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a b s t r a c t 

Morphology, phase composition, cracks and porosity are investigated in monolithic Ti modified SiOC 

polymer-derived ceramics pyrolyzed at 10 0 0 °C and 140 0 °C using synchrotron X-ray full field absorption- 

contrast tomographic microscopy and scanning XRF- and XRD-contrast microscopy. Samples pyrolyzed at 

10 0 0 °C show a crack-free structure, but pyrolysis at 1400 °C results in formation of cracks and at higher 

Ti content also shows porosity. Tomography revealed the formation of a layered morphology that varies 

in terms of crystallographic structure and/or Ti stoichiometric concentration. The microstructural obser- 

vations and electrical conductivity are discussed in terms of pyrolysis temperature and Ti content. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Polymer-derived ceramics (PDCs) [ 1 , 2 ] are promising candidates

in a broad field of applications [ 3 , 4 ], for instance as protective

coatings [5] , fiber-reinforced ceramic-matrix composites [6] , insu-

lators, electrodes in Li-ion batteries [7–10] or catalytic supports

for hydrogen generation [11] . The use of liquid precursors allows

for manufacturing of micron-scale ceramic components with high

precision by micromolding [ 12 , 13 ] or lithography based techniques

[14–16] . Recently, it was shown that two-photon polymerization

(TPP) can be applied for the manufacturing of PDCs with complex

geometries and sub-micron level precision [17–20] . Such advanced

manufacturing technologies could be used to produce microparts

for microelectromechanical systems (MEMS). 

The pyrolysis temperature plays a key role in determining PDC

material structure and properties [ 13 , 21 ]. For instance, the elec-

trical conductivity, an important parameter in the design of im-

plantable devices for stimulation, such as pacemaker electrodes, in-
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reases significantly in SiOC with increase of pyrolysis temperature

rom 10 0 0 °C to 140 0 °C. However, pyrolysis at higher tempera-

ures leads to severe cracking and warping of monolithic samples

roduced by molding techniques [13] . 

Modification of PDCs by adding metal-precursors in the start-

ng polymer can be used to tune the structure and properties of

DCs. For instance, Ti- modified SiOC shows a higher electrical con-

uctivity after pyrolysis at 10 0 0 °C [22] . The amount of Ti precur-

or added to the starting polymer mixture also affects mechanical

roperties such as flexural strength. The samples with highest in-

estigated Ti content had lower flexural strength but large standard

eviation and seemed to be frequently inhomogeneous in structure

22] . 

Crystallization process of SiCO has been investigated previously

y Raj et al. [23] .This work explains chemical mechanisms of

ecomposition at temperatures below 1350 °C leading to β-SiC

ormation in different temperature regions. Comprehensive studies

f the crystallization process of polymer-derived SiOC ceramic

s a function of time and temperature were presented by Poer-

chke et al. [21] . The authors investigated crystallization of single

articles within ceramic matrix composites samples annealed at
rticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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emperatures up to 1500 °C. According to their work [21] , the first

tep of crystallization of SiOC PDCs is the chemical decomposition

f the amorphous phase, which occurs at the pores and cracks

onnected to the surface and longer annealing results in the trans-

ation of the reaction front towards inner parts of the particles,

uggesting that pyrolysis of monolithic samples can result in

ignificant gradients of crystalline phases from the surface towards

he bulk. 

The main expected crystalline phase after crystallization of

olymer-derived SiOC ceramic is β-SiC [ 1 , 4 , 21 , 24 , 25 ]. When Ti

s added, the crystallization process is more complex and three

hases are expected: TiC, TiO (both in rock salt structure, space

roup Fm3-m) and β-SiC (zinc blende, space group F-43 m), as it

as shown in [ 26 , 27 ]. It is well known that the isostructural com-

ounds TiC and TiO can form a solid solution TiO 1-x C x [28–33] . TiC

SiC systems can create solid solution either in zinc blende, or in

ock salt structure [34–36] . 

Due to expected spatial inhomogeneities, understanding the

tructure of Ti modified polymer-derived SiOC requires the use of

patially resolved techniques, such as tomography. X-ray tomogra-

hy was for instance applied in studies of fiber-reinforced ceramic-

atrix composites to reveal the evolution of matrix structure and

rack development during pyrolysis [6] and to investigate the con-

ection between void distribution, local fiber bed porosity and im-

regnation conditions [37] . In this work, we present spatially re-

olved structural studies of Ti modified polymer-derived SiOC ce-

amic samples produced by the molding technique. Synchrotron

omographic microscopy is used to map the cracks, porosity and

hases, while the crystallographic structure and elemental com-

osition of the features observed in tomograms are further ad-

ressed by local XRD- and XRF-contrast microscopy. The combi-

ation of these techniques gives a unique possibility to understand

he distribution of crystallographic phases with spatial resolution

f 1 μm in PDC samples of millimeter size and to directly link

he distribution of the phases to the sample morphology and the

istribution of defects such as cracks. The analysis of these results

s supported by in-situ powder diffraction measurements provid-

ng an integrated signal for larger volumes and shrinkage analysis

erformed by Thermomechanical Analysis (TMA). 

. Experimental 

.1. Material synthesis 

Polymethylhydrosiloxane (MW ≈ 1900, PHMS, Sigma Aldrich), 

ivinyl benzene (DVB, technical grade, 80%, Sigma Aldrich), Tita-

ium(IV) ethoxide (TiOET, Sigma Aldrich) and platinum Karstedt’s

atalyst (platinum(0) −1,3-divinyl-1,1,3,3-tetramethyldisiloxane 

omplex solution in xylene, Pt ≈2%, Sigma-Aldrich) have been

sed as main constituents using the synthesis procedure reported

reviously [ 13 , 22 ]. In a typical procedure, the platinum Karstedt’s

atalyst (5 μL) is added to a mixture of PHMS (1.25 g)/DVB

2.5 g)/TiOET (X wt%, X = 10, 20, 30 and 40). The mixture was

tirred at room temperature for 30 min. Subsequently, the pre-

eramic mixture was cast in Teflon molds and left overnight at

mbient conditions (room temperature, air atmosphere in a fume

ood). The gelation was observed within 3 h. Afterwards, discs

f 7 mm diameter were cut from the solid preceramic films and

he preceramic polymer discs were then aged in a drying oven

t 80 °C for 48 h, followed by pyrolysis in an alumina tubular

urnace (Carbolite STF 16/450, Germany) under flowing argon

tmosphere at 10 0 0 °C or 140 0 °C with a holding time of 1 h at

he target temperature. After pyrolysis, which is accompanied with

hrinkage, samples had a diameter of about 5 mm and thickness

anging between 200 μm and 400 μm. According to the amount

f TiOET (X) added to the precursor formulation, final pyrolyzed
amples are further referred to as SiTiOCX (SiTiOC10, SiTiOC20,

iTiOC30, SiTiOC40). 

The contents of Ti, C and O in the SiTiOC samples (discs

rushed into powders) were determined by elemental analy-

is performed by the company Mikroanalytisches Labor Pascher

Remagen-Bandorf, Germany). The content of Si was estimated as

he difference between the total amount of all elements (100 wt%)

nd the sum of O, C, and Ti contents (in wt%). 

.2. Sample preparation for absorption-, XRF- and XRD-contrast 

maging studies 

Preliminary tomographic experiments have shown the presence

f inhomogeneities appearing uniformly around the radial and cir-

umferential directions, but varying with the thickness. Therefore,

ross sections of discs were investigated. Depth-resolved XRF- and

RD- contrast microscopy analysis of such cross sections were con-

ucted. Because of the low (X-ray) energies of the Ti-K α emission

ines which are highly attenuated by the sample itself (attenua-

ion length in the order of 30 to 50 μm, depending on the com-

ositional and porosity levels), 50 μm thick and about 100 μm

ong lamellae were cut out from these discs using Xe-ion plasma

IB-SEM Tescan Fera3 at the ScopeM (Scientific center for electron

nd optical Microscopy, ETH Zürich). The height of the lamellae

as equal to the disk thickness. The same samples were used for

easurements at microXAS and TOMCAT beamlines of the Swiss

ight Source (SLS) at Paul Scherrer Institute (PSI). Dimensions of

amellae were optimized for XRD-/ XRF-contrast microscopy (at

icroXAS), but they were kept on bigger parts of discs, as illus-

rated in Fig. 1 a). Therefore, the samples were still large enough

o provide statistically significant information of the structure of

hole discs, when investigated by absorption contrast tomographic

icroscopy. 

.3. Full field tomographic microscopy 

X-ray absorption contrast tomographic microscopy at the TOM-

AT beamline (SLS, PSI) [38] was performed to visualize the inter-

al structure of the samples. In principle, contrast obtained with

his method is related to the density of material. In case of the in-

estigated SiTiOC samples, different grayscales can thus be related

o different elemental distributions (in particular Ti) or different

tomic arrangements determining packing density of atoms. Tomo-

raphic microscopy was conducted using a detector setup com-

osed of a 100 μm-thick LuAG:Ce scintillator, an optical micro-

cope with 10x magnification and a sCMOS camera. These settings

esult in a field of view (FOV) of 1.66 mm x 1.40 mm with 0.65 μm

ixel size. 1501 projections were acquired over 180 ° with 120 ms

xposure time per projection. Additionally, 10 dark current images

nd 100 flat field images (open beam) were acquired for normal-

zation of the images. An X-ray beam energy of 15 keV was used.

he tomographic volumes were reconstructed from the acquired X-

ay projections using the tomographic reconstruction pipeline im-

lemented at TOMCAT [39] based on the gridrec algorithm [40] .

D visualization of the reconstructed volumes as well as segmen-

ation of the materials was performed using Avizo Thermo Fischer

oftware [41] . 

.4. Mapping of Ti distribution and crystallographic phases by XRF- 

nd XRD-contrast microscopy 

The distribution of the Ti atoms and crystallographic phases in

he samples was obtained by X-ray fluorescence (XRF) and diffrac-

ion (XRD) contrast microscopy performed at the microXAS beam-

ine (SLS, PSI) [42] . The lamellae of the PDC samples were mounted
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Fig. 1. Schematics of a) samples cut from PDC discs for XRD-/ XRF- contrast microscopy, b) setup for the XRD-/ XRF-contrast microscopy experiments. 
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on the sample manipulator with a high precision air-bearing rota-

tional stage at the beamline as illustrated in Fig. 1 . For each sam-

ple, two types of measurements were performed: 

• “Projection mode”: 2D scanning over an area covering the full

height of lamellae (x direction in Fig. 1 ) and width (y in Fig. 1 )

of about 50 – 100 μm by translating the sample over x and y

directions ( Fig. 1 ). This mode provides 2D maps of Ti and crys-

tallographic phase distributions integrated over the thickness of

the lamellae. 

• “Computed-tomography mode”: 1 slice tomography performed

by scanning the samples in x direction ( Fig. 1 ) in a continuous

manner, at different orientations equally spaced over 180 ° to

visualize Ti distribution over cross sections of the lamellae. 

In both cases, the fluorescence and diffraction signals were

recorded simultaneously, as well as the incoming and transmitted

intensity at each sample position, with a dwell time of 200 ms. The

X-ray beam was focused down to 1 × 1 μm 

2 using Kirkpatrick-Baez

(KB) mirrors, which also defines the limit of the spatial resolu-

tion. The XRF signal was recorded using two silicon drift detectors

(SDDs), diffraction patterns were measured with a 2D Eiger4M area

detector, the transmitted intensity with a mini SiC diode mounted

in the beamstopper and the incoming beam with a mini ionization

chamber mounted in the exit window KB box (maintained under

helium atmosphere). The measurements were done with an X-ray

beam energy of 14.7 keV, which corresponds to a wavelength of

0.84343 Å. The relative positions of XRD detector – sample – X-

ray beam direction were calibrated based on measurement of a

LaB 6 standard from NIST. It should be noted that one sample py-

rolyzed at 10 0 0 °C was measured using an X-ray beam at energy

of 17.2 keV, which corresponds to a wavelength of 0.7208 Å. More

information about the measurement method can be found in [43] . 

20 different PDC sam ples were investigated with synchrotron

full field tomography. Since XRD- and XRF-contrast microscopy is

conducted in scanning manner, it requires significantly longer mea-

surement time (about 3 h per one scan in contrast to several min

needed for tomography), as well as complex sample preparation.

Therefore, only 8 selected samples were measured at the microXAS

beamline. 

2.5. Time resolved powder diffraction 

Powder diffraction (PD) measurements were performed at the

Material Science (MS) beamline of the SLS [44] in order to inves-

tigate the dynamics of the crystallization process in Ti modified
iOC ceramics. In-situ experiments were limited to one interme-

iate sample SiTiOC20 (20 wt% of Ti precursor TiOET in the start-

ng polymer mixture). Time-resolved PD measurements were per-

ormed using the Mythen microstrip detector [45] with the X-ray

eam energy set to 22 keV. The wavelength evaluated using a LaB 6 

tandard was 0.5638 Å. Prior to the in-situ test and using the same

etup, two disk-shaped SiTiOC20 samples sintered in advance at

emperatures of 10 0 0 °C and 1400 °C were measured as a refer-

nce. For in-situ studies, a 0.8 mm thin and 10 mm long specimen

as cut out from the green body and placed in a single crystal

apphire capillary. Samples were pyrolyzed using a graphite resis-

ance furnace, custom-designed for use at the MS beamline, with

 °C/min rate up to 1100 °C. At this temperature the first measure-

ents were acquired. This was followed by fast heating in steps of

00 °C (100 °C increase was reached in less than 30 s) and with

olding times of 30 min at each step. Diffraction patterns were ac-

uired every 3 min at 120 0 °C, 130 0 °C and 140 0 °C. Analysis of

he acquired powder diffraction data was performed using TOPAS

ruker AXS software [46] . 

.6. Electrical properties of samples and thermomechanical analysis 

Room temperature DC electrical conductivity of the pyrolyzed

eramic discs was measured using a Keithley 2450 source meter

Textronix UK, Ltd., Berkshire, UK) connected with a four point

ollinear probe set up. Shrinkage analysis was carried out by

eans of thermomechanical analysis (TMA) using a NETZSCH TMA

nalyzer (TMA 402F3, NETZSCH-Gerätebau GmbH) in the tempera-

ure range of 20 – 1500 °C with a heating/cooling rate of 5 °C/min

nd a load of 0.1 N applied along the sample height. Samples

or TMA were prepared in a cylindrical shape with dimensions of

 mm diameter and 4 mm height. 

. Results 

.1. Elemental composition of final PDC samples 

The elemental Si, C, O and Ti content of selected samples is

ummarized in Table 1 . The Ti content after pyrolysis is approx.

0 wt% for SiTiOC20 (20 wt% TiOET in the starting precursor) and

0 wt% for SiTiOC40 composition (40 wt% of TiOET in the starting

recursor). The Ti content of samples SiTiOC20 does not depend

n the pyrolysis temperature. However, a reduction in carbon and

xygen content is observed at 1400 °C, which is due to the gas

volution of CO and CO at higher pyrolysis temperatures. In the
2 
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Fig. 2. 3D visualization of samples pyrolyzed at 10 0 0 °C: a) SiTiOC40, b) SiTiOC20. c) XRD patterns evaluated for the ROIs marked in the XRD map (intensities measured 

at 2 θ= 24.6 °, marked by the dashed line), d.) X-ray attenuation contrast image and Ti K α fluorescence intensity map with a line profile revealing the difference in Ti 

concentration evaluated for the sample illustrated in b) (profile was calculated along the yellow line marked in the inset in the graph). (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 

Elemental compositions of Si, Ti, O and C and empirical formulae of final ceramics. 

Elemental content (wt%) 

Sample name Si C O Ti Empirical formula 

SiOC (1000 °C) (Ref) – – – – SiO 0.96 C 4.4 

SiTiOC20 (1000 °C) 27.08 35.79 28.00 9.13 SiTi 0.2 O 1.81 C 3.08 

SiTiOC20 (1400 °C) 30.06 32.14 27.40 10.40 SiTi 0.2 O 1.60 C 2.49 

SiTiOC40 (1000 °C) 20.96 28.54 30.00 20.50 SiTi 0.57 O 2.5 C 3.18 
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ase of SiTiOC40, a significantly higher O/Si ratio of 1.5 is observed

nd the source of higher oxygen content is from the Ti precursor. 

.2. Synchrotron absorption-contrast tomographic microscopy 

ombined with chemical and crystallographic mapping performed by 

RD- and XRF-contrast microscopy 

Tomography studies conducted at the TOMCAT beamline of

iOC:Ti samples with different amounts of added Ti and pyrolyzed

t 10 0 0 °C or at 140 0 °C reveal various types of inhomogeneities in

he volume, which is described in detail in the following sections. 

.2.1. Samples SiTiOC20–40 pyrolyzed at 10 0 0 °C 
Absorption contrast tomographic microscopy shows that pyrol-

sis at 10 0 0 °C leads to the formation of a layered structure in

he SiTiOC40 and SiTiOC20 samples, as shown in Fig. 2 a) and b),
espectively. The samples are crack and pore-free and no deforma-

ion such as warping is observed. 

Fig. 2 c) shows the diffraction patterns recorded in regions of in-

erest (ROI) marked in the XRD map (measured in the “projection

ode”) in Fig. 2 c), integrated across the thickness of the SiTiOC40

ample. In all regions, an amorphous phase characterized by the

road peak at 2 θ= 10 ° can be distinguished. Furthermore, a few

eaks corresponding to nanocrystalline TiO are observed for re-

ions selected away from the surface (ROI 2, 3, 4). In the vicinity

f the surface (ROI 1, 5) a few other peaks are observed, the posi-

ion and shape of which correspond to nanocrystalline rutile TiO 2 

hase. 

The regions showing variations in the XRD patterns ( Fig. 2 c)

owever, do not correspond with the layered structure observed

n absorption contrast tomography. The contrast between the lay-

rs can be explained by X-ray fluorescence based mapping. Fig. 2 d)

resents a Ti K α fluorescence intensity map and intensity line pro-

le performed on the cross section of a lamella cut out from the

iTiOC20 sample shown in Fig. 2 b). The two red lines drawn on the

ine profile indicate the change step in the line profile correspond-

ng to the Ti concentration change. The marked positions corre-

pond well also to the change in contrast seen in the tomography

mage ( Fig. 2 b)). It is therefore clear that lower Ti content, which

ives lower X-ray attenuation coefficient, can be assigned to the

arker layer in the image reconstructed from absorption contrast

omography. 
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Fig. 3. Types of morphology with typical defects (red arrows) observed for samples SiTiOC20 pyrolyzed at 1400 °C with different heating scenarios (with and without 

intermediate steps); (a-c) samples with thick middle (green arrow) and thin outer layers showing short, irregular cracks and pores, (d-e) a sample with thick outer layers 

and cracks propagating over large area. Blue lines in a) indicate regions with different Ti content within the middle layer. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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Note, that the XRF map was reconstructed from measurements

done in tomography mode. Fluorescence radiation has a signifi-

cantly lower energy than the incoming beam and therefore this

map is strongly affected by the absorption of XRF radiation within

the sample. The measured intensity depends on the distance from

the probed voxel to the surface of the sample towards the de-

tector and thus, the voxels closer to the surface appear brighter

than those closer to the sample center. Such effect is commonly

known as “cupping” artifact, as it results in “cup”-shaped line pro-

files ( Fig. 2 d)). The line profile evaluated for Ti XRF map plotted in

Fig. 2 c) is a superposition of the profile reflecting Ti concentration

and a cup-shaped line caused by absorption of Ti K α fluorescence.

Nevertheless, the clear steps in the profile marked by the red lines

can be explained only by a change of Ti content. Due to the cup-

ping artefacts this change cannot be quantified. The full field to-

mography suggest however that Ti content is homogeneous within

the particular layers. 

3.2.2. Samples SiTiOC20 pyrolyzed at 1400 °C 
Pyrolysis at 1400 °C of SiTiOC20 samples changes their struc-

ture and morphology as compared with 10 0 0 °C. Fig. 3 shows sev-

eral samples obtained with different annealing sequences: (a) and

(b) by heating directly to the target temperature and holding 1 h

at 1400 °C; (c) by holding the sample sequentially 1 h at 10 0 0 °C,

1 h at 1200 °C and 1 h at 1400 °C. Interestingly, no clear differ-

ences were observed in the structure and morphology between the

samples pyrolyzed at 1400 °C for 1 h or sequentially exposed to

10 0 0 °C, 1200 °C and 1400 °C 1 h each in the performed measure-

ments. All samples are composed of a thick and relatively homo-

geneous middle layer (marked with the green line in Fig. 3 a)) and

two thin layers close to the surface. The outer layers are further re-

ferred to as bottom and top layers, correspondingly to the sample
rientation during pyrolysis. In the bottom layer, relatively short

nd irregular cracks or flat pores are detected. Some cracks prop-

gated inward, but are surrounded by the same phase as found in

he bottom layer. Such morphology was observed in the majority

f the investigated samples, regardless of heating scenarios dur-

ng pyrolysis. In two cases however, a different morphology with

learly thicker outer layers was obtained, as shown in Fig. 3 d) and

). In these samples, more severe cracks that spread over a signif-

cantly larger volume are detected. Fig. 3 d) shows that the cracks

n the bottom layer propagated over the entire length and width

f the sample. However, they appeared only within one layer, but

id not through the middle layer and outer top layer. 

The observed defects can be related to the difference in struc-

ure of the layers. Fig. 4 shows XRF- and XRD-contrast microscopy

erformed for the sample presented in Fig. 3 a) (pyrolyzed with

olding 1 h at 1400 °C). XRF mapping ( Fig. 4 a) reveals several re-

ions with respect to the Ti distribution. The highest concentration

f Ti is observed in the outer layers, but also within the middle

ayer the regions closer to the outer layers have higher Ti content

han the most center region (between the blue lines in Fig. 3 a)).

hese regions correspond well with the slight intensity variations

n tomographic images (regions separated by blue lines in Fig. 3 a)).

XRD-contrast microscopy shows significant difference in crys-

allographic structure of the top, middle and bottom layers of the

ample. Fig. 4 e) presents the XRD patterns integrated over ROIs

arked in Fig. 4 d). The three main phases identified in these pat-

erns are titanium oxycarbide TiO 1-x C x , silicon carbide β-SiC and

morphous SiOC (around 2 θ= 11.5 °). The diffraction peaks observed

or the ROIs selected in the middle layer (ROI3, ROI4, ROI5) cor-

espond mostly to nanocrystalline TiO 1-x C x phase, but the amor-

hous phase is also present. The outer layers are composed of

iO 1-x C x and β-SiC. The TiO 1-x C x peaks measured in ROI1, ROI2,
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Fig. 4. Visualization of a SiTiOC20 sample pyrolyzed at 1400 °C. a) Ti K α fluorescence intensity map; b) and c) XRD intensity maps for diffraction reflection at 2 θ= 19.55 °
corresponding to TiO 1-x C x measured in projection and tomography mode; e) diffraction patterns evaluated for the regions of interest marked in d). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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OI6 have significantly lower FWHM, suggesting larger crystallites.

he diffraction patterns taken from the bottom layer show the

argest amount of β-SiC phase and the closer to the surface, the

ore distinct separation of the peaks corresponding to β-SiC and

iO 1-x C x phases is observed. Note that small shoulders can be ob-

erved on the left hand side of the overlapping peaks of β-SiC and

iO 1-x C x of the outer layers. This may be explained by presence

f β-SiC stacking faults, as described in literature [ 21 , 47 , 48 ]. These

houlders are not visible in patterns of the middle layer, where the

morphous phase is still present and no β-SiC phase is observed. 

Fig. 4 b) and c) present maps of diffraction intensity measured

t 2 θ= 19.55 °, which visualizes the distribution of TiO 1-x C x phase

easured in “projection” and “tomography mode”. These maps

how that the middle layer has a very homogeneous structure in

erms of crystallographic phases. There is however a gradient in

hase composition between the middle layer and the outer layers.

oreover, there is a strong phase gradient within the bottom layer

tself, where the defects were also observed ( Fig. 3 a, b, c). 

The samples with a thicker outer layer ( Fig. 3 d), showed analo-

ous results: their middle layers consist of nanocrystalline TiO C x 
1-x 
nd amorphous SiOC and the outer layers of β-SiC and TiO 1-x C x .

RF and XRD mapping results for the sample with thick outer lay-

rs illustrated in Fig. 3 d) are available in the supplementary mate-

ials (Fig. A). 

.2.3. Samples SiTiOC30–40 pyrolyzed at 1400 °C 
Pyrolysis at 1400 °C of PDC with higher content of Ti leads to

ignificant porosity and more severe cracking, while keeping the

ayered structure. Fig. 5 and 6 show the results for a SiTiOC30 sam-

le. Tomographic microscopy reveals homogeneously distributed 

pherical pores with an average diameter of 4 μm ( Fig. 5 a), b)).

his average diameter was evaluated using the label analysis func-

ion available in Avizo software. Due to the high contrast obtained

etween the pores and the bulk, material segmentation was per-

ormed using an intensity threshold based procedure. The total

orosity evaluated by material segmentation was 4%. As shown in

ig. 5 a), the middle layer is completely free of cracks, while both

uter layers have evidence of more cracking. Fig. 5 c)-j) show the

racking in planes parallel to the surface layer, taken at differ-

nt positions indicated by red dashed lines in Fig. 5 a). Fig. 5 g)-j)
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Fig. 5. Reconstruction results of attenuation contrast tomographic data of the sample SiTiOC30 pyrolyzed at 1400 °C. a) cross-section of the sample revealing the presence of 

cracks and porosity, b) reconstructed surface of pores observed in the volume of the sample. c)-f) cross-sections parallel to the surface and cut along planes marked by the 

red dashed lines in a). g)-j) zoomed areas marked with red frames in figures c)-f). (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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show zoomed areas marked in Fig. 5 c)-f), respectively. These im-

ages show that the middle layer is free of cracks, while both outer

layers suffer from significant cracking. Cracks in outer layers are

oriented perpendicularly to the surface and change direction when

reaching the interface to the middle layer propagating along this

interface and causing delamination. 

Fig. 6 shows the XRF (a) and XRD (b, c) mapping for the same

sample as in Fig. 5 , confirming segregation of Ti in the vicinity of

surface ( Fig. 6 a)). XRD patterns ( Fig. 6 e)) evaluated for ROI4, ROI5

and ROI6 in Fig. 6 d), show that the middle layer has the same

crystallographic structure as for SiTiOC20 samples, however the

TiO 1-x C x peaks are narrower. XRD map in Fig. 6 b) shows that the

highest intensity at the diffraction angle corresponding to TiO 1-x C x 

is observed in the top layer, though in case of the bottom layer it

is still much more pronounced than in the middle layer. XRD pat-

terns for regions at the surface (ROI1 and ROI9) show also pres-

ence of cristobalite SiO 2 phase . A map of intensities collected at an

angle corresponding to the cristobalite phase ( Fig. 6 b)) shows the

strongest intensity in the bottom of layer. Powder diffraction pat-

terns for this region revealed also the presence of a minor phase

of Ti 3 O 5 . Analogous results were obtained for SiTiOC40 samples. 

3.3. Formation of phases during pyrolysis 

Fig. 7 a) presents the results of the in-situ XRD measurements

for SiTiOC20 considering the angular 2 θ range between 11 ° and 16 °
covering two most distinct peaks of TiO 1-x C x. Fig. 7 c) plots the de-

pendence of the crystallite sizes calculated based on the Scherrer

equation as a function of sintering time. The changes in crystallite

size are pronounced when increasing the temperature, then flat-
en while holding the temperature for 30 min. Ex-situ PD studies

f samples SiTiOC20 pyrolyzed for 1 h ( Fig. 7 b)) still exhibit large

eak broadening (crystallite size estimated from fitting (111) and

200) peaks is 8.5 nm) .These results support the observation that

yrolysis in sequential steps (1200 °C, 1300 °C, 1400 °C) instead of

ne step at 1400 °C, will not significantly affect the final crystallite

izes. 

It should be noted that evaluation of crystallite sizes based on

he Scherrer equation provides only a rough approximation since

actors such as the geometry and size distribution of the crystal-

ites, strain broadening and the Debye–Waller factor are not con-

idered here. Broadening of TiO 1-x C x peaks will also be affected by

he value of x. Nevertheless this is sufficient for this study, as in

his case evaluation of relative sizes and their increase with time

re of interest, which provides a reliable measure of the crystal-

ization dynamics. 

.4. Macroscopic properties 

.4.1. Effect of Ti content on electrical conductivity 

Fig. 8 a) presents electrical conductivity measurements con-

ucted using the four point probe method for samples with var-

ous Ti content and pyrolyzed at 10 0 0 °C and 140 0 °C. For samples

yrolyzed at 10 0 0 °C, the conductivity increases with Ti content

p to SiTiOC30, but further increase of Ti leads to a slight drop

n conductivity (though within the error). The lack of a further in-

rease with increasing Ti content is likely related to the different

tructure of the outer layers, as observed for SiTiOC40 ( Fig 2 d). For

very Ti content, samples pyrolyzed at 1400 °C exhibit higher con-

uctivities compared to low temperature counterparts, but with no
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Fig. 6. Visualization of a SiTiOC30 sample pyrolyzed at 1400 °C. a) Ti K α fluorescence intensity map; XRD intensity maps for diffraction peaks at b) 2 θ= 19.55 ° correspond- 

ing to TiO 1-x C x and c) at 2 θ= 11.9 ° corresponding to SiO 2 , measured in tomography mode; e) diffraction patterns evaluated for the regions of interest marked in d). (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

s  

o  

i

3

 

p  

a  

d  

t  

S  

t

4

 

o  

e  

r  

p  

T  

o  

c  

i  

o  

i

 

m  

p  

s  

t  

c  

c  

p  

t  

i

 

S  

T  

T  

T  

e  

a  

t  

e  

h  

t  

T  

y  

t  

m  

c  
ignificant dependence on the Ti content. An increase in ordering

f free carbon network is one of the main expected reasons for the

ncrease in conductivity at higher pyrolysis temperatures. 

.4.2. Shrinkage of samples during pyrolysis 

Fig. 8 b) shows results of thermomechanical analysis (TMA)

erformed during the pyrolysis process of samples with various

mount of Ti. Expected significant shrinkage after 400 °C occurs

ue to removal of organic moieties during the polymer to ceramic

ransformation. The slight increase in dimension measured for the

iTiOC30 and SiTiOC40 samples after 1200 °C has to be related to

he developing porosity. 

. Discussion 

Tomography demonstrates that samples pyrolyzed at 10 0 0 °C
r 1400 °C with various Ti content exhibit a layered structure (ori-

nted horizontally with respect to the sample substrate during py-

olysis). When pyrolyzed at 10 0 0 °C, samples are crack-free, but

yrolysis at 1400 °C results in formation of cracks and, for higher

i content, also porosity. XRD and XRF imaging revealed that the

bserved layers differ in crystallographic structure and/or Ti con-

entration. Difference in Ti concentration is the main factor caus-

ng contrast in tomography in samples pyrolyzed at 10 0 0 °C. Layers

bserved in samples pyrolyzed at 1400 °C differ significantly also

n crystallographic structure. 
The structure of the samples pyrolyzed at 10 0 0 °C consists

ainly of amorphous SiOC phase, with nanosized TiO rock salt

hase precipitations, as witnessed by the XRD patterns. For the

amples with highest amount of Ti (SiTiOC40), the nanocrys-

alline TiO 2 rutile phase is observed near the surfaces, which is

aused by larger amount of oxygen in the starting polymer pre-

ursor (revealed by elemental analysis). The presence of TiO 2 ex-

lains decreased conductivity for SiTiOC40 samples with respect

o SiTiOC30, as rutile has significantly lower electrical conductiv-

ty than values reported in this work ( Fig. 8 a)) [49] . 

The samples pyrolyzed at 1400 °C (SiTiOC20, SiTiOC30,

iTiOC40) have a similar structure in terms of crystallography.

he middle layer contains amorphous SiOC and nanocrystalline

iO 1-x C x . The outer layers show a more advanced crystallization of

iO 1-x C x with almost no amorphous phase, but instead the pres-

nce of β-SiC phase. Diffraction reflections of TiO 1-x C x and β-SiC

ppear very close to each other and it has been demonstrated that

hese phases can create a solid solution [36] . Therefore, the pres-

nce of β-SiC in the middle layer cannot be completely excluded,

owever, presence of the amorphous peak indicates that most of

he Si atoms are in the amorphous phase and do not contribute to

iO 1-x C x . This was supported by Rietveld refinement - based anal-

sis performed on the patterns evaluated for the middle layer of

he samples presented in Fig. 4 . The best fitting was obtained for a

odel assuming TiO 1-x C x with x in the range of 0.8 – 0.9 (structure

lose to pure TiC), with the Fm3-m structure and no contribution
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Fig. 7. a) in-situ acquired diffraction peaks corresponding to (111) and (200) lattice planes of TiO 1-x C x phase at different temperatures; b) ex-situ acquired diffraction patterns 

of two samples sintered 1 h at 10 0 0 °C and 1400 °C, c) dependence of the evaluated TiO 1-x C x crystallite size on the sintering time. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. a) electrical conductivity of the SiOC samples; b) thermomechanical analysis for different amount of added Ti (L 0 -initial sample height, dL- change of sample height). 
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of Si and no presence of the β-SiC phase. Due to very similar val-

ues of the scattering factors of O and C, the value of x cannot be

determined with higher precision. At the outer layers, the diffrac-

tion peaks of TiO 1-x C x and β-SiC are split, demonstrating that the

two phases are present and there is no solid solution. Remark-

ably, for all samples pyrolyzed at 1400 °C, middle layers exhibit

almost identical diffraction patterns for all ROIs within these lay-

ers indicating very homogenous structure, while the outer layers

show gradual changes of crystallite sizes and amounts of TiO 1-x C x 

and β-SiC phases that vary along the normal to the layers and sur-

face. Higher amounts of Ti resulted in more advanced crystalliza-

tion (analysis of powder patterns shows larger crystallites) and the

corresponding large amount of oxygen in the precursor polymer

mixture led to creation of additional oxide phases on the surface:

SiO 2 ( α-cristobalite) and small amount of Ti 3 O 5 . 

The presented results show that cracks appear only in outer

layers, which exhibit more advanced crystallization and phase gra-

dients, or at the interfaces between the layers. Different crystallo-

graphic structures have different mechanical properties and coeffi-

cients of thermal expansion (CTE), thus, cooling after the pyrolysis
nduces either tensile or compressive stresses in layers with higher

nd lower CTE, respectively. 

XRF analysis shows a larger concentration of Ti in the outer lay-

rs, suggesting a higher fraction of TiO 1-x C x in outer layers where

lso β-SiC is observed. The elemental analysis performed for en-

ire samples shows a decrease of the total amount of C in samples

t 1400 °C. Since the formation of β-SiC trough carbothermal re-

uction is accompanied by free carbon consumption and CO gas

roduction [ 2 , 23 ], it can be concluded that more free C was re-

oved from outer layers containing β-SiC compared to the middle

ayer containing amorphous SiOC. More advanced crystallization of

iO 1-x C x (with x close to 1) in outer layers is expected to have a

imilar effect on the carbon content in various layers. Removal of

 and O in outer layers results in higher concentration of Ti, as it

s observed in XRF mapping. 

Typical CTE values reported for amorphous SiOC are about

 × 10 −6 /K [50] , for β-SiC 4 × 10 −6 /K [51] and for TiC with

m3-m structure between 7 × 10 −6 /K and 8.5 × 10 −6 /K [ 52 , 53 ].

herefore, CTE of the outer layers with higher fraction of TiO 1-x C x 

which is close to TiC) and β-SiC is expected to be higher than for
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he middle layers composed of amorphous SiOC, nanocrystalline

iO 1-x C x and containing larger amount of free carbon. This would

esult in tensile stress in outer layers and compressive in middle

ayer. Moreover, lower amount of free carbon in the outer layers

ncreases stiffness and therefore brittleness of the material. Differ-

nce in CTE and free carbon content explains formation of cracks

bserved in Fig. 3 d)-e), in which cracks propagate over large dis-

ances in direction parallel to the surface only within one outer

ayer, but do not propagate to the other layers. 

Morphology of samples with thin outer layers, as observed in

ig. 3 a)-c), reveals that surface-connected defects accelerate the

rystallization process. The fact that these defects are surrounded

y the phase observed in the outer layer, shows that the crystal-

ization occurs easier in regions in contact to the local atmosphere,

s this crystallization must be accompanied with release of carbon

nd oxygen to the atmosphere. This is in agreement with observa-

ions at micron-scale presented in [21] . 

The observed differences in structure and related material prop-

rties are more significant for higher Ti content. Therefore, also dif-

erences in CTE and mechanical strength should be larger, which

xplains the stronger warping of the samples and enhanced crack-

ng in the outer layers observed for higher Ti content. 

Elemental analysis has shown that higher amount of added Ti

SiTiOC40) is accompanied by significantly higher oxygen content

n the final ceramic, which leads to further changes in structure

nd morphology in samples pyrolyzed at 1400 °C. Up to 1200 °C,

he oxycarbide glasses usually exist as an amorphous matrix com-

rising SiO 2 or SiOC phase along with a free carbon phase. At

igher pyrolysis temperature, a process of carbothermal reduction

tarts with formation of CO, CO 2 gasses [ 13 , 21 , 23 ], which in the

tudied composition is attributed to the process of reaction be-

ween segregated oxygen-rich phases of both Ti and Si and the free

arbon phase. Increased oxygen content results in excessive gas

ormation, which explains the porosity appearing for SiTiOC30 and

iTiOC40 samples. The creation of porosity is also accompanied by

n increase of sample dimensions as observed in TMA measure-

ents after 1200 °C for SiTiOC30 and SiTiOC40 samples ( Fig. 8 b)).

igh oxygen content in these samples also leads to creation of ad-

itional phases on the surface ( α-cristobalite and Ti 3 O 5 ). 

onclusion 

Synchrotron tomographic microscopy combined with XRF- and

RD-contrast microscopy provided spatially resolved information

bout crack formation, elemental and structural phase distribution

n PDC samples with different Ti content with resolution of 1 μm.

he most important observations are: 

• All the Ti modified PDC samples produced using a molding

technique have a layer-wise structure. 

• Samples pyrolyzed at 10 0 0 °C with various amounts of Ti are

crack-free, have a three layer structure with a higher concen-

tration of Ti in the outer layers and depletion in the middle

layer. 

• Samples pyrolyzed at 1400 °C are composed of a middle layer

containing amorphous SiOC and nanocrystalline TiO 1-x C x and

outer layers composed of TiO 1-x C x and β-SiC with almost no

amorphous phase. Crystallization of TiO 1-x C x in outer layers is

more advanced than in middle layers. All samples suffer from

cracks appearing in the outer layers and at the interface with

the middle layer, where significant gradients of crystallographic

phases are observed. 

• Higher amount of added Ti (above 30 wt% of the Ti precursor

in the starting mixture) in samples pyrolyzed at 1400 °C results

in spherical porosity of about 4% homogenously distributed in
the volume of the PDC samples and in the formation of Ti- and

Si- oxides on the surface. 

• Increasing Ti content enhances the electrical conductivity in

samples pyrolyzed at 10 0 0 °C. Pyrolysis at 1400 °C lead to fur-

ther increase of conductivity as compared with 10 0 0 °C, but

with no dependence on Ti content. 

Pyrolysis temperature plays a key role in determining many of

he properties of PDC ceramics. The highest electrical conductiv-

ty was achieved for samples pyrolyzed at 1400 °C, however such

igh temperature leads to creation of defects causing potentially

echanical failure. The best trade-off between structure and con-

uctivity is obtained for samples with the highest used Ti amount

nd pyrolysed at 10 0 0 °C. 
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