pass filter (SF, 2.4 μm cut-on wavelength to block near-IR emis-
sion). The core of the head is a Michelson interferometer formed by a 
pellicle beamsplitter (BS). For focusing, a BaF2 lens is used (50 mm, 
dispersion in the interferometer reference arm is compensated by a 
corresponding BaF2 window [Comp. in Fig. 1]). This module has been 
designed so that it can potentially be integrated into AM machinery and 
used in an in-line monitoring configuration. 

The necessary electronics such as a galvo-scanner control unit, a 
specifically designed single-board boxcar integrator, and a digitizer (14- 
bit, 125 MS/s sampling rate, 60 MHz bandwidth) are integrated into the 
detection unit. The system is connected to a PC via Ethernet and is 
controlled using a graphical user interface. 

For OCT imaging, two different mid-IR supercontinuum laser sources 
were used. The sources can be easily switched since optical fibers are 
used. For the experimental demonstration, a high-power (about 230 mW 
average power after the spectral filter) high repetition rate (250 kHz) 
mid-IR supercontinuum source based on InF3 fiber was used. This source 
was specially developed and adapted for this application by Leukos SAS. 
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The spectral shape, as well as pulse emission parameters, were opti-
mized for the at-line system providing higher axial resolution. Besides, 
for power-sensitive applications such as measurements of green parts 
(since polymer matrix can absorb mid-IR radiation causing thermal 
load), a low power (16 mW average power after the spectral filter, 40 
kHz repetition rate) supercontinuum source from NKT Photonics was 
used. The axial resolution (in depth direction) of the system that de-
pends on the spectral bandwidth (determined by the coherence length) 
is around 8 μm (16 μm for the low-power laser source) as was charac-
terized in Ref. [55]; the lateral resolution of the system, determined by 
the focusing optics (determined by the size of the focused beam), is 
around 40 μm [49]. Since the axial and lateral components are in gen-
eral decoupled one from another, the three-dimensional point-spread 
function has an ellipsoid shape. Specimen structures of the size larger 
than the spatial resolution can be unambiguously imaged and separated; 
higher spatial frequencies are being suppressed. The resolution is 
conventionally determined at the full width at half maximum level of the 
point spread function [28]. The sensitivity of the system is around 80.17 
dB, which allows to distinguish reflectivities or reflectivity variations 
lower than R = 10− 8 (in free space in the absence of scattering). The 
A-scan rate was set to 50 Hz for all the measurements, i.e. the time 
required to map a single point withing the region of interest is 20 ms. 
The effective imaging depth range of the system, set by the confocal gate 
of the focusing optics, is around 1.1 mm. Both the Nyquist-limited depth 
range (>16 mm due to digitization of spectral interferograms) and the 6 
dB range (about 1.4 mm due to sensitivity roll-off) are not limiting 
factors for the presented design [28]. 

2.2. Lithography-based ceramics manufacturing machinery 

The components produced via LCM-technology were printed with 
two different types of devices. The parts consisting of one material were 
printed with the CeraFab 7500 and the specimens containing two 

different materials were printed with the CeraFab Multi 2M30. The pixel 
size defines the lateral resolution and is 40×40 μm2 for both devices; 
thus, the resolution of the developed mid-IR OCT system is optimally 
matched to the printing equipment used. The schematic setup of these 

Fig. 1. Basic layout of the at-line mid-IR OCT system that consists of three core units connected by InF3 fibers for practical versatility; the mid-IR supercontinuum 
laser source is coupled to the measurement head using an input mirror collimator (cIN); the compact measurement head (containing a spectral filter SF, a Michelson 
interferometer [BS is a pellicle beam splitter], compensator [Comp., BaF2 window] and focusing optics) probes the sample fixed in the XY scanning stage; back- 
scattered and reference beams are collected by an output mirror collimator (cOUT) and redirected to the detection module — a dispersive scanning spectrometer 
formed by a 4f system (composed of spherical mirrors SM1 and SM2), galvo-scanner and a single point detector; the spectral interferograms are being recorded in 
time, processed and digitized by the read-out electronics (a boxcar integrator and 14-bit digitizer). 

Fig. 2. Schematic structure of the CeraFab printers. (1) build platform, which is 
movable in Z-direction; (2) rotatable vat, in which the material is deposited; (3) 
optical system, which transmits the light from the LED lamp (4) to the pro-
jection surface, generating selective layer images. 
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printers is essentially the same and is shown in Fig. 2. 
The 3D design to be printed is uploaded in STL format and divided 

into 2D images by the machine software. The number of images 
generated depends on the selected layer thickness (corresponds to the 
thickness of a printed layer). During 3D printing, the ceramic-loaded 
suspension (or slurry) is automatically dispensed and applied to a 
transparent vat. The movable build platform is immersed in the slurry, 
which is then selectively exposed to visible light from below. The layer 
image is generated using a digital micromirror device (DMD) in 
conjunction with a state-of-the-art projection system. By repeating this 
process, a three-dimensional green body can be created layer by layer. 
This so-called green body consists of ceramic particles embedded in a 
polymer matrix. The matrix is removed from the green body during 
debinding by thermal treatment up to 600 ◦C. Through a further thermal 
treatment at high temperatures, the sintering process, the porous body is 
compacted and densified, which means that the originally loose powder 
is transformed into a dense, solid ceramic part, leading to a dimensional 
change due to shrinkage. 

2.3. Samples: lithography-based manufactured ceramics 

In order to demonstrate the capabilities and performance of mid-IR 
OCT to investigate diverse features of high-scattering 3D printed ce-
ramics, several samples with specific traits were selected. It should be 
noted, that selected materials are the most used for AM. The perfor-
mance of OCT (and mid-IR OCT in particular) for materials such as 
hydroxyapatite, silicon nitride, or silicon carbide can be affected due to 
e.g. increased absorption or high dispersion [56–59]. Fig. 3 displays the 
visible photos of the test samples. 

2.3.1. Alumina plate with surface and sub-surface defects due to 
contamination 

The sample is a thick plate of a single material, see Fig. 3a. The part 
was printed vertically. It is a sintered alumina plate, with a dimension of 
25×2×25 mm3. The part was produced with a layer thickness of 25 μm 

(total number of layers 1280). The exposure energy was set to 150 mJ/ 
cm2. During the sintering process in the furnace, the sample encountered 
a foreign material, which resulted in these punctual foreign phase im-
purities on the surface. 

The defects aroused due to contamination are of interest for 
morphological analysis, i.e. to analyze its penetration into the bulk 
body, as well as for indirect analysis of density inhomogeneities 
(porosity mapping). 

The thickness of the plate is outside of the imaging depth of the OCT 
system, thus, the back interface was not expected to be accessed. 

2.3.2. Plates structured by dense and porous alumina ceramics (2- 
component parts, green and sintered) 

Porosity gradient alumina samples were produced with a discrete 
material transition on a lateral plane perpendicular to the deposition 
direction. The newly developed multi-material LCM printer CeraFab 
Multi 2M30 was employed for the production. The green body and 
sintered parts are shown in Fig. 3b and c correspondingly. With the help 
of a within-layer approach, it is possible to use two different materials on 
the same layer [60]. For the fabrication of porosity graded alumina 
samples, commercially available alumina slurry LithaLox 350 (Lithoz 
GmbH, Austria) with a volumetric alumina powder content of 49% was 
used. PMMA microbeads with the particle size distribution of d50 = 8 
~11 μm were used as pore-forming agents (PFA) for the fabrication of 
porous alumina regions. The samples are structured in such a way that 
the density varies along one dimension between the two end surfaces of 
dense and porous with expected porosities of 10% and 30%. The width 
of one material region to another increased incrementally along the axis 
of interest as 105 μm, 210 μm, 315 μm, 430 μm, 525 μm, 525 μm, 630 
μm, 735 μm, 840 μm, 945 μm, 1400 μm. All layers were printed with 25 
μm layer thickness by exposing both materials to 150 mJ/cm2 by using a 
mono-chromatic (450 nm) projector with a power of 50 mW/cm2. 

The waiting times before curing the layers were selected 15 s. The 
post-processing cleaning was performed by using the solution Lith-
aSol20 (Lithoz GmbH, Austria) and compressed air. The samples were 

Fig. 3. Samples used for experimental demonstrations; each sample possesses specific features of interest.  
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sintered at 1650 ◦C for 2 h with a heating rate of 1 ◦C/min. The total 
thickness of the samples was measured as approximately 1.3 mm and 
1.0 mm for the green body and sintered states. In this article, both green 
and sintered parts were examined with the mid-IR OCT system to display 
the capabilities to investigate complex porosity profiles of 3D printed 
ceramic parts. 

2.3.3. Microstructured green alumina disk with embossed surface pattern 
This green-state sample [Fig. 3d] with a centered pattern was spe-

cifically designed for OCT imaging to demonstrate the increased pene-
tration depth and capabilities of the mid-IR OCT system for structural 
imaging and volumetric dimensional metrology. 

The disk was printed horizontally. The component has a diameter of 
18.3 mm and a thickness of 650 μm. The part was printed with a layer 
thickness of 25 μm (total amount of layers 26) and an exposure energy of 
500 mJ/cm2. The depth of the pattern is 325 μm. The centered pattern 
consists of squares of varying sizes: sides of 1.2 mm, 1.12 mm, 1.04 m, 
0.96 mm, 0.88 mm, 0.80 mm, 0.72 mm, 0.64 mm, 0.56 mm, 0.48 
mm,0.40 mm, 0.32 mm, 0.24 mm, 0.1 mm. 

2.3.4. Bulk sintered 2-component part with a star pattern 
The sample [Fig. 3e] is composed of two materials. The star pattern 

in the centre of the sample is zirconia ceramic; the rest is printed with 
alumina ceramic. The sample was manufactured with the following 
parameters: layer height of 25 μm; exposure energy 150 mJ/cm 2 for 
both components; sintering temperature was 1450 ◦C. At this tempera-
ture, zirconia is densely sintered. The standard sintering temperature for 
alumina is 1600 ◦C. For this reason it can be assumed that its density is 
slightly lower (an estimated relative density of 95%). 

The sample has both structural (shape deviation due to different 
shrinkage of the materials, layer thickness) and material (different 
density) features. 

The thickness of the sample is 3 mm, i.e. outside of the mid-IR OCT 
imaging range, thus, the back interface is not accessible. 

2.3.5. 2-Component Cu/glass ceramic green part with a complex 3D 
structure 

The sample consists of 2 materials, see Fig. 3f. The main body is made 
of glass-ceramic combined with an embedded copper layer. The sample 
is a green part, thus consists of a polymer matrix with embedded copper 
and ceramic particles with an respective layer heights of 30 μm. Glass- 
ceramic, which is the insulating part, can be used for the production 
of ceramic green parts which are processed by LTCC (Low Temperature 
Co-fired Ceramics)—technology to generate metal-ceramic structures 
for the electronic industry: for example printed circuit boards, piezo-
electric stacks, electronic and telecommunication components. Glass- 
ceramics are used due to their properties, such as low melting temper-
ature, low thermal expansion coefficient, high resistance, and surface 
tension [61–63]. The copper layer (conductive tracks), which represents 
the conductive part, is then covered with 3 layers (90 μm) of 
glass-ceramics. In this way, a complex multimaterial 3D structure is 
formed. The part around the “Lithoz” lettering is selected for the scan. 
The sample has both surface and sub-surface features. The 1.5 mm high 
sample with an diameter of 20 mm has been printed with 30 μm layer 
thickness. The exposure energy for the copper was 2000 mJ/cm2; and 
for the glass-ceramic 400 mJ/cm2. This sample possesses varying ma-
terial properties, which provide suitable contrasts for OCT imaging. 
Besides, the imaging of the present structural features is of practical 
interest. 

3. Results 

This section presents experimental results and their interpretation, 
showcasing the system’s performance. All the OCT scans provided are in 
logarithmic scale and are rendered in grayscale (colour bar scale units 
are decibels, given on the left side of the B-scans), with the areas of 

Fig. 4. OCT examination of the plate with surface and sub-surface defects due 
to the contamination; a volumetric scan of 10×5 mm2 is analyzed in (a–d). 
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stronger reflection whiter. Essential information about the obtained 
images (i.e. dimensions of en-face sections) is indicated in the captions; 
the positions of the cross-sectional scans (so-called B-scans) are specified 
for ease of comprehension; each B-scan features calibrated dimensional 
bars. 

The porosity maps obtained for some samples are aimed at qualita-
tive analysis and localization of material density and are derived from 
volumetric scans by integrating the scattering decay profile in a fixed 
range below the upper interface. Hence, the color space of the porosity 
maps codes a corresponding integral. 

Fig. 4 depicts processed OCT measurements of the thick sintered 
alumina plate with surface and sub-surface defects due to contamina-
tion. The top surface of the specimen is shown in the en-face scan in 
Fig. 4a (10×5 mm2, XY lateral section of the volumetric scan). The 
striped structure superimposed on the image is due to interference ef-
fects resulting from a slight tilt of the sample. The en-face image clearly 
reveals contaminated areas, minor surface defects, as well as small 
height variations in areas of the impurities. An en-face scan, taken 10 μm 
below the upper interface, shows the top interface of the heterogeneities 
as they are brighter (see Fig. 4b). Thus, the defects affect the shape of top 
interface and slightly distort it. 

Further volumetric analysis shows that the inhomogeneities exhibit 
different penetration into the main intact body. An en-face scan at a 
depth of approximately 25 μm below the surface (see Fig. 4c) displays 
that the two small defects visible on the right side of the scans on Fig. 4a 
and b are not present at this depth. 

The penetration profile can be more efficiently assessed using a B- 
scan through one of the defects. Fig. 4e depicts a cross-section of a defect 
(B-scan is orthogonal to the en-face images shown), which shows that 
the defect volume extends below the surface by about 85 μm. The Z 
depth axis has been calibrated using a group refractive index of alumina 
[64]. 

In addition, it can be observed that the defects show reduced scat-
tering compared to the intact body, as the speckle pattern is less pro-
nounced and the image colour is more homogeneous in the centre of the 
heterogeneity. At the same time, a clear scattering aureole (brighter 
regions around the impurities) is well visible, which in contrast can be 
associated with increased scattering. Thus, the test sample possesses a 
local variation in porosity, which can be accessed by additional pro-
cessing of the volumetric scan. Fig. 4d depicts a porosity map obtained 
for this sample. The aforementioned theses are supported by this anal-
ysis, since the brighter areas of the map correspond to more porous re-
gions of the sample, as light scattering increases with the number of 
scatterers [46] (e.g., air bubbles, microscopic cracks, etc.). Thus, con-
cerning the sintering process of this ceramic part, the conclusion of the 
analysis confirm that the sample was locally overheated. The source of 
these inclusions was a contaminated sintering furnace in which the 
samples were in contact with foreign material. 

Mid-IR OCT imaging and analysis of green and sintered plates 
structured by dense and porous alumina ceramics are shown in Figs. 5 
and 6 correspondingly. The green part exhibit distinct height differences 
between the dense and porous components, which can be seen in the 
images of the structure from the front side (seeFig. 5a and b) and clearly 
accessible in a B-scan shown in Fig. 5d. In addition, small irregularities 
and defects in the stripes can be observed in both en-faces. 

Besides, the B-scan, which provides a sufficient signal up to around 
180 μm in depth, reveals the individual printing layers for the porous 
component strips (observable as horizontal lines). Thus, the transition 
between the layers of the porous component is not homogeneous 
causing back-scattering at the layer-to-layer interface; the estimated 
layer thickness is around 20 μm (slight discrepancy is possible, because 
the Z-axis is calibrated by the group index of sintered alumina, as the 
group index of green material is unknown). 

The porosity map of the sintered part shown in Fig. 5c enables 
distinct discrimination of the materials. A porosity profile shown below 
the map (integral of the map along the Y axis) visualizes the varying 

density and provides sufficient contrast and signal-to-noise ratio. The 
edges of the profile are slightly smoothed as the structure is inclined. 

In contrast to the green part, the en-face scan for the sintered part 
depicted in Fig. 6a shows that the height variation between the com-
ponents becomes negligible after the sintering process. At the same time, 
the porosity map (Fig. 6b) preserves the designed density profile. Cross- 
sectional scans of the sintered part are not shown, as no essential in-
formation is observable, and the layers could not be detected after sin-
tering. Thus, the sintering process smoothes out heterogeneities between 
individual layers and increases their interdiffusion. 

OCT examination of the test green alumina disk with an embossed 
surface pattern is shown in Fig. 7. Fig. 7a–d displays the en-face scans at 
key interfaces of interest: the top surface of the sample, an image of the 
5th layer, an image of the pattern face, and an image of the back side 
respectively. 

The sample has a crack passing through the entire volume that is well 

Fig. 5. OCT examination and porosity mapping of the green 2-component part 
with stepwise alternating porosity; a volumetric scan of 12×4 mm2 is analyzed 
in (a–c). 

I. Zorin et al.                                                                                                                                                                                                                                     



Open Ceramics 12 (2022) 100311

7

visible on all the frontal scans. Such a crack will result in reduced me-
chanical stability of the part. The top interface has a bubble-type defect 
on the left side (see Fig. 7a). Such defects are caused by the fact that the 
sample was printed horizontally and, given its large transverse size, air 
bubbles cannot always be sufficiently removed during printing. 

The en-face of the 5th layer (Fig. 7b) at around 120 μm in depth 
exhibit scattering irregularities (darker regions, lines) that are not 
visible on the surface. This can be explained as the printer’s vat probably 
had slight irregularities (e.g. scratches) and was therefore not 
completely planar. Also, the areas around the pattern are noticeably 
darker, which in turn reflects the fact that the density is not uniform and 
probably modulated by the structure, since the local exposure to the 
light can be not even. 

The scan of the pattern interface (Fig. 7c) provides an access to 
evaluate the quality of the embossed structures, for instance, the edge 
and angle quality can be further characterized. In addition, it can be 
noted that the smallest structures do not match the designed thickness 
and collapse at lower depths because their interface is not identified. 

It should be noted that the OCT image of the rear interface of this test 
specimen, obtained at a maximum depth of about 650 μm, still provides 
sufficient contrast, as can be seen in Fig. 7d. 

Since the supercontinuum beam propagating through the sample and 
back is used for sensing, this en-face image accumulates some strong 
features for the preceding layers that affect the beam, for example, the 
bubble from the top interface can be parsed. 

As can be seen, the entire 650 μm thick disc volume was successfully 
probed using the developed mid-IR OCT system. The printed layers are 
detected and well pronounced in the B-scan shown in Fig. 7e. Subsurface 
defects similar to the aforementioned bubble-type surface defect can be 
identified in the layers (some defects are indicated in the images). The 
darker area on the B-scan at a depth of about 325 μm corresponds to the 
position of the pattern (pattern proximity region). No layers are 
observable in this section, as the material appeared to be more homo-
geneous in this segment as discussed previously. 

In order to stress the increased capabilities of the developed mid-IR 
OCT for examination of 3D printed ceramic samples, we present 
comparative measurements for the disk sample. Fig. 7f depicts a B-scan 
obtained with a state-of-the-art commercial OCT system operating at the 

central wavelength of 1.3 μm (Thorlabs, Vega SS-OCT system, 102 dB 
sensitivity). The same region as shown in Fig. 7e was measured. The sub- 
surface structure is completely indistinguishable; no layers or interfaces 
can be observed. The B-scan contains only a characteristic pattern of 
multiple scattering. Thus, these comparative measurements confirm the 
increased efficiency of mid-IR OCT for studying samples with high 
porosity, which includes various 3D-printed ceramics. 

A volumetric OCT study of the sintered 2-component part with a star 
pattern is shown in Fig. 8. The measurements presented include two en- 
face images (component interfaces), a porosity map, a full volumetric 

Fig. 6. OCT examination and porosity mapping of the sintered 2-component 
part with stepwise alternating porosity (green part is analyzed in Fig. 5); a 
volumetric scan of 12×2 mm2 is analyzed. 

Fig. 7. OCT imaging (8×8 mm2 for en-face scans in [a-d]) of the green state 
disk sample with a relief pattern and various defects (cracks, bubbles). The 
layers are revealed in the B-scan (c); the B-scan (f) was captured with a com-
mercial system and shown for comparison. 
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scan, and a typical B-scan. 
Since the materials have different shrinkage upon the heat treatment, 

after sintering the sample acquired a wavy shape. The distorted shape is 
well-visible in the volumetric scan (Fig. 8d) as well as in the B-scan 
(Fig. 8e). 

The en-face images—Fig. 8a and b—are taken the interfaces of the 
alumina and zirconia regions respectively enabling analysis of the 
quality of the sub-components. 

The sample was sintered at a lower temperature of 1450 ◦C, so the 
zirconia is expected to be denser than the alumina segment (normally 
sintered at 1600 ◦C). This peculiarity of material density can be 
confirmed by the porosity map shown in Fig. 8c. Thus, the central zir-
conia star looks darker than its surroundings because there is less scat-
tering in its volume. It should be noted, however, that the middle of the 
star is slightly brighter. This imaging artifact can be explained by the 
wavy shape of the sample. Normal reflection in certain parts of the 
sample increased the signal, which affected the image of the porosity 
map. Despite this, the components can be easily distinguished. 

The B-scan of the sample (see Fig. 8e for details) reveal the 3D 
printed layers and their shape for both components (10 layers detected 

for this sintered part). The average layer thickness of around 31 μm is 
estimated. A B-scan of the same region, recorded with the aforemen-
tioned commercial system at the 1.3 μm central wavelength is shown in 
Fig. 8f for comparison. This scatter-limited cross-sectional scan reveals 
no relevant sub-surface information; one layer is weakly detected for the 
zirconia component. Nevertheless, scattering variations are observed. 

The results of OCT measurements of the green two-component cop-
per-glass ceramic sample are summarized in Fig. 9. Fig. 9a shows an en- 
face scan of the top surface of the sample, which revealed some surface 
imperfections such as small bubbles and scratches. A frontal image of the 
conductive tracks taken at the depth of around 100 μm is shown in 
Fig. 9b. Since the copper particles are embedded in the polymer matrix, 
this layer exhibits strong scattering of the probing light, so the layer is 
clearly visible. No significant defects can be distinguished at this layer. 
However, a scan of the layer face below the conductive structure 
(Fig. 9c) reveals minor defects in the copper that locally (in the form of 
bubbles) penetrate the underlying glass-ceramic layers. 

The origin of the defects is similar to the disk sample: during print-
ing, air cannot always be effectively removed from under the sample due 
to the lateral size of the latter. 

Fig. 8. OCT imaging (7×6 mm2 for en-face and volumetric scans as well as for the porosity map [a-c]) of the sintered 2-components part with a star pattern, 
showcasing various structural features. The layers are revealed in the B-scan (e); the B-scan (f) captured with a commercial system is shown for comparison. 
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Fig. 9d depicts a B-scan of the sample made through both defects 
(numbered for the sake of clarity) at an angle of 56◦(overall length is 
around 4.83 mm). The copper-containing layer as well as the defects can 
be identified. In contrast to some OCT studies of green parts presented 
above, no layers were distinguished in the glass-ceramic specimen, 
indicating that the material properties—when attributed to optical 
properties—are quite homogeneous. 

4. Discussions 

The field of ceramic additive manufacturing is experiencing dynamic 
growth, with a large number of new solutions, printing methods, ma-
terials and approaches emerging rapidly. All research as well as already 
well-established industrial applications require rational inspection 
quality control methods. Since ceramic materials possess high scat-
tering, most standard methods suitable, for example, for additive poly-
mer production are not feasible in this case. 

Recently, it has been proven that novel mid-IR OCT is well suited for 
ceramic materials. This non-destructive non-contact volumetric imaging 
technique, which does not require any sample preparation, provides 
rational and sufficient—in most cases—probing into scattering mate-
rials, high spatial resolution (at the scale of the printing machine or 
higher), and high sensitivity. Therefore, we demonstrate that mid-IR 
OCT is a suitable and very promising method for ceramic additive 

manufacturing. Mid-IR OCT provides appropriate capabilities for 
multidimensional structural or functional investigation and defecto-
scopy of 3D printed ceramic parts. We emphasize that it can be a stand- 
alone method as well as an complementary modality. 

As shown in our study, the structure and various properties of 3D 
printed ceramics can be directly accessed and studied using mid-IR OCT. 
In order to demonstrate the practical capabilities of the method, 
experimental verification and defectoscopy exemplified by the most 
common production faults were provided. The relevance of the per-
formed non-destructive evaluation of typical defects is of high practical 
importance. Thus, for instance, detected cracks and bubbles reduce the 
mechanical stability of the part and can cause a more serious defect 
formation during sintering (e.g., breakage, designed geometry 
mismatch). The porosity mapping carried out provides a localized 
analysis of density changes. The porosity variations can also be unde-
sirable and negatively affect material properties (resulting, for example, 
in reduced or uncontrolled bending and tensile strength, thermal sta-
bility, etc.). In addition to direct morphological information, it can be 
seen that, for example, layer visibility and probing depth depend on the 
sample, material or production parameters. Thus, advanced processing 
techniques or targeted analysis of printing parameters or material 
studies are feasible and can potentially enable new insights into printing 
processes. For example, a rigorous calibration of the porosity mapping 
procedure using components with well-defined densities could poten-
tially allow us to perform quantitative porosity mapping. The objective 
of this contribution is to introduce and demonstrate the methods pro-
vided by mid-IR OCT to a wide range of experts and researchers involved 
in the additive production of ceramics. 

Considering possible improvements, we envision future optimization 
of the mid-IR OCT system in terms of imaging speed and sensitivity. 
These properties are in focus because they are the most technically 
challenging, unlike, for example, spatial resolution, which can be 
improved either by replacing the optics (lateral) or by expanding the 
bandwidth (axial). Current imaging speed limits some application sce-
narios (e.g. dynamic processes) since volumetric scans appear time- 
consuming. The use of more stable emitters and faster spectral scan-
ners will allow us to improve the scan rate performance significantly. At 
the same time, advances in supercontinuum sources [65] and mid-IR 
detector technologies provide options for increasing OCT sensitivity, 
which will enable the detection of fainter reflectors and increase pene-
tration depth. Hence, further improvements in mid-IR OCT imaging 
performance are expected. In addition, the development of mid-IR op-
tical technology promises improved availability and quality of optical 
components, as well as lower system costs. 

5. Conclusions 

In this study, the imaging capabilities and operational performance 
of a novel non-destructive testing technique of mid-infrared optical 
coherence tomography (mid-IR OCT) were demonstrated for quality 
assurance of additively manufactured ceramics. The developed mid-IR 
OCT was applied for at-line volumetric structural imaging and exami-
nation of various green and sintered 3D printed components (porous and 
dense alumina, zirconia, glass- and copper-ceramics, multi-component 
specimens). The selected samples were successfully investigated, and 
various structural features and defects (e.g., bubble defects, printed 
layer defects, porosity changes) were identified. 

Thus, relying on experimental data, we discuss potential use cases of 
interest in this particular application area. Besides, the comparison with 
state-of-the-art solutions supplemented our discussions and highlighted 
the advanced capabilities of OCT in the mid-IR spectral range. 

The developed system is designed to be simple and ready to use in the 
field conditions, as it does not impose any special requirements other 
than laser safety. The form factor of the system has been adapted with 
the prospect of integrating the OCT measurement head into a 3D 
ceramic printer for in-line process monitoring and quality control during 

Fig. 9. OCT examination of the Cu/Glass ceramic 2-component green part; a 
volumetric scan of 14×5 mm2 is analyzed in (a–c). 
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printing. Such a solution can offer a number of advantages in future. In- 
line inspection allows direct monitoring of layer growth, verification of 
geometry (e.g., thickness and compliance with CAD designs), measure-
ment of roughness and porosity, and monitoring of defect development 
with real-time recognition as part of a user warning system [66]. In-line 
monitoring can make production chains more efficient by detecting 
potential defects faster, which saves in the end time and costs. We see 
such integration as a future potential development stage. 

In addition, it should be noted that the capabilities of mid-IR OCT are 
not limited to AM ceramics, we expect its adaptation for associated areas 
related to the direct production, sintering, and quality control of in-
dustrial and domestic ceramics. 
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